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Abstract

In this paper, we show how to reduce the dispersion error associated to Yee’s
finite difference scheme applied to time-harmonic Maxwell’s equations in one,
two and three spatial dimensions. Our method, called asymptotic dispersion
correction, is based on the introduction of a shifted angular frequency de-
pending on a free parameter in the Yee stencil. The optimal parameter,
called the asymptotically optimal shift, is next explicitly determined by min-
imizing the dispersion error for small enough meshsize or, equivalently, for
large enough number of grid points per wavelength. Numerical experiments
are provided and show that the relative error is reduced when using the op-
timal shifted angular frequency as soon as the number of grid points per
wavelength is large enough.
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1. Introduction

Maxwell’s equations are used to describe the propagation of time-harmonic
electromagnetic waves. For its simplicity, the finite difference method intro-
duced by K. Yee in [54] is widely used for its numerical simulation. Like most



numerical approximations of time-harmonic wave propagation problems, the
Yee’s scheme is subject to dispersion error. The latter is the fact that plane
waves at the discrete level propagate at a speed different from the contin-
uous one. This phase difference produces the so-called pollution effect (see
|2, 20, 32, 36, 42, 57| for references related to the Helmholtz equation and
|7, 6, 26, 25] for the time-harmonic Maxwell’s equations) which indicates that
the relative error grows with the wavenumber k£ when a fixed number of grid
points per wavelength G = 27/(kh) is used while the wavenumber increases.
Because of the pollution effect, considering meshes for which the number of
grid points per wavelength is large enough, hence kh < 1, does not ensure
the numerical solution to be a good approximation of the continuous one un-
less the meshsize complies with additional restrictions (e.g. k*h* < 1 for P1
FEM [4, 57, 25]) resulting in having very large linear systems to be solved.

The pollution effect is currently well-understood for the Helmholtz equa-
tion which is a model problem for scalar time-harmonic wave propagation.
For instance, if one consider polynomials with degree ¢ such that ¢ > C'log(k)
for some C' > 0 and meshsizes so that kh/q is small enough, then the pollu-
tion effect can be overcome (see [36, 42, 57]). In addition, for 1d Helmholtz
equation, it is possible to suppress the dispersion error which also removes
the pollution effect (see [4, 49, 31, 14]) by suitably modifying the numerical
schemes.

We emphasize that, in dimension greater than 1, the dispersion error (and
thus the pollution effect as well) can not be suppressed. Nevertheless, there
still exist some methods aiming at reducing the dispersion error which will
be referred to as dispersion correction. It is worth noting that one of the
main advantages of performing dispersion correction for a given numerical
scheme is that the resulting scheme has smaller relative error compared to
their un-corrected version (see e.g. all the subsequent references).
Dispersion correction for the Helmholtz equation is currently widely stud-
ied. In [56], the authors show that the dispersion error for hp-CIP-FEM on
tensor meshes can be reduced by suitably choosing a penalty parameter. A
similar technique has been used in [5] for a second-order IPDG method on
structured meshes with equilateral triangles. Second and sixth-order finite-
difference stencils have been derived in [43] where some free parameters are
then obtained by minimizing phase and amplitude errors. Here the coeffi-
cients are sought to be polynomials of kh. A slightly similar technique has
been used in [9] where a second order 27-point finite difference stencil with
free parameters is considered and where the coefficients are then obtained by



minimizing the dispersion error over some intervals of number of grid points
per wavelength. The same approach has been derived in [8, 10| for a second
order 9-point stencil, in [19] for a 4th-order 17- and a 27-point stencil, in
[50] for a 4th-order 9-point stencil and in [52| for a 4th-order 27-point finite
difference method. Reducing the dispersion has also been done for a fixed
number of grid points per wavelength by considering finite difference stencils
with free-parameters that are next obtained by minimizing the phase error
in [51, 34, 44] for a second-order 9-point stencil and in [53] for a Gth-order
9-point stencil. In [24, 31, 37|, the dispersion error has also been reduced by
considering a 9-point stencil with free parameters that are defined as poly-
nomials of £h whose coefficients are determined by minimizing the average
truncation error of plane waves. We emphasize here that the truncation order
of the stencil applied to plane waves is directly linked to the dispersion error
as indicated by [14, Theorem 3.2, Theorem A.1]. We also would like to men-
tion [35] where the dispersion correction is done by factoring the Helmholtz
operator with 2 pseudo-differential operators that are then approximated us-
ing different approaches (e.g. Padé approximants) to reduce the dispersion
error. Finally, in [21], the authors present a correction of the eigenvalues of
the finite difference matrices associated to the 5-point (in 2d) and 7-point (in
3d) stencils. Their results indicate that the pollution effect can be greatly
reduced using this approach.

Regarding dispersion correction for time-harmonic Maxwell’s equation, to
the best of our knowledge, we only found 2 references. In [41], the centered
finite-difference formula for the first-order derivative is modified though the
introduction of some constant that is next slightly perturbed thanks to some
numerical optimization (see e.g. [41, Table II]) with the objective of reducing
the dispersion error. In [33], the authors considered a least-squares finite ele-
ment method for the Maxwell’s equations where the additional least-squares
term depends on some constant. For the lowest order hexahedral Nédélec
elements, this constant is next explicitly computed to reduce the dispersion
error for small enough meshsize. One drawback of this approach is that the
dispersion analysis can not be readily extended to higher order Nédélec ele-
ments since, in that case, the additional least-squares term can no longer be
seen as a constant times the mass matrix.

According to the above literature review on dispersion correction (or dis-
persion minimizing) schemes for time harmonic wave propagation problems,
it is worth noting that most approaches consider numerical schemes with
free parameters that are next determined though numerical optimization by



minimizing the dispersion error. In addition, to the best of our knowledge,
the case of time-harmonic Maxwell’s equation does not seem to have been
considered yet.

In this paper, we would like to address dispersion correction for the Yee finite
difference scheme. Since the Yee’s stencil does not have any free parameter
in it, we are going to rely on the technique we developed in [17, 14, 16, 15]
for finite difference methods applied to the Helmhotz equation. Our method,
called asymptotic dispersion correction is based first on the introduction of
a shifted wavenumber, which depends on some parameter, in the finite dif-
ference stencil. Next, we compute explicitly the shift that minimizes the
dispersion error either for small enough meshsize or for large enough number
of grid points per wavelength. The resulting scheme is thus very similar to
the original one but with reduced dispersion error. The major advantage of
this approach is that it can be used for numerical schemes for which we do
not have access to parameters to optimize with.

In the present paper, we extend our method to Maxwell problems in the
following ways : first we are going to apply the asymptotic dispersion correc-
tion to full 1d, 2d and 3d Maxwell’s equations, we also define asymptotically
optimal shifts for media with complex permittivity and permeability that
can also depend on the angular frequency. Until now (see e.g. [14]), the
asymptotically optimal shift was defined by minimizing the L* dispersion
error and we now defined it also for LP-dispersion error, for p € [1, 400,
although only the cases p = 2, +o00 permit for closed form formulas. We also
show, with numerical experiments, that our explicit formula can be used for
piecewise-constant parameters.

This paper is organized as follows: In the next section, we present the
Yee finite differences scheme, we then recall some of its standard properties
and compute its dispersion relation. Next, we show how to perform the
asymptotic dispersion correction using a shifted angular frequency in the
Yee scheme. We then give some numerical results to show the influence of
the asymptotic dispersion correction on the relative error. We finally end
with some conclusions and outlook.

2. Maxwell’s systems and their dispersion relations

The 3d time-harmonic Maxwell equations in dielectric media are given by

iweE—-V xH =-J, (1)
iwpH+V XE =0,
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where E is the electric field, H the magnetic field, € the permittivity, u the
permeability and J is the electric current. Let e; € R? be the vectors of the
cartesian basis that are defined component-wise as

€ji = 0ji,

where 0 is the Kronecker symbol. We can write
3
VxE=) [ex])E,
j=1

where [e;x] are 3 x 3 matrices related to the cross product x of some vector
X eC?as [e;x]X =¢; x X.

Since this paper deals with dispersion correction for the Maxwell’s equa-
tion which is a system of first order partial differential equations, we recall
below how the dispersion relation and the scalar wavenumber are defined.
Consider the first-order differential operator with constant coefficients

d
L(w; V) =iwAy + Y A;0;,

j=1

where Ay, A; are square matrices. For any k € C%, its symbol is defined as
d
j=1

and the dispersion relation is then

D, :={k € C’ det (L (w,ik)) =0} .

In addition, for any wave-vector k € D, there is some 8 € S% ! so that
k = ||k|| @ and the scalar wavenumber kg(w, 8) is then given as

ks (w,0) = |[K||-

Below, we give the Maxwell’s equations for one, two and three dimensions
and also compute their dispersion relation.



Remark 2.1. When working on a bounded domain Q C R3 with outward
unit normal n, the Mazwell’s equation (1) is supplemented with boundary
conditions like e.q.

Perfect Electric Conductor : E x n =0 on 0S2,
Impedance : n x E—n x A(zx) (n x H) =0 on 05,

for some symmetric positive definite matriz A(z). For all w > 0 and any
J € L2(Q), the existence and uniqueness of a solution, (E,H) € L*(Q)°
with (Vx E;.V x H) € L? (Q)°, to the Mazwell’s equation with one of the
above boundary conditions has been proved for example in [38] (see also [18]).
These results hold for coercive dielectric parameters e, € L™ (2,C3*3) and
for dispersive media, hence having frequency dependent parameters, as well.
These results also hold for 1d and 2d Mazwell’s equations.

2.1. 1d Mazwell system
The one-dimensional Maxwell’s equations can be obtained (see e.g. [28])
from (1) by considering electric and magnetic fields given by

E= (07E270)T7 H= (Hlaoa O>T7

where Fy and H; only depend on the z variable. Using these simplifications
in (1) yields
{ iw€EQ - azHl == —JQ, (2)
iwpuH, — 0,Ey =0,
which will be referred to as the 1d Maxwell’s equation.
Its continuous symbol is

1d . e 0 . 0 -1
L (]{73)—1(4}(0“)"—1]{73(_1 O),
so that the dispersion relation is
D ={k;eC| —w’ep+k;=0}.
The scalar wavenumber (being also the wave vector for one-dimensional prob-
lems) is thus
kM = w./ep.

We emphasize that there exist other ways to derive the one-dimensional
Maxwell equation. Note nevertheless that their dispersion properties are
exactly the same as those of (2).



2.2. 2d Mazwell’s equations: Transverse Electric (TE) and Transverse Mag-
netic (TM) modes

The transverse electric Maxwell equations can be obtained from (1) by
considering
E=(0,0,55)", H=(H,H,0)",

where each component depends on (z,y). The resulting system of equations
is thus
iWSEg + 6xH2 - 8yH1 = Jg,
iwpH, —0yE3 =0, (3)
iwpuHs + 0, FE3 =0.

Its continuous symbol is

e 00 001 0 -1 0
L2 (kyky)=iw| 0 u O | +iky | 0 0 0 | +iky| =1 0 0O
00 p 100 0 0 0

The dispersion relation is
D2 = {(k1, ko) € C? | iwp (—epw® + Ik|?) = 0},
and the scalar wavenumber is thus
B = k] = wy/e.

Remark 2.2. Some transverse-magnetic (TM) Mazwell’s equations can also
be defined from (1) by considering

E= (Eh E27 O)T ) H = (07 07 H3)T )
where each components depend on (x,y). This gives

iCUa’fEl - 8yH3 = —Jl,
iweEs + 0yHs = —.Js, (4)
iwqu + 8IE2 - 8yE1 =0.

Some computations can then show that the dispersion relation of (4) is the
same as the one of (3).



2.3. 3d Mazwell’s equations
The continuous symbol of the 3d-Maxwell’s equations (1) is
el 0 & 0 [e;x]
. o j
E(w,k)-w( 0 uﬂ)+zllk]<—[ejx] 0 )
]:
Since )
det (£ (w,K)) = —wPep (eu? — [K[%)°

the dispersion relation is
D3 = {(ky, ko) € C* | epww® — Ike]|* = 0},
and the scalar wavenumber is thus

ks = ||| = wy/zp. (5)
We emphasize that k, actually does not depend on 6.

Remark 2.3. Fore,u € C, the wave-vector k € D, is also a complex vector.
Nevertheless, the scalar wavenumber can still be defined by (5) where we use
the principal square root of a complexr number.

3. The Yee scheme and its dispersion properties

The Yee scheme has been introduced in [54] and has then been extensively
studied (see for example the review [45], [11, Chapter 37] and [39] for the
convergence when applied to time-domain Maxwell’s equations).

We consider here a uniform grid with meshsize h. Writing the first three
equations of (1) as V x H — iweE — J = 0, the Yee finite difference ap-
proximation at (z,y, z) reads as (see e.g. [46, Eq. (2.8)] for a similar stencil



involving only integer index)

1 o +h + +h _h
h 3(T 27y x 27y 27Z
+ l H —I—h —l—h —|—
h 21 27y) X 27,%2
. h h
— iwekE; (m+§,y, ) J1< 2,y, )—O
1 h
“(H b
h( 1($7y+ 27 ) <x7y+ ))
+ 1 H h —i— —l—h +h
h 3 27y x 27y 27
. h
— iwek, (q:,y—|—§, > Jo (x,y—i— , ):O
1 h h
E(Hg(x—kz,y,z—k > <x 2,y,z+ ))
1 h h h
t g (pv-geeg) i (morgeeg))
h h
— iweks (w,y,z+§>—Jg(x,y,z—l—§):O.

The second part of (1) is V x E + iwpH = 0 and the Yee finite difference



scheme at (z,y, z) is given as

1 h h
7 (E2 (m,y+§,z> ) (x,y+§,z+h)>
1 h h

h h
+ wpH (x,y+ 5,,2—1— 5) =0,

1 h h
E (E3 (3573/724'5) _ES (x+h,y,z+§)>
h h
( 7y7z+h>_El <x+§7y7z)>

2
h h

+ wpHs (x+ - y,24+ =] =0,
2 2
h
2

h
(x+_7y7z> _El <x+§7y+hvz)>
1 h h
+ E (E2 (x+hay+§7z> _E2 <x7y+§7z))

+ lwpHs (£E—|— ﬁ,y+ ﬁ,z) =0.
2 2

In the following subsections, we review first some classical properties of
the Yee scheme for the 3d-Maxwell’s equations. It is worth noting that these
properties can also be obtained for the 1d and 2d Maxwell’s equations since
the latter are derived from the 3d system by setting specific components of
both the electric and magnetic fields to zero. After this, we will compute the
discrete wavenumbers associated to the Yee scheme for the 1d, 2d and 3d
Maxwell system.

3.1. Classical properties of the Yee scheme
We review here some properties of the Yee scheme. First, we introduce
the forward and backward differential operators in the z-direction,

1 1

(1 —(1
52( )%0 = E (%H,j,k - %’,j,k) ) (5h ( )<P = E (%’,j,k - 901'71,]',19 .

The discrete derivatives can be defined similarly for the y and z directions
and are denoted by 5:’(2) and 52[’(3). As a result, the forward and backward
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discrete gradients at a grid point (z;,y;, 2) are

1 [ Pirlik — Pijk 3 )
Vip= o ERATAR A L Z on ey,
Pijk+1 — Pijk j=1
- 1 [ Piik — Pi-ljk 5.
Vo= n Pijk — Pij-1k | = Z 0y, ’(])9063'.
Pigk — Pijk-1 J=1
Note that we do not highlight the dependence of these discrete operators on
the grid point, but these formulas are valid for any ¢ = (@i k), ;pez- We

can then define the discrete divergence and curl operators of a vector field
é = (@1,@2,‘1’3) as

3
divid = Vi &: =Y 6,V

j=1

3
curly® = Vi x &: =Y [e;x] 6,V ®,

j=1

where everything is computed at a grid point (z;,y;, 2). Introducing the
shifting-operators

(ShE)ijn = Briyijner+ Eyyji s+ Eg; i aes,

<5hH o = Muirdgerer T Hyingjieree + Hygr it s,

the Yee scheme can then be written at each grid point (z;,y;, 2i), in compact
form, as
weSWE — V, x S H = —8,J, ©)
iquhH + V; X ShE = 0.
The discrete differential operators also have some properties verified by the
continuous operators.

11



Theorem 3.1. At each grid point, we have

divy, (Vi x ®) =0,

Vi x (Vi) =0,
Vi x (V,: X CI>) =V, (divj@) — A9,
V, x (Vi x ®) =V} (div, ®) — AP,
where AP = Zj Ap®;e; is the discrete vector Laplace operator defined as
Ay, = div) Vv, =div, V.
The properties given in Theorem 3.1 can be checked by direct computations.
In addition, we can see that
_ itk +Pic1ik + Pighir + Pighr + ik + Pij-1k — 600k

h? ’

which is thus the standard 7-point stencil for the 3d-Laplace operator. Using

Theorem 3.1, we can show that any solution to (6) also satisfies, at each grid
point, the discrete vector Helmholtz equations

App

1
—AhShE — w2€/uLShE = —iquhJ + EV; (le}:ShJ) s
—AWS H — PepS,H = Vi x (), (7)
le; (th) = 0,
iwediv; (SuE) = —divy (§hJ) ,

which is the discrete counterpart of the vector wave equations satisfied by the
electric and magnetic fields at the continuous level. We end this section by
noting that, in what follows, we will not use the second order formulation of
the continuous and the discrete Maxwell’s equations. Nevertheless, it is worth
noting that (7) shows the link between the Yee scheme and the Helmholtz
equation discretized using the 7-point stencil for the 3d-Laplace operator.
We can therefore expect the Yee scheme has dispersion properties that are
similar to those of this stencil.

Regarding the truncation order of the Yee scheme, although it is defined
using only first order finite difference operators, the resulting scheme is nev-
ertheless second order accurate as one can prove using Taylor expansion.

Theorem 3.2. The Yee’s scheme has second order truncation error.

!These properties are also known as discrete De Rham complex.
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3.2. Dispersion analysis for the Yee scheme applied to the 1d Mazwell equa-
tion
Starting from the 3d-Maxwell’s equations (1), its 1d counterpart (2) can
be derived by setting

E= (07E270)T7 H= (H1707 0>T7

which also works for the Yee scheme for the 1d-Maxwell’s equations. As a
result, at any grid points z; = jh, the 1d Yee scheme is

{ iweEj — 3 (Hj+11/2 — Hj1pp) =—J(x), (8)
wpHj1y2 — 3 (Eja — Ej) =0.

We next show how to compute the discrete symbol associated with the 1d
Yee stencil given by

FE iw5E~—l(H~ — H_ )
M(h _ YEHy T HiFL2 j-1/2 ) .
( (7 ( q ))Z ( iwuHji1 — 5 (Bje1 — Ej)

—izk

Inserting a plane wave Xe into the stencil yields

M(h) Xl izk B ingle_izjk — X2% (efi$j+1/2k _ e*ixj—l/Qk)
Xo ¢ ; T\ iwpXae T2k — Xl% (e_imj“k — e_imjk> '

Multiplying by the diagonal matrix D; = diag (e*/*, ¢%+1/2%)  we can remove
the dependence on the grid point where the approximation is computed. We
obtain

iweX; — XQ% sin (

where
iwe —21%
o (h, k) = in(2) "
—2i—* iwp

is the discrete symbol. Computing the determinant of the discrete symbol
shows that the discrete dispersion relation is

(—w%u + % sin (%)j = 0. (9)

13



The discrete wavenumber is therefore

2 h
ka(w; h) = - arcsin (w = ) : (10)

2

where arcsin here is the principal branch of the inverse sine function that is
defined for w,/eph/2 € C\ ((—o0,—1) U (1,+00)). Note that the discrete
wavenumber can therefore be expressed with (10) as soon as |w/Eph/2| < 1,
which amounts to consider h small enough, or equivalently a number of grid
points per wavelength such that G > 7. A Taylor expansion for w,/euh = kgh
small gives

ka(w; h) = ks + ’2“—4 (ksh)? + O((ksh)Y), (11)

and we then get that the discrete wavenumber is a second order approxima-
tion of the continuous one.

3.3. Dispersion analysis of the Yee scheme for 2d Mazwell equation

The two-dimensional TE-Maxwell’s equation (3) are derived from (1) by
considering
E=(0,0,E)", H=(H, H,0)" .

and the 2d-Yee’s scheme is then
iW€E3,z',j + % (Hz,z‘+1/2,j - H2,ifl/2,j) - % (Hl,i,j+1/2 - Hl,i,j71/2) = _Ji,ja

lwpHy 172 — % (Esij1— E3:5) =0,
iwHzip1/05 + 5 (Bair; — Eaig) =0.

(12)
The discrete symbol is now
iwe —%i sin (k;—h) 2Eisin (k;—h)
om (h k)= —2sin (%) iwp 0, ,
%Sin (k;—h) 0 iwp,

and the discrete dispersion relation is thus

4 kih\? kah\ 2
D2 = {kec2|_w2w+ﬁ<sm (%) + sin (%) ) :0}. (13)

For any 8 = (cos(),sin(0)) € S', we can write k € D3 as k = kq(w; 6,h)0
to get the discrete wavenumber k;. Note that it is difficult to find an ex-
plicit expression for ky. Nevertheless, we can still compute an approximate

14



expression as ksh goes to 0 assuming it admits the expansion
Fa(w; 0,h) = ko + (ksh)ky + (ksh)?ha + -

Inserting this ansats into the dispersion relation and identifying terms with
same degree in kgh yields that

kq(w;0,h) = ks + I;—Z (cos(s)* + sin(s)*) (ksh)” + O((kh)Y),  (14)

and, as in the ld-setting, the discrete wavenumber is again a second order
approximation of the continous one.

3.4. Dispersion analysis of the Yee scheme for 3d Mazwell equation
The discrete symbol associated to the 3d-Yee scheme is given as (see
Appendix B for computations using Maple)

iweeihkl/z
iweelhh2/2
. iweellks/2 0 N,
om(hik) =diag | . ko ks | T ;
iwpe e M, O
iw,uei“’hkl/Qeihk?/?
iwﬂeiwhkl/Qeihkg/Q
where
0 92 sin(h:3/2) elhk1/2 o3 sin(hk2/2) eiftk1/2
N, = _21s1n(hk3/2) eihk2/2 0 2ism(h:1/2) eihkg/? ’
2isin(h}l::2/2) oihks /2 _Qisin(h}lfl/?) oihks/2 0
and
0 _9i8in(Whks/2) Jiwhks/2giwhks /2 ofsin(whka/2) Jiwhks /2 Giwhks /2
h h
_ - sin(whks /2) _iwhk /2 jiwhks /2 __9;sin(whk1/2) Liwhki /2 jiwhks /2
M, = i MLTT/2) o e 0 21 e e
. h . h
_Qism(wf}zl—kz/%eiwhkl/2eiwhk2/2 Ziweiwhklﬂemh@ﬂ 0

The determinant of o (h; k) can be computed using Maple (see Appendix
Appendix B) and is

3ih(k1 +ko +k23)/2

h4

2
h\? h\? h\?
X <h2w25u — 4sin <%) — 4sin <%) — 4sin <%) > ,

15

wpee

det (on (B K)) =




where k = (kq, k, k3). The discrete dispersion relation is then defined by

ksh\* koh \ kih\?
ng—{k€C3|h2w25u—4sin (%) — 4sin (%) — 4sin (%) _o}.

Remark 3.3. We emphasize that the discrete dispersion relation D3 is ac-
tually the discrete dispersion relation associated to the discrelization, using
the T-point stencil for the Laplace operator, of the (scalar) Helmholtz equation
—A—k? with k = w/ep. This can be explained by noting that the solutions to
the discretized Maxwell’s equations also satisfy the vector Helmholtz equation
(7) where each component is discretized using the 7-point stencil.

It is also worth noting that the same holds for the dispersion relation
associated to the 1d and 2d Yee scheme. Indeed, the dispersion relation for
the 1d Yee scheme (9) is the same as the dispersion relation of the 3-point
stencil and, for the 2d Yee scheme, the discrete dispersion relation (13) is
the same as the one of the 5-point stencil.

The discrete wavenumber is defined for each 6 by k = kg (w; 0, h) 6 where
any 0 € S? is expressed as

cos(¢) sin(0)
0 = | sin(¢)sin(@) |, ¢ €[0,2x], 6 € [0, 7]
cos(0)

Since the equation satisfied by k; seems to hardly have a closed form solution,
we look for k; such that

kg = ko + (ksh) kg + - . (15)
We emphasize that k; = 0 since det (o (—h; k)) = det (o4 (h; k)). Inserting

(15) into the discrete dispersion relation and identifying each term, we obtain
(see Appendix C for computations using Maple)

ko(w) = wy/EH, ks (w,0) = %F(Q&),
where F' : (¢,0) € [0,27] x [0, 7] — F(¢,0) € R is defined as

F(¢,0) = cos(¢)* sin(0)* + sin(¢)* sin(6)* + cos(0)*. (16)

16



The discrete wavenumber then admits, for hw,/ep = ksh small, the expansion

o (0050, 1) = /27T + (ksh)QS—ZF(¢7 0) 4 (17)

where the dots represent higher order terms. In addition, the dispersion error

satisfies
kd (QJ, 07 h) — k's

ks

and thus the discrete wavenumber is a second order approximation of the
continuous one. We emphasize that (18) can be recast as

= 0 (k2n?), (18)

max
®,0

kd (wv 07 h) - ks
ks

max = O ((ksh)?) = 0(G7?),

where G = 27 /(ksh) is the number of grid points per wavelength. Finally,
we emphasize that an estimate similar to (18) (see (11), (14)) also holds for
the 1d and 2d Yee scheme.

4. Asymptotic dispersion correction with the shifted angular fre-
quency

We introduce now the dispersion correction for the Yee scheme. The
proposed approach is based on our previous work (see [15, 16, 17, 14|) related
to dispersion correction for finite difference schemes for Helmholtz equation.
The starting point is to introduce, in the scheme, a shifted angular frequency
@ which depends on a free parameter that is next determined by minimizing
the dispersion error for small enough meshsize h (or identically for small
enough ksh or even for a large enough grid points per wavelength given by
G = 2n/|ksh|). Since our method reduces the dispersion error for small
enough meshsize only, we called it asymptotic dispersion correction.

Since the discrete wavenumber is a second order approximation of the
continuous one (see (11),(14),(17)), the shifted angular frequency will be
defined as

@:W—FhQWQ.

The shifted angular frequency being a second order perturbation of w, it is
worth noting that the Yee scheme with shifted angular frequency will still be
second order accurate owing to Theorem 3.2. With the previously computed
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expansions of the discrete wavenumbers (see (11),(14),(17)), they can all been
written as

ka (w;0,h) =k (w) + (ks (w) ) ks (W) F (0) + -+, (19)

for some specific functions F. Using this expansion, we can obtain a second
order expansion of the discrete wavenumber with shifted angular frequency

~

kq(w;0,h) = kq(W;0,h)

= ky (@) + (ks () 2)? (k (W) F(8) + Wik}—w()m) "

The asymptotically optimal shift ws, can then be defined as

ks (W)
ks (W)2

wy? := argmin

woeC

ks (w) F (0) + wo

, (20)
Lr(Q)

where 0,k (w) = /ep for material with dielectric parameters that do not
depend on w, 2 = [0,27] in 2d and Q = [0, 27] x [0, 7] in 3d. We emphasize
that wy? aims at reducing the dispersion error for small enough meshsize (or
equivalently for a large enough number of grid points per wavelength). It is
worth noting that we could have also defined the shifted angular frequency
as & = w + (k,h)%Ty or as @ = w + G20y, Since Ty and w, are defined
through @, they are related to each other by (ksh)2@, = G~2w,, and in these
cases, we can get the asymptotically optimal shift directly from w;”.

This section is dedicated to compute exact formulas for the asymptotically
optimized shifts. We begin with some general formula for the solution to
(20). Next, we show how the case of materials with frequency-dependent
parameters can be reduced to the case of materials with ¢, 4 that do not
depend on w. We then compute the exact formula of the asymptotically
optimal shift for the 1d-Yee scheme for which we can actually suppress the
dispersion error. Finally, we compute the shift for the 2d and 3d Yee scheme.

4.1. Main results for the asymptotic dispersion correction

As seen above, the asymptotically optimal shift is the solution to the
optimization problem (20) in any dimensional setting. The latter can be
recast as

w*? .= arg rgin |21 F () + wzzHLp(Q) (21)
we
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for two given complex numbers 21, 2, and a domain © C R?. This optimiza-
tion problem can actually be solved in closed form for p = {2, 400} as one
can see in the next result.

Proposition 4.1. Assume that F : x € Q> F(z) € R is continuous on 2.
Then, for any p € [1,+00|, the solution to the optimization problem (21) is
unique. In addition, for p € [1,+00), it satisfies

/ |21 F () + w2 (23 (21 F () + w™Pz)) dx = 0.
Q

For p =2, this translates to a linear equation whose solution is
%2 _ _<F7 1)L2(Q) v ﬁ
€] 23

and the minimal value is
. 2 2 2 1 2
I |21 F'(-) + WZ2HL2(Q) = || ||F||L2(Q) - @ (£, 1)L2(Q) :

For p = oo, the optimal solution to (21) is

*.00 <Fmax+Fmin) 21
wm== ] —

Y

2 Z9

and F ol
min [20F() + wzal] e = [ PR,

where Fp. = maxq F' and Fp; = ming F.
Proof:. First, note that for any p € [1,+o0] the function G, : w € C
[21F' (") + w22l ooy € R is convex and thus has a unique minimum.

For p € [1,+00), we have ||z1F(-) + w2s|[ 1) # 0 for any w € C and thus
the function G, is smooth. As a result, w*? is a critical point of G,. Setting
w = wg + iwr, we can compute the gradient of G, with respect to the real

and imaginary parts of w. For simplicity, we rather compute the derivatives
of GY which are

BunGP(wrswr) = P / 21 F(2) + w2 R (5 (1 F(2) + w2)) de, (22)
Q
Oun Gl (wrawr) = —p / (@) + wnl 2 S (5 (2 F(x) + we)) de.
Q

19



The critical point of G, verifies

0 = 0upGp(wr” wr?) + 10, Gp(wr’, wi?)
1 * * . * *
T PG (Wi wi ) (Our Go(wi" wi™) + 10, Gp(wy", wi™)) ,

from which we obtain the non-linear equation satisfied by w*?
For p = 2, the non-linear system (22) reduces to a linear system from
which we obtain that w*? satisfies

0 = /3‘% Z zl ) 4+ w* zz)) (2_2 (le(x)+w*’222)) dx

— /Q (72 (21 F(2) + w*22y)) d,

and thus
o _ 2B D)
z |9

For p = oo, we start by noting that

min max | F(x)z; + wz|? = |2 |* min <%(wz)2 + max {F(z) + %(wz)}2> :
w  zeN w xre

where z = 2z9/2. Introducing the real variables X = R(wz) and Y = $(wz),
we now have to solve the optimization problem

min (Y + max {F(x)+ X}Q) = min Y? + min (maX{F(x) + X}Z) :
XY Y X\ ze9

from which we readily infer that Y* = J(w*>z) = 0. To get the optimal X,
note that F: 2 € Q + F(z) € R is continuous over a compact set and thus
reaches its minimal value F (%) = Fuin = mingeq F'(x), and its maximal
value F(Tmax) = Fnax := maxgeq F(x). As a result, for any X € R, the
function z — (F(z) 4+ X)* reaches its maximal value either at & = Zp, or
at £ = Tyay, and thus

max {F(z) + X}* = max {(Fnax + X)?, (Foin + X)Q} :
re

which reaches its minimum value at X* such that Fj .« + X* = —(Fuin +
X*) hence X* = —(Fax + Fuin)/2. Using then that X* = R(w™>®) =
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R(wH®)R(2) —F(w™>*)F(2) and Y* = R(w**)F(2) +S(w"*)R(2) and doing
some computations, we obtain the optimal solution to (21) when using the
infinity-norm. 0

In what follows, we are going to use Proposition 4.1 to compute the
asymptotically optimal shift for the 2d and 3d Yee schemes.

4.2. Dispersion correction for dispersive media: Standard vs Frozen approaches

We show here how to perform the asymptotic dispersion correction for me-
dia having frequency-dependent parameters. In this case, the scalar wavenum-
ber also depends on w and we can introduce the shifted angular frequency in
the following two ways:

1. Standard: We replace w by @ = w + h2w, everywhere.
Using the standard method, the 1d Yee scheme (8) with shifted angular
frequency then reads as

{ e (@) Bj — 7 (Hj+11/2 = Hj1p) =—J()),
W (W) Hypayo = 5, (Bjpa = B5) =0,

and the extension to higher dimensions is straightforward.

2. Frozen: We replace w by @ = w + h2w, only in the term iw but not in
the dielectric parameters (w) and u(w).
Using the frozen method, the 1d Yee scheme (8) is now

{ iwe (w) £ — i (Hj+11/2 —Hj 1) = —J(x),
iop (W) Hjt1y2 — 3 (B — Ej) =0,

whose extension to higher dimensions is also straightforward.

In the standard case, the asymptotically optimal shift satisfies (20), with
ks(w) = wy/e(w)p(w), whose solution can be computed from Proposition 4.1.
For the frozen case, we set

K (@,w) = Bv/e(w)n(w),

which satisfies kf(w,w) = ky(w). Note that the expansion (19) with which
the discrete wavenumber complies can be written as

ka(w;0,h) = ki (w,w) + (/~<:§(w,cu)h)2 kS (w,w)F (0) 4 - -
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The frozen dispersion correction now amounts to insert the shifted frequency
only in the first argument of k/. The discrete wavenumber associated to the
frozen dispersion correction then has the next expansion

~

K (w;0,h) = K (©,w)+ (k(@,w)h) kK (&,w)F (0)+ -

S

ks (w)2
where Ozks (W, w) = /e(w)u(w). The asymptotically optimal shift in the
frozen case can then be defined as
wil? .= argmin ||k, (w) F () + ws 5(@))#50.}) (23)
w2€C ks (w) Lr(Q)

Note that both standard (hence given by (20)) and frozen (hence given
by (23)) asymptotically optimal shifts can be computed from Proposition 4.1
both with
2 = ks(w), F=F(0).

The value of z, is however different, since

Z;td — awks (w>’
ks (W)Q

for the standard case and

for the frozen case and the shifts are then going to be different regarding the
approach chosen. Nevertheless, note that the values of min,, |21 F'(-) + w22l o) =
[21F'(-) + w2 1y for p = 2,400 do not depend on z; (see Proposition
4.1). As a result, the reduction of the dispersion error brought by the asymp-
totically optimal shift is going to be the same for both approaches. In what
follows we will only rely on the frozen approach to give explicit formulas for

the asymptotically optimal shift because this does not require to compute

the derivative of the dielectric parameters with respect to the frequency.
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4.3. No dispersion error for the 1d-Yee scheme
The dispersion relation associated to the 1d-Yee scheme is given by

4 kh\?
2 : _
wsu—ﬁsm (?> =0,

from which we get that the discrete wavenumber is

2 VErh
kq(w; h) = 7 arcsin (w ;M ) :

where arcsin is the principal branch of the inverse sine function defined for
wy/Eh/2 € C\ ((—o0,—1) U (1,400)). In this one-dimensional setting, we
can find a shifted angular frequency @ for which there is no dispersion error.
This amounts to find & such that

ka(@; h) = ks(w).

Using that sin(arcsin(z)) = z for any z € C with |z] < 1, we obtain that

2 wy/€h
o= sin i (24)
h\/€p 2
where the derivation of this formula is valid as soon as G > w. A Taylor

expansion gives

3
G=w- Y (kh)2E 4

24 24
from which we see that the shifted angular frequency is a second order pertur-
bation (in ksh) of w. This ensures that the Yee scheme with shifted angular
frequency, replacing w by @, is still second order accurate.

4.4. Asymptotic dispersion correction for the 2d Yee scheme

We compute next the asymptotically optimal shift w;? for the 2d Yee
scheme whose expansion of its discrete wavenumber can be found in (14).
We then have to solve the optimization problem (20) with

1
F(6) = o (cos(s)* +sin(s)?),
which fits in the framework of Proposition 4.1 with

1
21 = ks(w) = wy/ep and 25 = N

We then have the following result.
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Proposition 4.2. The asymptotically optimal shifts for the 2d-Yee’s scheme

are 3
*,00 *2 w el'L

Proof:. We apply Proposition 4.1 with the above z; and z,. For w;k’z, we only
need to compute the mean value of F over [0, 27],

1 27 1 ( ( )4 n . ( )4) d 1
— — (cos(s sin(s §=—.
2 Jo 24 32
This gives
1 27 3
w;’zz—ﬁ— F () ds = — 2
Z2 271— 0 32

To get wy™, we have to find the extremal values of F over [0, 27]. Setting
t = sin(s)? and using that cos(s)? = 1 — sin(s)?, we get

F(8) =Y (1) = 5,((1~ 1) + )

and we now have to find the extremal values of Y over [0, 1]. Direct compu-
tations give that F;, = 1/48 and F.x = 1/24 and thus

*,00 (Fmin + Fmax> 21 WBE,“

w2 2 w32

OJ

In this case, both shifts are equal and are the same as the one obtained

for the 5-point stencil in [14]. In [14, Section 4.1, we compared the relative

dispersion errors for the schemes with and without dispersion correction and

showed how they are reduced with the shift (see [14, Figure 4.1]). Since these

results are going to hold without any changes for the 2d Yee scheme, we do
not reproduce them here.

4.5. Asymptotic dispersion correction for the 3d Yee scheme

We compute now the asymptotically optimal shift wy? for the 3d Yee
scheme whose discrete wavenumber has been expanded for kb small in (17).
We then have to solve the optimization problem (20) with

F(0)= i (Cos(¢)4 sin(6)* + sin(¢)* sin(6)* + 008(9)4) ,
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which fits the framework of Proposition 4.1 with

1
21 = ky(w) = wy/ep and 2o = ———.
S( ) wg F,u
" %00 _ wiep *,2 3 7
Proposition 4.3. We have wy™ = =35, wy™ = —w’epigs.

Proof:. From Proposition 4.1, we have

oy 3 F(6.0)dodd

2 Z9 272

Computing the above integral (which gives 2172 /(16 x 24)), we obtain wy? =

—wieusL.

FoerE)ﬁe asymptotically optimal shifts with the L*°-norm, we need the ex-
tremal values of F over Q = [0, 27| x [0, w|. Fortunately, we already computed
the extremal values of this function in [14, Theorem 4.3] when doing disper-
sion correction for the 7-point stencil applied to the 3d-Helmholtz equation.

They are given by Fiax = 57, Fuin = 75 and we finally obtain wy™ = __ﬁw;g :
OJ
We emphasize that
*,00 *,2
(A)z’ - WQ’ 1 7
L = | — — — | ~0.0004340277778 25
|wiepl 36 256‘ ’ (20)

and thus using one or the other should yields similar results. We can also
compute the (asymptotic) reduction factors which indicate how much the
dispersion error is reduced when using the shifted angular frequency. The
asymptotic reduction factors are the ratio of dispersion errors with and with-
out shifted angular frequency,

o i) — bl
! ||kd (@*,p;.,h) _kSHLP’

where 0*? = w + h%w,? is the shifted angular frequency with asymptotically
optimal shift. Using the expansion of the discrete wavenumber as ksh — 0
together with Proposition 4.1, we get

maX{Fmaxa Fmin}

R}.o ‘Fmax*Fmin| +... :3+...7
2
Fll,» 643
e R Ll I Y L. S (26)
!
HF_ 7;5%4“L2 g
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Figure 1: kq(w;0,h)/ks(w) for e = p = 1, w = 100 and h = 0.01. Left: No dispersion
correction. Right: with dispersion correction.
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Figure 2: Log-log plot of maxg |kq(w;0,h) — ks(w)| /ks(w) for e = p =1, h = 0.01 and
various w.

Since 1/643/55 ~ 3.42, the asymptotic dispersion correction in the L?-norm
reduces the dispersion error a bit more than the asymptotic dispersion in the
L*>°-norm.

We show in Figure 1 the ratio of the discrete wavenumber over the con-
tinuous one with and without dispersion correction using @*? = w + h2wy?
for the shifted frequency. In this setting, we have roughly G = fh ~ 6. 28
points per wavelength. We see that, without dispersion correction, the dis-
crete wavenumber is always above the continuous one while k; oscillates
around ks when using dispersion correction. We show in Figure 2 the dis-
persion error, with and without dispersion correction, for various values of
GG. These numerical results show that the dispersion error is reduced when
using the shift and that it behaves like O(G~2) as expected from (18).
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Figure 3: Top row: Discrete wavenumber kq(w; 0, h). Bottom row: discrete wavenumber
kq (c’\uasy72; 9, h) using dispersion correction. Left column: real part. Right column: imag-
inary part.

We now illustrate the effect of the L?-dispersion correction (hence using
W = w + h%0*?) for the complex dielectric parameters

e=50—12i, p=1, (27)

which, from [1, Table 1|, aim at modeling the dielectric properties of the
human body. Note that the continuous wavenumber is given here as ks =
wy/En ~ w(7.1211 — 0.84261). We show in Figure 3 the real and imaginary
parts of the discrete wavenumber for w = 10 and h = 0.01 which yields
G = |k2T7T|h ~ 8.76, grid points per wavelength.

Note that both real and imaginary parts of the discrete wavenumber
are above the continuous one without dispersion correction but both oscil-
late around ky; when using the shifted frequency. To further test the effect
of the asymptotic dispersion correction, we now use w = 5, 10, 20, 40,
so that the number of grid points per wavelength is approximately G =

17.5245, 8.7622, 4.3811, 2.1906.
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Figure 4: Log-log plot of maxg |kq(w; 6, h) — ks(w)] /|ks(w)| for e = 50—12i, p = 1, h = 0.01
and various w.

We show in Figure 4 the dispersion error for varying frequencies which re-
sults in varying the number of grid point per wavelength. These numerical
results shows that the dispersion error behaves like O(G~2) for large enough
G and that the dispersion correction indeed reduces the dispersion error.
Note that the dispersion correction fails if too few grid points per wave-
length are used. This is expected since the dispersion correction has been
done for small enough h hence for large enough G.

We end this section by computing numerically the optimal shift, denoted
by wgpt, which minimizes the L2-relative dispersion error
kd (w + hQWQ; 97 h) — ks(W)

ks(w)

opt :
Wy = arg min

w2

L2

These numerical experiments check how far the (explicit) asymptotically op-
timal shift is from the optimal one. The results are given in Table 1, using
the dielectric parameters from Eq. (27) and various frequencies w. In Table
1, we compute the relative dispersion error

kd (w + h2w2; 97 h) B ks(w)
ks(w)

i

Errg(wy) = ‘

L2

when no dispersion correction is performed, hence using wy = 0, when using
the optimal shift and when using the asymptotically optimal shift. These
results show that the asymptotically optimal shift is actually close to the op-
timal one even if a small number of grid points per wavelength is considered.
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G 17.5245] 8.7622] 4.3811] 2.1906
Erry(0) | 0.0038] 0.0155 0.0730 | 0.4142
Errg(wyP")| 0.0011[0.0045 | 0.0204 | 0.1295
Errg(w5™)[ 0.0011]0.0045 | 0.0205 | 0.1328

=3[ 0.0082] 0.0135] 0.0252] 0.0587

|‘*’2 —Wy

opt
|«3

Table 1: Comparisons between the asymptotically optimal shift and the optimal one for
the frequencies w = 5,10, 20,40 with the dielectric parameters from (27) and meshsize
h = 0.01.

4.6. Which LP-norm should be chosen to minimize the asymptotic dispersion
error?

As shown in Proposition 4.2 and 4.3, the L? and L™ shifts are either
equal (in 2d) or very close to each other (in 3d). The only difference appears
in the value of the asymptotic reduction factors Rfc but the two norms being
different, such a discrepancy is to be expected. In this subsection, we further
study the influence of p on the asymptotically optimal shift.

Assuming that e, u are real-valued, we get that 21,25 € R and we can
then transform the minimization problem defining w;?, namely

wy’ = argmin ||z, F(+) + Z2W2HIL)P(Q)

w2
into the minimization problem

wy™ = argmin [[F(-) + @27 ) - (28)

w2

The two are then related by Wy = wy?25/21. This change of variables allows

us to eliminate the physical parameters and to work only with w = 1 and
e=pu=1

In (28), the function F is defined in 2d by F(s) = (cos(s)* + sin(s)?) /24
with Q = [0, 27] and in 3d by F(¢,0) = (cos(4)*sin(6)* + sin(¢)? sin(6)* +
cos(6)?)/24 with Q = [0,27] x [0, 71]. Proposition 4.1 then ensures that wy ™"
is the unique solution to the non-linear equation

C@") = /Q (F(z) + 55™) | F(z) + 52 dx = 0. (29)

We compute numerically the solution to the minimization problem (28) using
the Nelder-Mead algorithm. We approximate the LP-norms with Riemann
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Figure 5: Top left: wk,, o, the asymptotically optimal shifts computed with the Nelder-
Mead algorithm; Top right: C(wh,,.x); Bottom left: LP reduction factors defined by
D ~ . . L~ —~%,00
R} = HF||LP(Q) / HF() +wgppr0XHLP(Q)’ Bottom right: ‘wgppmx — Wy

sums using a regular mesh of Q composed of rectangles with 10° points in 2d
and 10% x 10% points in 3d. We then verify the numerical solution &? . is
close to Wy by computing C(W0,,0)-

The results are shown in Figure 5, where we used p = 27 for j =
0,1,---,8. One can see from the values of C'(w% .,) that the optimality
conditions are well satisfied by the wl . . Also, in the 2d and 3d settings,
both reduction factors reach their maximal value for p = 1. In addition, we
see that the asymptotically optimal shifts in the 2d setting do not depend
on the L” norm chosen to minimize the asymptotic dispersion error, whereas
they slightly vary in 3d. We can therefore conclude that, in 2d, the choice of
LP-norm used for the dispersion correction does not matter.

For the 3d case, for every considered p, the values of Wi are actually

close (up to 3 digits except for p = 1 where only 2 digits match) to wy ™. To
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» 1 2 1 8 1 16 | 32 | 64 | 128
RY = T leroy 3.7742] 3.4183] 3.2129| 3.1259 3.0827 3.0535/ 3.0333) 3.0202

B ‘lF(')+°~J§pprOX“Lp(gz)

R = M 3.7097|3.4141|3.2079|3.1073|3.0606 |3.0343|3.0189{3.0101
! 1F(-)=1/36l Lo (o)

Table 2: Reduction factor using either the numerically optimized shift or W™ = —1/36.

justify choosing p = oo in 3d, we compare in Table 2 the reduction factors
when using &? . with the reduction factors when using w,”™ = —1/36.
This shows that using wy ™ instead of the asymptotically optimal one for
p # oo still reduces the asymptotic dispersion error with a reduction factor
that is very close to the optimal one. Hence, the choice of p does not matter

and using p = +o0 is sufficient for an efficient dispersion correction.

5. Numerical experiments

This section is devoted to numerical results to show the effect of the
dispersion correction (using the shifted angular frequency in the Yee scheme)
on the relative error for the one and the three dimensional setting®. For each
case, we will consider manufactured solutions that oscillate proportionally
to 1/ks. In addition, we work with homogeneous media first, a material
with piecewise constant parameters next, and finally with a media having
slowly varying parameters. Finally, for the 3d results, we only consider the
L>-asymptotically optimized shift since it is very close to the L*-one (see

(25)).

5.1. Numerical results for the 1d Maxwell’s equation

This section gives some numerical experiments to show the effect of the
shifted angular frequency on the performance of the 1d Yee scheme. We
consider first a homogeneous material, next a media with piecewise constant
parameters, and then a media with slowly varying parameters.

5.1.1. Homogeneous media
We consider here the 1d-Maxwell’s equation on = [0, 1] with homoge-
neous Dirichlet boundary conditions E|sq = 0. A manufactured solution to

2Since the dispersion properties of the 2d Yee scheme are the same as those of the 5-
point stencil applied to the Helmholtz equation, we do not provide numerical experiments
for this case that has already been investigated in [14].
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(2) can be found as

E“(z) = (1 —x)cos(wy/eux), H(x) = cos(wy/cuz) + 3,

with source terms®

J(x) = 0,H® —iweE®, M(z) =0,E% —iwuH*.

In these numerical experiments, we set ¢ = 1, u = 1, together with the
angular frequencies w = 25, 50, 100, 200. We consider a uniform mesh with
N +1 interior points so that the meshsize is h = 1/N. Finally, to highlight the
pollution effect as w increases, we work with the numbers of interior points

N =2 x10, j=0,1,---,7.

As aresult, the number of grid points per wavelength, namely G = 27 /(w,/ph),
decreases as w increases although the meshsizes are fixed for each w consid-
ered.

The numerical results are in Figure 6. From these numerical experiments,
we clearly see the pollution effect together with its suppression when using the
shifted angular frequency. In this 1d-setting, the shifted angular frequency
completely suppresses the dispersion error and we can thus conclude that the
pollution effect is driven by the dispersion error.

5.1.2. Media with piecewise constant parameters
We next show numerical results for media with piecewise constant pa-
rameters. To do this, we consider = [—1,+41] and the parameters

() = e1laco(®) + €21ux0(2), p(x) = p1laco(z) + p2lyso(2),
together with the manufactured solution to (A.1)
E“(x) = (1 — 2®) cos(Kx), H*(z) = cos(Kz) + 3,

with ' = max {w\/\giui|} = max {k;}. The source terms are again given
by

J(z) = 0. H® —iwe B, M(x) = 0,E% —iwuH®,

3We consider here Maxwell’s equation with magnetic current M that are involved in
Maxwell’s equations as iwuH +V x E = —M.
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Figure 6: Relative error with and without shifted angular frequency for the 1d Maxwell’s
equation. Top left: w = 25; Top right: w = 50; Bottom left: w = 100; Bottom right:

w = 200.
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and the permittivity and permeability will be
51:,[,“:1’ €2 = U2 = @,

for varying values of the contrast . Again, we consider a uniform mesh with
N +1 interior points so the meshsize is h = 2/N. Since we work on [—1, +1],
we now chose

N=2x2x10, j=0,1,---,7,

so that the meshsizes are the same as those from the previous numerical
experiments.

The Yee scheme (8) can be applied for piecewise-constant parameters as
well with the only exception at the grid point x = 0 for which the parame-
ters are not defined. Since the permeability is computed at intermediate grid
points jh + h/2, there is no problem with the discontinuity but the permit-
tivity needs to be computed at x = 0 for which we simply use its mean value
£(0) = (e1 +€2)/2. The shifted angular frequency is then applied directly on
each sub-interval and, for the grid point corresponding to x = 0 we also use
the mean value of the left and right shifted angular frequencies.

The numerical results can be found in Figure 6 where the number of grid
point per wavelength is computed as G = 27 /(K h). We see that the disper-
sion correction once again greatly reduces the pollution effect. Indeed, when
using dispersion correction, we recover the expected second order accuracy
for a number of grid points per wavelength far smaller than the one required
for the un-corrected scheme to converge. In addition, for large enough G,
the relative error when using the shifted angular frequency is always smaller
than the relative error of the standard Yee’s scheme.

We end this subsection with additional numerical experiments using now
4 sub-intervals and higher contrasts. We consider the parameters

e(x) = e1lyc05() + 21 p5cr<0(®) + €3Locacos(2) + €410 5<0(2),

p(x) = mlec_os(x) + pol _gs5coco(®) + pslococos(®) + paloses (),

with values

81:M1:E4:M4:1, 62:u2:§a, 53:;13:2&.

At the discontinuities located at x € {—0.5, 0, 0.5} we use the mean value
of the permittivity. As done above, the shifted angular frequency is again
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Figure 7: Relative error with and without shifted angular frequency for the 1d Maxwell’s
equation. Top row: Contrast a = 2. Bottom row: Contrast o« = 4. Left column: w = 25.

Right column: w = 50.
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Figure 8: Relative error with and without shifted angular frequency for the 1d Maxwell’s
equation using 4 sub-intervals and o = 4 hence with the largest contrast being 8. Left:
w = 25. Right: w = 50.

applied on each sub-interval and the mean value is used at the discontinuities.
Figure 8 shows the numerical results using the same meshsizes as before for
w = 25, 50. We also set & = 4 and thus have a maximal contrast of 8.
Similar conclusions can be drawn from these results, namely that the 1d Yee
scheme with shifted angular frequency greatly reduces the relative error as
soon as a large enough number of grid points is considered.

5.1.3. Media with slowly varying smooth parameters
We consider the same numerical setting as in Section 5.1.2, but now the
media has slowly varying smooth parameters given by

e(x) = p(x) =1+ 0 |cos (wox)] . (30)

The manufactured solution is now defined with K = w H\/@HLOO. We em-
phasize that the shifted angular frequency is defined in (24) and involves the
values of € and p. In the case of spatially varying €, pu, we simply used formula
(24) at each grid point to define the Yee stencil with dispersion correction.

The numerical results are shown in Figure 9, where the number of grid
points per wavelength is now computed as G = 27/ (w H\/@HLOO h). These
numerical results show that the dispersion correction also reduces the relative
error for large enough G even for media with spatially varying parameters.
More precisely, on the finest grid, the ratios of relative error without to with
dispersion correction are 9.13 for 6 = 0.1 and 4.6 for 6 = 0.5, indicating that,
as 0 increases, the reduction factor decreases.
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Figure 9: Relative error with and without shifted angular frequency for the 1d Maxwell’s
equation using the spatially varying parameter (30) with w = 50 and wy = 207. Left:
§ = 0.1. Right: 6 = 0.5.

5.2. Numerical results for the 3d Mazwell’s equations

Next we solve the Maxwell’s equations (1) on ©Q = (0,7)% with Perfect
Electric Conductor (PEC) boundary conditions on 02,

n x E =0 on 09,

with n being the outward unit normal.
We use a manufactured solution to Maxwell equations on 2 with PEC
boundary conditions. Considering the electric field

E{" = sin(z) sin(y) sin(kz), ES* = sin(z) sin(x) sin(ky), E5® = sin(y) sin(z) sin(kz),

we can compute the associated magnetic field using H* = —(iwp) "'V x E®*
which is thus

HE = i (—isin(z)(cos(z) sin(ky) — cos(y) sin(kz))),
Hy® = i (isin(y)(sin(kx) cos(z) — cos(x) sin(kz))), (31)
H® = i (isin(z)(cos(z) sin(ky) — sin(kx) cos(y))) .

The electric current can then be obtained by computing J®* = —iwesE®* 4

V x H®.
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We emphasize that, du to the way it has been computed, the above
manufactured solution can also be used for spatially varying permittivity
but only for constant permeability. In all numerical experiments, we set

k=wy H5HL<><>(Q) |l

so that our explicit solution oscillates with period 1/k. In addition, we are
going to compute the relative error

max {[|Ej, — B , [Hy — B[], }

Err .=
max {|[Ee| o , [[H*|, } ’

where the [*—norm is defined as the maximal value over all grid points.

In what follows, we study the two following settings: we consider first
the case of media with homogeneous and real permittivity and permeability.
Next, we test the dispersion correction on Maxwell’s equations with piece-
wise constant permittivity having constant permeability.

In all our numerical experiments, we use a uniform N x N x N grid with N =
8, 16, 32, 64 point in each direction which results in having 512,4096, 32768
and 262144 degrees of freedom for each of the six component of the electric
and magnetic fields. We work with fixed values for the permeability and the
permittivity but with varying angular frequencies ranging from 1 to 10 with
w=1, 2.5, 5, 10. All our convergence results are presented using the num-
ber of grid points per wavelength G = 27/(kh), with h = w/(N — 1), instead
of using the meshsize h, since G is the relevant parameter for time harmonic
wave propagation problems. We actually have the equivalence between the
asymptotic dispersion correction as h — 0 and the one as G — 400 (see
also [14, Appendix A]). Finally, to see the influence of the asymptotic dis-
persion correction, we are going to compute the reduction factor defined as
Err (w) /Err (@), corresponding to the ratio of relative errors without disper-
sion correction over relative error when using the shifted angular frequency.

5.2.1. Experiments with homogeneous real parameters

We consider the homogeneous and real parameters ¢ = 1, y = 1. We
show in Figure 10 the relative errors without dispersion correction and using
the L dispersion correction (see Proposition 4.3 for the formula). We also
give in Table 3 the reduction factors corresponding to the ratio of the relative
error without and with dispersion correction.
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Figure 10: Relative error with and without shifted angular frequency. Top left: w = 1;

Top right: w = 2.5; Bottom left: w = 5; Bottom right: w = 10.

N 8 16 32 64
w=11.8093| 1.7972| 1.7935| 1.7922
w = 2.5/0.4146| 1.3256| 1.7444] 1.8696
w =15 |0.5656| 1.6861| 2.0678| 2.1842
w = 10{0.0192| 0.0922| 2.8673| 2.7275

— -2 —_
5" 5
5] @
) )
= =
g &
D 10" )
o 10 o
T 2 1T — 2 =
A line with slope G A line with slope G -
—¥— Without correction SO —¥— Without correction
1074+ With dispersion correction > - With dispersion correction
; I ~ -4 ; .
10
14 30 62 126 5.6 12 24.8 50.4
G G
101 F
10°
5 5 ~o
5 ° T
(4] <] 1 S s
= =10 7
© © b
o) [] REN
o [an S~
o 2 ~ L[V I —— 2 T
A line with slope G e A line with slope G
—¥— Without correction SS < —¥— Without correction
With dispersion correction = With dispersion correction
-3 L L -3 L L L
10 10
2.8 6 12.4 25.2 1.4 3 6.2 12.6
G G

Table 3: Ratio of the errors without to with dispersion correction for varying meshsize and
angular frequency for media with constant real parameters using L>° dispersion correction.
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N 5 10 20 40
w=11]1.8325|1.8189|1.8154 | 1.8141
w = 2.5/0.3759 | 1.2572 | 1.6657 | 1.7883
w =15 0.5442 | 1.4380 | 2.0130 | 2.2769
w = 10{0.0126 | 0.0930 | 3.3351 | 5.5244

Table 4: Ratio of the errors without to with dispersion correction for varying meshsize and
angular frequency for media with constant real parameters using L°° dispersion correction.

We see from the numerical results given in Figures 10 that the dispersion
correction allows to reduce the relative error as soon as a large enough num-
ber of grid point per wavelength is considered. This behavior is expected
since the asymptotically optimal shift is defined through the minimization of
the dispersion error for small enough meshsize (or equivalently for G large
enough). Table 3 gives the reduction factor from which wee see that the
error is reduced when using the asymptotically optimal shift and G is large
enough. Note that the relative error can be divided by 2 using this dispersion
correction for no additional cost!

5.2.2. Erperiments with piecewise constant parameters
We finally consider a material with constant permeability and piecewise
constant permittivity defined as
. { 1 ifzeQ\C _1
“lo07-01i ifzec HTH
with C =]1/3,2/3[>. We show the relative errors in Figure 11 and the reduc-
tion factors in Table 4.
From these results, we can see that the shift reduces the relative error for
large enough number of grid points per wavelength. In addition, the error
can be roughly divided by 2 up to 5.

6. Conclusions and Outlook

We provided a dispersion correction technique for Yee finite difference
scheme applied to the time-harmonic Maxwell’s equations. Our method is
based on a modification of the angular frequency in the Yee stencil and
can thus be easily implemented in numerical codes. We showed, through
numerical experiments that this dispersion correction reduces the relative
error as long as one has a large enough number of grid points per wavelength.
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It would be interesting to get more theoretical insight on the effect of the
dispersion correction on the convergence of the scheme. Some ideas might
be borrowed from [29] where Fourier analysis is used to derive precise error
bounds for the 1d Helmholtz equation. Another interesting future work is
related to extending this dispersion correction method to materials modelled
by other constitutive relations like e.g. chiral media [12, 55] or bi-anisotropic
materials |27].

We would also like to extend our dispersion correction method based on
the introduction of a shifted angular frequency to other numerical methods
like the fourth-order non-compact stencil from [23], the fourth-order com-
pact stencil from [47, 48| and also to finite element discretizations involving
Nédélec edge elements [40, 3, 2|.

We finally emphasize that our dispersion correction method is based on
a modification of the shifted angular frequency, which thus also modifies
the wave speed at the discrete level. As a result, this technique is likely
to be difficult to generalize to time-dependent wave propagation problems,
and finding a dispersion correction method for such problems will probably
require a different approach.

Appendix A. Eigenvalues analysis for the 1d Maxwell’s equation
with PEC boundary condition

The (continuous and discrete) Maxwell’s equations with Perfect Electric
Conductor (PEC) boundary conditions are singular for some values of w.
In this appendix, we show that, when using the shifted angular frequency
W given in (24), both continuous and discrete problems are singular for the
same values of w. Note that the shift has a similar effect for the 1d Helmholtz
equation discretized with the centered 3-point stencil (see [14]).

We compute the eigenvalues and eigenfunctions associated to the con-
tinuous 1d-Maxwell’s operator with homogeneous PEC boundary conditions
and the eigenvalues and eigenvectors of the discretized 1d Maxwell equation
using the Yee scheme. In addition to the aforementioned result regarding the
invertibility of the discrete Maxwell’s equation, the explicit formulas for both
the eigenvalues and the eigenvectors will be useful for future research. They
could indeed be used to get some precise error bounds as those from [29] or
help to understand the convergence behavior of some iterative methods like
multigrid (see e.g. [13, 22, 30]).
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Appendiz A.1. Eigenvalues associated to the continuous Mazwell’s equations

The continuous problem (2) on © = (0, 1) with Perfect Electric Conductor
(PEC) boundary conditions is

iweE —0,H = —J,
iwuH — 0, F =0,

E(0) =0, (A.1)
E(1) =0.
Setting F = \/%E, H = \/Lﬁ?[, J= Vi, we get

kE—90.H =—J,

ikH —0,E =0
= ’ A2
E0) =0, (A4-2)
E(1) =0,

with the wavenumber k = w,/ep.
We compute the eigenvalues and eigenfunctions associated to the contin-
uous problem (A.2), looking for A € C and (¢(2),%(2)) such that

ikt — Do = M,
2(0) =0, (4.3)
p(1) =0.

Using the first equation of (A.3), we note that the homogeneous Dirichlet
boundary condition on ¢ gives a homogeneous Neumann boundary condition,
hence

9.4(0) = D.0b(1) = 0.

Therefore, any solution to (A.3) also satisfies

(ik - A)Q‘p —0..p =0, 90(0) = 90(1) =0, (A 4)
(1k - )‘)2¢ — 0.9 =0, 8z¢(0) = 8z¢(1) = 0. '

Any non-zero solution to (A.4) can be obtained by setting A\ = io and some
computations give the eigenvalues k—o = jm, j € Z, hence )\Ji =ik£ijm, j €
N. In addition, the associated eigenfunctions are necessarily eigenfunctions
of the operator —3d,, with homogeneous Dirichlet or Neumann boundary
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conditions given by ¢ = sin(jnz) and ¢ = cos(jnz). The eigenfunctions of
(A.3) are then

VieN: vi(z) = ( $é§;?jiz)2) > ’

and this is an orthonormal basis of L*((0,1), C?) as eigenfunctions of the un-

_1]; _1]% ) acting on H}((0,1),C)x
L*((0,1),C). Finally, note that (A.2) has a unique solution for any k such
that )\ji # 0 hence k # jm for j € Z.

bounded skew-symmetric operator M = (

Remark Appendix A.1. We can compute as well the eigenvalues and eigen-
functions of the operator
-0, iwp

Indeed, looking for X € C and v(y) = (p(y),¥(y)) such that ¢ € H(0,1)
and

Mv = X’u,

gives that necessarily

(iwe = A)(iwn — E)w — 020 =0, 9(0) = ¢(1) =0,
(iwe = A)(wp — A = 0.9 = 0, 9.1p(0) = 0.(1) = 0.

As a result, any eigenvalue \; of M satisfies the quadratic equation
(iwe = Xj)(iwp = X)) = =(j7)°, j € N. (A.5)

Solving (A.5) gives

N % (wg—l—w,u:l: \/w2(€_ﬂ)2 +4j27r2> , j €N.

J

In addition, the associated eigenfunctions are p(y) = (szi sin(jmy), ¥;(y) =
B]i cos(jmy) for some specific constants ozjc,ﬁjc € C such that

oF (iwe — AF) Jm
L) eker (A7) with A> = J ~ :
( By ) o (A7) with 4; ( —jr (wp = X))

Problem (A.1) then has a unique solution for any angular frequency w such

N+ - Tj .
that \; # 0, thatzsw;«éi\/siu, jEeZ.
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Appendiz A.2. Eigenvalues associated to the discrete problem
We consider a uniform mesh of [0, 1] with N + 1 points so that

1
j=jh, j=0,1,-+ N, h=+.

Denoting by £}, H;,1/2 the unkowns associated to the electric and magnetic
fields, the 1d Yee scheme is then

i/]{\E:j_%(Hj+l/2_Hj—l/2) :_J(mj)a j:1727 7N_17
ikHj1p2 — 3 (B — Ej) =0, j=0,1,--- N —1, (A.6)
EO - 07
EN - O,

where % is either k for the usual Yee scheme or

B 5B = /e (sin (hw@m)) . (sin (hk/Q))

NP hk /2

when using dispersion correction.
We keep only the interior points and introduce the notation

E, = (Ey, By, -+ ,Ex_1)" € CN7' Hy = (Hyjo, Hypo, -+, Hy_12) € CV,
T = (Ji, Joy - Iyo) € CVL

The linear system associated to (A.6) is

i/l{?]N_l L Eh _Jh
N = AT
(—H mm)(ﬁj ( 0>’ A

where L € CW=D*N ig the bi-diagonal rectangular matrix given by

1 -1 0 0 O O
o1 -1 0 0 O
1
L=—-10 0 0 0
h
o o0 0 . 0
0o 0 0 0 1 -1
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We are going to diagonalize the matrix

ikIy., L
M, = ~ ,
" ( —L7  ikly )
appearing in (A.7). It is worth noting that M, = iEIZN,1 + K, where K
satisfies K* = —K which translates to (iK)" = iK, and we get that the
matrix i/ is Hermitian and thus it admits a family of eigenvectors that is
an orthonormal basis of C2¥~!. We compute below both this orthonormal
family of eigenvectors and the associated eigenvalues as well.
Theorem Appendix A.2. The spectrum of My, is given by o (M},) = {i%, )‘ij}
where )‘ij are

o~ 4 . h 2
)\ij:ik:j:i,/(fh,j, Uh,j_ﬁsin<%) ,j=1,--- N—1.

The eigenvector associated to the eigenvalue ik is

wa(1)

1y

and each other eigenvector can be written as

1 Fivg

:l:_ E7.] ;o

Vi = — ,7=1,--- N —1,
! \/5( VH,j ) g

where

vy = V2 [sin (L)Y v, = V2h [Cos ((g 4 zh) m)} s

=0

Proof:. We start by considering the eigenvalue problem Mj,v = Av which,
setting v = (vg, vy)" € CN-D+Ncan be recast as

i?’f\’UE + L’UH = )\’UE, IEUH — LT’UE = )\’UH.

Inserting (1E — )\) vp = —Lvy into the second equation and (1?4:\ — )\> vy =

LTvg into the first one, we obtain
N 2 N 2
LL vg = — (ik; - >\> vg, LT Loy = — (ik; - >\> vy,
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This shows that it is necessary for vy to be an eigenvector of LL”T and vy
to be an eigenvector of LT L. Since

1
LLT = thrldlag( ,2,—1) € RW=Dx(N=1)
1
LT, = thrldlag( Liuy,—1) € RNXN, uy = (1,2,---,2,1),

we get that vg and vy are given as in (A.8). In addition, any eigenvalue A
of M, must satisfy

vy € o (LLT)Uo (L7L) « - (ik - A)Q —.

Using the following trigonometric identities valid for any integer [,

sin(({ + 1)z) — sin(lz) . (T
Co:((l D) o (3)

—cos ((I+ %) z) +cos ((I —3) z) 9 sin <§>
5)°

sin(lx)

with x = jmh, we obtain the formulas
Loy = \/ovp;, L'vg; = \/0;vu;,
from which we infer that
LLT’UEJ =o0vp;,J=1,-,N-1land LTL’UHJ =o;vm,, J=1,---,N-L
Using that LT Lvy = Oy, we obtain that
o(LL")Uo (L"L) ={0}U{oj, j=1,--- ,N —1},
and thus the spectrum of M, is
o (M) = {12} U{)\ij =ik xiyong, =1, ,N—1}.

Since the eigenvector 'ui assomated to /\jE has to be written as (aivE, BivH)T,

it now remains to get the constants a and Bi The constant satisfy the fol-
lowing 2 x 2 linear system

, ii{:\—)\f oF i
A(gji):(g)mhﬁ: <\/0_]> (iE\i_/\ﬂ :\/U_j(i ;)
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Since this linear system is singular, one gets (Oé;-t, 5;[)T € ker (A%) hence

aji [ TFi
gr) 1)
which completes the proof. 0
We emphasize that the families {UEJ};\SI and {vo} U {vH,j}j.V:_ll are or-

thonormal bases of RV~! and RY. Therefore the family of eigenvectors of
M, computed in Theorem Appendix A.2 defined as

1 Fivg,,

+ E,j -

vi = — , l,---,N—1
J \/5( UH,j ) J

is an orthonormal basis of C2V 1,

We end this section by showing the effect of the shifted angular frequency
on the invertibility of the linear system (A.7). Without dispersion correction,
this gives

k#i\/ah,ja jzla"'7N_17

whereas with dispersion correction, one has
~ 2 jh
k# %/on; = 7 sin (i%) =1, N-1.

Using the expression for R this yields

2 kh 2 ih
= sin (7) # = sin (i%) j=1,-- N—1,
which translates to
k#ijﬂ-7 .]:17 JN_17

and hence the shifted angular frequency ensures that the linear system (A.7)
is invertible whenever the continuous problem (A.1) is.

Remark Appendix A.3. Theorem Appendiz A.2 can also be obtained for
the discrete problem associated to (A.1) whose associated matriz is

v i@EIN_l L
Mn = < —LT  iBuly ) '

48



In this setting, we have that any NeEo (Mh) satisfies — <i@€ — X) (i@,u — X) =
oj, forall j =1,--- N — 1, which gives 2N — 2 eigenvalues. The last one
can be obtained by using that

iw(e—wlIy_1 L
( (_£;N1 0)'0():0,

from which we see that A= i is also an eigenvalue. .
Following the proof of Theorem Appendiz A.2, anyTeigenvector 'T)]i oijh
associated to X;t can be expressed as (&“}'EUE,B?EUH> where (&;t, Nf) €
ker (Zi> with
o~ N+
i (1w5 — A ) NG
—\/0j (1&7,u—)\;t>

Without dispersion correction, the matriz My, is invertible whenever w
satisfies

wA+I i N1

When using dispersion correction, the matriz My, is invertible as soon as

GA+TM =,

) ) 7N_1
JER

from which we see that
mJ
NG
which are exactly the frequencies for which the continuous problem (A.1) has
a unique solution.

w#+

Appendix B. Computations with Maple: Continuous and discrete
symbols

We give here the Maple code to compute the continuous and discrete
symbols. The continous symbol £(w, k) is computed as
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restart;
with(LinearAlgebra) ;

Nx := Matrix([[O, O, 0], [0, O, 1], [0, -1, 0]11);
Ny := Matrix([[0, O, -11, [0, O, 0], [1, O, 011);
Nz := Matrix([[O, 1, 0], [-1, O, 0], [0, O, 0]1);
Z := Matrix([[0, 0, 0], [0, O, 01, [0, O, 011);
Id := Matrix([[1, 0, 0], [0, 1, 01, [0, 0, 111);
Gx := Matrix([[Z, Nx], [-Nx, Z]11);

Gy := Matrix([[Z, Nyl, [-Ny, Z11);

Gz := Matrix([[Z, Nz], [-Nz, Z11);

Gw := Matrix([[epsilonx*Id, Z], [Z, muxId]l]);

G := wxGw*I + kx*Gx*I + ky*Gy*I + kzxGz*I;

The discrete symbol is denoted by L(h,w, k) and can be computed as

Ex := exp(kx*h*I/2); Ey := exp(ky*h*I/2); Ez := exp(kz*hx*I/2);
sx := 2%Ixsin(h/2*kx)/h; sy := 2xI*sin(h/2xky)/h; sz := 2*I*xsin(h/2%kz)/h;
Gd := Matrix([[wxepsilon*Ex*I, 0, 0, O, sz*Ex, -sy*Ex],

[0, wxepsilon*Ey*I, 0, -sz*Ey, 0, sx*Ey],

[0, O, wxepsilon*Ez*I, sy*Ez, -sx*Ez, 0],

[0, -szxEy*Ez, sy*Ey*Ez, wmu*Ey*Ez*I, 0, 0],
[szxEx*Ez, 0, -sxxEx*Ez, 0, wxmu*xEx*EzxI, 0],
[-sy*Ex*Ey, sx*ExxEy, 0, 0, 0, wmuxEx*Ey*I]]);

The continuous (denoted as S, = det (L(w, k)) and discrete (Sg = det (L(h,w, k))
dispersion relations are then obtained with

Sc :
Sd

simplify(Determinant (G)) ;
simplify(Determinant (Gd)) ;

Appendix C. Computations with Maple: Discrete wavenumber for
3d Yee scheme

Here are the Maple commands to get the expansion of the discrete wavenum-
ber for small enough meshsize:

kx := kd*cos(phi)*sin(theta);
ky := kd*sin(phi)*sin(theta);
kz := kdxcos(theta);

kd := kO + k2*xh~2;
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Expansion_Sd := convert(simplify(series(Sd, h = 0, 10)), polynom, h):
kO_sol := solve(coeff(Expansion_Sd, h, 0), k0); kO := kO_sol[1];
k2_sol := solve(coeff(Expansion_Sd, h, 4), k2);
k2:=simplify(k2_sol[1]);

In these commands, we chose to keep kg = kOy[1] since this gives w,/en
which is the (positive) continuous wavenumber. To get ks, we have to get
it using the fourth order coefficient in the expansion, as h — 0, of Sy =
det (L(h, kqf)) since the other lower order terms vanish once ky is assigned.

Appendix D. Manufactured solution

Here are the Maple commands used to compute the manufactured solution
EeX Hex:

El := sin(z)*sin(y)*sin(k*x);
E2 := sin(z)*sin(x)*sin(kx*y);
E3 := sin(y)*sin(x)*sin(kxz) ;

H1 := simplify(1/(wmu*xI)*(diff(E2, z) - diff(E3, y)));
H2 := simplify(1/(wmu*xI)*(diff(E3, x) - diff(El, z)));
H3 := simplify(1/(wxmu*xI)*(diff(E1l, y) - diff(E2, x)));

The associated electric current J* can then be computed as

JE1 := -simplify(w*exE1xI + (-diff(H3, y) + diff(H2, z)));
JE2 := —Simplify(w*e*EQ*I + (-diff(H1, z) + diff(H3, x)));
JE3 := —Simplify(w*e*E3*I + (-diff(H2, x) + diff(H1, y)));
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