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We present a local spatial approximation or p-strategy Discontinuous Galerkin method to solve the time-domain Maxwell
equations. First, the Discontinuous Galerkin method with a local time-stepping strategy is recalled. Next, in order to increase
the efficiency of the method, a local spatial approximation strategy is introduced and studied. While preserving accuracy and by
using different spatial approximation orders for each cell, this strategy is very efficient to reduce the computational time and the
required memory in numerical simulations using very distorted meshes. Several numerical examples are given to show the interest

and the capacity of such method.

1. Introduction

In early works, we have proposed an efficient new Discontin-
uous Galerkin (DG) method to solve the Maxwell equations
in time domain [1]. However, in order to treat industrial
problems, we have generally to cope with a very distorted
meshes with a large difference between the sizes of the cells.
In the DG simulations, the spatial approximation order taken
into account is obtained by considering the size of the largest
cell and the largest frequency in the spectrum of the excitation
source. Consequently, our method suffers from a sampling
that is too high for the smallest cells in the mesh and from
a time step that is very small to ensure stability. To improve
the choice of the time step, we have proposed a local time-
stepping strategy in the method [2] which allows reduction
of the computational time. Nevertheless, the spatial order of
approximation remains the same for all the cells, and for a
given source, some cells are too sampled and lead to a local
time step on these cells still too small. To avoid this problem,
a method with local order on the cells can be used [3]. Some

works have been already realized for Maxwell’s equation
on this subject, with classical upwind DG formulation and
ADER strategy [4]. In this paper, we present, for a particular
DG method well adapted to the Maxwell equations, a strategy
to mix spatial orders of approximation in each cell on the
whole mesh. This strategy allows decreasing the order of the
small cells and then increasing the CFL condition for these
cells and consequently their local time-step. Indeed, it has
been shown, for the DG method used, that the CFL condition
decreases when the spatial order of approximation increases
[5].

In the first part of this paper, we recall the mathematical
formulation of the DG schema studied and the local time-
stepping strategy used. In the second part, the formulation
of a local spatial approximation order or mixed-spatial
order strategy is given and introduced in the presented DG
scheme. A mathematical study for the stability of the resulting
numerical scheme is also shown. Finally, in the third part,
a numerical study by using the mixed-spatial order strategy
with the local time-stepping strategy is done.



2. Mathematical Formulation

In this section, we recall first the formulation of the DG
method taken into account in the study of our mixed-spatial
order strategy. Next, we present the local time-stepping
strategy used to improve the DG performances.

2.1. Discontinuous Galerkin Method. Let Q be a bounded
open subset of R*> whose boundary is 9Q, and let n denote
the unit outward normal to Q. Let e(x), p(x), and o(x)
denote, respectively, the permittivity, the permeability, and
the conductivity of the medium.

We consider the problem described by the Maxwell
equations.
find (E,H) : O x10,T[ > R® x R?® such that

€0,E+0E =V xH,
ud,H = -V x E, o

nxE=0 ondQ,

where E and H define the electric and magnetic fields. The
boundary condition is not restrictive because it is used both
to treat closed problems such as cavities and to bound the
Perfectly Matched Layers (PML) domain [6]. Consider a set
I of hexahedral elements (K;);_,..5 being a partition of Q.
We introduce the following space of approximation:

v, ={ve [P @] vK € 7, DF vl o F € [ ()]}
@

where K = [0, 1]? is the unit cube or the reference element, for
allK € 7, Fi : K — K denotes the trilinear mapping which
associates the vertices of each element, QT(K) is the space of
polynomials of degree at most equal to € N* in each variable
on K, and DFy and Jy are, respectively, the Jacobian matrix
and its determinant associated with the map Fy.. Moreover, to
each K € 7, we associate the outward unit normal n.

Usually, for DG methods, E and H fields are approxi-
mated by polynomials on each cell. In our case, we approx-
imate by polynomials the fields DF; E o Fy and DFyH o Fx on
K. It is not a strange choice since the Jacobian matrix is the
essential ingredient to build a conform H-curl approximation
[7,8]. As we will see later, this will imply interesting properties
for memory storage.

Finally, we consider the following semidiscrete DG
method.

Find (E, (- t), H,(-,t)) € V, x V,such that forall K €
and forally,¢ € V,

JeatEh-v/dx+J- 0E, - ydx
K K
:J VxH, -ydx

K

K K
+ LK ((ng[[nK x (Ep, x nK)]]aK+ﬁ§K[[Hh X nK]]DK) “yds,
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K

:—J VXEh'(/)dx
K

K K
+ LK (YEI;K[[Eh X ”K]]aK + 8§K[[nK x (Hy, % ”K)]]aK) “¢ds,

3)

where oy, e, Vas Oni are parameters constant per face
and [[1/]]%< = (VIgr)r — (Wlg)r is the jump across the boundary
[=K'NnK.WhenTisa boundary face (i.e.,I' = KNoQ) then
K' does not exist and we define [[v]]If = —-(VIg)r-

The coefficients och, [J’é(K, yé}, 6§K are chosen such that

(1) and (3) are equivalent problems (in the continuous sense)
and to ensure a conservative formulation. Then, we obtain

(i) forall T = KnK', af = of =0, 65 = 6K =0, ¥ =
Br =-1/2v =y =1/2,

(ii) forall T = KN 9Q, BX = 0=06K =k, yK = 1.

For the time discretization, as for the FDTD method [9,
10], we use a Leap-Frog numerical scheme where the electric
fields are evaluated at the time nAt and the magnetic fields at
the time (1 + 1/2)At, with At defining the time step and » the
current iteration in time.

In order to define a set & of basis functions of V., we first
define a set of basis functions of K. Let X;j; = (X}, ;,2), 1 <
i, j,k < v+ 1 be a set of points of K, where X )7]-, and z, are
Gauss quadrature points on [0, 1]. At the point X;j;,, we define
on K three basis functions (ﬁfjk()?, ,2) = Li(a?)L]-(y)Lk(E)el,
where Ly(%) = [Tor}, (& = £,)/(TTo 21 2i(%i — %)) is the
Lagrange interpolation polynomial and (61)121)2)3 denotes the
classical cartesian base. On K € , the corresponding basis
functions are defined by (pfjllf o Fi(X) = (DFI’Q)_Igb“fjk(i), where
X = (X, ¥, 2). Finally, the set of basis function of V, is

B={pKeT, 1=1,23,ijk=1,...,r+1}
(4)

and the dimension of V, is 3(r+ 1)’ N (where N is the number
of cells). So, each U(:,t) € V, can be written in this way: for
alK e T

3 r+l

Uk (x0) =) Y Ubigh ), 5)
I=1 ijk=1

where U(t)g}l,f € R is the degree of freedom associated to the
. . I,K
basis function Pk

In the sequel, we say the DG method is a Q, approxima-
tion when we choose a spatial approximation order of r.
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Thanks to the chosen approximation space, we have for
alKeJ,,s=1,23andi, jk,mnp=1,...,r+1,

LK LK . = ) R .
JK (V x ‘Pijk) ‘ (P:nnpdx = sign (Ji) L? (V X (Pijk) ’ ‘P;Sﬂnpdx’
1K s,K . N ~\ s —~
LK (G"ijk x ”K) ) S"mnpds = sign (Ji) LE (SD,-jk X n) : gomnpds,
(6)
where 7 is the outward unit normal to K.

By using (6) and a Gauss quadrature rule to evaluate
integrals, we obtain the following:

(i) for mass matrices, (M) denotes the (p,l) compo-

nent of the matrix M):

J eU - (pf}de
K

3 ?)
= Wy ) UGS Tl (DF! (e Fy) DE) (%)
p=1

(ii) for stiffness matrices, ((M); denotes the component /

of vector M):
[RECR:
K
r+1 3 LK /e (8)
=sign (Jg) . Zwiijij-k (Vx P (?cijk))l,
mng=1 p=1

(iii) for jump matrices
LK
LK [H x ng o - @ ds

= —sign (Jg) LE (DE¢' o Sy DFy) o
9

x (Hy x 1) - @y © Syoricds

+ sign (Jx) J (ﬁK X ﬁ) . gﬁfjkd?.

oK

In the above expressions wjjic is the quadrature weight at point
Xij and Sgrg = E¢' o Fyo. DER' o Sy DFy is a permutation
matrix constant per face [1].

The DG formulation (3) finally leads to the semidiscrete
formulation:

M_,0,E + M E = RH - S'H,
. (10)
M,,H = -RE + SE + SE,

where M,, M w and M,, are 3 x 3 block-diagonal matrices, R,

the stiffness matrix, and §' and S” are jump matrices. Thanks
to the choice of the space approximation and of the basis
functions, the mass matrix is given, for all spatial orders, by
a 3 x 3 block-diagonal matrix which needs to be stored for

each cell K. Stiffness and jump matrices just require to store
the sign of the Jacobians Ji and some computations made on
the reference element K.

Then, the important advantage of this DG method is
to give, regardless of the space approximation order, a very
low memory storage and a small cost of computation to
evaluate the matrices of the numerical scheme. This allows
us to use meshes with a small number of cells and a
high order spatial approximation to obtain very accurate
solutions. Consequently, to obtain an accurate solution, the
memory and CPU costs needed to solve a problem with this
approach are lower than those for some other methods, as, for
example, FDTD, based on a spatial approximation of order
2 and using more refined meshes. In fact, high order spatial
approximation reduces the dispersive and dissipative errors
of the scheme and improve the accuracy of the solution. The
use of non-cubic cells, like for the FDTD method, in the
meshes in the method permits also to evaluate correctly the
fields near the structures. Therefore the proposed method is
well adapted not only to Electromagnetic coupling problems
for which it is essential to know this kind of values, but also
to cavity problems where the dispersive and dissipative errors
may not be neglected.

2.2. Local Time-Stepping Method. The previous DG numeri-
cal scheme studied is based for the time domain on an explicit
Leap-Frog discretization [9]. Nevertheless, when dealing with
unstructured meshes, we can obtain significant cell size
disparities and, to ensure stability, the global time step is
constrained by the smallest cell of the mesh. This implies an
important increase of the computational time. To avoid this
problem, a local time-stepping strategy has been proposed for
the Leap-Frog time discretization [2]. This method is based
on a decomposition of the cells of the mesh in a set of N
classes of cells where each class i has a time step given by
3NZIAt o7, with At defining the smallest time step on all
the classes.

For example, when the problem has 3 classes, the different
operations that proceed in a step of the local time-stepping
Leap-Frog method are given in Figure 1. We consider that the
time step for the method is given by the largest value on all
the classes.

This local time-stepping strategy can be easily imple-
mented as a recursive process.

3. Mixed-Spatial Order Approximation
Strategy

In the mixed-spatial order strategy proposed, we search to
evaluate a solution of a problem by considering a given
accuracy. Generally, to treat a problem, the mesh of the
geometry is defined by taking into account the largest
frequency of investigation contained in the spectrum of the
source. Indeed, the size of the cells is smaller than A /»n
where A, ;, defines the smallest wavelength of the source and
n is an integer which depends on the wanted accuracy. For
example, in an FDTD approach, generally, people use n = 10.
In other terms, the length A, /# corresponds to the distance
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FIGURE 1: One Step of the multiclass Leap-Frog method.

between 2 degrees of freedom in the numerical method.
In the DG method, the number of degrees of freedom in
each cell depends on the order of the considered spatial
approximation. In particular, for a given mesh and a given
spatial order r, to keep a discretization of A,;,/n between
each degree of freedom, the ratio of the size of the cell by
the smallest wavelength will be given by r/n. For example,
by considering n = 10, for a Q1 approximation we obtain
0.1 wavelength for the ratio of the size of the cells, for Q2
we obtain 0.2, and for Q3 we obtain 0.3. Then, by knowing
the size of a cell and the smallest wavelength of the source,
we can determine the spatial degree necessary on each cell
to maintain a global discretization of A, ;,/n between each
degree of freedom. The mixed-spatial order strategy proposed
is the following:

(i) define the smallest wavelength A
the spectrum of the source;

by considering

min

(ii) define an equivalent geometric length / on each cell;

(iii) allocate a spatial order » = (h/A ;,)n on each cell by

considering h, A,..;., and a given n.

The difficulty in this strategy is to determine a value
of h for each cell equivalent to its size. Several possibilities
have been tried and the most interesting is a value which
corresponds to the largest diagonal length of the element.
By considering this value, we do not overestimate or under-
estimate the spatial discretization in any direction of the
element. The example given in Figure 2 shows the gain that
we can expect by applying a mixed-spatial order strategy. In
particular, we can see that the time step of the method using
mixed-spatial order is higher than that without using it. This
implies a smaller number of time iterations to describe a given
range in time and then a gain in computational time. We note
also a decrease in the number of degrees of freedom in the
problem which leads to a lower required memory. However
to confirm the interest of this approach, it is also important

to compare the accuracy of the solutions obtained. This point
has been developed in Section 3.3.

3.1. Jump Matrix. To implement the mixed-spatial order
strategy proposed, we only need to modify the calculation
of the “crossed-jump” terms in the DG scheme given in
Section 2. Indeed, as it has been described in the second
section, the evaluation of the mass and the stiffness matrices
is local at each cell level. Then, the mixed-order strategy
proposed does not modify the computation of these matrices.
The jump terms are split into 2 terms where the calculation of
one of them is unchanged because the values considered to
compute it depend only on one element. In the calculation of
the second term, the values taken into account depend on two
elements and so the evaluation of this term must be changed.
As seen in the first section, we have to use a Gauss quadrature
formula to evaluate the integral terms. To ensure accurate
evaluation of the “crossed jump” terms on each adjacent cell
to the face considered, we use, in the quadrature formula, a

number of point’s corresponding to the largest spatial order
Ip,K
inOkO '
by considering two contiguous cells K and K’ with different
spatial approximated orders  and r’, r > 7', the jump term
for the equation of the magnetic field in the system (3) on the
oK s
lio Ij<0k0
0>
, inUkU ds’
where T = KN K. For the evaluation of S, = .[r(EK’ X Nge) -
lo.K
(pi0>j0>k0
outward normal to the cell K, we have

of the two cells. Let ¢ be a given basis function on K;

cell K is split into a centered term S, = jr [Exngl-¢

and a dissipative term S, = Ir [ng x (H xng)] - ¢

K . . .
ds— .[r(EK X 1) Pk ds, if we consider 7 as the unit

DF ' (®)7

Vx €T, T~r—1  ~ |’
[DE Dl

ng o Fx (X) =

(a
ds = |DF ®) ] [T (R
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Number of degrees of freedom
Fixed order (Q4) : 135057000
Mixed order (Q1-Q4) : 36099204

Number of cells

Minimum time step
Fixed order (Q4)

80000 —

60000 —

40000 —

20000 —
:1.01E-012 -

Mixed order (Q1-Q4): 5.10E-012 0

4 5
Order

FIGURE 2: Potential gain in memory storage and CPU time by using a mixed-spatial order strategy in the DG method.

where x = Fi(X). The term Ex(x) X ng can be written as

DF; ' (%) E () x DF; ' (%) 70

, 12
[oF @ "
where
~ 3 r+1? g
E® =) ) E; ¢y (3. (13)
1=1 ijk=1
This term is also equal to
DFg (%) = - . -~
———E . 14
e ® (X)xn (14)
Then we obtain
lys
Jr (Ex x ng) - (pizjlfkods
(15)

= L sign (J (%)) (E (%) x 1) - @?gjoko () ds.

Concerning the term IF(EK, X M) - ¢£Z}§kods’ we take Sgpr =
Fy) o Fy with Fy being the trilinear transformation between

the cell K’ and the reference element K. Then, by using ny =
—ngs, the previous integral term can be written as

ol ~!
EK’ Xn

_J DFKI OSKK’ (%)
t T S B DT (R (16)

-DFG0 o () |DEC @) A |k (B)] ds

with #' defined as
DE; " o Sy (R) 7'

[PF o S 7

g = 17)

By using the relation

|DF @) A |k )]

= | DG o S @) | s © Sicxer ()]
(18)

we obtain for the previous term

- | sign Ui Sie) (B DEZ () DFy « S () B ()

BUBIN o e
X - (Pizxjo,ko (X) ds.

(19)
Finally, for the term S, we have
Sk = — L sign (Jx © Sxxr) (X) DFy' (X) DEy
N F el A = -
o Skxt (X) Exr (X) x 71 - P oo (X)ds
- L sign (Jic () (E(®) x 71) - gl (%) .
(20)
For the dissipative term we have
I K
Sk = Jr ng x (Hygr X ng) - Pk, S
ls
- L g x (Hy X 1) - <pi2]{)<k0ds.
(1)
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By using H(X) = Zle Zf;,;li Hf}fgﬁfjk(f), the second term of

(21) can be written as

oK
Jr (Hg xng) - @, X myeds

:J DFy (X) Hyg (X)x7
i Jx(®) |DFg! (%)

DFy (% < (D)7 |k (®)]ds
DD (gt %) IR ] ol s )
ey _. DE (%) DFg (%)
= J-f sign (Jx (%)) Jx (X) |DF; (x) 7

x (Hiex ) (gb,, x7)ds.

In the same way, the first term of (21) becomes

J~ DFy (X) DFy1 o Sgxr (X)
T Jxr o S (B) | DF ! o Sier (R) | (23)

X (ﬁK, X ﬁ') . ((ﬁll.zjoko X ﬁ) ds.
Finally, we obtain

o J DFy, (%) DFy o Sy (%)
dK = | — *_ P
T Jir o S (B) | DF Y o Syer ()|

X (ﬁK, X ﬁ') . ((ﬁfzjoko X ﬁ) ds
DF; (%) DFg (%)
Ji (%) | DE" (2) A

(24)

- | sien U @)
x (Hiex ) - (gb, . x7)ds.

Similarly, the jump term on the cell K’ is given by a
centered term S 1 = Ir [Exn'] - ¢'ds and a dissipative term

Sik' = Ir [n' x(Hxn')]-¢'ds. By considering a basis function

goj“’;( . onK "and a similar development as for the jump terms
0>/0>™0
of the cell K, we obtain

S,
- [ sign Ui =S (%) DF () DFc =Sk () Ex ()
xi g (R)ds
- L sign (Jio (%)) (Ege (%) x 71) - @?gjoko (X)ds,

SdK/
_ J DFys (%) DFy o Sgrc (%)

f Jx o Sk (%) |[DEg ™! o S (%) 7|
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FIGURE 3: Jump terms by considering r = r' = 3.

X (ﬁK X ﬁ') . ((ﬁll.gjoko X ﬁ) ds
DFy, (%) DFyr (%)
Jie (®) [P R |

- J-f sign (Jr (X))

x (H x7) - (gb, . x7)ds,
(25)
where
I = F (T) = Fe (T'),
Swx = Fy o Fo, X=Fg (x),
_ DES'(®)A
nr o Fyo (%) = —"DFE,‘I Bl

DF; " o Spog (R) '

OF U X) = .
ng K (x) "DF;,I . SK’K (52) ﬁ’"

(26)

By using a Gauss quadrature formula of order equal
to the largest spatial approximation order of K and K’ to
evaluate the integrals, our choice of basis functions leads
to having only few nonnull interactions. Figure3 in 2D
case, gives the nonnull contributions of the different basis
functions considering a same spatial order approximation
for both adjacent elements to the face. In this case, for each
point of quadrature, only a line of basis functions is used
(this is also true in 3D). This is different when the adjacent
cells to the considered face have not the same spatial order
approximation. In this case, to compute the “crossed-jump”
terms, we need to use all the basis functions for each point
of quadrature (2D case as 3D case). Figures 4 and 5 show
examples of the different interactions taken into account
to compute these terms. We show in these figures that the
calculation processes are not symmetric.

3.2. Stability. In this part, we are reinvestigating the stability
results already obtained in [1, 2] for a nondissipative and
a dissipative DG formulation with a same spatial order of
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FIGURE 5: Jump terms associated to K', by considering r = 3 and
!
ro=2.

approximation for all the cells in the computational domain.
These studies are based on the analysis of a discrete energy.
For example, in the case of the nondissipative scheme, one
defines the discrete quantity

G G
n_ n n n+1/2 n—1/2
&, = Z (J sKEh,K'Eh,de"'JK pcH, " Hy dx>
KeT,

(27)

(where J‘If specifies that one that uses a Gauss quadrature rule
to compute the integral) which is conserved during the time,
that is, &' = &}, and which becomes a discrete energy
under an explicit CFL condition.

In the case of the mixed-spatial order strategy proposed
in this paper, this result still holds.

Proposition 1. For the multiorder nondissipative scheme, the
discrete quantity &}, is conserved during the discrete time:

vn=0, &' -& =0 (28)

Proof. This proof is classical and does not raise any difficulty.
This is why we give only the key points of the proof. First, by

taking the test functions y = E;*' + E} and ¢ = H!*/* in the
nondissipative fully discrete scheme, one can easily obtain [5]

- =y [ L vx Hg'? (g + Ey) dx

KeT
- J v x (Eg' + Ey)-Hy ' dx
K

G
+ LK ﬁ[[HZ“/Z X ”K]]?K . (Egrl + E“K)

G
I (CARTAPEN W2

= 3 ([ () (52« R

KeT
+ JG ﬁ[[H”H/Z N ]]K . (En+1 +En)
aK h K llax K K
¢ n+1 n K n+1/2
o IS (AT A P ol
(29)

Now, we examine a face I' = K, N K_. We obtain the terms

+ +

T = J [l’l+ x H:t+1/2 . (En+1 +En)
T

n x H'™V2. (E"Jr1 + E’_l)] do

. JG+ ﬁ(HnJr]/z xn, - H:l+1/2 x 1’l+) . (En+1 + En)

+ +
T

0]

+ J . ﬁ(H:‘”/z xn_ — H™/? x n_) . (ETrl + E’f)
T
- + +

. J'G+y((En+1 +Eﬁ) xn, - (En+1 +Ez) ><n+) 'Hn+l/2

+ JG- y((En+1+E”) XN — (ET‘I_’_Eﬁ) x I’L) . HiHl/z-
(30)

We can decompose T under the form T1* + T2 + T3, where

T1* = L ny x Hi'? - (EX + EY) do

G,
- L BH? xn, - (EX + E])



G_
T3 = j BHT xn_ - (E™" + E")
T

G,
_ Jr y(EnJrl + Eﬁ) xn, - Hf+1/2.
(31)

So, if one takes for T1* the Gauss quadrature rule of order
r, and for T2, T3 the same quadrature rule for G, and G_
(not necessarily the one corresponding to the highest spatial
order), one obtains T' = 0. O

So, one can give the stability result [1].

Theorem 2. Let @K, @K, @K be the 3(rg +1)* x 3(rg + 1)°
matrices defined by the following: for all 1,1' € {1,2,3} and for
all I =G, j, k), I' = (i', j, k') € {1,...,rg + 11

Fr (0D, (17)) = | 9%l Tx gl

D (1), (1,1)) = Spd gz

Z (@D, (1,1)) = L (¢l x7) - (@0 x ) ds

K
(32)
The condition given by
a2,
Ax &
o125 o2
x <\//\max (gK ‘%KQK )

(33)

1 €
+| 2 max o S o
2 1<i<nbfiy Wik \ &viK)

-1
$ A (F2T T2 )

for all K is sufficient to ensure the stability of the DG scheme;
where

Ap Ui (%) >

min
1<i, jksrg+1 ( A max ((DFIEDFK) (’lek))
(34)

(in the case of a uniform cartesian grid whose spatial step is h,
A ¢ = h), where nbfiy is the number of internal faces of K and
V (i, K) is the the neighbor of K.

Proof. The proof of the theorem is the same as the one given
in the paper [1]. We must only take into account a different
spatial order for each cell. However this does not imply any
modification in the proof.
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FIGURE 6: Partial view of Meshl: a 3 X 3 x 3 uniform cartesian mesh.

FIGURE 7: Partial view of Mesh2: mesh obtained by cutting a cell of
Meshl in two.

Remark 3. In the case of the dissipative scheme, the stability
can be also proved by using a modified discrete energy
analysis as defined in [2].

3.3. Numerical Results. In this section, we present three
examples to quantify the advantages of the proposed mixed-
spatial solution strategy. The first example consists in eval-
uating the field scattered by a 1m x 1m perfectly metallic
surface illuminated with a plane wave. This evaluation has
been done for different meshes where the ratio between
the smallest and the largest cell is progressively increased
in order to generate several spatial approximation orders.
Figures 6, 7, 8, and 9 show partial views of the meshes,
where for the same accuracy of the solution we compare the
CPU-time and the memory storage. The initial mesh (Meshl)
consists in an uniform cartesian mesh of the computational
domain. he other meshes are obtained from the initial mesh
by recursively cutting one cell in two (see Figures 6, 7, 8, and
9). In this example, by considering the spectrum of the source
and the largest size of the cell, our discretization criterion (see
Section 3) leads to a maximal spatial order r = 7. So, we
obtain a Q, approximation for our meshes. Figures 10 and
11 show the CPU-time and the memory storage necessary
for the DG method used with and without the mixed-spatial
order strategy. We observe an important gain in CPU-time
and in memory storage by using the mixed-spatial order
approach. In particular we can note that our strategy implies
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FIGURE 8: Partial view of Mesh3: mesh obtained by cutting a cell of
Mesh2 in two.

FIGURE 9: Partial view of Mesh4: mesh obtained by cutting a cell of
Mesh3 in two.

a CPU time and a memory storage which are almost mesh
independent.

The second example consists in evaluating the propaga-
tion of a mode inside a cavity for a long time (5 us). The
considered cavity is a perfectly metallic cube where the length
of the sides is taken to one meter. The studied mode is given

by

E, =0,
Ey =0,
E, = sin (mnx) sin (nmry) cos (wt),
1

H, = — —nnsin (mnx) cos (nmy) sin (wt), (35)

Wity

1 . .

H, = omcos (mmx) sin (nmy) sin (wt),

0
H,=0,

z

where w = c(,\/(rmt)2 +(mm)?, m=1andn=1.

In this example, we evaluate the field at the center of the
cavity for a given nonstructured mesh and we compare the
solutions given by the DG method using or not the mixed-
spatial order strategy. For our mixed-spatial order strategy, we
obtain two orders (3 and 4) which are assigned in the mesh
as shown in Figure 12.

Figure 13 shows the analytical solution and the solutions
obtained by the Q3, Q4, and the mixed Q3-Q4 DG approxi-
mations. We can see that the Q3-Q4 DG approximation leads

1200

1000

800

600

CPU time (s)

400

= Q7
-A- QMix1-7

F1GURE 10: Evolution of the CPU-time for the different meshes used
in the computation.

9000

8500

8000

Memory (KB)

7500

7000

6500 L !

Mesh

= Q7
-A- QMixl-7

FIGURE 11: Evolution of the memory storage for the different meshes
used in the computation.

to the same accurate solution of the Q4 DG method but its
numerical costs are far from smaller (see Table 1). Finally,
we show in Figure 14 that the Q3 solution is not sufficiently
accurate whereas the mixed Q3-Q4 approximation gives the
best compromise between CPU-time, memory storage, and
accuracy.

In the last example we propose to evaluate the field scat-
tered by an aircraft illuminated with a plane wave, by using
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FIGURE 12: Distributions for Q3 and Q4 cells projected on a (x, y) plane.
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FIGURE 13: Comparison between Q3, Q4, mixed-spatial order, and analytic solutions for the electric field E, taken at the center of the cavity.
The ratio defines the percent of cells for a given order in the mesh. For example in mixed Q3-Q4, we have 87.5% of Q3 cells and 12.5% of Q4

cells.

the local time-stepping strategy given in Section 2.2, jointly
with the mixed-spatial order strategy.

By considering the mesh (see Figure 15) and the spectrum
of the source, the maximal order detected by our static
adaptive strategy is equal to 2 in order to obtain 10 points
per wavelength for the spatial discretization. So, theoretically,
one must use a Q2 approximation to ensure an accurate
computed solution if we consider only one spatial order
for the DG method. However, due to the difference of

the cells sizes in the mesh, the QI spatial approximation
could be sufficient in some parts of the mesh. Then by using
a mixed Q1-Q2 spatial order approximation, we obtain for
this example an important gain in CPU-time (factor 7) and
in memory storage (see Table 2). Figures 16 and 17 show the
electric and magnetic fields at the test-point A (see Figure 15)
obtained by QI, Q2, and Q1-Q2 DG approximation for the
same mesh. We can see that the solutions obtained by the
mixed-spatial order is similar to the Q2 DG approximation,
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FIGURE 14: Point to point error for the different computed solutions and L2 error.

FIGURE 15: Test-point evaluated on the aircraft.

TaBLE 1: Time CPU and memory storage comparison between Q3,
Q4, and mixed-spatial Q3-Q4 approaches.

Order Q3 Mixed Q3-Q4 Q4
Ratio 100% 87.5%-12.5% 100%
CPU time (s) 25009 44217 70710
Memory storage (MB) 23 25 35
DOF 294912 330048 576000
Time step 774-107% 774 107 517.107"7

with a best cost in CPU-time and memory storage (see
Table 2).

1
0.0025
WM/\M‘\
I ol
0.002 - /\}WWWW
MM
: W\W
5 0.0015 |
g ol MWN
- N
lv‘,’“
0.001 H
0.0005 L L L L | L L L L | L L
0 5E-08 1E-07
Time (s)
Q3
— Q3-Q4
(b)
TABLE 2: Results obtained for the aircraft example.
Order Q1 Q1-Q2 Q2
Ratio 100% 20%-80% 100%
CPU time (s) 16478 58445 76229
Memory storage (MB) 673 1208 1316
DOF 5150208 14918982 17381952
Minimal time step 315-107%  218-107  1.53.107"
Maximal time step 851-107"  588-10"  415-107M

4. Conclusion

In this paper we presented a p-strategy with a local time-
stepping strategy for a particular Discontinuous Galerkin
method to solve Maxwell’s equations in time domain. We
proposed a simple strategy based on the frequency spectrum
of the source and on a characteristic size of the cells to
evaluate the spatial approximation order to be applied on
each cell of the mesh. We showed the validation and the
advantages of this method on simple examples. The stability
of the method has been also studied and a stability condition
has been established. Finally, this method has been applied
to study the electromagnetic fields scattered by a 3D object
typical of aeronautic applications and give good results with
a very interesting gain in CPU-time and memory storage.
However, in the proposed strategy, the order is the same in
all the directions of the elements and this can be a drawback
for elements stretched in a particular direction. In this case, it



12

Electric field at the test point A = (6, 0, 1.5)

Journal of Computational Methods in Physics

Electric field at the test point A = (6, 0, 1.5)
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FIGURE 16: Comparison on test point A for the electric field.
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FIGURE 17: Comparison on test point A for the magnetic field.

may be more interesting to affect an order for each direction
inside each element. This is one objective of our future works.
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