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Abstract

This paper describes a novel quadrilateral edge element discretisation of
Maxwell’s equations in which the effects of dispersion are minimised. A
modified edge finite element stencil is proposed and it is subsequently shown
how this can be expressed in terms of new material coefficients thus allow-
ing us to incorporate both Dirchlet and Neumann boundary conditions in a
natural fashion. To demonstrate the success of the proposed procedure, we
include a series numerical examples. First we apply the approach to plane
and circular wave propagation problems. Secondly, we apply the approach
to a series of electromagnetic scattering problems. For the electromagnetic
scattering computations, we monitor the effect of the modified edge finite
element stencil on the scattering width output. We use a hp—edge element
code as a benchmark for all our electromagnetic scattering computations.
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1 Introduction

The aerospace industry is interested in electromagnetic scattering problems where the wavelength of
the wave is short compared to the length of the scatterer. This problems is made more complicated
as the scatterer may contain multi—-materials and have many sharp corners. In fact, the primary
interest lies in the accurate evaluation of the scattering width distribution, which can be computed
directly as an output of the scattering problem. This output represents the far field pattern of the
scatterer and may be used for the radar detection of civilian and military vehicles.

The H (curl) conforming finite elements first introduced by Nédélec [20, 21, 22] are well suited to
such problems as these elements can readily handle material interfaces and boundary conditions. In
addition, the spurious modes which are known to occur when components of the field variables are
discretised by nodal finite elements do not occur with H (curl) conforming finite elements [23, 19].
Within the engineering community, these elements have become better known as edge elements.
This is in part due to the fact that the lowest order H (curl) conforming approximation has a
degree of freedom associated with each edge of the element.

When finite element methods are employed to solve wave propagation problems numerical errors
often occur. These errors are composed of two parts: Firstly, an error occurs due to interpolation
of the continuous solution by discrete functions. Secondly, there is a pollution effect which is due to
a phase lag between the computed and exact solution [9]. The pollution effect is often attributed to
the difference between the computational and exact wave numbers, also known as the dispersion.

Considerable success at minimising dispersion was obtained when hp—version H (curl) con-
forming finite elements were used to discretise Maxwell’s equations [13, 12]. Indeed, for meshes
composed of squares one can directly quantify the dispersion for a given mesh spacing h and poly-
nomial order p [24, 1]. Another interesting approach was proposed in [14] where modified H (curl)
conforming finite elements incorporating plane wave expansions were used. However this approach
encounted problems when singularities were present in the domain.

In this paper we propose an alternative approach, in which the dispersion is minimised for all
wave directions. The idea for this comes from the work of Babuska, Sauter and coworkers [3, 2] who
proposed the so called generalised finite element method for Helmholtz equation. In this approach
they were able to eliminate the dispersion for one—-dimensional problems whilst minimise it for
two—dimensional problems. This was achieved by modifying the finite element stencil which results
from using standard H' conforming 4-noded quadrilaterals for a mesh composed of uniformly sized
square elements. Following their approach, we restrict ourselves to two—dimensional problems and
modify the finite element stencil for the lowest order quadrilateral edge element on a mesh of
uniformly sized squares. We then translate this modification in to a variation in the material
coefficients for Maxwell’s equations. This allows us to naturally incorporate both Dirchlet and
Neumann boundary conditions, something that was not possible with the approach of Babuska
and Sauter.

We first apply the scheme to wave propagation problems where we make comparisons with the
standard lowest order quadrilateral edge element scheme. Secondly, we apply the standard and
modified schemes to electromagnetic scattering problems set in two—dimensions where we use the
solutions provided by a hp—edge element code as a reference solution. Electromagnetic scattering
problems are set in an infinite domain and in order to make computations possible on a finite
computational domain, a perfectly matched layer (PML) [5] is used. We employ this approach due
to our previous successes with PML’s in the context of hp finite elements [13, 12]. To make an
efficient comparison of the electromagnetic scattering solutions we compare the scattering width
distributions that are obtained in each case.

The work proceeds as follows: In Section 2 we introduce the variational statement. In Section 3
the quadrilateral edge element discretisation and its accompanying dispersion relationship are
given. Then, in Section 4, we propose a modification to quadrilateral edge finite element stencil
which allows us to significantly reduce the dispersion. The modified edge finite element stencil
is subsequently translated in to new material coefficients allowing the natural incorporation of
boundary conditions. Section 5 shows numerical results for a series of wave propagation problems,
whilst Section 6 briefly describes the electromagnetic scattering problem and then gives a sequence
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of numerical experiments. The paper closes with some concluding remarks.

2 Problem formulation

Let us consider Maxwell’s equations expressed in the frequency domain for a source free medium
curl E = —ipwH curl H = iewE (1)

where E and H are the electric and magnetic field intensity vectors, € and p are material param-

eters, the frequency is such that w? > 0 and i? = —1. Initially, we wish to consider domains {2
which are bounded. On the boundary of this domain we apply either Neumann conditions

1
nA—culE=nAg (2)
I
on I'y gy or Dirchlet conditions
nANE=nAh (3)

on I'prr. Later, when scattering problems are considered, it will be necessary to also include a
radiation condition, however, in order to make the presentation more straightforward at this stage
this has been omitted.

Combining the Maxwell’s curl equations (1) we obtain the vector wave equation for the electric
field

1
curl—curl E — w?E =0 4)
w

We note that a similar elimination procedure could also be followed for the magnetic field. However,
we wish to focus on the solution of the electric field in this paper and recover, when required, the
magnetic field from equation (1). In addition, for the two—dimensional problems in consideration
here, we assume that the electric field has components E = [E,, E,]”.

With a finite element procedure in mind, we give the weak the variational statement. Find
E € H j(curl; Q) such that

(pteurl B, curl W)g — w?(eE,W)q = (W) YW € Hy(curl; Q) (5)

where (-, -)q denotes the standard L? inner product performed over Q and £ is a linear form defined
as 7

(W) =— W .gds (6)

I'neu

The function spaces H 4(curl; Q) and H(curl; Q) introduced above are defined as
H,(cur; Q) ={v, ve H(cur; Q) nANv=nAh, on T'prr}

Hy(curl; Q) = {v, ve H(cur; Q) n Av =0, on I'prr}
with
H(curl; Q) = {v € (L*(Q))?, curlv € L*(Q)}
Following a Galerkin finite element procedure, we replace the continuous spaces with discrete

subspaces X! C Hg(curl; Q) and X € Ho(curl; Q) and solve for discrete solutions Eg € X1
The discrete weak variational statement is then: Find Eg € X f such that

(p tewrl Eg,curlWg)g — w?(eEg,Wp)o =0(Wg) VYWgye X (7)

In the next section we discuss the discretisation which leads to an approximate solution of this
equation.
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3 Two—dimensional edge elements on squares

For the purposes of this paper we restrict ourselves to discrete functions based on square elements.
These functions are identical to the lowest order quadrilateral edge element basis functions that
can be found for example in [1]. Figure 1 shows a square element whose sides are each of length
h, the basis functions associated with edges of this element are given as

= T o= VT (8)
0 0
b3 = (m+1)—=z/h b4 = x/h—m (9)

Using these basis functions, an approximation to the electric field inside this element is given by
X4

where the parameters oy, as, as and ay represent the degrees of freedom associated with the
tangential moments of the field E'y on the element edges.

y A

(m+Dh| >
2

A A

3 4
nh [ ‘ > !
| ! |
mh (m+1)h x

Figure 1: Square edge element with sides of length h.

Let us now assume that the material coefficients of our domain are unit valued and consider
the case of elements whose edges do not touch the boundaries of our domain. We wish to form the
typical equations which occur in the global stiffness matrix for vertical and horizontal edges. Due
to the local support of the basis functions, we are required to consider only elements adjacent to
the particular edge in question. Figure 2 shows two typical edges, labelled 1 and 3 and displayed
in bold together with their respective neighbouring elements: L and M for the vertical edge and
K and M for the horizontal edge. Introducing the notation

a(Eg,Wy)a = (curl By, curl Wy)q — w?(Eg, Wi )g (11)
and then choosing W g = ¢4 with integration performed over K and L gives

a(¢3a ¢3)KUL043 + a((]§8, ¢3)L048 + a’(¢95 ¢3)L049 + a(¢10, ¢3)L0410
+ a(¢y, P3) ka2 + a(Py, @3) ks + aley, ¢3) ka1 =0 (12)
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Figure 2: 3 Typical square elements, with edges in consideration for horizontal and vertical stencils
shown in bold. The dotted lines show the linkages for a vertical stencil whereas the dashed—dotted
lines show the linkages for a horizontal stencil.

where the basis functions for edges 5,6,7,8,9 and 10 are given in a similar manner to those
presented in equations (8) and (9). The choice of Wy = ¢ in equation (11) and integration over
K and M yields

a(ey, 1) kumon + a(@s, @) kas + a(Py, @) ko + alPy, 1)Koy
+ a(pg, 1) mas + a(ps, @) vas + al(@r, dy)var =0 (13)

(From equations (12) and (13) one can determine the vertical and horizontal stencils for square
edge elements. After performing integration of the various terms, one obtains the following patterns

(14)

fre)e)e)e)e)e)) N
\
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[\
\
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OO N
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for the vertical stencil and

2 3 2 1 3
1 :
-1 1 0 : 0
2 —w?h 2 (15)
1 : -1 0 : 0
1
-1 6

for the horizontal stencil. Furthermore, if one assumes that the discrete solution is the interpolant
of the plane wave

Ey = Eqexp{i(&r +&y)} (16)

then the solution coefficients can be written in terms of either o or as, as follows

ag = ay exp {i€,h} ay = agexp{i&h}
as = ag exp {—i,h} ag = azexp {—i,h} (17)
ag = ag exp {—i&,h} a7 = azexp{ih(& — &)}

arg = arexp {ih(&y — &)} a9 = agexp {—i{;h}

Following the approach described by Ainsworth and Coyle [1] we first consider the horizontal edge,
then, after inserting the relevant solution coefficients, we obtain the requirement that

Po; +Qasz =0 (18)

In this expression, P and @ take the form

w?h?

P = 2(1—cos(h&) — (2 + cos (h&2)) (19)
Q = —1l+exp{ilsh}+exp{—i§h} —exp{ih(&x — &)} (20)

Following a similar procedure for the vertical edge leads to the requirement that
Q*Oél + Ras =0 (21)

where * denotes the complex conjugate and R is given by

w?h?

R =2(1—cos (h&) —

(2 4 cos (h&2)) (22)

Equations (18) and (21) admit a non—trivial solution a1, as only if the determinate of the matrix

C];* g vanishes. It then follows that that the discrete dispersion relation is given by
w27£17cos(hfm)7ﬁlfcos(h§y):0 (23)
h? 2+ cos (h€;)  h? 2+ cos (h&y)
Assuming that h&, and h&, are small the expansion
1
W @+ I e = o) (24)

with &€ = (&, &,)T may be obtained which allows a quantification of the magnitude of the dispersion.
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4 Modified edge finite element stencil

Before describing our modified finite element stencil, we first propose two conditions on our mod-
ifications

1. Convergence. We wish that the modified finite element stencil, retains the same structure,
sparsity and convergence properties as our original finite element stencil as h — 0;

2. Implementation. We would like to interpret our modified stencil in terms of modified material
properties, thereby allowing us to incorporate Dirchlet and Neumann boundary conditions
in a natural way.

By restricting ourselves to modified finite element stencils which have the same structure and
sparsity of the original finite element stencils, it implies that

2 3 2 3
-b b 0 0
—b e —b 4 —w?h c d c (25)
b —b 0 0
is the form of the vertical stencil and
2 L 3 2 . 3
—b b 0 0
e —w?h d (26)
b : b 0 : 0
—b c

is the form of the horizontal stencil, where the coefficients b, ¢, d and e must be chosen.

We wish to interpret the modified edge finite element stencil as new material material param-
eters. To do this, we evaluate the two-dimensional elemental curl-curl stiffness matrix, Sf](- =
(u~tcurl ¢, curl @) for an element K with constant material coefficient p

1 -1 -1 1
-1 1 1 -1
-1 1 1 -1

1 -1 -1 1

St =t (27)

As there is only one free parameter in this matrix, it implies that u=! = b = ¢/2 in the stiffness
part of the the modified finite element stencils. The € tensor is a 2 x 2 matrix of the form given
below

€ — €11 €12 (28)
€21 €22

We may also evaluate a typical elemental mass matrix M fJ( = (€¢;, ¢;)x for an element K with
constant material coefficient tensor € as

€1 €11 €21 €21

3 6 4 4
K 5 €11 f11 €21 €21

— 6 3 4 4

M”™ =h €2 €2 €2 € (29)

4 4 3 6
€12 €12 €22 €22

4 4 6 3
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By comparing entries in the elemental mass matrix and the mass part of the modified edge finite
element stencil, we can make the following observations: In order to retain the structure of the
modified edge finite element stencil, the off-diagonal terms of the € tensor should be set to zero.
In addition, as the vertical and horizontal stencils have a similar pattern, we recover the fact that
€11 = €g2. Performing the assembly of elements required for the horizontal and vertical stencils
and comparing entries leads to the conclusion that

. 3d/2 0 _ 6c 0
0 3d/2 0 6¢ (30)
Taking all this information in to account, we obtain the following expression
2 3 2 3
—b b 0 0
—b 2b ~b 4 —w?hd c 4c c (31)
b —b 0 0
for the vertical stencil and the expression
2 b 3 2 . 3
—b b 0 0
2b —w?h e (32)
b : —b > 0 : 0°
—b c
for the horizontal stencil. For these stencils, the discrete dispersion expansion becomes
o b 2—-2cos(h&) b 2—2cos(h&y) —0 (33)

“ T W24+ 2ccos (h&z)  h?4c+ 2ccos (hgy)

which, for the choice of b =1 and ¢ = 1/6 one recovers the discrete dispersion relationship for the
standard stencil. For small h§, and h&, one can write the expansion
b 6bc
2 2 2 244 244 4)¢(6
- = —(h h =0(h 34
W (€6 T e g (W ) = OYEl) (34
which allows a quantification of the dispersion for the modified edge finite element stencil. Using
this approach, we are now able to incorporate Dirchlet and Neumann boundary conditions in a
natural way as modifications to the edge finite element stencil have been translated in to new
material coefficients.

4.1 Selection of the coefficients

In order that the modified edge finite element stencil tends to the original edge finite stencil as the
mesh spacing h — 0, we choose the coefficients b and ¢ as power series expansions of the following
form
b= biwrpt c= ciw? h% (35)
i=0 i=0
Convergence of the modified edge finite element stencil is then ensured by selecting by = 1 and
¢p = 1/6 and assuming that wh is small. A hint as to the correct powers of wh were provided by



8 A QUADRILATERAL EDGE ELEMENT SCHEME WITH MINIMUM DISPERSION

Babuska and Sauter et. al [3, 2] who used similar powers in their modified stencil for the Helmholtz
equation.

There now exists some degree of freedom in choosing the parameters b; and ¢; for 1 <i < N. In
the approach of Babuska and Sauter they consider a combined stiffness and mass 9 noded stencil
based on a bilinear quadrilateral discretisation of for Helmholtz equation and determine coefficients
based on theoretical arguments. Here they attempt to minimise the distance between the exact and
stencil behaviour of solutions to the Helmholtz equation. However, by following their approach,
it is no longer possible to interpret the modification of the finite element stencil in terms of new
material coefficients.

In this work, we adopt a different approach where we choose the coefficients b; and ¢; based on
minimising

9 b 2—2cos(h&) b 2—2cos(h&y)

Y T h24c+ 2¢cos (hés)  h2 4c+ 2ccos (hE,) (36)

assuming that £, = wcos ¢ and &, = wsin¢. The procedure we propose is numerical and attempts
to minimise this function at a discrete number of wave directions. Further details of the procedure
are given below:

Let us assume that a mesh of uniform spacing i has been generated and the true wavenumber
of the problem w has been specified. The strategy we propose is as follows:

1. Set i =0,b9 =1, c9g =1/6 and N = 4;
2.1=14+1;

3. Let

Jj=0 Jj=0

where b; and ¢; are unknown coefficients;

4. Determine b; and ¢; such that

5 b 2—2cos (hwcos ;) b 2 —2cos (hwsin ¢;) )
max w’— —-———— - . — min
J h2 4¢ + 2¢cos (hwcos ¢j)  h? 4¢ + 2¢cos (hwsin ¢;)

where ¢; = (2jm)/K with j =1,---, K, and K = 20;
5. If i £ N goto 2.

There are, of course, many other strategies that could be adopted, including those which attempt
to minimise the dispersion over a range of frequencies. But, as the frequency is known for all the
examples we consider, it seams logical to adopt a procedure in which the coefficients b; and ¢; are
tailored to a given frequency. The procedure presented above is hierarchic in the sense that b; and
¢y are first computed, followed by b, and ¢ and so forth. It is possible that a better choice of
parameters could be obtained if the coefficients b;, ¢;, ¢ = 1,--- , N were obtained simultaneously,
however this approach may be computationally less advantageous. One could also chose to vary
K, the number of angles at which the minimisation procedure is performed and, N the number
of terms used in the minimisation procedure. However the choices made above were found to be
sufficient for all the computations reported in this work. In any case, we are only interested in
discretisations which satisfy wh < 1, as for larger values of wh, the assumption of wh being small,
required to ensure the convergence properties of our scheme, is violated. For such cases, the results
given by the modified edge finite element stencil may be inaccurate.

To give an initial assessment of the improvement in performance that is obtained by using the
modified edge finite element stencil, we consider polar plots of the dispersion

5 b 2—2cos(h&;) b 2—2cos(h&y)

“ T W24+ 2ccos (h&z)  h2? 4c+ 2ccos (hEy)
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Figure 3: Polar graphs which compare the dispersive behaviour of the modified and standard edge
finite element stencils as a function of angle for the case of w = 1 and mesh spacings h = A/10 and
h = X/20.

where it is assumed that £, = wcos¢ and & = wsin¢. Note that in the case of a perfect scheme,
the above function would be zero. However neither the original edge finite element stencil or the
modified edge finite element stencil are perfect and therefore dispersion is expected in both cases.
To quantify the amount of dispersion, we consider the frequency w = 2w/ = 1 and mesh spacings
h = A/10 and h = A/20. Figure 3 shows the results obtained. For both h = A/10 and h = A\/20
we observe that dispersion associated with the modified edge finite element is much smaller than
that associated with the standard edge finite element stencil. In the following sections we shall
consider numerical examples which show the advantages of using the modified edge finite element
stencil in actual finite element computations.

5 Wave propagation problems

We first consider the propagation of the plane wave

E = fg exp {i(kyx + kyy)} (37)

for the case of k, = k, = 5 on the (0, 1)? square domain. Note that w? = k2 + k:; for this example.
Solutions are computed with both Dirchlet and Neumann boundary conditions and on meshes
composed of square elements with uniform spacings h = 1/10,1/12,1/14,1/16,1/18,1/20. The
field Re(E;) which results from using the standard and modified edge finite elements stencils is
then compared with the known exact solution along a diagonal axis through the domain.

Let us consider the case of Dirchlet boundary conditions. These are easily accomplished by set-
ting the coefficients which represent the tangential components of the electric field on the boundary
to known values. The results obtained for the sequence of meshes described previously are shown in
Figure 4. In this figure, we observe that the dispersion is dramatically reduced when the modified
edge finite element stencil is employed, so that on spacings as coarse as h = 1/10 which represent
approximately 8 points per wave length, the wave is well represented. Using the standard edge
finite element stencil, one observes that the dispersion is large even when a mesh with spacing
h = 1/20 is used. Incidently, this represents a spacing with approximately 18 points per wave-
length. We also observe that in the range h = 1/10 to h = 1/20 the standard edge finite element
stencil is in the pre—asymmtopic region where we observe both increases and decreases in the error
as the spacing is refined.

Now let us consider the same problem but now solved with Neumann boundary conditions.
These boundary conditions are accomplished by discretising equation (6). The results of this
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Figure 4: Comparison of the dispersive behaviour of the modified and standard edge finite element
stencils for the propagation of a wave with wavenumbers k; = k, = 5 on a sequence of meshes
with different spacings when Dirchlet boundary conditions are employed.
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investigation are shown in Figure 5. In this figure, we observe a similar behaviour to what has
already been obtained for the case of Dirchlet boundary conditions. The modified edge finite
element stencil has a low phase error at coarse mesh spacings whilst the standard edge finite
element stencil remains dispersive.

Secondly we consider the propagation of a circular wave, in the form of a Bessel function J, of
order a. The wave we consider is specified as follows

oh
E-= o, h = Jo(wr) cos af (38)
T Oz

where (r,0) denote the cylindrical coordinates. We again consider the (0,1)? square domain and
monitor the accuracy of the solution, by computing the H (curl) norm of the error

Z
lel = |1Ex — Ell = |e|* + |curle]* dQ2 (39)
Q

A sequence of meshes of square elements with uniform spacings h = 1/9,1/8,1/7,1/6,1/5,1/4,1/3,
1/2 are considered. We show results obtained with applying Neumann boundary conditions, al-
though similar results can also be obtained by using Dirchlet conditions. Figure 6 shows the
convergence of ||e| obtained for the cases of w = 5 and a = 0, and w = 5 and a = 2/3. The
first case represents an example with a smoothly varying field whilst the latter case represents an
example case with a singularity at the origin (0,0). For the case of the smoothly varying field we
observe that for coarse mesh spacings the error obtained for the modified edge finite element stencil
is worse than than that for the standard stencil. However, when these spacings are considered with
respect to the wavelength we observe that they are much coarser than those considered for the plane
wave propagation example. In fact, the spacings for which the modified stencil gives worse results
represent approximately 6 points per wavelength or coarser. For such spacings the assumption of
wh < 1 is no longer valid and hence an improvement in the error can not be expected. For smaller
mesh spacings the error measured in the H (curl) norm is similar to that obtained for standard
stencil. A similar convergence behaviour is also observed for the example with a singularity at the
origin.

One may of expected that on the basis of the plane wave propagation results, the modified
edge finite element stencil should give a substantially lower error than the standard stencil for the
propagation of circular waves. However, this extension is not automatic, as the dispersion analysis
is carried out for plane waves and not circular waves and hence a reduction in the error for circular
waves can not necessarily be expected. Nevertheless, we shall consider the modified stencil for
electromagnetic problems which include both behaviour which is similar to both plane and circular
waves.

6 Electromagnetic scattering problems

An interesting engineering application of the quadrilateral edge element with minimum dispersion
is the electromagnetic scattering problem. Here, the interest lies in the accurate evaluation of the
scattering width output which represents the far field pattern of the scattered field. It is hoped
that if the dispersion is sufficiently well resolved then the resulting scattering width distribution
will be accurately predicted. However, it is expected that for problems with strong singularities,
further refinement of the mesh will be needed to accurately resolve the scattering width.

Following the approach described in [13, 12] it is convenient to split the electric field in to
incident and scattered fields as

E=E+E* (40)

where E’ is a known plane wave which satisfies Maxwell’s equations and E? is the scattered field.
By linearity, the unknown scattered field also satisfies Maxwell’s equations, and this is what should
be determined. The scatterer is assumed to be either a perfect electrical conductor (PEC) or a
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Figure 5: Comparison of the dispersive behaviour of the modified and standard edge finite element
stencils for the propagation of a wave with wavenumbers k; = k, = 5 on a sequence of meshes
with different spacings when Neumann boundary conditions are employed.
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Figure 6: Comparison of the dispersive behaviour of the modified and standard edge finite element
stencils for the propagation of a circular wave with w =4 and o = 0,2/3 on a sequence of meshes
with different spacings when Neumann boundary conditions are employed.

perfect magnetic conductor (PMC). Although the method we propose is directly extendible to the
case where the scatterer contains multi-materials. In the case of a PEC the boundary condition

nAE*=nA\E (41)
is applied on the boundary of the scatterer, I'scar, whilst in the case of a PMC the condition
n A curl E* = n A curl EY (42)

is imposed on I'scar.

As mentioned briefly in the introduction, this problem is set in an infinite domain and in
order to produce a finite domain for our solution procedure a method of truncation is required.
There exist a number of alternatives for accomplishing this, these include absorbing boundary
conditions [4], infinite elements [6, 7], the Dirchlet to Neumann map [10], coupling with boundary
elements [11] and the use of a perfectly matched layer (PML) [5] The merits of these various
approaches are discussed in [13]. For this work we choose to adopt the PML approach due to
ease of implementation and previous successes with this approach. As our formulation is based on
square elements, it is natural that we choose a rectangular PML. Figure 7 shows a diagram of the
scattering problem.

Within the PML layer, modified material parameters are employed to absorb the outgoing
scattered wave with minimum reflection. Specifically, we employ

L
on = dldg € = %1 dy (43)
do

in Qpprr where dj = 1 —i0j(z;)/w [17]. We adopt a quadratic profile for the grading of o; so
that o; = o(e;/t)* where e; is the distance measured from the PML/ free space interface to a
point within the PML in a given coordinate direction z; and ¢ is the PML thickness. Cohen [8]
proposes a good choice for ¢ and o, he selects t = 1\ and ¢ = 6 and we adopt these values for the
computations presented here.

The variational statement for the electromagnetic scattering problem then follows along similar
lines to that presented in Section 2. Further details for the interested reader can be found in [13,
12]. We discretise the resulting variational statement using the standard and modified edge finite
element stencils and obtain E7;. Following the finite element solution procedure, one can then
proceed to determine scattering width output given by

z 2
X(qﬁ):% nAE}, -V +nAculE) Y dl (44)
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where I, is a collection surface which is chosen to completely surround the scatterer and the value
of the scattering width measured in Decibels is given by 10log (x(¢)). The vectors V and Y are
functions of the viewing angle ¢ and are defined as

0 sin ¢
V= 0 exp {iw(z' cos ¢ + ¢ sin )} Y = i —cos¢  exp{iw(x’ cosd + 1y sinp)}
1 iw 0

(45)
It is important that the scattering width is calculated carefully, otherwise it is possible that gains
in accuracy made with the modified edge finite element stencil may be lost. To this end, we
employ the technique proposed by Monk [18, 16], who suggests using the variational statement
to approximate the flux term n A curl Ef;. Further details of its implementation may be found
in [12, 15].

6.1 Numerical examples

In this section we present a series of numerical examples to demonstrate the success of using
the quadrilateral edge element with minimum dispersion for electromagnetic scattering problems.
First we consider a square scatterer of electrical length 3\, with both PEC and PMC boundaries.
We consider an incident wave which is propagated at 45 degrees to the horizontal axis for these
examples. Then, we consider a 4\ U shaped cavity rotated through 90 degrees with PEC and
PMC boundaries. For these examples, we consider incident plane waves with normal incidences.

First, let us consider scattering by a 3A PEC square. We consider a domain consisting of
a 2\ thick region of free space, backed by a 1A thick PML. Meshes with uniform spacing h =
A/T,A/8,1/10,A/13 were generated to discretise this problem. An example mesh with spacing
h = M/17 is shown in Figure 8. On this sequence of meshes we compare the scattering width
distributions which result from using the modified and standard edge finite element stencils with
that of a benchmark solution. For the benchmark solution, we use a hp edge element code [13,
12, 15], with computations undertaken with a sufficiently small h and high p so as to resolve the
problem accurately. Whilst for the comparison, we compute the error in Decibels as the difference
between the benchmark and stencil solutions. The results in Figure 9 show that the modified edge
finite element stencil is generally more accurate than the standard stencil for the mesh with spacing
h = A\/7. Although, at certain viewing angles, similar errors are obtained for both the modified and
standard edge finite element stencils These angles correspond to locations with strong singularities.
For finer spacings, the modified edge finite element stencil continues to offer some improvements
over the standard stencil. Coarser mesh spacings were not considered, as the assumption hw < 1
would be violated and for such meshes we expect the solutions using the modified edge finite
element stencil to be inaccurate. In Figure 10, a contour plot of Re(H?) is shown alongside the
actual scattering width distribution computed on a mesh with spacing h = A/13.

Secondly, we consider scattering by a 3A PMC square. We employ the same sequence of meshes
that were used for the PEC square. The error in the resulting scattering width distributions for the
modified and standard edge finite element stencils are shown in Figure 11. In a similar manner to
the PEC scatterer, we observe that the modified edge finite element stencil offers some benefits on
the coarser meshes. In Figure 12, a contour plot of Re(H?) is shown alongside the actual scattering
width distribution computed on a mesh with spacing h = A/13.

Next we consider scattering by a U shape cavity rotated through 90 degrees. The geometry
of this cavity is as follows: the thickness of the walls of the cavity are denoted g and the outer
dimensions are given by e + ¢ in the x direction and f + 2¢ in the y direction. The implication
is that the inner cavity has dimensions e and f. We consider the particular which is defined by
the specific values e = 4\, f = XA and g = 0.2)\,. The domain we consider has a 1\ thick region of
freespace backed by a 1A thick PML. We discretise this domain using a sequence of meshes with
spacings h = \/10, A\/15,A/20, A/25. A typical mesh with spacing h = A\/10 is shown in Figure 13.
On each of the meshes we compute the error in the scattering width output for the modified and
standard edge finite element stencils when compared with the benchmark solution. The results of
these computations can be found in Figure 14. As in the case of the square scatterer we take the
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Figure 7: Digram of the electromagnetic scattering problem showing the scatterer, the free space
region Qpg and the PML Qpy/r.

Figure 8: Scattering of plane wave by square of electrical length 3\ showing a mesh of 12800
quadrilateral elements.
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Figure 9: Scattering of plane wave by a PEC square of electrical length 3\ showing the error
in the scattering width distributions computed using the modified and standard edge finite ele-
ment stencils on meshes with spacings h = A\/7,\/8, A/10, A/13 when compared to the benchmark
solution.

Modified stencil
Standard stencil -------

200

h=X/13

Figure 10: Scattering of plane wave by a PEC square of electrical length 3\ showing a contour
plot of Re(H?) and the scattering width distribution computed on a mesh with spacing h = A/13.
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Figure 11: Scattering of plane wave by a PMC square of electrical length 3\ showing the error
in the scattering width distributions computed using the modified and standard edge finite ele-
ment stencils on meshes with spacings h = A/7,A/8, /10, A\/13 when compared to the benchmark
solution.
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Figure 12: Scattering of plane wave by a PMC square of electrical length 3\ showing a contour
plot of Re(H?) and the scattering width distribution computed on a mesh with spacing h = A/13.
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Figure 13: Scattering of plane wave by cavity of electrical length 4\ showing a mesh of 4240
quadrilateral elements.

benchmark solution to be that computed by a hp edge element approach with sufficiently fine h
and high p. For this scatterer, the modified edge finite element stencil gives a large enhancement
over the standard edge finite element stencil. With a mesh as coarse as h = A/10 the error in
the scattering width obtained with the modified stencil is already much lower than that with
the standard stencil. Even for much finer mesh spacings such as h = A/25 the standard edge
finite element stencil still gives large errors whilst the modified stencil gives accurate results. In
Figure 15, a contour plot of Re(H?) is shown alongside the actual scattering width distribution
computed on a mesh with spacing h = \/25.

Finally we consider scattering by a 4\ PMC scatterer. For this case, we employ the same
sequence of meshes that were used for the PEC scatterer. We compute the error in the scattering
width distributions obtained using the modified and standard edge finite element stencils. The
results of these computations can be found in Figure 16. In this figure, we observe that on coarsest
mesh, with spacing h = A/10, the error in the scattering width is much lower with the modified
edge finite element stencil compared to the standard stencil, and for meshes with spacings h = A\/15
or finer a very accurate prediction is obtained. In comparison, we observe that the standard edge
finite element stencil remains inaccurate even for the mesh with spacing h = A/25. In Figure 17,
a contour plot of Re(H?) is shown alongside the actual scattering width distribution computed on
a mesh with spacing h = A/25.

Concluding remarks

In the work we have proposed a novel quadrilateral discretisation which allows the magnitude of
the dispersion to be substantially reduced. For wave propagation problems it was observed the
phase error could be effectively be eliminated for meshes with spacing as coarse as 8 points per
wavelength, whereas the standard scheme still remains dispersive at 18 points per wavelength. For
circular waves, it was that for hw < 1, the error measured in the H (curl; 2) norm was similar to
that for standard scheme.

For scattering problems, with discretisations satisfying hw < 1 accurate predictions of the
scattering width distribution were obtained with the modified stencil. The more complex the
scatterer, the clearer the benefits became. This was illustrated by the complex scattering which
occurs within a U shape scatterer rotated through 90 degrees. For this example, using the modified
edge finite element stencil and a coarse mesh of spacing h = A/10 it was found that one can
accurately capture the scattering width distribution. Whilst, use of the standard edge finite element
stencil required much finer mesh spacings to give an accurate prediction.
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Figure 14: Scattering of plane wave by a PEC cavity of electrical length 4\ showing the error in
the scattering width distributions computed using the modified and standard edge finite element
stencils on meshes with spacings h = A/10, A/15, A/20, A/25 when compared with the benchmark

solution.
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Figure 15: Scattering of plane wave by a PEC cavity of electrical length 4\ showing a contour plot
of Re(H?) and the scattering width distribution computed on a mesh with spacing h = A/25.
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Figure 16: Scattering of plane wave by a PMC cavity of electrical length 4\ showing the error in
the scattering width distributions computed using the modified and standard edge finite element
stencils on meshes with spacings h = A/10, A/15, A/20, \/25 when compared with the benchmark
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Figure 17: Scattering of plane wave by a PMC cavity of electrical length 4\ showing a contour
plot of Re(E?) and the scattering width distribution computed on a mesh with spacing h = A/25.
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