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We study the stability properties of, and the phase error present in, a finite element scheme for Maxwell’s
equations coupled with a Debye or Lorentz polarization model. In one dimension we consider a second order
formulation for the electric field with an ordinary differential equation for the electric polarization added as
an auxiliary constraint. The finite element method uses linear finite elements in space for the electric field
as well as the electric polarization, and a theta scheme for the time discretization. Numerical experiments
suggest the method is unconditionally stable for both Debye and Lorentz models. We compare the stability
and phase error properties of the method presented here with those of finite difference methods that have
been analyzed in the literature. We also conduct numerical simulations that verify the stability and dispersion
properties of the scheme. © 2008 Wiley Periodicals, Inc. Numer Methods Partial Differential Eq 00: 000-000, 2008
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. INTRODUCTION

Noninvasive interrogation of the interior of tissues and other materials by electromagnetic waves
has important applications in various fields including medical imaging for the early detection
of anomalies and nondestructive damage detection in aircraft [1, 2]. For example, microwave
imaging for breast cancer detection is expected to be safe for the patient and has the potential to
detect very small cancerous tumors in the breast [3]. This ability for detection is based on the
difference in electrical properties of malignant and normal tissues. Biological tissue interactions
with the fields are defined by their complex permittivity, which is a function of the various electric
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and magnetic polarization mechanisms and conductivity of the biological medium. Similarly,
nondestructive damage detection in materials for the detection of defects such as cracks is based
upon the changes in the electrical properties that occur due to the presence of these defects. Thus,
one aim of electromagnetic interrogation is the determination of the dielectric properties of the
materials under investigation.

To computationally simulate these electromagnetic interrogation problems requires setting up
a suitable inverse problem, which involves numerous forward simulations of the propagation of
transient electromagnetic waves in lossy dispersive dielectrics, such as biological tissue. Hence,
the development of accurate, consistent and stable discrete forward solvers is very important, as
errors in the numerical solvers can result in inaccurate determination of the dielectric properties
that determine the characteristics of the material being investigated.

The electric and magnetic fields inside a material are governed by the macroscopic Maxwell’s
equations along with constitutive laws that account for the response of the material to the elec-
tromagnetic field. In special cases Maxwell’s equations can be reduced to a vector wave equation
in the electric or magnetic fields. Numerical approximation algorithms of time-dependent wave
equations and Maxwell’s equations introduce error into the amplitude and speed of the propa-
gating waves. These errors include dissipation, the dampening of some frequency modes, and
dispersion, the frequency dependence of the phase velocity of numerical wave modes in the
computational grid.

Dielectric materials have actual physical dispersion. The complex electric permittivity of a
dielectric medium is frequency dependent (has dielectric dispersion). Thus, an appropriate dis-
cretization method should have a numerical dispersion that matches the model dispersion as closely
as possible. Dielectric materials also have physical dissipation, or attenuation, which must also be
correctly computed by a numerical method. In particular, if a method does not sufficiently damp
initial disturbances, possibly due to round-off error, the method can become unstable. Certain
algorithms have criteria based on discretization parameters to determine when it may be unstable;
these are called conditionally stable methods.

The stability and dispersion properties for the finite difference time domain (FDTD) schemes
applied to Maxwell’s equations in free space are well known (see [4]). Additionally, different
time domain finite element methods have also been devised for the numerical approximation
of Maxwell’s equations in free space (see [5, 6] and the references therein). While free space
analyses for finite element and finite difference methods are well documented, stability and phase
error analysis for dispersive dielectrics has been primarily focused on finite difference methods
(see [4,7] for standard second order methods and [8] for higher order schemes). The treatment
for finite element methods has been limited to scalar-potential formulations to model dielectric
dispersion at low frequencies ([9]), scalar Helmholtz equation ([10]), and in some cases, hybrid
methods ([11]).

There are several FDTD extensions that have been developed to model electromagnetic pulse
propagation in dispersive media. One technique is to add to Maxwell’s equations a set of ODE’s
that relate the electric displacement B(t) to the electric field E(t) [12], or a set of ODE’s that
model the dynamic evolution of the macroscopic polarization vector 13(t) driven by the electric
field [13, 14]. Dielectric dispersion can be expressed in the time domain as a convolution integral
involving the electric field and a causal susceptibility function. The recursive convolution method
[15—-17] uses a recursive technique to update the convolution representation of the constitutive
law along with the FDTD time update of Maxwell’s equations. There are other methods such
as the Z-transform [18, 19] and the TLM method [20] that have also been used to model pulse
propagation in dispersive media. Many of these methods have been compared and analyzed for
their numerical errors and stability properties [7,21-24].
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In this article we study the properties of the discretized Maxwell’s equations with Debye or
Lorentz polarization, using a finite element method, in terms of numerical stability and dispersion
analyses. We analyze one dimensional models to which we apply standard linear finite elements
for the spatial discretization of the electric field and the polarization. Maxwell’s equations are
reduced to a wave equation in the electric field, and the constitutive law in the medium involves
an ordinary differential equation that describes the dynamic evolution of the polarization driven
by the electric field. The entire system is rewritten in first order form and time discretized using
a theta scheme.

The numerical stability results for Debye and Lorentz media suggest that the extension of the
finite element scheme for these media retain the unconditional stability property of the scheme in
free space. We obtain information about the expected accuracy of the method from the construc-
tion of the dispersion relation which relates the numerical wave number k to the frequency w for
waves propagating in the finite element grid and then compare with the dispersion relation for
the corresponding continuous model. We compare the stability and dispersion properties of the
finite element method with those of finite difference methods analyzed in [7]. Such finite element
methods have been used for the electromagnetic interrogation of dielectric media with a metal
backing, for the determination of dielectric properties and geometrical dimensions of the medium
[25], as well as for the detection of cracks in composite materials [26]. In [27], finite element
methods were used to interrogate dielectric media with acoustic waves as virtual reflectors.

The Lax-Richtmyer theorem [28] states that the convergence of consistent difference schemes
to initial value problems represented by PDE’s is equivalent to stability. Thus, unconditional sta-
bility is a desirable property of temporal discretization schemes as it allows the choice of the time
step to be determined by the physical dimensions of the problem, such as a relaxation time. The
FDTD methods, however, are conditionally stable. As the stability condition is determined by
the smallest cell size in the domain, the FDTD analysis of very fine geometric structures requires
a large number of time iterations. In the finite element case unconditional stability allows us to
choose the Courant number, which relates the time step to the mesh step size, to minimize the
numerical phase error.

The numerical dispersion analysis shows that for accuracy we need to resolve the shortest time
scale in the problem which agrees with the result obtained in [7]. This is reflected in the fact that
the time step for simulating Debye media should be chosen to be about O(10~%)t, where 7 is
the relaxation time of the medium, whereas for Lorentz media, the time step should be chosen
to be the minimum of O (1072)t and 0 (1072) (i—’(’)), where wj is the resonance frequency of the
medium.

We thus determine a guideline for users in which the time step is chosen to minimize the dissi-
pation of the scheme and the Courant factor is chosen to minimize the phase error, providing good
agreement between the exact and numerical complex permittivity. Finally, we present simulations
that validate our results.

Il. MODEL FORMULATION

We consider Maxwell’s equations that govern the electric field E and the magnetic field Hina
domain 2 from time O to 7 given as

D - ,
E—i—J—VxH:Oin(O,T)xQ, (2.1a)
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dB .

5 tVXE=0in(0.7)xQ, (2.1b)

V.-D=0=V-Bin(0,T) x , 2.1¢)
E(0,%) =0 = H(0,%) in Q. (2.1d)

The fields D, B are the electric and magnetic flux densities respectively. All the fields in (2.1) are
functions of pos1t10n X = (x,y,z) and time t. We have J = J + JS, where J 1s a conduction
current density and J is the source current density. However, we will assume J = 0 in this
paper, as we are interested in dielectrics with no free charges. Appropriate boundary conditions
are added to system (2.1) to terminate the computational domain. ~

Constitutive rglagons, which relate the electric and magnetic fluxes 5, B to the electric and
magnetic fields E, H are added to these equations to make the system fully determined and to
describe the response of a material to the electromagnetic fields. In free space, these constitutive
relations are D = EOE and B = MoH where € and p, are the permittivity and the permeability
of free space, respectively, and are constant [29]. In general there are different possible forms for
these constitutive relationships. In a frequency domain formulation of Maxwell’s equations, these
are usually converted to linear relationships between the dependent and independent quantities
with frequency dependent coefficient parameters. We will consider the case of a dielectric in
which magnetic effects are negligible. Thus, within the dielectric medium we have constitutive
relations that relate the flux densities 5, B to the electric and magnetic fields, respectively, as

D =¢FE + P, (2.22)
= woH. (2.2b)

oL

In (2.2a), the quantity P is called the macroscopic electric polarization. (A discussion of the rela-
tionship between the macroscopic polarization and the microscopic material properties leading
to distributions of relaxation times and other dielectric parameters in the constitutive laws can
be found in [30].) Electric polarization may be defined as the electric field induced disturbance
of the charge distribution in a region. This polarization may have an instantaneous component
as well as delayed effects; the latter will usually have associated time constants called relaxation
times which are denoted by 7. We define the instantaneous component of the polarization to be
related to the electric field by means of the free space permittivity, €, and a susceptibility x.
The remainder of the electric polarization, called the relaxation polarization, is denoted as Pg.
Therefore, we have

ﬁ:ﬁl-f-f’R:EoXE-i-ﬁR’

and hence the constitutive law (2.2a) becomes

-

D :Goéré—i-f_;R,

where €, = (1 + x) is the relative permittivity of the dielectric medium. We will henceforth
denote Py by P, as the instantaneous polarization will be absorbed into the dielectric constant €,.
The following section defines the equations for polarization models of interest in this paper.

A. Models for Polarization

To describe the behavior of the media’s relaxation polarization P, one may use ordinary differ-
ential equation models derived from those that consider microscopic polarization mechanisms
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such as dipole or orientational polarization (Debye), as well as ionic and electronic polariza-
tion (Lorentz), and other frequency dependent polarization mechanisms [31]. For more complex
dielectric materials, a simple Debye or Lorentz polarization model is often not adequate to char-
acterize the dispersive behavior of the material. One can then turn to combinations of Debye,
Lorentz, or even more general nth order mechanisms [25] as well as Cole-Cole type (fractional
order derivative) models [32]. Additionally, materials may be represented by a distribution of the
associated time constants or even a distribution of polarization mechanisms (see [30,33]). In this
report we concentrate our analysis on single pole Debye and Lorentz polarization models.

Debye Model The macroscopic differential equation for the Debye model for orientational or
dipolar polarization is given by

3P - R
‘[E—‘,-P = €p(€;, — €x) E. 2.3)

Here ¢ is the static relative permittivity. The presence of instantaneous polarization is accounted
for in this case by the coefficient €, = €, in the electric flux equation (2.3). The electric polariza-
tion, less the part included in the instantaneous polarization, is seen to be a decaying exponential
with relaxation parameter t, which is driven by the electric field. This model was first proposed
by Debye [34] to model the behavior of materials that possess permanent dipole moments. The
magnitude of the polarization term P represents the degree of alignment of these individual
moments and is based on a uniformity assumption at the molecular level (see [30]). The choice
of coefficients in (2.3) gives a physical interpretation to €; and €., as the relative permittivities
of the medium in the limit of the static field and very high frequencies, respectively. In the static
case, we have P =0, , SO that P = €€, — eoo)E and D = €€, E. For very high frequencies, rP
dominates P so that P ~ 0 and D = eoeooE (thus the notation of c0).

The Debye model is most often used to model electromagnetic wave interactions with water-
based substances, such as biological materials. In particular, biological tissue is well represented
by multi-pole Debye models, by accounting for permanent dipole moments in the water. The
Debye model has other physical characteristics which make it attractive from an analytical point
of view (for details, see [21]).

Lorentz Model The Lorentz model for electronic polarization in differential form is represented
with the second order equation:

3P 1P . .
972 ;E + CL)(Z)P = eoedwéE, (24)

where €, = €, — €, and wy is the resonance frequency of the material.

The Lorentz model is formulated by modeling the atomic structure of the material as a damped
vibrating system representing a deformable electron cloud at the atomic level [25]. Applying
classical Newtonian laws of motion, we find that the displacement of the outermost shell of the
atom satisfies a second-order ordinary differential equation [21].

B. Reduction to One Dimension

The electric field is assumed to be polarized to have oscillations in the x—z plane only, as described
in [25]. Restricting the problem to one dimension, we can write the electric and magnetic fields,
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E and H respectively, as follows

E(t,X) =iE(t,7)

H(t,%) = jH(,2),

so that we are only concerned with the scalar values E (¢, z) and H (¢, z). In this case Maxwell’s
equations become

IE OH 50
_— = = —_— Da
0z M
9H 9D

_am 02 2.5b
0z at + ( )

We take the partial derivative of Eq. (2.5a) with respect to z, and the partial of Eq. (2.5b) with
respect to ¢. Equating the ‘;i—aHt terms in each, and thus eliminating the magnetic field H, we have

E" = no(D + Jy),

where ' denotes z derivatives and ~ denotes time derivatives. Using the constitutive law for he
electric flux density given by D = €ye. E + P, we have

Uo€o€c E + oP — E" = —pod, in Q = [a, b]. (2.6)

In order to have a finite computational domain, we impose absorbing boundary conditions at
z = a and z = b, which are modeled as

[E—CEN,.u =0, [E+CcE'l,_, =0,

where ¢ = 1/,/€plip is the speed of light in vacuum. With these boundary conditions, any inci-
dent signal passes out of the computational domain, and does not return. The homogeneous initial
conditions in 1D become

E0,z2) =0, P@©0,z)=0, P(@,z)=0, E,z)=0.

lll. NUMERICAL SOLUTION

We describe in this section the application of finite elements for the spatial discretization of the
model (2.6). The semi-discrete model is then coupled with a polarization model, and the system
is discretized in time using a theta scheme. The resulting methods are compared in subsequent
sections to FDTD methods with respect to stability and dispersion properties.

A. Spatial Discretization Using Finite Elements

We apply a finite element method using standard piecewise linear one dimensional basis elements
to discretize the model (2.6) in space. Let N be the number of intervals in the uniform discretiza-
tion of z, and Az = (b — a)/N; then the finite element discretization has an order of accuracy of
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ANALYSIS OF STABILITY AND DISPERSION 7

O(Az?). The resulting system of ordinary differential equations after the spatial discretization is
the semi-discrete form

€colbo€oMeé + oM p + Bée + Ke = o, 3.1
with either p = 0 (Vacuum),
P+ Ap = €yegre, (Debye Media), (3.2)
or
p+Aip+ a)gp = eoedwge, (Lorentz Media), 3.3)

where A := % (the notation := is used to denote “is defined to be”). The vectors e and p represent
the values of E, and P, respectively at the nodes z; = iAz,i =0, 1,..., N. The mass matrix M
has entries

b
Mz] = (¢i’¢j> = / d)id)de»

where {¢;}Y, are the basis functions. The stability matrix K has entries

= (¢.0)) / ¢4/ dz.

The matrix B results from the boundary conditions where

1
Bi; = ;[¢i(a)¢j(a) — ¢i(b)p;(D)].

Finally, J is defined as

b
—{¢i, J) == — / Jipidz.
a
For linear finite elements in one dimension, the entries of the mass matrix M are

2Az/3, if0<i=j <N,
M; = Az/3,  elseifi=j=0o0rN,
Az/6, elseifi =j+1.

The entries of the stiffness matrix can be calculated as

2/Az, if0<i=j <N,
K;j =1 1/Az, elseifi = j=0o0rN,
—1/Az, elseifi =j+£1.

For Debye media, we differentiate (3.2) and substitute for p into (3.1) to obtain an equation
only dependent explicitly on p, given as

A2 1
€xMé + (B +€,AM)é + (PK — €,0*M)e + —Mp = —J, (3.4a)
€p ()

P+ Ap —epeqre =0. (3.4b)
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For Lorentz media we substitute (3.3) into (3.1) to obtain

S, 5 w} |
€xMé+ Be + (c°K + eqwyM)e — —Mp — —Mp = —J, (3.5a)
€0 €0 €0

pP+Ap+ a)ép = eoeda)ée. (3.5b)

B. Time Discretization Using Finite Differences

To solve the semi-discrete form of our equations we may convert each (free space, Debye, Lorentz)
coupled second order system of equations into one larger first order system. Thus, we obtain a
system of equations of the form

MX+KX =1, (3.6)

for appropriate matrices M, K and J, and vector X. Applying a theta scheme ([35]) to (3.10) we
obtain a system of equations of the form

(M +0AtK)X"™ = (M — (1 —0)AtK)X" + (0" + (1 —6)J™). (3.7)

For 6 = 0.5 the scheme (3.7) can be written as
- At - - At - 1 - -
(M + 7K) Xt = (M - 7I() X"+ E(J"“ +J") (3.8)

where, J" = J(nAt) and X"” = X (nAt). As our finite element method is second order in space,

if we choose 0 = % the discretization is second order in time as well (thus, we have used 6 = %

throughout). Therefore, for appropriately smooth data and with At = O(Az), the combined
method is second order in time and space.

For the system of equations corresponding to the Debye model we will consider an additional
method of temporal finite difference for comparison. However, for completeness, we begin with
the simple case of a vacuum.

Free Space (FEM-V) In vacuum we have €,, = 1 and P = 0. Thus, in Eq. (3.1) we substitute
p = 0, resulting in

M060M€+B€+K€ =MOJ (39)
Rewriting (3.9) in first order form in the variables X = [e?, d”]”, where d = é, we have
MVX+KVX =1J", (3.10)

with

_ I 0 _ 0 -1 - 0
MY = , KV= o JV = . 3.11
[0 C%M} [K B} [w} GAD

Using M = MY, K = KV and J = J" in (3.8) we obtain the fully discretized finite element
method in free space which we denote as FEM-V.

Numerical Methods for Partial Differential Equations DOI 10.1002/num
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Debye Media In the first method to be considered for the Debye model, we will convert the cou-
pled second order system of equations into one larger first order system and apply a theta method
as described earlier. In the second method, we will solve first for the polarization with a forward
differencing scheme using the initial conditions, and then use the polarization solution vector to
update a second order central difference scheme for the magnitude of the electric field. We then
continue this process iteratively, alternating between solving for p and for e. Both methods are
second order in time and space for appropriately smooth data (and with At = O(Az)).

Method 1 (FEM-D1): For Debye media we convert (3.4a)—(3.4b) into a first order system of
equations in three unknowns, X = [eT, pT,d"]7, where d = ¢, resulting in

MPX + K°X = JP, (3.12)
with
I 0 0 0 0 -1
MP=|0 1 O , KP= —€p€q) 22» 0 ,  (3.13)
0 0 €M (c’K — €,A*M) :—OM B+ e, AM
and
- T
JD:[ or of %JT] . (3.14)

We apply a theta-scheme with & = 0.5 to (3.12) to obtain (3.8) with M = MP, K = KP
and J = JP. As we are assuming a fixed time step A, the matrix to be inverted does not
change over time. For a discussion of the solution of the associated linear systems we refer
the reader to [36].

Method 2 (FEM-D2): In our second method we use a second order central difference scheme
to solve (3.4a). Our approach is to first solve for p using a 6-method, and then use that
approximation to solve for e at the next time step. Thus, our finite difference approximation
for (3.4b) is

pn+l — pn _ At)\‘pn+9 + At}\.Eden+9
where v"*? = 9v"*! 4- (1 — 9)v", for v = e or v = p. This implies

AAtL
P =p"+ m(éde’"” = Pn)- (3.15)

Once we have p"*! we can solve for ¢"*2. Applying second order central difference with
averaging to (3.4a) gives

1 1
A_2‘26001‘4(en+2 _2671+1 +en) + Z_At(B +€d)\,M)(€n+2 _en)

1 1 e
+ _(C2K _ed)\,zM)(en+2 +2€n+l +en) — _J)l+] _ _Mpn+l.
4 €0 €o
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Defining h, = LAt = 2! and solving for the "> term we have

he  eh? 1 2 N
[(em 4 St 6d—> M+ EAtB:| o = [(2600 + 6d—> M- < : K] ot

2 4 2
Gd]’lr Ed]’l2 C2At2 1 A[Z I’l2
_ - — _ T M K ZAtB n _Jn+1__rM n+1
[(e 2 a4 ) LI il R o 7
(3.16)

or equivalently,

Ar? h?
A" = Ay + Ase" + E—J”+1 — e—rMPnH- (3.17)
0 0

Again, for 6 = %, (3.15) will be second order in time if the corresponding solution is C*
in time. Equation (3.17) is also second order in time assuming an exact solution for P, and
that E has four continuous time derivatives (for the second order difference approximation).
The truncation error for this approximation is (see [37])

1 1 1
T,) =At*| —E® 4+ -E® 4+ -E® ).
() (12 +eEY+ o
Therefore, since the semi-discrete form is O(Az?), this approximation method overall is
O(AZ?) when At = O(Az).

Lorentz Media (FEM-L) For Lorentz media we consider only the approach of converting
(3.5a)—(3.5b) into a first order system of equations, which with a theta method for the tem-
poral discretization, we will refer to as the FEM-L method. The linear ODE system is in terms
of three unknowns, X = [eT, pT,d”,q"]7, where d = é,q = p, and can be written as

M'X + K'x = Jb, (3.18)
with
I 0 0 0 0 o - 0
g0 o o0 L 0 0 0 I
100 @M 0 T T @KteawiM) ~SM B —im |
0 O O I —Eoéd(x)(z) (,()(2) 0 A
(3.19)
and
- T
JL:[OT or LT OT] , (3.20)

Again, we apply a theta-scheme with § = 0.5 to (3.18) to obtain (3.8) with M = M", K = K"
and J = J".

Numerical Methods for Partial Differential Equations DOI 10.1002/num
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IV. STABILITY ANALYSIS

Fourier analysis is an important tool in the study of stability of finite difference and finite element
schemes. The Fourier transform of a function gives an alternative representation of the function,
and one can infer certain properties of a function from its Fourier transform. The Fourier inversion
formula represents a function as a superposition of waves e'®* with different amplitudes that are
given by the Fourier transform. Under the Fourier transform the operation of differentiation is
converted into the operation of multiplication by iw.

An important application of Fourier analysis is the von Neumann analysis of stability of dif-
ference schemes. With the use of Fourier analysis we can give necessary and sufficient conditions
for the stability of these schemes. For a difference scheme, advancing the solution of the scheme
by one time step is equivalent to multiplying the Fourier transform of the solution by an amplifi-
cation factor. The amplification factor is so called because its magnitude is the amount that the
amplitude of each frequency in the solution, given by the Fourier transform of the solution at time
step n, is amplified in advancing the solution to time step n + 1. All the information of a scheme
is contained in its amplification factor. In particular, the stability and accuracy of schemes can
be determined from the amplification factor. Using Fourier analysis on the scheme to calculate
the amplification factor ¢ is equivalent to replacing discrete values of any unknown field vector
", at time t = nAt and spatial position z = mAz, in the scheme by ¢"e"™? for each value of
n and m. The resulting equation is a polynomial in ¢ and is called the stability polynomial or
the characteristic polynomial for the scheme. The stability polynomial usually depends on the
discretization parameters, such as the time step and the mesh step size as well as the medium
parameters. The roots of this polynomial can be obtained and will determine the stability of the
scheme. Since the roots of the polynomial are the amplification factors of the scheme, the scheme
will be stable if the amplitude of the roots is less than or equal to 1.

We follow here the approach used in [7] for the FDTD method in order to derive stability
results for the finite element schemes described earlier. We will compare our results with those
obtained in [7] for FDTD schemes treating both Debye and Lorentz models. Namely, for Debye,
we consider the scheme in [12] (which we will refer to as JHT-D) and the scheme in [13] (KF-D).
Regarding the Lorentz model for polarization, we compare results with JHT-L [12] and KF-L
[14].

Note that, since the boundary conditions do not affect the stability and dispersion properties
of the scheme in the interior of the domain, we neglect the effects of boundary conditions, i.e.,
we take B = 0 in (3.1), in our analysis. Further, as the stability and dispersion properties of the
scheme are also independent of the source J;, we take J = 0 in (3.1) without loss of generality.

A. Free Space

We note the following identities associated with the application of the mass and the stiffness
matrices on vectors ¢/ = ¢¢"e!“49

1. For the mass matrix M we have
n 2 AZ n
M¢j = (3 —2sin (kAz/Z))T@ “.1)
2. For the stiffness matrix K we have

4
K¢! = ~ sin®(kAz/2))¢’. (4.2)

Numerical Methods for Partial Differential Equations DOI 10.1002/num



12 BANKS, BOKIL, AND GIBSON

We also define two quantities

kA
K =3 —2sin (TZ> , (4.32)
kA
n = 3% sin? (—21) , (4.3b)

where the Courant number for a general dispersive material is v = —<2'__ In free space €,, = 1.
[€xo Az

To determine the stability criterion for the finite element scheme in vacuum, FEM-V, we now

substitute
e} e i(kjAz)
n __ j . - n ,i(kjAz
Xf‘[d?}‘[d]“ ’

into the discrete Eq. (3.8) with M = MV,K = KY and J = JV as given in (3.11) (with
B = 0,J = 0). Here k is the wave number, Using the identities (4.1) and (4.2) we obtain a
homogeneous linear system of the form AX = 0. By setting the determinant of A to zero we
obtain the stability polynomial

2 — 2 (ﬂ) +1=0 (4.4)
K2 + 772 ?

From (4.4) we can show that || = 1 always, regardless of the medium parameters. This implies
that the finite element scheme with the theta method (6 = 1/2) in free space, FEM-V, is
unconditionally stable as well as non-dissipative.

B. Debye Media

To determine the stability conditions for the finite element scheme FEM-D1 described in “Debye
Media” section we substitute

'
€j
n

X;? = p£
dj

;neiijz’ (45)

I
Qe ™

in the discrete Eq. (3.8) with M = MP, K = K" and J = JP as given in (3.13)—(3.14) (with
B=0,/ =0).

As in the case of free space, we obtain a homogeneous system of the type AX = 0. We then
set det(.\A) = O to obtain the stability polynomial

a3+ axl’ +aig +ao =0, (4.6)

where the coefficients of the stability polynomial are given by

as = n*(hy +2) + % (h.€; + 265, 4.7
a, = > Bh, +2) — i’ (h.e, + 6€y), 4.8)
a; = n*Bh, —2) — k2 (h.€; — 6€x), (4.9)
ap = n*(he —2) + k7 (hee, — 2€x0), (4.10)
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with 1, and « are as defined in (4.3b), and (4.3a), respectively, and as before h, = AAt = %.

To determine the stability polynomial for the finite element scheme FEM-D2 described in
“Debye Media” section, we substitute (4.5) in the discrete Eq. (3.16) (with B = 0,J = 0).
Following the procedure discussed earlier we obtain the stability polynomial

b3 4+ byl* + b1 + by =0, 4.11)
with coefficients
) ) K*hie,
by = 1 (h +2) + K7 (e + 2ese) = —=° (4.12)
2h3
by = 1P Ghy +2) — K2(hee, + 6€x0) + = 4T6", (4.13)
2h3
by = 2 (Ghe — 2) — K2 (hees — b6) + = 4T6", (4.14)
) ) K*hie,
by =n"(he —2) + k" (he€; — 2€50) — : (4.15)

4

In [36] a plot of max|¢| versus kAz is given for A, = 0.1 and 4, = 0.3 for the finite element
schemes FEM-D1 and FEM-D2, with v = 1. From this plot one can see a slight difference in
the two schemes when &, = 0.3. However, for 2, = 0.1 the two schemes are indistinguishable.
Therefore, in the rest of this section we will consider only FEM-D1, and may refer to it as the finite
element scheme for the Debye model. Similarly, it was shown in [7] that the stability properties
for the two FDTD methods JHT-D [12] and KF-D [13] are identical. Therefore, in the remainder
of this section we will consider only JHT-D, and may refer to it as the finite difference scheme for
the Debye model. We will compare stability properties of the finite element scheme FEM-D1 with
those of the finite difference scheme JHT-D, understanding that the corresponding conclusions
drawn therein apply equally to the methods FEM-D2 and KF-D.

In the left plot of Fig. 1 we graph the absolute value of the largest root of (4.6), as a function
of kAz, for the finite element scheme FEM-D1 using v = 1. We can interpret kAz as the wave
number if Az is fixed, or as the inverse of the number of points per wavelength (V) if k is
fixed. In Fig. 2 we plot the absolute value of the largest root of the stability polynomial of the
finite difference scheme JHT [12], with v = 1 as a function of kAz. In each figure, the right plot
depicts the same quantity, but versus the wave number k.

To generate these plots we assumed the following values of the physical parameters, as
considered in [25] (note that these are appropriate constants for modeling water)

€w=1, ¢ =782 1=281x10""sec. (4.16)

The time step At is determined by the choice of %, and the physical parameter 7. These plots
show varying values of %, from 0.1 to 0.001. From the plots we can see that the dissipation
of the numerical schemes can be reduced by decreasing /.. For stability and least dissipation,
h, = 0.001 is recommended, which is in agreement with the guideline for FDTD. For the finite
element scheme FEM-D1, increasing v from 1 to 16 does not appear to change the stability behav-
ior of the scheme. This suggests the unconditional stability of the finite element scheme for Debye
media. However, the finite difference scheme is conditionally stable and has the stability criteria
v < 1. The stability criteria for the finite difference schemes have been derived in [7,23].

Numerical Methods for Partial Differential Equations DOI 10.1002/num
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Debye stability for FEM with v=1

0.84H — h[:0.1
- - -h=0.01
0.82 °
- hr:0'001
0.8 . . . . . 0.8 : A . A . .
0 0.5 1 1.5 2 25 3 0 2000 4000 6000 8000 10000 12000
kAz k

FIG. 1. Plot on left (right) is of max|¢| versus kAz (resp., k) for h, € {0.1,0.01,0.001} for the FEM-D1
scheme, with v = 1.

C. Lorentz Media

To determine the stability conditions for the finite element method applied to the Lorentz media,
FEM-L, we substitute

ikjAz
;-nel j Z’

QU
=
Q0 QTS ™

in the discrete Eq. (3.8) with M = M"*, K = K" and J = J" as given in (3.19)—(3.20) (with
B=0,/ =0).

As in the case of free space, we obtain a homogeneous system of the type AX = 0. We then
set det(.,A) = O to obtain the stability polynomial

4 3 2 _
a8+ a3l +axl" +arl +ap =0, 4.17)
Debye stability for FD with v=1 Debye stability for FD with v=1
1~ A ————

0.98} R
0.96f
0.941
0.92f

=

% 09

£
0.88
0.86[

0.84H —— h‘=0~1 1 0.84H —— h(:0.1
osoll ==~ hT:0,01 _——— h1=0,01
. 1 0.82
... h:=0.001 eier N =0.001
0.8 L L L L " 0.8 T " " " " L
0 0.5 1 15 2 25 3 0 2000 4000 6000 8000 10000 12000
kAz k

FIG. 2. Plot on left (right) is of max|¢| versus kAz (resp., k) for i, € {0.1,0.01,0.001} for the JHT-D
scheme, with v = 1.
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Lorentz stability for FEM with v=1 Lorentz stability for FEM with v=1
1.005 1.005 T T T

0.995 0.9951

max (]
max ||

0.99] 0.99f

0.985 0.9851

0 05 1 15 2 25 3 0 1 2 3 4 5 6
kaz k x10°

FIG. 3. Plot on left (right) is of max|¢| versus kAz (resp., k) for h, € {0.1,0.01,0.001} for the FEM-L
scheme, with v = 1.

where the coefficients of the stability polynomial are given by

= n*(27°hg + he +2) 4+ k7 (27°hies + heéo + 2€50) (4.18)
= n*(87°hg + 2h.) — k€0 (8 + 2h,) (4.19)
= n*(127°hg — 4) — 1> (4 he, — 12€4) (4.20)
= n*(87°hg — 2h.) — K’€x(8 — 2h,) (4.21)
= n*(27%hy — h, +2) — k> (277 hge, — hoes + 2€x), (4.22)

with 7, and « as defined in (4.3b), and (4.3a), respectively, h, = At/t, and hy = At/T,, with
To =2 / wyg.

We seek to compare the stability properties of FEM-L to the finite difference schemes JHT-L
[12] and KF-L [14]. We plot the absolute value of the largest root of (4.17) for v = 1 versus kAz
for the FEM-L in Fig. 3 (left), and for the schemes JHT-L and KF-L, we plot the corresponding
functions on the left in Figs. 4 and 5, respectively. In each figure, the right plot depicts the same
function as the left plot, but versus the wave number k.

To generate these plots we assumed the following values for physical parameters, as considered
in [7]:

€ =1, € =225 1=1786x10"sec, wy=4 x 10" rad/sec. (4.23)

These are typical values that are used in the study of physical optics and are representative of a
highly absorptive and dispersive medium [38]. These values will also be used in our numerical
examples involving the Lorentz polarization model.

For the Lorentz medium, all time scales must be properly resolved, therefore the time step
At is determined by the choice of either &, or hy, whichever is most restrictive. For the current
parameter values, Ty < t, thus A is used. The plots show varying values of Ay from 0.1 to
0.001. From the plots we can see that the dissipation of the numerical schemes can be reduced
by decreasing /. For stability and least dissipation, iy = 0.01 is recommended, which again is
in agreement with the guideline for the FDTD scheme.

Numerical Methods for Partial Differential Equations DOI 10.1002/num



16 BANKS, BOKIL, AND GIBSON

Lorentz stability for JHT with v=1 Lorentz stability for JHT with v=1
1.005 1.005 T T T T
R i o s s ] 1
0.995 0.995
7 =
x x
5]
g g
0.99] 0.991
0.985 h0:0.1 H 0.985
- h0:0.01
. h0=0.001
N L . L 0.98 s L L L " :
098, 05 1 15 2 25 3 ) 1 2 3 4 5 6
kaz k 8

FIG. 4. Plot on left (right) is of max|¢| versus kAz (resp., k) for h, € {0.1,0.01,0.001} for the JHT-L.
scheme, with v = 1.

As in the case of the finite element method for Debye media, FEM-D1, we see that increasing
v from 1 to 16 does not affect the stability properties of the finite element scheme for Lorentz
media, FEM-L (see [36] for details). This suggests the unconditional stability of the finite element
method for Lorentz media. However, again the finite difference scheme is conditionally stable
with the criteria v < 1. The stability criteria for the finite difference scheme for Lorentz media
have been derived in [7,23].

V. ANALYSIS OF DISPERSION AND PHASE ERROR

The numerical models presented admit plane wave solutions of the form e@ k% for which the
speed of propagation, governed by the wave number l_é, erroneously depends on the frequency w.
The resulting error in the solution, which is an artifact of discretization, is termed as numerical
dispersion. For time-harmonic waves, numerical dispersion results in the creation of a numerical

Lorentz stability for KF with v=1 Lorentz stability for KF with v=1
1.005 1.005 T T T

s e b 1

0.995 0.995

max [¢]
max ||

0.99] 0.99f

0.985 - 0.985}
- - _h=001
h,=0.001
0.98 - . . . 098
0 05 1 15 2 25 3

kaz

FIG. 5. Plot on left (right) is of max|¢| versus kAz (resp., k) for h, € {0.1,0.01,0.001} for the KF-L
scheme, with v = 1.
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phase velocity error, or phase error, in the solution. This is due to the incorrect modeling of the
sinusoidal behavior of the propagating wave; for example, the piecewise polynomial approxi-
mation of a finite element method does not exactly match a sine or cosine function. Dispersion
is present in numerical approximation methods such as finite difference/finite element methods
even in the absence of any physical dispersion in the actual media. As waves propagate over long
distances numerical dispersion errors accumulate in the solution and may cause it to completely
deviate from the correct solution.

A. Free Space
Substituting a solution of the form

e(t Z) — ei(kz—wl)

into Eq. (2.6), we obtain the dispersion relation of the continuous model in free space given by
1)
kl\alx (a)) = E&

where kY, denotes the wavenumber in free space (where V in the superscript denotes “vacuum’)
for the exact equations (EX in the subscript denotes “exact”). To determine the dispersion relation
for the discretized model using the finite element method FEM-V, we substitute

e e L
X" — J — ~ el(kA_/Az—wnAt)’
= d

vs_/here_kA is the numerical wave number, into the discrete Eq. (3.8) with M=M",K =K" and
J = JV as givenin (3.11) (with B = 0 and J = 0). Using the identities (4.1), (4.2) as well as the
following two trigonometric identities

e A2 | oioAl/2 2 cos(wAt/2), (5.1a)
e A2 _ gloh/2 — _isin(wAt/2). (5.1b)
We obtain a homogeneous system of the type AX = 0. We then set det(A) = 0 to determine

a relation between k, and w, which is the numerical dispersion relation for the finite element
scheme in free space, FEM-V. This relation is

2 6og2 -
2 M) . (5:2)

22 A 2 = -
sin (kA Z/) (3+ Sinz(wAt/z)

Solving for k4 in the above we obtain

v 2 (2 vicos? (wm/z))”2
ka = kpp(w) = Az sin <<3 + —sin2 @AL/2) . (5.3)

The dispersion relation for the FDTD scheme [39] is given to be

sin(kaAz/2) =

sin(wAt/2)
B 5.4

Numerical Methods for Partial Differential Equations DOI 10.1002/num
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Free Space dispersion for FEM Free Space dispersion for FD
T 0.6

0.6

—v=06 v=0.6

- - -v=\(1/2) i - = -v=\(1/2)
o5H V=t

L i 05H v=V(2/3) _
: R I N e
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< 0.3F
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FIG. 6. Plot of the phase error ® versus wAt for FEM-V with v € {0.6,/1/2, 1,4} (left), and FDTD in
freespace with v = {0.6, \/1/2, \/2/3, 1} (right). For v = 1 FDTD has zero dispersion.

which implies that

2 i At/2
kn = kYo (@) = — sin”" [M} . (5.5)
Az v
We will define the phase error for a given method as
k At) — k At
®(wAr) = ex (WA?) a(wAl) , (5.6)
kex (wAt)

where for FEM-V we have ky = ky; as defined in (5.3), and for the FDTD scheme we have
ka = ki as defined in (5.5).

In Fig. 6 we plot the phase error in a vacuum for the FEM-V scheme with the theta method using
v € {0.6,/1/2, 1,4} (left) and for the FDTD scheme using v € {0.6, \/1/2, /2/3, 1} (right). We
note that for the finite element method, no significant differences were noticed for v values larger
than 4. Thus, in this article we limit ourselves to v € (0, 4] (see [36]).

To see why v = +/1/2 has the least dispersion for FEM-V and why v = 1 has the least
dispersion for the FDTD scheme, it is helpful to plot the relations in Egs. (5.2) and (5.4) versus
the continuous model values. We define

kY, Az wAt
2 . ogin? ( ZEXZ ) g2 ( 222
Vix 1= sin ( 5 ) sin ( > )

where we have substituted vkYy Az = wAt. We similarly define % = sin®(ky; Az/2) and
Yip = sinz(k;fDAz/Z) using the definitions in (5.3) and (5.5), respectively. Figure 7 displays
plots for each of these y2(wAt) functions for various values of v. For the continuous model
(left plot), v has the effect of moving the location of the maximum value, 2 = 1. For the finite
difference case (right plot) the location of the maximum does not change, although the value of
the maximum does. For v = 1 the curve coincides exactly with the continuous case. For the finite
element method (middle plot) the location of the maximum does not change, nor does the value.
However, as this value is fixed at 1.5, it will never coincide exactly with the continuous case for
any value of v.
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¥2 for EX

v=1
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FIG. 7. Plot of the )/2 versus wAt for the continuous model, the finite elment scheme, and the finite
difference scheme (left to right).

To determine the best value of v for the finite element method, we first note that y;2, can be
expanded as

(wAD* + (AN + O (wAD)).

1
48v* 144006

1 2
m(a)Al‘) —

As both the expansions of ygp and ygg match up to the second order coefficient, it is the Taylor
coefficient of (wAt)*, i.e.,

1
EX
KRV TIVE

that determines how well the discretization method matches the continuous model. For the finite
difference method we have

1
48v-2°
Numerical Methods for Partial Differential Equations DOI 10.1002/num
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whereas for the finite element method we have

e
“T o
Forv = 1, P = f* = —1/48, but ciF = 0. If we solve (c;* — cfF)(v) = 0 we find that

v = 4/1/2 is the value for which the finite element method most closely matches the continuous
model wave number. It can be shown that for v = /2/3 the FEM-V scheme and the FDTD
scheme have almost identical dispersion curves. Further, for v = /1/2, FEM-V has phase veloc-
ity (propagation speed scaled by %) closest to one (see [36]). For v = 1 FDTD always has phase
velocity equal to one.

B. Debye Media

The dispersion relation for the continuous Debye model (with €,, = 1) is given by

w
k(@) = = /eP(w), 5.7)
where
s)\- — 1
L) = L2 (5.8)
A —iw

is the relative complex permittivity of the Debye medium, and A = 1/7.
We will show below that the numerical dispersion relations for the finite element method as
well as the FDTD method can be written in the form

2 . [wa Az
kR (w) = < sin ! [TA?‘/GBA], (5.9)

with the discrete relative complex permittivity given in the form

€Al — iwa
p . (5.10)

)\'A — ia)A

S o

To derive the numerical dispersion relation for the finite element method FEM-D1, described
in “Debye Media” section, we substitute

e e
X" — p;; — p~ ei(kAjAsznAr)
d’ d

in the discrete Eq. (3.8) with M = MP, K = K" and J = JP as given in (3.13)-(3.14) (with
B =0,J = 0). We assume again that €, = 1. As in the case of free space, we obtain a homo-
geneous system of the type AX = 0. We then set det(.4) = 0 to obtain a relation between the
numerical wavenumber k, and the frequency w. Solving for k, in this relation we obtain the
numerical dispersion relation for the FEM-D1 scheme in the form (5.9) with k% (w) = k2 (),
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the discrete relative complex permittivity in (5.10) with €, = €] and the discrete medium
parameters given by

€s

_ D ._
€5,0 = €.pp = Y (5.11)
da = Apg 1= Acos(wAt/2) B, (5.12)
wp = WP = WS, (5.13)
where in the above we have used the following simplifying variables:
in(wAt/2
__ Sin(@Al/2) (5.14)
wA1/2
2sin*(wAt /2 e
o= (% + cosz(wAt/Z)) : (5.1)
v
2e, sin*(wA1 /2 12
8= (% 4 cos2(wm/2)> . (5.16)
V

To determine the numerical dispersion relation for the finite element scheme FEM-D2,
described in “Debye Media” section, we substitute (5.2) in the discrete Eq. (3.16). Following the
procedure discussed above we obtain the numerical dispersion relation for the FEM-D2 scheme
to be

(5.17)

2sin(n)i — A cos(n)e; At + Lh3 cos(n)e
sin(kh,Az/2) = o® < n (e, 2z cos(n)eq ) ,

2sin(n)i — A cos(n)e, At f2a? + éhﬁ cos(n)eqa?

where = “’TA’, €; = €;,— 1,and h, = At/t. If we neglect terms in hi, then the expression (5.17)
reduces to (5.8)—(5.9), with the medium parameters as defined earlier. Thus, for small /., both
the finite element methods, FEM-D1 and FEM-D2 have the same numerical dispersion relations.
From the section on stability analysis we have seen that for low dissipation /4, needs to be about
0.001 for Debye media and 0.01 for Lorentz media. For these values of %, both finite element
schemes produce the same dispersion graphs (see [36]). Therefore, in the rest of this section we
will consider only FEM-D1, and may refer to it as the finite element scheme for the Debye model.
Similarly, it was shown in [7] that the phase error properties for the two FDTD methods JHT-D
[12] and KF-D [13] are identical. Therefore, in the remainder of this section we will consider only
JHT-D, and may refer to it as the finite difference scheme for the Debye model. We will compare
dispersion properties of the finite element scheme FEM-D1 with those of the finite difference
scheme JHT-D.

The FEM-D1 scheme misrepresents the continuous model parameters A and €, discretely as
Agg and €, and misrepresents the frequency w as wp;. We note that as v increases (v > ,/€;),the
productaf — 1thus €, — €. The discrete parameter A7y, is a function of the continuous model
parameter € via the quantity 8. However, for the regime of interest, namely wAt small, when v
is large (v > ,/€,), the quantity 2e; sin®(wAt/2)/3v? is dominated by cos?(wAt/2). Also note
that the product 8 — 1 as ¢ — 1/cos(wA /2) and thus A, — A. Finally for w Af small and v
large, s, ~ 1 and thus a)FDE — w. Hence, the choice of the Courant number v is important for
maintaining low dispersion error in the FEM schemes.
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We compare the FEM-D1 scheme for Debye media with the finite difference scheme JHT-D
presented in [12] and analyzed in [7]. The numerical dispersion relation for this finite differ-
ence scheme can be written in the form of (5.9)—(5.10) where the discrete representations of the
continuous model parameters are given as

€5 = € pp 1= €& (5.18)

Ao = App i= Acos(wAt/2), (5.19)
and the discrete representation of the frequency is
wp = Oppy = WS,

We compare the phase error for the FEM-D1 to phase error for the JHT-D scheme. The phase
error is plotted against values of wAt in the range [0, 7]. We note that wAt = 27/ N,,,, where
Nppp 1s the number of points per period and is related to the number of points per wavelength Ny,
via

Nopw = VNppp- (5.20)

Thus, for v < 1, the number of points per wavelength is always less than or equal to the number
of points per period, and conversely for v > 1. Note that the number of points per wavelength in
the range [ /4, 7] is 8 to 2 points per period. We are more interested in the range [0, 7 /4], which
involves more than 8 points per period (or equivalently more than 8 points per wavelength).

To generate the plots below we have used the values givenin (4.16), namely: €., = 1,¢;, = 78.2,
and T = 8.1 x 10~'2. Figure 8 plots the phase error ® versus wAt for the FEM-D1 scheme (left),
and the log of the phase error versus w (right), using 2, = 0.001 and various values of v. In
Fig. 8 (right) we can see that in the finite element scheme, for a fixed frequency, the phase error
reduces as v increases, even beyond v = 1. We note that there is little difference for v values
larger than 4, thus we can restrict ourselves to v € (0,4] in considering the best choices of v
to minimize dispersion. Figure 9 depicts the corresponding plots for the JHT-D method (recall
JHT-D is conditionally stable for v < 1). We note that w At = 7 corresponds to N,,, = 2 in the
case of v = 1, thus, this case in the left plot of Fig. 9 suggests that the JHT-D scheme has low
dispersion even when the wavelength is very poorly resolved. However, the right plots of Figs. 8
and 9 show that FEM-D1 with large v is superior in the frequency range near 1/7.

The report [36] contains plots of the real and imaginary parts of the relative complex permit-
tivity for Debye media corresponding to the continuous equations (exact values), the FEM-D1
scheme with v € {/1/2,1,4}, h, € {0.1,0.01}, and finally the JHT-D scheme with v € 1 fixed
and i, € {0.1,0.01}. Figure 10 depicts a representative example. For 7, = 0.1, as v is increased
the discrete permittivities of the finite element scheme approach the exact values. For 2, = 0.01,
the agreement of the discrete permittivities with the exact values is better than with 4, = 0.1,
for each value of v. For v = 4 we see the best agreement of the discrete real and imaginary
permittivities with the exact values. For v = 4 we also see the best agreement of the discrete
values of the parameters A and €, with the exact values (see plots in [36]). However, the discrete
value of the frequency w for the FEM-D1, as shown in Fig. 11, appears to have a better agreement
with the exact value when v = 1, even better than the finite difference scheme.

The discrete parameters in the FEM-D1 scheme have better agreement with the exact values
as v increases and &, decreases. For the JHT-D scheme, the discrete parameters do not depend on
the value of v. Still, as A, is decreased they do converge toward the exact values.
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Debye dispersion for FEM with h1=0.001 Debye dispersion for FEM with ht=0.001
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FIG. 8. Plot on left (right) is of the phase error @ (resp., log of ®) versus wAt (resp., w) for the FEM-D1
scheme with v € {4/1/2, 1,4, 16} using s, = 0.001.

For the particular values tested there, it appears that the value of v that correctly represents A
will sufficiently model the entire complex permittivity for many frequencies. Thus our guideline
for Debye media is to choose this value of the Courant number v.

C. Lorentz Media

The dispersion relation for the continuous Lorentz model (with €,, = 1) is given by

kigx (@) = %/e}(w), (5.21)

where the relative complex permittivity for Lorentz media is given to be

2 2
L W — €Wy + ilw
e (w) = ————. 5.22
r (@) wz—w3+ikw ( )

Debye dispersion for FD with hr:0.001 Debye dispersion for FD with hr:0.001
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FIG. 9. Plot on left (right) is of the phase error ® (resp., log of ®) versus wAt (resp., w) for the JHT-D
scheme with v € {1,4/2/3,4/1/2,.6} using h, = 0.001.
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FIG. 10. Plots of the real and imaginary parts of the relative complex permittivity for Debye media cor-
responding to the continuous equations, the FEM-D1 scheme with v = 4, h, = 0.1 and the JHT-D scheme
withv =1,h, =0.1.

As done for the Debye case, we will show below that the numerical dispersion relations for
the finite element method as well as the FDTD method applied to Lorentz media can be written

in the form
2 . [wa Az 7
kIA‘((,()) = A_Z Sin ! I:T? EkAiI s (523)

where the discrete relative complex permittivity is given to be

WA — € AW\ Firpw
by = oA T TATR (5.24)

2 2 :
Wy — Wy p T idawa

To determine the numerical dispersion relation for the finite element method applied to a
Lorentz medium (FEM-L) described in “Lorentz Media (FEM-L)” section, we substitute

e’ e

X" — P;l _ 12 oikajAz—onAn)
i d’/? | d
q; q

into the discrete Eq. (3.8) with M = M*, K = K" and J = J" as given in (3.19)~(3.20) (with
B=0,/ =0).

As before we obtain a homogeneous system of the type .AX = 0. We then set det(A) = 0 to
obtain a relation between the numerical wavenumber k, and the frequency w. Solving for k, in
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FIG. 11. Plots of the ratio of the discrete frequency w, for Debye media and the exact frequency w, cor-
responding to the continuous equations, the FEM-D1 scheme and the JHT-D scheme (using v = 1) with
h; = 0.1 (left) and &, = 0.01 (right). Note: in the right plot, the curve corresponding to FEM-D1 withv = 1
coincides with the exact curve to graphical resolution.

this relation, we have that the numerical dispersion relation for the FEM-L scheme is given by
(5.23) with k§ = ki the discrete relative complex permittivity given by (5.22) with €], = €/,
and the discrete medium parameters given by

€n =€y =
s,A — S5FE *— azﬂz
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da = Apg 1= Acos(wAt/2)a (5.26)
Won = Wipp 1= Wy cos(wAL/2) o’ (5.27)
WA = a)'F“E = ws,q, (5.28)

where s,,, @, B are as defined in Eqgs. (5.14)—(5.16). Thus, the FEM-L scheme misrepresents ¢,
L, wo, and @ as €'y, A, g . and wpy; respectively. In particular, note that for the finite element
method applied to the Lorentz model, AL does not depend on the continuous model parameter €,
however, wj ., does. In the FEM-D1 scheme for the Debye model, Ap; depended on 82, whereas in
the FEM-L scheme for the Lorentz model, w&FE depends directly on 8. The square of the discrete
parameter wy, = @y appears in the dispersion relation (5.23)—(5.24), so the contribution from
B is again raised to the second power. This coupled with the fact that in the regime of interest
wAt is small, implies that as before the effect of €; on the dispersion is likely to be small.

We compare the FEM-L scheme with two different finite difference schemes which have been
analyzed in [7]. For the JHT-L scheme in [12] the numerical dispersion relation can be written in
the form of (5.23)—(5.24) where the discrete representations of the continuous model parameters
and the frequency are given as

€8 = € = € (5.29)
L S0

Ar = Apyp == A— (5.30)
S

WA = w(';JHT ‘= wo+/Ccos(wAr) (5.31)

Wp = Wiy 1= DSy, (5.32)

with 5, = o0

The second finite difference scheme, the KF-L scheme of [14], has a numerical dispersion rela-
tion in the form of (5.23)—(5.24) given by the following discrete representations of the continuous
model parameters and the frequency

€on = € xp = € (5.33)
Aa = AI]gF ;= Acos(wAt/2) (5.34)
woa = Wk 1= Wy cos(WAL/2) (5.35)
wp = ka = ws,. (5.36)

We plot the phase error @ as defined in (5.6) for the FEM-L method and we compare it with
the phase errors for the JHT-L and the KF-L finite difference schemes. The phase error is plotted
against values of wAt in the range [0, 7 ]. We note that, as before, w At = 27/ Ny, where again
Nppp 1s the number of points per period and is related to the number of points per wavelength Ny
via (5.20).

To generate the plots below we have used the values for the medium parameters as given in
(4.23). Figure 12 plots the phase error ® versus w for the FEM-L scheme, with various values
of v and using #, = 0.01. In this figure, note that the dispersion for the finite element method
reduces as v goes to 1 for all values of h¢. Figure 13 plots the phase error ® versus w for the
KF-L scheme, with various values of v and using &, = 0.01. We see that for low frequencies, the

Numerical Methods for Partial Differential Equations DOI 10.1002/num



ANALYSIS OF STABILITY AND DISPERSION 27
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FIG. 12. Plot of the phase error ® versus w for the FEM-L scheme with v € {{/1/2,1,4, 16} using
ho = 0.01. (Right plot is zoom of left.)

FEM-L scheme has less dispersion by an order of magnitude than the KF-L scheme. Plots of the
JHT-L scheme show that it is even worse (see [36]).

The report [36] also contains plots of the real and imaginary parts of the relative complex per-
mittivity for Lorentz media corresponding to the continuous equations (exact values), the FEM-L
scheme with v € {\/1/2,1,4,16}, hy € {0.1,0.01}, and finally the KF-L scheme with v = 1 fixed
and hy € {0.1,0.01} (plots of JHT-L were similar and were thus omitted). See Figure 14 for a
representative example in the case of v = 1, hy = 0.1. For hy = 0.1, as v is increased, the discrete
permittivities of the FEM-L scheme approach those of the KF-L method. However, for v = 1 it
appears that the finite element approximation is noticeably better. For hy = 0.01, the agreement
of the discrete permittivities with the exact values is better than with 4, = 0.1, for each value of
v. For v = 1 we see the best agreement of the discrete real and imaginary permittivities with the
exact values, regardless of . This is not seen in the plots of the discrete values of the parameters
A, € and w, (for example, see Fig. 15 for w, and [36] for other plots). The discrete parameters in
the FEM-L scheme have better agreement with the exact values as v is increased, even beyond

Lorentz dispersion for KF with h0:0.01 Lorentz dispersicn for KF with h0:0.01
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FIG. 13. Plot of the phase error ® versus w for the KF-L scheme with v € {0.6,/1/2,4/2/3,1} using
ho = 0.01. (Right plot is zoom of left.)
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FIG. 14. Plots of the real and imaginary parts of the relative complex permittivity for Lorentz media corre-
sponding to the continuous equations, the FEM-L scheme with v = 1,y = 0.1 and the KF-L scheme with
V= 1,h() =0.1.

1. However the discrete value of the frequency w appears to have a better agreement with the
exact value when v = 1 (the plot is similar to that of Fig. 11 for the Debye case, and therefore is
omitted).

As the discrete complex permittivity matches the exact more closely when v = 1, we con-
clude that for the Lorentz model, the value of v that correctly represents w will sufficiently model
the complex permittivity and this is our guideline for Lorentz media. For the finite difference
schemes, the discrete parameters do not depend on the value of v. However, as with the finite
element method FEM-L, if A is decreased all discrete parameters agree better with the exact
values. It should be noted that for the FEM-L scheme, as v increases, the discrete parameters
actually converge toward the KF-L values for fixed /.. Thus, if /. is too large for the KF-L values
to have converged, the FEM-L scheme may actually have better agreement with the continuous
values. This is precisely what is occurring in Fig. 14.

VI. NUMERICAL SIMULATIONS

To further compare and verify the observations drawn from the stability and dispersion analyses in
the previous sections, we examine simulations of a sample problem using the Lorentz polarization
model (the Debye model problem is verified in [36]). In our simulations, we successively reduce
the value of /4., and hence the time step, holding all other parameters fixed, until convergence is
achieved.

For interrogation of a Lorentz medium, we simulate the propagation of 12 cycles of a truncated
sine wave with carrier frequency at 1.5 PHz (1.5 x 10'> Hz), which is normally incident on the
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Plots of the resonant frequency wy for Lorentz media corresponding to the continuous equations,
the FEM-L scheme and the KF-L scheme (using v = 1) with sy = 0.1 (left) and /4o = 0.01 (right).

medium from a vacuum. The medium is defined by the parameters given in (4.23). We performed
simulations with the finite element scheme, FEM-L, using v = 1.

A time trace of the electric field at a depth of 0.01 mm into the Lorentz medium was recorded.
The left plot of Fig. 16 displays a close view of the central portion of the signal and demonstrates
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that true convergence has not been reached. The right plot of Fig. 16 displays a magnification of
one of the peaks from the central portion of the signal computed with smaller 4, values. From this
plot we can see that at most 1, = 0.02 (i.e., at least 50 points per wy) is necessary for convergence
on this small scale. The required value of h, < 0.02is in line with the suggested range of O (1072).

FEM on Lorentz with v=1
3 T T T T T T

T
h0=0.32

- h0:0.16

. h0=0.08
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-3 I L I L I I L
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— — _h,=0.02
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FIG. 16. Views of the center of the time trace of the electric field at a depth of 0.01 mm into a Lorentz
medium (frequency is 1.5 PHz), for increasingly smaller values of %¢. (Right plot, using smaller values of
hy, is at a finer scale than the left plot.) Convergence is achieved at 1y = 0.02.
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VIl. CONCLUSIONS

In this article, we have provided a stability and dispersion analysis and representative simula-
tions of finite element schemes for modeling dispersive wave propagation in complex dielectric
media. We considered materials described by Debye and Lorentz polarization models, but the
numerical approach is sufficiently general to allow for any model with an ODE representa-
tion. We have contrasted our analyses with those corresponding to the finite difference schemes.
From the stability and dispersion analysis as well as the simulations shown in the paper, we
can conclude that the artificial dissipation in the FEM schemes presented here for Debye and
Lorentz media are strongly dependent on the quantity A, = Ar/t when t is the smallest
time scale. For Lorentz media, in addition, the quantity hy = At¢/T; may be the dominant
quantity if 7y = 27 /w, is smaller than 7. We see that /&, or hy have to be sufficiently small
in order to accurately model the propagation of pulses at large distances inside the disper-
sive dielectric medium. For Debye media &, is recommended to be at least 100 points per t,
preferably i, = O(1073). For Lorentz media we recommend either 4, or &, to be O(1072) to
minimize dissipation. These results are exactly the same guidelines for FDTD schemes posed
in [7].

From the dispersion analysis for the finite element schemes we see that the value of the Courant
number v to be preferred is the one that provides the best agreement of the discrete relative com-
plex permittivity with the exact permittivity, i.e., the value that results in the least phase error for
the regime of interest. The unconditional stability of the FEM scheme allows the user to have
some freedom in the choice of v. For the Debye model, the value of v that results in the best
discrete representation of A = 1/t should sufficiently approximate the complex permittivity. For
the Lorentz model, the value of v that correctly represents the angular frequency w should be
chosen. For the FDTD scheme, however, conditional stability restricts the choice of v = 1 to
minimize dispersion.

It is not straight-forward to say which of the methods has the best accuracy overall, as the
distinction is heavily case dependent. However, for the particular case of relatively low frequency
(as compared to other scales in the problem), and sufficiently fine mesh parameters, the analy-
sis here has shown that the FEM schemes considered will have less dispersion than the FDTD
methods for both Debye and Lorentz problems. Still, this does not take into account the increased
computational cost of the FEM. The report [36] compares the stability and phase errors of the
FEM schemes and the FDTD schemes for values of 4, (and hy) which result in comparable
computational run times. In both the Debye and Lorentz cases, the stability results and phase
errors for the FEM schemes considered are all on the same order of magnitude as in the FDTD
methods.

Finally, finite element approaches allow the use of general meshes that can be used to avoid
the stair stepping inaccuracies of the FDTD method in the modeling of complicated geometries.
This along with unconditional stability and equivalent accuracy (to FDTD) makes the FEM a very
attractive method for modeling dispersive wave phenomenon.
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