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Abstract

We present a time-implicit hybridizable discontinuous Galerkin (HDG) method for
numerically solving the system of three-dimensional (3D) time-domain Maxwell equa-
tions. This method can be seen as a fully implicit variant of classical so-called DGTD
(Discontinuous Galerkin Time-Domain) methods that have been extensively studied
during the last 10 years for the simulation of time-domain electromagnetic wave
propagation. The proposed method has been implemented for dealing with general
3D problems discretized using unstructured tetrahedral meshes. We provide numer-
ical results aiming at assessing its numerical convergence properties by considering
a model problem on one hand, and its performance when applied to more realis-
tic problems. We also include some performance comparisons with a centered flux
time-implicit DGTD method.

Keywords: Maxwell’s equations, time-domain, implicit time stepping,
discontinuous Galerkin, hybridized discontinuous Galerkin

1. Introduction

1.1. Generalities about the DGTD method

During the last ten years, the DGTD method has progressively emerged as a
viable alternative to well established FDTD (Finite Difference Time-Domain) [1]
and FETD (Finite Element Time-Domain) [2] methods for the numerical simulation
of electromagnetic wave propagation problems in the time-domain.
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The DGTD method can be considered as a finite element method where the
continuity constraint at an element interface is released. While it keeps almost all
the advantages of the finite element method (large spectrum of applications, complex
geometries, etc.), the DGTD method has other nice properties which explain the
renewed interest it gains in various domains in scientific computing;:

It is naturally adapted to a high order approximation of the unknown field.
Moreover, one may increase the degree of the approximation in the whole mesh
as easily as for spectral methods but, with a DGTD method, this can also be
done locally i.e. at the mesh cell level. In most cases, the approximation relies
on a polynomial interpolation method but the method also offers the flexibility
of applying local approximation strategies that best fit to the intrinsic features
of the modeled physical phenomena.

When the discretization in space is coupled to an explicit time integration
method, the DG method leads to a block diagonal mass matrix independently
of the form of the local approximation (e.g the type of polynomial interpola-
tion). This is a striking difference with classical, continuous FETD formula-
tions. Moreover, the mass matrix is diagonal if an orthogonal basis is chosen.

It easily handles complex meshes. The grid may be a classical conforming
finite element mesh, a non-conforming one or even a hybrid mesh made of
various elements (tetrahedra, prisms, hexahedra, etc.). The DGTD method
has been proven to work well with highly locally refined meshes. This property
makes the DGTD method more suitable to the design of a hp-adaptive solution
strategy (i.e. where the characteristic mesh size h and the interpolation degree
p changes locally wherever it is needed).

It is flexible with regards to the choice of the time stepping scheme. One may
combine the discontinuous Galerkin spatial discretization with any global or
local explicit time integration scheme, or even implicit, provided the resulting
scheme is stable.

It is naturally adapted to parallel computing. As long as an explicit time
integration scheme is used, the DGTD method is easily parallelized. Moreover,
the compact nature of method is in favor of high computation to communication
ratio especially when the interpolation order is increased.

Asin a classical finite element framework, a discontinuous Galerkin formulation relies
on a weak form of the continuous problem at hand. However, due to the discontinuity
of the global approximation, this variational formulation has to be defined at the



element level. Then, a degree of freedom in the design of a discontinuous Galerkin
scheme stems from the approximation of the boundary integral term resulting from
the application of an integration by parts to the element-wise variational form. In
the spirit of finite volume methods, the approximation of this boundary integral term
calls for a numerical flux function which can be based on either a centered scheme
or an upwind scheme, or a blend of these two schemes.

1.2. DGTD methods for time-domain electromagnetics

In the early 2000’s, DGTD methods for time-domain electromagnetics have been
studied by a few groups of researchers, most of then from the applied mathematics
community. One of the most significant contributions is due to Hesthaven and War-
burton [3] in the form of a high order nodal DGTD method formulated on unstruc-
tured simplicial meshes. The proposed formulation is based on an upwind numerical
flux, nodal basis expansions on a triangle (2D case) and a tetrahedron (3D case) and
a Runge-Kutta time stepping scheme. In [4], Kakbian et al. describe a rather similar
approach. More precisely, the authors develop a parallel, unstructured, high order
DGTD method based on simple monomial polynomials for spatial discretization,
an upwind numerical flux and a fourth-order Runge-Kutta scheme for time march-
ing. The method has been implemented with hexahedral and tetrahedral meshes. A
high order DGTD method based on a strong stability preserving Runge-Kutta time
scheme has been studied by Chen et al. [5]. The authors also present post-processing
techniques that can double the convergence order. A locally divergence-free DGTD
method is formulated and studied by Cockburn et al. in [6]. In the same period, a
high order nodal DGTD method formulated on unstructured simplicial meshes has
also been proposed by Fezoui et al. [7]. However, contrary to the DGTD methods
discussed in [3] and [4], the DGTD method in [7] is non-dissipative thanks to a com-
bination of a centered numerical flux with a second-order leap-frog time stepping
scheme. The DGTD method has then been progressively considered and extended
to increasinlgy more complex modeling situations by groups of researchers in the
applied electromagnetics and electrical engineering communities for a wide variety of
applications related to aeronautics, defense, semiconductor device fabrication, etc.
[8]-[9]-[10]-[11]-[12]-[13]-[14] to cite a few. More recently, the method has also been
adopted and further developed by researchers in the nano-optics domain [15]-[16]-
[17]-[18]. A full review of the nowadays numerous applications of DGDT methods
would certainly require than a simple paragraph. Also worth to note, the DGTD
method has been implement in commercial software such HFSS-TD (the time-domain
version of the well-known HFSS software used for antenna design) [19].



1.3. Explicit versus implicit DGTD methods

From the above discussion, it is clear that the DGTD method is nowadays a
very popular numerical method in the computational electromagnetics community.
The works mentioned so far are mostly concerned with time explicit DGTD methods
relying on the use of a single global time step computed so as to ensure stability
of the simulation. It is however well known that when combined with an explicit
time integration method and in the presence of an unstructured locally refine mesh,
a high order DGTD method suffers from a severe time step size restriction. A
possible alternative to overcome this limitation is to use smaller time steps, given
by a local stability criterion, precisely where the smallest elements are located. The
local character of a DG formulation is a very attractive feature for the development
of explicit local time stepping schemes [20]-[21]-[22]. An alternative approach that
has been considered in [23]-[24] is to use a hybrid explicit-implicit (or locally implicit)
time integration strategy. Such a strategy relies on a component splitting deduced
from a partitioning of the mesh cells in two sets respectively gathering coarse and fine
elements. In these works, a second-order explicit leap-frog scheme is combined with
a second-order implicit Crank-Nicolson scheme in the framework of a non-dissipative
(centered flux based) DG discretization in space. At each time step, a large linear
system must be solved whose structure is partly diagonal (for those rows of the
system associated to the explicit unknowns) and partly sparse (for those rows of the
system associated to the implicit unknowns). The computational efficiency of this
locally implicit DGTD method depends on the size of the set of fine elements that
directly inluences the size of the sparse part of the matrix system. Therefore, an
approach for reducing the size of the subsystem of globally coupled (i.e. implicit)
unknowns is worth considering if one wants to solver very large-scale problems.

A particularly appealing solution in this context is given by the concept of hy-
bridizable discontinuous Galerkin (HDG) method. The HDG method has been first
introduced by Cockbrun et al. in [25] for a model elliptic probelm and has been sub-
sequently developed for a variety of PDE systems in continuum mechanics [26]. The
essential ingredients of a HDG method are a local Galerkin projection of the under-
lying system of PDEs at the element level onto spaces of polynomials to parametrize
the numerical solution in terms of the numerical trace; a judicious choice of the nu-
merical flux to provide stability and consistency; and a global jump condition that
enforces the continuity of the numerical flux to arrive at a global weak formulation
in terms of the numerical trace. The HDG methods are fully implicit, high-order ac-
curate and endowed with several unique features which distinguish themselves from
other discontinuous Galerkin methods. mots importantly, they reduce the globally
coupled unknowns to the approximate trace of the solution on element boundaries,



thereby leading to a significant reduction in the degrees of freedom. HDG meth-
ods for the system of time-harmonic Maxwell equations have been introduced in
[27]-[28]-[29].

1.4. Objectives of this work

In view of devising a hybrid explicit-implicit HDG method, a preliminary step
which is the focus of this work is to develop a fully implicit HDG formulation. In this
paper we present such a time-implicit hybridizable discontinuous Galerkin (HDG)
method for numerically solving the system of three-dimensional (3D) time-domain
Maxwell equations. The method is based on a second-order Crank-Nicolson scheme
for time integration whereas the discretization in space and in particular the defini-
tion of HDG traces are mostly inspired from the HDG formulations already knonw
for the time-harmonic Maxwell equations [27]-[28]-[29]. We study the stability of this
time-implicit HDGTD (Hybridizable Discontinuous Galerkin Time-Domain) method
as well as the solvability of the reduced system for the hybrid variable. The sequel of
the paper is oragnized as follows: in section 2 we state the initial and boundary value
problem that we want to solve, and then introduce some notations for the sequel;
section 3 is the core of the paper where we describe and study the properties of the
time-implicit HDGTD method; in section 4 we discuss about some implementation
aspects of the method; preliminary results are presented in section 5; finally, section
6 concludes the paper. We note that the numerical results presented here before
all aim at validating the proposed HDGTD method. A detailed assessment of the
performances of the method for more realistic 3D problems simulated on parallel
computing systems will be the subject of a subsequent paper.

2. Problem statement and notations

2.1. The system of 3D Mazxwell equations

We consider the system of 3D time domain Maxwell’s equations on a bounded
polyhedral domain Q C R3

1
uwoH + curl E = 0, dans  x [0, 77, (1)

{ e0,E — curlH = 0, dans Q2 x [0, 71,
where the symbol 0, denotes a time derivate, T" a final time, E(x,t) and H(x,t)
are the electric and magnetic fields. The dielectric permittivity tensor £ and the
magnetic permeability tensor p are varying in space, time-invariant and both positive



functions. The boundary of €2 can be decomposed in 9Q =T, UT", with I, "', = ()
and the boundary conditions are choosen as

{ nx E=0, sur I',,, x [0,77, 2

nxE+nx(nxH)=nxE"+nx (nxH"™) =g™, sur I, x[0,7T].

Here n denotes the unit outward normal to 9Q and (E™ H™) the incident field.
The first boundary condition indicates a metallic boundary condition (referring to a
perfectly conducting surface), the second relation is called absorbing and takes here

the form of the Silver-Miiller condition. Finally, the system is supplemented with
inital conditions: Ey(x) = E(x,0) and Hy(x) = H(x,0).

2.2. Notations and approximation spaces

We consider a partition 7, of €2 into a set of tetraedra. Each non-empty intersec-
tion of two elements K. and K, with e,g = {1,..,|74|}, is called an interface. We
denote by F} the union of all interior interfaces of T, by FZ the union of all bound-
ary interfaces of Ty, and Fj, = F/ U FZ. Note that 97y, represents all the interfaces
OK for all K € Ty,. As a result, an interior interface shared by two elements appears
twice in J7j, unlike in F;, where this interface is evaluated once.

For an interface F € Fl, F = K.N Fg, let v* be the traces of v on F from the
interior of K. ,. On this interior face, we define mean values {-} and jumps [-] as

1 _
{V}F:§(V+—|—V )7
[vlp =n" x v 4+n~ x v,

where the unit outward normal vector to K is denoted by n*. For the boundary
faces these expressions are modified as

since we assume Vv is single-valued on the boundaries. In the following, we introduce
the discontinuous finite element spaces and some basic operations on these spaces for
later use. Let P, (K.) denote the space of polynomial functions of degree at most p.
on the element K,.. The discontinuous finite element space is introduced as

V, = {v e (X)) | v, € Po(K)P, VK, € 7;}



where L?(Q) is the space of square integrable functions on the domain 2. The
functions in V), are continuous inside each element but be discontinuous across the
interfaces between elements. In addition, we introduce a traced finite element space
M,;, given by

M), = {n e [LAF)]” | n,, € [y, (Fp)]* . (n-n) r, =0, VEy € fh}.

For two vectorial functions u and v in [L2(D)]’, we denote (u,v)p = Jpu-vdx
provided D is a domain in R?, and we denote < u,v >p= fFu -vds if Fis a
two-dimensional face. Accordingly, for the mesh 7, we have

() = Z (Ve (o7 = Z (0 Yok s

KeTh KeTy
<'7'>]-‘h = Z <'a'>F’ <'?'>Fa = Z <'v'>F‘
FeF, FeFpnl'y
We set vi = —nx (nxv), v"=n(n-v) where v’ and v are the tangential and

normal components of v such as v = vt + v".

3. Principles and formulation of the global HDG problem

Following the classical DG approach, approximate solutions (E;,H},), for all ¢ €
,1'], are seeked 1n the space Vj X Vj satisfying for a m Jp
0, T ked in th V, xV isfying for all K in 7,
(€0:Ep, V) — (curl Hy, v) . = 0, Vv € V), )

(WO Hp, V) i + (curl Ep, v) . = 0, Vv € V.

Applying Green’s formula, on both equations of (3) introduces boundary terms which
are replaced by numerical traces Eh and ﬁh in order to ensure the connection between
element-wise solutions and global consistency of the discretization. This leads to the
formulation for all ¢ € [0, 7]

(58tEh,v)K — (Hh,CUI‘lV)K + <ﬁh,n X V> =0, Vv eV,
o ()
(WO Hp, V) i + (Ep, curl v) . — <Eh, n x v>(9 =0, Vv e V.
K

It is straightforward to verify that nxv = nxvland < Honxv >= — < nxH, v >.
Therefore, using numerical traces defined in terms of the tangential components HY,



and E!, we can rewrite (4) as

(€0Ep, V) — (Hp, curl v) . + <Iflz,n X V> =0, Vv €V,
. o (5)
(WO Hp, V) i + (Ep, curl v) . — <Ez, n x V>8K =0, Vv € V,.
The hybrid variable A}, introduced in the setting of a HDG method is here defined
for all the interfaces of Fj, as
Ay :=H. VFeF,. (6)

We want to determine the fields I/IIZ and ]/5\)2 in each element K of 7, by solving
system (5) and assuming that Aj, is known on all the faces of an element K. Let us
consider a numerical trace E! for all K given

E! = E! + 7xn x (A, — H.) on 0K, (7)
where T is a local stabilization parameter.

Remark 1. In a classical DG method the traces of the local fields E; and Hj
between neighboring elements are defined as

E, = {E)} + ay[H,] and Hy, = {H),} + ap[E4],
where ay and ap are positive penalty parameters.

Remark 2. Following the HDG approach, when the hybrid variable A is known for
all the faces of the element K, the electromagnetic field into K, can be determined
by the local system (5) using (6) and (7).

Adding the contributions of (5) over all the elements and enforcing the continuity

of the tangential component of Eh, we can formulate a problem which is to find
(Eh, H,, Ah) €V, x V, x My, such that for all t € [0, T}

(e0iEp, v) — (Hp,curlv) . + (Ap,n X v)y =0, Vv € Vy,
(1O Hp, v) . + (Ep, curlv), — <E§L, n x v> =0, Vv € V,, (8)

9Th
<[[Eh]]a77>]__ — (Ap,m)p, = (&7, m) » Y € My,
h

where the last equation is called the conservativity condition with which we ask the
tangential component of E;, to be weakly continuous across any interface between

8



two neighboring elements. With the definition (7), we can apply a Green formula on
the second equation of (8) and get for all ¢ € [0, 7]

(€0iEn, v)y — (Hp,curlv) - + (Ap,n X v)y =0,Vv € Vy,
(OHy, V) + (curl Ep, v) . 4 (tn x (Hy — Ap) ,n X V), =0,¥v €V,  (9)
(n x Ey, 77>a7'h + (7 (H}, — An) aﬂ)@ffh — (A, 77>ra = <ginc7 77>1"a ,Vn € My,

The main principles of the HDG method can be summarized as:

1. The DoF's of the hybrid variable are determined by solving a global linear
system (from the discretization of the conservation condition) supported by
the interfaces of Fy;

2. The DoFs of the electromagnetic field in each element are evaluated by solving
local linear systems, more exactly for the DoFs of (Ej, H,) in the considered
element.

3.1. Stability and conservation properties when I'y = ()

Selecting v = Ej(t) in the first relation of (9) and v = Hj(¢) in the second
relation of (9) and summing the two equations we obtain

L4 CIBL®)P + ul[HA@)]) = —(Ann x Ey(t)yy
— <7'n X (Hh<t) — Ah) ,n X Hh(t»@Th .

When T', = () it follows from the third relation of (8) with n = A that

| =

% (EIEOI + plHL(@)]]7) = = (rn x (Ay = Hy (1)) 0 x (A, — Hy(t))) o7, <0,

=

t

since 7 > 0. Thus, the energy function &,(t) = 3 (¢||Ej(¢)]|* + p|[Hy(t)]|?) decreases
in time such that &,(t) < &,(0), for all ¢ > 0. This result shows the stability in L2
sense. In particular, this method is dissipative for the considered numerical trace for

E! in (7).

3.2. Time integration

The system of equations (9) can be rewriten in the form of a differential algebraic
equation (DAE) such as

F(Ex(t), Ha(t), An(t)) =0, (10)



where F' is defined for all v in V}, and for all n in M, by

(€0iEp, v) 7. — (Hp,curl v), + (Ap,n X V),
(0 Hy, V)Th + (curl Ej, V)Th +(mx (H,—Ap),n X V>87-h
(0 X Ep,m)yr + (7 (Hy = An) M)y, — (A, — (8701

As explain in [30] the defined system is considered as a semi-explicit DAE. In this
sense, the third equation of (10) is called algebraic equation and is considered as a
constraint on the global system. The idea here is to transform the DAE into an ODE
which can be straightforward solved using numerical methods. From the previews
DAE, a perturbation problem is considered such as for all ¢ € [0, T

F (Eh(t),ﬁh(t),th@)) —5 (Kh(t)> , (11)

with 0 <y <<1 and
0

”Yatf/ih
As a first step, the perturbation problem is considered
(€0iEp, v)y. — (Hp,curl v) + (Ap,n x v),p =0, (12)
(10 Hp, v) 1 + (curl Ep, v). + (tn x (Hp, — Ap) ,n X v) . =0, (13)
V0 MR+ (0 X Ep,n) oy + (7 (Hf, = M) m)or — (Anm)p, = (8", n)p., - (14)
From here we can discretize the problem in time. We consider a sequence of time

steps
0=t"<t'<t?!<... <tV =T

For 0 < n < N — 1, we denote by (E}™', H}™' A}*!) the numerical approxima-
tions to (Ex(t" ™), Hu(t"1), Ap(t")) at time "' = (n + 1)At. Using a Crank-
Nicolson scheme on each equation of (12)-(14), the obtained system is written as:

10



find (EZ“, HZH, AZ“) €V, x V, x M}, such as

2e
n 1 n+1 n+1 n
At (E + )Th — (Hp* ,curlv)n = — (A} nx V>87_ +E(E V)7
+ (Hy, curlv),. — (Aj,n xv),
2
o (H V) 4 (curl B v) = = (o (BT - AR nxv),
200 gy n
+A_t (Hy,v)s — (curlE}, v)
—(mn x (Hy — Ap) ,n X v)yr
2y

(AL = A7) + (nx Eftm), = (7 (H)" =AY m),
O+ (g ),
—(n x EZ7"7>37;1
+ (AR M, + (8" )

At

In order to simplify the equations, we introduce € = 2¢/At, i = 2/ At and

2e

by = A7 (Ej, ) (HZ,cuer)Th — (A7, n x V>87_h’
2u n . : §

b = At (Hj, v)g, — (curl By, v)p — (mnox (Hj — AR) ,n X v)yr

by = —(mxE}m)yy — (7 ()" — A7) 1),y + (A} +87" +8™" m)

The system to be solved can be written as

(EB7 V), — (G ewrlv) (AR V), = b (15)

(nH;*, V)Th + (curl E;*, V>7‘h + {tn x (H*' — A7) n x V>8Th = by, (16)
2
T (AT = AR) (o B (7 ()™ = AR m), = (AR ), = ba(17)
By the DAE theory 7 tends to zero such as we can define the limit

2 n n
tim L (A7~ A7) =0,

11



Then, the system of equations is finally given by (in order to simplify the equations,
we omit the superscript "*1)

(EEn, v)y — (Hp, curlv) + (Ap,n X v), = bp, (18)
(,l_J,Hh, V)Th + (curl Eh, V)Th + <7'Il X (Hh — Ah) ,nXx V>8Th = bH, (19)
<Il X Eha 'rl>87}l + <T ((Hl}:z) - Ah) an>a7—h - <Ah> 77>ra = bl\' (20)

3.3. Well-posedness of the local solver

For a € My, (E¥, HY) denotes the approximate solution at time n + 1 whose
restriction to an element K € 7T, is the solution to the local problem

(EE}, V) — (Hy, curlv) . + (a,n X V), = bg, Vv eV, (21)
(FH}, V) e + (curl Ef,v) . + (tn x (Hj, —a),n x V), = by, Vv e V,.(22)

Setting by = by =0, v =E® in (21) and v = HY in (22), from the second equation,
we have

(curlEz7HiLy)K - = <Tn X (Hz - Oé) ;X H%>8K - (ﬂHgaHg)Ka
which is inserted in the first equation and obtain
(CEN ED) o+ (pHY HY) o+ (o x (H — o) ,n x Hy) e+ (a,n x E) . = 0. (23)

For @ = 0 and assuming 7 > 0, (23) implies that Ef = HY = 0 on K and since &
and [i are strictly positive real numbers.

3.4. Characterization of the reduced problem

Firstly, we consider equation (18) with A, = n (E], H}) and with v = E we
obtain
(€E}, Ey), — (Hy,curl E}) . + (n,n x E}),. = bp. (24)

Secondly, we set v = H§ in (19) to obtain
(uHy, HZ)Th + (curl Ej, HZ)Th +(mm x (H} —a),n x HTIZ>6Th = by (25)
Adding (24) with (25) leads to

(CE}) Ep) . + (pHy, Hy) - + (n,n x Ej)

26
+(m x (Hy —a),n x H}),. =bp+ by (26)

12



The conservativity condition (20) for o € My, where (Ef, HY) denotes the approxi-
mate solution, yields

(nx Ep,n)yr +(tnx (Hy —a),nxn)yr —(a,n)p, =ba. (27)

We replace (n x Ejf, ), in (26) by (27) and we deduce that « is the solution of
the following reduced problem for «

Ah(a>77) = Eh(77>7 VU e M, (28)
with

An(a,n) = CE, E)) . + (pHy, Hy) . + (tn x (. — Hy) ,n x (n — H)),r + (@, n)p,
ﬁh(n) =bg+ by —by.

Note that the bilinear form A, is symmetric positive definite. Let us now prove the
existence and uniqueness of the approximate solution.

Theorem 1. If we assume T > 0, then the HDG method (18)-(20) has a unique
solution (Ey, Hy, Ap) for any time iteration n > 1.

Proof. We suppose that the right-hand side of (28) is equal to zero
Ap(a,n) =0, Vn € My,
Next, we choose n = a and the relation becomes
An(e, o) = g [| B |* +i | Hy |* + (rn x (o — Hp) 0 x (o — Hy)y7 + (0, )y, -

A sufficient condition for having A, (a,a) = 0 is to require that each of the terms
are zero. The two first terms imply that Ejf = Hj = 0 for all K € 7}, since &€ > 0
and fi > 0. Moreover, a = 0 on I', by (a, @) = 0. Then, from Hj, = 0, we have

(rn X (o —Hy) ,nx (e —Hjp))yr = (X a,n X a), .

Assuming 7 > 0 implies that « = 0 on 0K, for all K € 7;,. In summary, o = 0 on
FrnNT, and on 7y, so a = 0 everywhere. O

13



3.5. Energy variation and unconditional stability

The total discrete electromagnetic energy in 7T, at time n is given by

£ =5 (EllBRI1* + Al [FL]7) - (29)

l\DI»—t

Lemma 1. Using (15)-(17), the total discrete electromagnetic enerqy defined by (29)
is non-increasing in time i.e. E"1 < E". Then, the totally discretized problem (18)-
(20) is unconditionally stable.

Proof. Choosing as test functions v = (E}*" + E}')/2 belonging to Vj, in (15) and
v = (H}*' + H})/2 belonging to V, in (16) and summing

1 E" + Ep
- ( ‘En-i-lHZ +,UHHn+1H ) AZ—H,H > h—+h
2 2 o

n+1 n
< Hn+1 Az—l-l) n x <Hh+ + Hh) >
2 oT,

1 n | DU D

= 5 (BRI + [ HRI?) = (A mox | ="
2 2 9T}
h

H 4 HY
—<7‘n « (HI — A7), n x (hTH» .
T,

The energy variation is then given by

n+1 n
gn+1_gn _ _<(AZ+1+AZ),H (E +E )>
2
Th
n+1 n
<Tn><(H”+1+H” nx(H +Hj )>
Th

n+1 n
+<Tn><(AZ“+A” ,n><<H + Hi )> |
0Th

From (17) withn = Ay, = Ay +Ap, By, = (B +Ep) /2 and Hy, = (H ™+ H}) /2,

we have
H' + H?
= —<Tn><(HZH+HZ),n><(—h i h>>
2 o,

En+1 E?
<n % # An+1 +An>
4 H An+1+A ”2

T
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Finally, we found the result

HH + HY
gt _gn = — <m x (Hp™' + H}) ,n x (hTH» — || AP+ AT P 0.
0T

]

4. HDG method implementation

Let us introduce some notations and definitions. For all K, € 7}, we have

(Enly. . Hyl, ) = (B H) : K. x K, — R3 x R3,

where E° (x) = [E%(x), E¢ (x), B (x)] and H¢ (x) = [HS (x), HE (x), HE (x)] "
The components of electromagnetic field are expanded in element K. by a linear
combination of basis functions ¢ (x) C P, (K.)

Eg (x) = ZEE gle5 (%), Hi(x) = ZEZ Ul (x)  (§edz,y,2}), (30)

where N = (pe + 1) (pe + 2) (pe + 3) /6 the dimension of P, Ef [j] and H [j] are
the DoF's of the electromagnetic field supporting by K.. For all Fy € F,, we have

Aplp, =AT :Ff — R

A () ML)+ AL W, 3y

where u/ and w/ represent coordinate axis. A/ and AJ, are decomposed by linear
combinations of basis functions wf (x) C Py, (Fy), such as

AL (%) = ZAﬁ Gl x), A= ZA@ [19] ()., (32)

where AZ [j] and A, [j] are the DoFs of A/ associated to Fy, and Nj, = (py + 1) (py +2) /2
the dimension of P, (FY).

Remark 3. In practice, u/ = @/ /|[a/||y and w/ = W/ /||W/||, with @/ = nf — n]

and W/ = nf; —ny where ny, ny and ny represent the three nodes associated to F.
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Henceforth, we denote by v, the set of indices of neighboring elements of K.. For all

K. €T, (e€{l,---,|Th]), we have |v.| faces, denoted by OK! € 9T, and defined by
aKé:KHFW le{l,'--,|V@|}, gGVe~

We get a local indexing of faces, element per element. Moreover, we define the
function o that maps the local to the global numerotation in Fj, (see Figure 1)

VFy € Fi such that Fy = K. NOK}, o(el) =0o(g,k) = [,
VE; € FP such that Fy = 0K N (T, Uly,), o(el)=f.

In order to approach the values of (Ey, H},) in an element K. € 7}, one has to know

. 0K}
OK! OK? . !
¢ < 8k 54 ) [({l’ 0 K{']
) oK

Figure 1: Function o and indexing (local/global) in 2D: conforming mesh (left) and non-conforming
mesh (right).

the values of the fields in each neighboring element of K.. One major criticism of
DG method is that they have too many degrees of freedom (DoFs) due to nodal
duplication at the element boundary interfaces

where N, is the dimension of P, (K.), i.e. N = (pe + 1)(pe + 2)(pe + 3)/6. The
goal of the HDG method is to reduce the number of globally coupled DoFs. For
that purpose, the HDG method introduces a hybrid variable, as a new unknown, on
the faces of Fj,. This new unknown can be determined by solving a global linear
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system from the discretization of a conservation condition for the hybrid variable.
More exactly, the DoFs from the hybrid variable can be defined by the resolution
of a global linear system. When the DoFs of the hybrid variable are known, the
electromagnetic field (E;, Hy,) can be locally determined element wise thanks to the
resolution of local linear systems defined in each K € 7T;,. For the HDG method, the
total number of globally coupled DoFs is given by

[Fhl

> 2N,
f=1

where
NE= (s +1) (0 +2) /2,
is the dimension of the space P, (Fy).

Remark 4. If we consider a uniform degree of interpolation for elements and faces,
i.e. po = py = p, VK. € Tp, VF; € F},, then the total numbers of globally coupled

DoF's are
DG method: (p+1(p+2)(p+3)|Thl
HDG method:  (p + 1)(p + 2)|Fnl-

For |F,| = 2|Tx|, 2/(p + 3) is the ratio of the number of globally coupled DoFs of
HDG method to DG method.

4.1. Local linear system

Taking (30)-(31) and choosing the basis functions of V, as test functions in (18)-
(20) we obtain that [EE,EZ,EE,EZ,EE,EZ]T and [Ai(e’l),Agv(e’l)]T, 1 <1< v
satisfy the following system

_E;_
EZ |vel
E¢ Ve Ao(e,l)

e | & (e,))) | 22u _ e

A He +;C lA‘JV(e’”}_P’ (33)
Hl
| H ]

A°, CV | being matrices of dimensions 6N§ x 6Ng and 6N§ x ZNZ(G’D and P¢ a
local right-hand side.
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4.2. Global linear system

A global linear system can be obtained for the DoFs of the hybrid variable Ay,
in Fp. Let us start by Fy € .7:,{ an interior face between two elements K, and K.
This face takes the local indices [ and k£ on K. and K, respectively, in particular
f=o(el)=0(g,k). For all n € M}, we have

(n x Ep, "7>3Ké — 7@ (n x (n x Hy), "7>8Kg — 7 (A, 77)@1(@

+ (n x Ey, n)aKg — lok) (n x (n x Hh)»"?)aKg (34)
_ 7lg:k) <Aha"7>aKg; =0.

Now, we consider a boundary face Fy € T, such as Fy € 0K! NT,. For all n € My,
the conservation condition takes the form

<Il X Eh> 77)3[{@ - T(eJ) <Il X (Il X Hh)7 77>8Ké

e inc (35)
— (1 + 7Y <Ah?n>8Ké = <g 777>6Kg'

Using (30)-(31), replacing the test functions in (34) by the basis functions of M,
and using (35) we can find another relation between [EZ,EZ,E?,E;,E;,E?]T and

[A‘l’l(e’l),Agv(e’l)]T, 1 <1< |v.|. With (33) we obtain the following system

| 7n | 7| |7 n
where K is a matrix of size Z INL x Z 2NI and b, is a vector of length Z INTL.
f=1 f=1 f=1

5. Numerical results

The HDGTD method described in the previous sections has been programmed
in Fortran 95/2003 for a renormalized version of the time-domain Maxwell equations
(1). The equations are still formulated as in (1) but with € = ¢, and u = u, where
g, and p,. are relative electromagnetic parameters without dimension. Beside, in the
renormalized equations, the time variable ¢ is given in meter while the electric and
magnetic fields, E and H, are obtained in Volts per meter (V/m).
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5.1. Propagation of a standing wave in a cubic PEC cavity

In order to validate and to study the numerical convergence of the proposed 3D
HDG method, we consider the propagation of an eigenmode in a closed cavity (€2 is
the unit square) where the walls are metallic, the frequency f = V3 /2¢co Hz, where ¢
is the speed of light in vacuum, and the wavelength A = 1.1547 m. The permittivity
and the permeability are equals to the constant vacuum values € = g9 and p = pyg
i.e. €, = p, = 1. The exact time-domaine solution is given by

E.(z,y,z,t) = —cos(mz)sin(my) sin(rz) cos(wt),
E,(x,y,2,t) = 0,
E.(z,y,z,t) = sin(mzx) sin(my) cos(mz) cos(wt)
and -
H,(z,y,z,t) = ——sin(nx) cos(my) cos(mz) sin(wt),
w
2
Hy(z,y,2,t) = nill cos(mz) sin(my) cos(mz) sin(wt),
w
H.(x,y,z,t) = I cos(mx) cos(my) sin(mz) sin(wt)

w

where the angular frequency (or pulsation) is given by w = 27 f (rad - s7'). The
above relations are used to initialize the E and H field components in the cavity.
The parameter 7 in the HDG traces is taken equal to 1. The time step is chosen
as At = copr, Atmin where At is the global minimal time step over the whole mesh.
The value of the time step is chosen such that the accuracy does not affect the
accuracy in space. We measure the maximal Lo-norm of the error for a sequence of
successively refined tetrahedral meshes starting from a uniform coarse mesh. The
latter is obtained by subdividing a finite difference grid of the unit cube. We plot
this error as a function of the square root of the number of DoF's required for the
interpolation of the electric and magnetic field, in logarithmic scale. On Figure 2a,
we observe an optimal convergence order for the electromagnetic field. For a too
large value of the coefficient ccpy,, the discretization error in time is predominant
and the order is equal to 2 independently of the interpolation degree, see Figure
2b. We proceed by comparing the proposed time-implicit HDG with a classical
centered flux time-implicit DGTD method [24] in terms of memory occupation and
CPU time for the same problem. The coefficient cqpy, is set to 1. We make use of the
MUMPS sparse direct solver [31] for the inversion of the HDG system (36) and of the
global linear system characterizing the time-implicit DGDT method. Simulations
are performed on a workstation equipped with an Intel Xeon E5-2630@2.60 GHz
processsor. The obtained results are summarized in Table 1 for two interpolation
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Figure 2: Standing wave in a PEC cavity: numerical convergence study.

orders. We clearly see that the HDG method outperforms the DG method both on
the memory requirement and CPU time metrics, especially at higher interpolation
orders.

5.2. Scattering of a plane wave by a dielectric sphere

We now consider the problem of the scattering of a plane wave by a dielectric
sphere in free space. The computational domain €2; is artificially bounded by a
sphere with radius r; = 1.5 m on which the Silver-Miiller absorbing condition is
applied. The dielectric sphere €25 is assumed to have a radius of ro = 0.5 m and
bounds a material of relative permittivity €, 2 = 2 and relative permeability ji,o = 1
(non-magnetic material). The medium exterior to the dielectric sphere is assumed
to be vacuum, i.e. £.;7 = p,; = 1. At initial time, the electromagnetic field is set to
zero while the incident plane wave is defined by EF = E* = H* = H* = 0 and

{ E™(z,y,2,t =0) = cos(wy), an

H(2,y,2,t =0) = —cos(wy)

We consider two cases. In the first one, the frequency of the incident plane wave
is equal to I’ = 300 MHz and the total simulation time is set to T = 3.3310%s
which corresponds to a propagation of the initial wave over 10 periods. In this case
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P! P3

DG HDG DG HDG
Matrix order 36 864 39 168 184 320 130 560
# non-zero entries 2 988 320 1562 112 64 448 080 17 356 800
Fill-in ratio (%) 0.21 0.1 0.19 0.1
Storage LU (MB) 541 115 13 442 1271
Overall storage (MB) 827 188 20 383 1 985
Analysis time (s) 0.7 0.09 12 0.7
Factorization time (s) 46 3 8 308 143
Ly error 4.68107%  4.22107*  3.61107%  3.601072

Table 1: Standing wave in a PEC cavity: comparaison between the time-implicit DGTD method
and the time-implicit HDGTD method.

the time step is set to At = 311At,;, where At ., is the smallest time step over the
whole mesh which is equal to 107'%s (the largest time step is equal to 1.91071%). In
the second case, we set I = 600 MHz and a final time 7" = 1.67 10~8s which also
corresponds to a propagation of the initial wave over 10 periods. The CFL number is
here set to 155. We present results for HDG-P, methods with k£ = 1,2,. The better
accuracy with increasing k is here limited by the second-order time approximation
(as mentioned in the previous case) and by the approximation error on the circular
geometry of the interface between the two materials as well as the use of the first
order Silver-Miiller absorbing condition. The contour lines of the real part of the
discrete Fourier transform (DFT) of the component E, evaluated are exposed in
Figures 3 and Figures 4, respectively. = To assess the performances of the HDG
method, we summarize in Table 2 different values, in particular the number of non-
zero elements and the memory requirement for the analysis and factorization of the
matrix of system (36). These value are here independent of the frequency F' on the
incident plane wave. Data for a simulation performed with a fully explicit centered
flux-based DG method [7] are also given. Despite the overhead introduced by the
resolution of the linear system for the hybrid variable (36), the time-implicit HDG
method is faster in CPU time, thanks to the possibility of using a larger time step.

6. Conclusion

In this work we have presented a time-implicit hybridizable discontinuous Galerkin
method to solve numerically the time-domain Maxwell equations in 3D. We have
provided preliminary numerical results demonstrating that the method can be com-
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(a) HDG-P; method. (b) HDG-P3 method.

Figure 3: Scattering of a plane wave by a dielectric sphere: contour lines of DFT(E,) for F =
300 MHz.

(a) HDG-P; method. (b) HDG-P3 method.

Figure 4: Scattering of a plane wave by a dielectric sphere: contour lines of DFT(E,) for F =
600 MHz.
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Implicit Explicit
HDG-P, HDG-Py DG-P,

CFL number 311 311 0.82
Matrix order 547 884 1095696 547 848
# non-zero entries 22 671 072 90 684 288 3 456 256
Fill-in ratio (%) 0.007 0.007 0.001
Analysis storage (MB) 11 561 43 168 1664
Factorization storage (MB) 8863 32 356 1648
Analysis time (s) 3.0 7.4 0.4
Factorization time (s) 174.9 17254 0.236
CPU time (s) 151 11384 16 362

Table 2: Scattering of a plane wave by a dielectric sphere F' = 300 MHz: performance results.

putationally efficient for moderately large 3D problems. In order to address much
larger and more realistic problems, a strategy combining explicit and implicit time
schemes in the spirit of [23]-[24] will be one of our future works. Beside, improving
the accuracy in time is also an important objective. In the context of hybrid explicit-
implicit time integration strategies, an original approach inspried from domain de-
composition principles has recently been presented in [32] for the second-order wave
equation. Whether such an approach can be extended to the first-order form of the
system of time-domain Maxwell equations remains an open question that would be
worth considering in the HDG discretization framework. Finally, devising a scalable
implementation of such an hybrid explicit-implicit HDGTD method will also be a
mandatory step.
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