N
N

N

HAL

open science

An efficient numerical method for time domain

electromagnetic wave propagation in co-axial cables

Akram Beni-Hamad, Geoffrey Beck, Sébastien Imperiale, Patrick Joly

» To cite this version:

Akram Beni-Hamad, Geoffrey Beck, Sébastien Imperiale, Patrick Joly. An efficient numerical method
for time domain electromagnetic wave propagation in co-axial cables.

Applied Mathematics, 2022, 10.1515/cmam-2021-0195 . hal-03408400v2

HAL Id: hal-03408400
https://hal.science/hal-03408400v2
Submitted on 30 Mar 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Computational Methods in


https://hal.science/hal-03408400v2
https://hal.archives-ouvertes.fr

DE GRUYTER

Akram Beni Hamad, Geoffrey Beck, Sébastien Imperiale , and Patrick Joly*

An efficient numerical method for time
domain electromagnetic wave propagation
in co-axial cables

Abstract: In this work we construct an efficient numerical method to solve 3D Maxwell’s equations in
coaxial cables. Our strategy is based upon an hybrid explicit-implicit time discretization combined with edge
elements on prisms and numerical quadrature. One of the objective is to validate numerically generalized
Telegrapher’s models that are used to simplify the 3D Maxwell equations into a 1D problem. This is the
object of the second part of the article.

Keywords: Coaxial cables, Maxwell’s equations, Hybrid numerical method, Edge elements, Telegrapher’s
models, Numerical simulation.

1 Introduction and motivation

The numerical simulation in the time domain of electromagnetic wave propagation in coaxial cables networks
is an important issue in many industrial applications, whether it concerns communications network or power
supply of devices. Indeed, one of the issue is the non-destructive testing of these cables. Non-destructive
testing of defects [3], [1], [5] often relies on forward modelling and simulations of the electric quantities
propagating in the cables. The underlying models that are mainly used are based on representation of the
coaxial cables has 1D model called telegrapher model which deals on the propagation of the voltage and the
current along infinitesimal RLCG quadripole (see [24] for cylindrical case) although the real propagation of
electromagnetic waves is governed by 3D Maxwell’s equations.

More in detail, a straight cable of length L is made of a dielectric material that surrounds a metallic
inner-wire (whose presence is needed for allowing for wave propagation along the cable at frequencies of
interest) and is surrounded by an outer sheath. The inner and outer structures are both made of perfect
conducting materials so that the electromagnetic field is confined in the dielectric part (for questions about
non-perfectly conducting inner and outer wires, readers can refer to [7]). This dielectric part can be defined
as a longitudinal succession of plane transverse 2D plane cross-sections with one hole. More precisely, z3
denoting the abscissa along the cable, the domain of propagation €2 for the electric field is

o= |J S (1)
zze -5, 5]

where the cross section S(x3) is the difference between two connected open sets of R?

S(x3) = Oc(x3) \ O4(x3), Oc(x3),Oi(x3) C R? connected, O;(z3) C O;(x3), (2)
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which means that the boundary of S(x3) has two connected component:
85(%3) = Fe(ibg) U FZ(CL'J) (3)

where I'c(z3) := 00¢(23) (resp. [;(x3) := 00;(x3) ) will be called the exterior boundary (resp. the interior
boundary) of S(z3).

In industrial applications, cables are thin, mathematically we will consider that its transverse dimension is
proportional to a small parameter § < 1. By using an asymptotic analysis of the 3D Maxwell equations
with § — 0, several 1D simplified models of such kind were rigorously derived in [4]. If some of this models
have been justified from a mathematical point of view by error estimates when the cable has cylindrical
geometry, to our knowledge, there is no existing quantitative numerical comparison between 1D model
and 3D Maxwell’s theory. Doing so requires performing 3D simulations with 3D Maxwell’s equations. This
is a computational challenge particularly since the cable is thin and the goal of this paper is to precisely
addressed these issues. To better outline the difficulties to handle, it is worth while mentioning that a
typical simulation problem contains naturally three length :

—  the diameter of the cable J,
— the mean wavelength along the cable A,
— the characteristic length of the propagation L.

Due to the elongated structure of the propagation domain §2, it is natural to use elongated meshes with
step size h in the longitudinal direction x3 and step size bt in the transverse directions. These parameters
are constrained by the characteristics of the problems as follows

—  hp < 4, for well dealing with the internal structure of the cable and well representing the variations of
the electromagnetic field inside each cross section,
— h < A, to represent accurately the variations of the solution in the longitudinal direction.

In practice, as § < L, we will have hp < h which leads to a huge number of degrees of freedom.

When time discretization, with time step At, is involved, one has traditionally to face a choice:

(i) Either one uses a fully explicit time discretization in which case, for stability reasons (CFL conditions),
At is constrained by the small space step hp, i. e. At < ¢~ hp where ¢ is a constant that has the
dimension of a velocity. This clearly imposes very small time steps.

(ii) Either one uses a fully implicit and unconditionally stable time discretization. In this case, there is
no more constrain on At for stability reasons but the problem is that a large linear system has to be
solved at each time iteration.

In summary, each of the two above solutions would lead to prohibitive computational costs (if not out of reach
computations): either the number of time steps is much too large, case (i), either the cost of each time iteration
is much too high, case (ii). That is why our objective to find a trade off between solutions (i) and (ii) in which

(a) At would be constrained by the longitudinal space step h only, as for a 1D propagation problem
discretized with an explicit scheme
(b) The cost of each time iteration would remain reasonable.

This objective will be attained through an hybrid time discretization approach that would be implicit in
the transverse directions, ensuring (a), but explicit in the longitudinal direction, ensuring (b).

The outline of this article is the following:
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e Section 2 is dedicated to the full discretization in space and time of the Maxwell’s equation in straight
coaxial cables. In a first section we derive a specific form of the Maxwell’s equation, Section 2.1, where
we make explicit the equations satisfy by the transverse and longitudinal component of the electric
field. Section 2.2 is dedicated to the semi-discretization in space. We first treat the discretization with
respect to the longitudinal variable (Section 2.2.1) then with respect to the transverse variable (Section
2.2.2). it turns out that the proposed discretization can be re-interpreted via prismatic edge’s element
[8, 11] on prisms (Section 2.2.4). Finally, in Section 2.2 we describe the semi-discrete scheme in an
algebraic form. Section 2.3 concerns the time discretization . In Section 2.3.1, we propose an hybrid
implicit-explicit scheme, whose complexity and stability properties are analyzed Section 2.3.2 and 2.3.3.

e In the sections 3 and 4 we use our scheme in order to validate numerically the generalized 1D Telegrapher
model of [16], that is recap Section 3.1. We describe in Section 3.2, the method used for the discretization
of this 1D model , which involve non-local in time operators. The last section, Section 4, is dedicated to
the validation tests.

2 A numerical method for cylindrical cables

We consider a cylindrical cable for which the cross section is independent of x3 (see Figure 1) and we
assume, for simplicity of the exposition, that the length L is infinite so that

Q=S5xR, (ie S(xz3)=S (independent of z3), 9S =T UT;. (4)

The dielectric material is characterized by the electrical permittivity € and the magnetic permeability p

A T2

heterogeneous
propagation domain

o = (71, 22)

T

Fig. 1: Left : slice of the domain, right :the geometry of the domain Q.

which are both function of the space variable x € ) that satisfy the usual assumptions
O<p— <px)<py, 0<e_<elx)<ey aex=(xr1,r2,13) €N

We shall also consider the possibility that the cable can be, at least locally, conducting, wich is modelled
through the conductivity o,

0<o(x)<o4, ae x=(x1,29,23) € (5)

Note that the translational invariance in x3 concerns only the geometry of the domain €2, not the coefficients
e, o and p. The propagation of waves in the cable 2, through the unknowns E(x, t) (the electric field) and
H(x,t) (the magnetic field) is governed by 3D Maxwell’s equations completed with perfectly conducting
boundary conditions on 052,

e E+0cE-V xH=0, in QxRT.
woH+V xE =0, in Q xRT, (6)

E xn=0, on 00 x R,
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where ¢ is the time, V x the 3D curl operator and n stands for the unit outward normal. The model is
completed with initial conditions (for simplicity again we have suppose the absence of source terms, without
any loss of generality)

E(-,0) = Eo, H(-,0) = Ho. (7)

Our method will be developed for the second order electric field formulation of the problem, obtained after
elimination of the magnetic field,

cRE+0RE -V x p ' VXE=0, in QO xR,
Exn=0, on 9Q x RT, (8)
E(-,0) =Eo, OE(,0)=c"1(V xHy—oEo) in Q.

Our approach will be based on a particular rewriting of that well separates the roles of the longitudinal and
transverse space variables (resp, longitudinal and transverse electric fields).

For the simplicity, without any loss generality, we shall present our method in the case ¢ = 0. The
conductivity will be reintroduced in Section 3.

2.1 An adequate reformulation of the continuous problem

We introduce the longitudinal and transverse space variables
x = (x1,23), X1 = (71,72)
and decompose the electric field into transverse (Er) and longitudinal (E3) components,

ET El
E= with Ep =
Es E,

To rewrite (8), we shall use the following transverse curl and gradient operators (note that the index T
refers to transverse derivatives),

82E3 81E‘3
I‘OtTET = 81E2 - 82E1, I‘OtT E3 = 5 VT E3 = . (9)
—01F3 02 F3

The first one is a scalar rotational operator whereas the second is a vectorial rotational operator which can
be seen as a "rotated" gradient

,E2
roty B3 = —e3 x VpE3, with e3x Ep = and ez = (0,0,1)".
Eq

These rotational operators are related to the 3D curl operator via

rotrE3 + e3 x O3Er
VxE=
I‘OtTET

Thus, the Maxwell’s equations (8) rewrite (this is straightforward computations)

€ G?ET — 03 (u‘lagET) + rotp (,u_lrotTET) + 03 (u‘lvTEs) =0,
(10)
€ 6t2E3 + rotp (uflrotTEg) + divp (,uilagET) =0.
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2.2 Space discretization

We shall use a Galerkin approach based of the weak (variational) formulation of (10). In order to give the
weak formulation of this problem, we introduce the following functional spaces

H(rot; ) := {(ET,Eg) € L2(Q)2 X LQ(Q) /rotrEs + es x 3Ep € L2(Q)27rOtTET € L2(Q)},
V := Hy(rot; Q) = {E € H(rot;Q) /E xn =0 on 6(2}.

We aim at finding (ET, E3) € V such that for any test function (ET, Eg) €V, we have
2 ~ ~ ~ ~
p7e) m(Er,Er) + ks (Er, Ep) + kr(Er,Er) — csr(Es, Er) =0,
(11)
2

wm(E&Ez,) + kT(E3>E3) - C3T(E3aET) =0,

with the continuous bilinear forms

m(E7,Er) := /EET-ET, m (B3, B3) := /6E3 Es,
Q Q

kr(Er,Er) = /;flrotTET rot7Er, kr(Es, E3) == /;flvTE;; VrEs, (12)
Q Q

ks (E7,E7) / 1 93Er - 0sEr, csr (B3, Er) :/,fl VrE;s - 0sEr.
Q Q

The stiffness bilinear forms kr, kr and k3 do not couple transverse and longitudinal fields. We use bold
letters when they apply to transverse fields. The index T means that only transverse derivatives are involved
while the index 3 means that only x3-derivatives are involved. Oppositely the bilinear form ¢z couple the
transverse and longitudinal fields and mixes the x3 and transverse derivatives. We shall call it the coupling
bilinear form. Note that, at the exception of c3r, these bilinear forms are symmetric and positive. The
coupling term can easily be controlled thanks to Cauchy-Schwarz inequality

lcsr (B3, Er)| < kr (E3,E3)% k3 (ET7ET)%- (13)

We now deal with the space discretization. For the presentation, we find useful to treat successively the
discretization in x3 first (Section 2.2.1) then in the transverse variables xp (Section 2.2.2), which is by the
way justified by the "cylindrical structure" of 2. However, we can reinterpret the result of these two step as
the result of direct 3D discretization (Section 2.2.4).

2.2.1 Semi-discretization in z3.

For the longitudinal discretization, we decomposed the cable ) into small cylindrical cells
CJ+1—{XT,x3)€Q/jh<x3<(j+1)h}, JEZ (14)

These cells of size h in the z3 direction (h is the longitudinal space step) are separated by transverse cross
section Sj,j € Z (see Figure 2 ) where, by definition

VveR, 8, ={(xp,vh),xr € S} (15)

We know describe V;, the approximation space of the 3D space H(rot; (), it is the product space

V= Vh,T X Vh,g - H(I‘Ot;Q), (16)



6 = P.Jolyetal, DE GRUYTER

Sections
S, =Qn{z3 =vh}

C]-_'_% = {(XT,I;;) € Q/]h <z3< (]+1)h}
Cylindrical cells

Fig. 2: Schematic of the sections and the cells of the cable.

where the approximation of transverse field E7 lives in V, 7 whereas the approximation of the longitudinal
variable Fj3 lives in V}, ¢. On the one hand, Vj, 7 is made of P; continuous function in three directions with
value in the 2D H (rotr, S) space

Vi, = {Ep) € C°(R; H(rotr, S)) / V¥ j, ET\CH% € Py (R; H(rotr, 5)) }, (17)

where, H(rotr; S) := {Ep € L?(Q)? x L*(Q) /rotrEr € L*(Q)}.

In other words, for any Er € V7, denoting Er ; = Er[s; € H(rotr,S), we have

Er(xr,23) = Z Er ;(x1) wj(zs), (18)
JEL
where w; is the usual hat function associated with z3 = jh (see Figure 3 ).

On the other hand, the space V}, ; is made of piecewise constant (Pg) functions in z3 with values in H*(S)
Vie = {Es : Q= R/ j, Ele, , €Po (R; H'(S5))}. (19)

In other words, for any E3 € V}, ¢, there exists E37j+% € HY(S),j € Z such that
Bs(xr,es) =) Byjoa(xr)xjy(ws), Byjpy = Bals (20)

JEL

where x;, 1 is the characteristic function of the interval (jh, (j + 1)h] (see Figure 3).

g

i Xj+3

wj

Sjry

G-Dh  jh (G+1h s G-Dh  jh G+op B

Fig. 3: The 1D basis functions w; (left) and Xjt1 (right)
2

The semi-discrete problem is obtained essentially by rewriting the variational formulation (11) after replacing
the continuous space by the semi-discrete space Vj,. More precisely, this problem reads:

Find (ET,h7E3,h) € Vy, ==V, r x Vp ¢ such that for any (ET,ha E&h) € Vy,
&2 - - - -
72 M (Ern.Erp) + ks (Erp. Erp) + krn (Ern, Erp) — csr(Esp, Erp) =0,
(21)
2

d _ _ _
p7e) m(ES,m ES,h) + kr (Es,fu Es,h) —c37 (Ea,h, ET,h) =0.
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Apart from the functional spaces, there is another difference between (11) and (21) which makes our
approximation non-conforming in the finite element sense. This ingredient is in fact very important for the
efficiency of the method and to end up with numerical schemes which will be explicit in x3. More precisely,
we approximate the two bilinear forms that involve transverse fields and do not involve z3-derivatives,
namely (m and kT)7 by using a quadrature formula in the z3 direction, transforming them into (mh and
kT,h). More precisely, with respect to the definition (12) of the exact bilinear forms

(mkr) — (makrs) via /af»fsf, Q/u‘lf%fu‘lﬂ (22)

Q Q

where fQ e f (resp. fQ p~ ! f) refers to a nodal quadrature formula in 23, well adapted to the measure ¢ dx
(resp. u~! dx). More precisely, for f € C° (R; Ll(S)) NnL (Q)7 we set

%ef hZ/ " fJ+1‘f‘fJ)de7 fi = fls, (23)

where Ej+%(XT) holds for the 1D mean value of € in C, 1,

(G+1)h

a.e. Xy € 5, Ej+%(XT) = e(xrp,x3) drs, (24)

h
ih

Remark 2.1. One has the Fubini-like formula

j[af - / (j[a(xT,xg) f(xr, z3) dwg)de (25)
Q S R

with the 1D quadrature formula, for any g € L*(R) N C°(R),

75 e(xr,m3) glus) dog = h Y e;y 1 (xy) (LULEPEIUR) ) (26)
R J

Note that this formula can also be written

%6(XT,x3) g(z3) das := /€h(XT,l‘3) m1,n9(x3) dzs. (27)

R R

where €y, 1s the piecewise constant approximation of € with its mean value inside each interval
(§h, (j +1)h] and 1 g is the Py-interpolate of g.

One has the fundamental property (1D mass lumping) about hat functions
VLF# g, %E(XTJ&%) wj(z3) we(xs) das :==0 (28)
R

For what follows, it will be useful to have an expanded version of the bilinear forms appearing in (21), when
acting on the semi-discrete spaces. Since functions in V}, ¢ are piecewise constant, the bilinear forms m and
kp are naturally "block diagonal". More precisely, using the decomposition (20),

m(E37h7ESh Zm 7]+2 E 1]+%) = h Z / EE 7J+2 7]+2

JEZL gEZS

kT(Eg,h,Eg’h) = ij-i-% (E37j+%753,j+%) =h Z / ,U_l VTE?,)J'_;,_% .VTE&J»_,’_%
JEZ ]GZSH,

(29)
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In the same way, thanks to the quadrature (23), the bilinear forms mj, and kr j are block diagonal too.
More precisely, using the decomposition (18),

mh(ET,haﬁT,h) = Z my, ; (ET,jvﬁT,j) = hZ/EET,j Er

JEL JELG
~ - ’ ~ (30)
krn (Ern, Erp) = Z ky ;i (Er;. Er;) = hZ/u_l rotrEr ; - rotrEr ;
JET j€ry,
Finally, for the last two bilinear forms, one computes that
~ Er i1 —Er; Epj—Ep,
o —1 T,j+1 T,7 . T,7+1 T,j
k3(Erp. Erp) =h Zuj+% / N W ;
e s . . (31)
(Bsp. B )_hz I Erji1—Eq;
C3T\L3,h, T B ) = ‘ MjJr% T3 541 A ,
JEZ S
where, as in (24), we have defined
(G+1)h
_ 1 _
a.e. X € 5, Mjil(XT) =7 / p(xr, 3) das, (32)
2
jh

2.2.2 Full space discretization

For the discretization in the transverse variables, we introduce a conforming triangular mesh 7 (in the
usual finite element sense) of S with step-size hp (see Figure 4), namely the transverse space step. In the
sequel we shall denote N the number of nodes of this mesh and N, the number of (interior) edges. We shall
use the letter h to denote the set of approximation parameters in space, namely

h := (h, hp). (33)
The fully discrete space, indexed with h takes the same form of the semi-discrete space as in (16),
Vh=Vhr X Vhe

The transverse field Ex is searched piecewise linear continuous in z3 with value in the classical 2D Nedelec
space [22],[23] denoted V,,.(S) (with respect to (17), we simply replace H (rotr, S) by Vj.(S5)).

Vi = {Er € C'(R; Var (9)) / Vi Brle, , € P1(R; Var () }- (34)

VhT(S) = {ET € H(I‘OtT,S)) /VK € T,ET|K ENQD},
with (35)
Nop = {a(z2, —21)" + b, (a,b) € R x R?} C P

The longitudinal field Fs3 is searched piecewise constant in z3 with value in the standard Py finite element
space for H'(S) (with respect to (19), we simply replace H*(S) by Vj,,.(9)) :

Vhe = {E3: Q>R /Yj Yaz € [jh, (j + 1)h] E3(,23) = E3 ;1 € Vir(9)},
(36)
VhT(S) = {E3 (S Hl(S) /VK < T, E3|K c ]P)l},



DE GRUYTER P. Joly et al., = 9

Fig. 4: Triangular mesh of S with step-size hr

We have thus two type of degrees of freedom for the discrete electric field. The first ones, associated to the
transverse field, are denoted Ep 1, = {IET7 j}, Er; € R¥e_ is the vector of the tangential components of the
discrete transverse electric field along the edges in the cross section S;.

The second ones, for the longitudinal field, are denoted E3 j, = {ESJ-_‘_% }, where E3’j+% € RY is the vector
of the values of the discrete longitudinal field at the nodes of the mesh.

Transverse field in each section S; Longitudinal field in each section S, 1

Fig. 5: Two types of degrees of freedom

In the end we have the transverse field unknowns Er ; and longitudinal fields unknowns Eg ;| 1 alternate

from one cross section to the other (see Figure 5 and 6).

Fig. 6: Degrees of freedom in the 3D mesh.
Fig. 7: Prismatic mesh.
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2.2.3 Reinterpretation as prismatic edge elements

It is worthwhile reinterpreting the space as the result of a 3D finite element approximation of H(rot, )
based on a prismatic mesh 73p of the cable Q,

Tsp:={Pk;/ KeT,jeZ} suchthat Q=|]Px;, (37)
K.j

where the prim P ; is defined as (note that it has only longitudinal or transverse faces, cf. Figure 7)
Pr,; = K x [jh,(j + 1)h]. (38)
The space is nothing but a space of prismatic edge elements, namely,
Vi = {Ep € H(rot,Q) /V Pk ; € Tsp, Enlp,, € R}, (39)

where R = {E = (Er, E3) / Er (-, 23) € P1(R; N?P), E3(-, 23) € Po(R; P1(R?))} C P. Note that the use
of edge elements on prisms has been already studied (see [8, 11]), in regard to these works, the originality
of our approach lies in the time discretization, that will treat differently in-plane (i.e. in the plane of the
sections) and out-of-plane interactions between degrees of freedom.

2.2.4 The semi-discrete scheme and its algebraic form

The fully semi-discrete variational problem reads

Find (ET,h,EB,h) € Vi := Vi 7 X Vi ¢ such that for any (ET,h7E3,h> € Vy,

2 - - - -
22 T (Ern,Ern) + ks(Ern, Ern) + krw (Ern, Ern) — csr(Esn. Erp) =0,
(40)
d2 - ~ ~
2 m(Esn, Esn) + kv (Esn, Espn) — csr (B3 Erp) = 0.

To write the problem in more algebraic form, we introduce here the (infinite) vector degrees of freedom
namely (with obvious notation)

Ern Er;
En = = € Vy = Vh7T X Vh73 (41)
Es.n LCRAS:

where Vi, 7 and Vy, 3 are the Hilbert spaces
Vi = (Z,RY), Vyz=0(Z,RY).

According to the above, it is clear that (40) has an equivalent algebraic form,

2

K
M, —2

W +KpEL =0. (42)

where My, and Ky, are the mass and stiffness matrices in Vi, (their obvious and classical definition is
omitted here). According to the decomposition of Vy, between transverse and longitudinal fields , the mass
matrix My, has the following block diagonal form

ML 0
My, = (43)
0o M
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and, in particular, thanks to numerical quadrature, M£ (resp. Mi) is block diagonal by sections with
blocks of dimension N, (resp. N). On the other hand, the stiffness matrix Ky, can be written, according

(40) as
Ksn+Krn Csrn
Ky = (44)

C§T,h Krn
where there is also some block decomposition by sections. More precisely, the global problem can be rewritten
"section by section" separating the roles of the transverse and longitudinal fields as follows

d*Er,; 1 Er,j+1 —Er; Erj —Er -1
M~z T Krg Bry = g (Mg =55 ——= - M, ==
Carjrt Baji1 —Corj 1B ;1 (45)
+ - —o,
d2E3 1 Eriiq — Fo s
Jt3 T,j+1 Tj _
i+ g TR By — Gy ——— =0,

which well emphasizes how the various "interface unknowns" are coupled or decoupled. Note that

—  The matrices My, M; 1 and Kr ; are of dimension N, x N¢: M (resp. M 1 ) is a 2D (vectorial)
mass matrix (which is not diagonal) corresponding to the multiplication by e (resp. by p~!) while Kt ;
is a 2D stiffness matrix corresponding to the action of the operator rotr(u~'rotr).

—  The matrices Mj_,_% and KT7j+% are of dimension N x N: it corresponds to the multiplication by e
while K ;4 1 is a 2D stiffness matrix corresponding to the action of the operator divy(u~1Vr).

—  The matrices (C3T7 j+i are N x N, and corresponds to the action of the operator p~1Vy.

—  Their transpose correspond C;T’j +1 to the action of the operator —divy(u~1-) .

2.3 Time discretization

Our method will be based on a tricky decomposition of the stiffness matrix Ky, (cf. (44))
, , Krn 0 Ksn Csrn
Ky, =K, + K}, where Kj = and Kj = . (46)
0 Krn CgT,h 0
The interest of the decomposition lies in the following double observation

- Kfl is adapted to implicit time discretization because the matrix is positive and block diagonal: for this
reason it is "easy" to invert (it corresponds to a series 2D problems, see section 2.3.2).

—  Oppositely K}, is adapted to explicit time discretization because of the presence of the ”3” index which
corresponds to the xg derivative: this matrix couples all the interfaces and has no sign.

2.3.1 A hybrid implicit-explicit scheme

According to (46), we rewrite (42) as
d’Ey,
de?

and propose a numerical scheme in which Ey, at time ¢t = nAt is approximated differently depending on

My, +K{Ey + KL E, =0

the fact that it is in factor of Kf or KL More precisely, and according to what we said in the introduction
of this section, we propose the following hybrid implicit-explicit leap frog scheme, in which 6 € [0,1] is a
parameter,

Eptt —2Ep + Ep !

M
h A2

+Kj {ER}o + KL Ef =0, (47)
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where {E}!}¢ corresponds to the weighted mean value
{Ef}e = 0E} T + (1-20)ER +0E} ', 0€0,1]. (48)

Clearly, this scheme is a mix between the explicit leap frog scheme and the implicit #-scheme (or centered
Newmark scheme). It is obviously second order accurate in At whatever is §. How implicit is this scheme is
the subject of the next section.

Remark 2.2. The above ideas already appeared in the literature in various contexts and for different pur-
poses. One class of works concern locally implicit time stepping is which different parts of the computational
domain are treated differently : see for instance [25], [13] or more recently [13] for fourth order schemes. In
[9], [2], the objective was to treat in a particular way the boundary condition arising from the formulation
of elastodynamics by way of potentials introduced for treatinf separately the two types of waves. In [14], the
objective was to treat explicitly the linear part of the model and implicitly the nonlinear one. Here, these are
the direction of space differentiation, longitudinal or transverse, which are treated in a different manner.
In some sense, except the fact that we are dealing with a strongly anisotropic problem, our work has some
stmilarities with the ADI schemes proposed by Fornberg and Lee (see [19], [20] and [15] for an analysis).

2.3.2 Computational complexity

According to the rewriting "section by section" (45) of the discrete problem, we can rewrite the scheme

Ext _oRn 4 R
T,j T.j T,j +1 -1
5 AP +Krj (0ERE + (1-20)Ef ; + 0 E7)

n _w"n n _ Wn C L1 BT —C . LR
; (M'+1 Er i1 —E7 M E7 IET,j_1> n 3T.j+3 73,j+% 3T.j—3 "3,j—%
el

:O’

h h i=3 h h

E*tL —9En | +E" !

3.5+% 3.+3 3.5+% n+1 n n—1
M1 A + Ky 0E37j+% +(1 —29)]E3,j+% +9E37j+%
o Ergm Er,

3Tj+3% h -

Looking at where the superscript n + 1 appears in the above equations, one sees that at each time step one
has to invert (this can be done in parallel) the matrices

2 2
M; + 0 At"Kr ; andMH_%—H?At KT,j-i—%’

This illustrates the fact that the scheme is implicit only in the transverse direction. This corresponds to
solving numerically, using appropriate finite elements,

e a series of coercive 2D vectorial curl-curl problems of the type
’yrotT(u_lrotTu) +u=g inS, v=0A?e"1>0,
e a series of coercive 2D scalar div-grad problems of the type

—~ydivp(p'Vru) +u=g inS, y=0At2"1>0.

2.3.3 Stability analysis

For our main theorem, we need to introduce the function oy, (x7) defined by:
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Jr pCxr) " uy, 2

ah(xT)2 = sup (49)
up €Py fRa(’axT”uhP
where
Pl,h = {uh S CO(R) n LQ(R) /V] €7, uh\[jh’(j+1)h] S ]Pl} (50)
It is also useful to introduce the velocity of electromagnetic waves in (2
VxEQ cx)=e(x)Fux)"E, ¢ i=supc(x) (51)
Q
Theorem 2.3. The fully discrete scheme (47) is stable if § > i and
At? 5 _46-1
p— < — 2
1 llonllse = — (52)

with aj, defined in (49). The CFL condition (52) is in particular satisfied as soon as

ctAt 40 — 1
- <4/ 0 (53)

Proof. Since there is no possible ambiguity, and for the sake of simplicity, we shall use the same notation

(-, ) for inner products in Vi, 7 and Vy, 3. Below, we refer to (41) and the dot is systematically used for the
appropriate Euclidean scalar product that may change from one occurrence to the other,

(Uh,T7[[~Jh,T) = Z Ur,; '[[NJT,J‘7 (Uh,Saﬁh,B) = Z Us 1 '63,j+%
JEZ JEL (54)

(Uh,fjh) = (Uh,T7[[~Jh,T) + (Uh,37®h,3)

The proof is done in three steps using an energy approach.
Step 1 : Discrete energy conservation. We use the two key (but standard) identities :

= {ERds -3 (BRY - 2ER +ER ). {ERbe = {ER}s + (0 3) (BR —2ER + ER).
This allows us to rewrite our scheme as a perturbation of the %-scheme.

Eptt —2ER +Ep
At?

M, (At) + Ky {Ef}s =0,

where we have set

My, (At) = M (At) — 22 K§ and M (At) := My, + (6 — 1) AP K. (55)

n+l__mn

Taking the scalar product (in Vi, := Vi, 7 x Vi, 3) of the above equation with IE“AiEh we classically deduce,

7
thanks to the symmetry of all matrices) the conservation of the discrete energy

+1 +1 +1 +1
et L (M (At)lEﬁ —-Ep EpT —E} +(x <Eﬁ +]E;;> Ep " +Ep
T2 b At At b 2 : 2 '

Step 2 : Derivation of the sufficient stability condition (52).

1
This will be simply obtained from showing the positivity of the discrete energy Sﬁ +2, that amounts to the
positivity of the modified mass matrix My, (At). The idea is first to ensure the positivity of M} (At) only
choosing adequately 6 (typically 6 > % then to control At? K{ by playing on At. As we are going to see
this can be done by imposing to At a lower bound that only sees the longitudinal space step h.



14 — P. Jolyetal, DE GRUYTER

To be more precise, assuming 6 > i, we first obtain a lower bound of the quadratic form associated with

M (At). Recalling that
M{ o0 , Krn 0
My, = and K} = ;
0 M 0 Krn

we drop, in the expression of M} (At), the positive blocks associated with M and (6 — %)KT,h7 one deduces
that for any Uy, € Vy,,

(M}, (At)Up, Uy) > (Mf, Upn, Urp) 4 (0 = 3) A (KrnUsn, Usp) (56)

where we draw again the attention of the reader that, according to (54) and depending on the context, the
notation (-, -) is the scalar product in Vi, Vi, 7 and Vi, 3. We now obtain an upper bound for the quadratic
form associated with Kj,. For this, we first remark that the inequality (13) results into

=

(C37,0Usn, Urn) = (Usn, CippUrn) < (KT,hU3,h71U3,h)%(K3,hUh,T7Uh,T) (57)

so that, from the block decomposition (46) of Ky, one deduces the inequality

1
2

|(Kf,Un, Un)| < (K3nUn,7,Un 1) + 2 (K7,0Usn, Us ) 5 (K3,uUn,7,Un,7)

Finally, in order to exploit (56), we control the matrix K3 1, with the help of the mass matrix Mg that
appears in the lower bound (56). This is where the longitudinal space step h will appear via the function
ap,.More precisely, let Uy, 7 € Vj, 7 associated to the vector Uy 7 € Vi 7, by definition of K3 1,

(K3,uUn,7,Un,7) =k3(Up,7,Up 1) = //fllagUh,T\z-
Q

Using the Fubini’s theorem and Uy, 7 = (Up, 1, Up 2), we get

(KB,hUh,T»Uh,T) = / (/lfl(XT,333)(|33Uh,1(XT7I3)|2+ 05U 2(x7, 23)[?) d953)dXT-
5 R

Then, by definition (49) of the function ay,, and since, for fixed x7, each function Up, 1 (x7, ) and Up, 1 (x7, )
belongs to P; ;, by definition (17) of Vj, 7, we have

(K3,nUn,7,Upn,7) < /ah(XT)(fE(XTvx?))OUh,l(XTwTS)‘Q + [Upo(xr,23)?) dw3)dXT
S R

so that, referring to the Fubini-like formula (25) and the definition of my (see (12, 22)), we get
(K3 uUn,7, Un,7) < llonlloo mu(Up,r, Upr) = llanlloc (MEUn7,Un7). (58)
Finally, joining (56) and (58) to the definition (55) of My (At), we obtain
(Mu(A1) U, Up) > ¢(X,Y) = (1= flanl% 22) X2 — [lanlle 22 XY + (6 - 1) A2Y2,  (59)

1
2

1
where we have set X = (Ma Uh,T7Uh,T)' and Y = (KT,hUB,h:U&h) 2.
The stability condition (52) is finally obtained by writing that the quadratic ¢(X,Y") form is positive.
Step 3 : Derivation of the sufficient stability condition (53).

With respect to (52), (53) is a (slightly) stronger but more explicit (thus more useful) sufficient stability
condition. It is a direct consequence of the upper bound
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This estimate is a straightforward consequence of the definition of the weighted quadrature formula (26).
Indeed, for any uj, € P 5 and by definition of ¢t

/M('aXT)_llu;L\Q < Ci/s(-,xT)\u}LF.
R R

However, since uj, is piecewise constant, we have, with u; := u(jh) and by definition (24) of €1l

[t <@ e

® jez

Uj+1 — Uy

2
i

By |ujt1 —uj|* <2 (|uj+1\2 + \uj|2), we deduce,
4¢? lui? + |ujp1]? 4c?
—1y,7 2 + +1 + 2
[ty < 5 S ey (BEERN) = S5 f e
R JEZ R

by definition of the 1D quadrature formula (26). ]

3 Application to the validation of a simplified 1D model

3.1 Recap about the "1D" limit model

The asymptotic analysis of thin co-axial cables with respect to the small thickness of the cable has been led
in [16, 17] (see also [4, 6, 7] for extensions and more elaborated models). What follows is mainly extracted
from [16]. Roughly speaking the 1D model is obtained from a rigorous asymptotic analysis of a family of
domains parametrized by a strictly positive scalar § > 0 and that are defined as the result of a transverse
scaling of a reference cable 2. More precisely we introduce

00 =G5(Q),

where Gs is the transformation Gs : (21, x2,23) — (dx1, 0x2, x3). Accordingly, for each § > 0, we consider
(55, u5, 05), defined in Q°, respectively the permittivity, permeability and conductivity of the cable X
obtained from the ones for the reference cable {2 by a simple mapping, namely,

d=eoGil, W=poGil, o®=0oG;l,
and we consider the family of problems, with unknown E®(x,t) : Q% x RT — R3,
L HE + OB —V xH =0, in Q° xR,
W OH? +V x B =0, in Q9 x R, (60)
E%xn=0, on 90° x RT,
completed with the initial conditions
E°(,0)=E), H(,0)=H), E):=EjoG;', H}:=HyoG;" (61)
In order to state our asymptotic result, we first rescale the fields in the fixed domain €2 setting
E’(x,t) := E?(Gsx,t), H’(x,t):=H)(Gs;x,t), VxecQ, (62)

and it is useful to introduce a cut ¥ of the cross S, namely a line I' C Q that joins the interior boundary T';
to the exterior boundary T'. in such a way that the open set Q\ T is simply connected. We then define
accordingly,

HL(S)=H'(S\Z) and HL(Q):={ue HL(S)/ /ude:0}. (63)
S
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In what follows, [u]z denotes the jump of u across ¥ (properly defined in [16], Section 3.1). Then, one can
show (see for instance ([17], [4] and [26] in a more general context) that, if the initial data are well-prepared,
(cf. (71) and remark 3.1)

t
E°(x,t) ~ E°(x,t):=V(z3,t) Vro(xr,o3) + / V(w3,t — 5) Ve (x7, 03, 5) ds,
d—0 ] (64)

H (x, ) o HO(x,t) := I(23,t) Vo (xr, 23),

where, in the formulae (64),

(i) the potentials (-, z3) € H}(S) and (-, x3) € Ifli(S) are defined, for each x3 that plays the role of a
parameter, as the solutions of the following boundary value problems (see the comments below for more
details and subtleties concerning 1)),

divy (5(~, x3) Vro(, mg)) =0 inQ, divyp (,u(~7 x3) VTlﬁ(-,:Eg)) =0 in Q\ %,
w(,x3) =1 on I';, Ont(-,x3) =0 on 08, (65)
w(,x3) =0 on Iy, [1&(-,3&3)} <=1, [8n¢(-,3:3)]2 =0 across X,

(i) the functions ¢, (-,x3,-) : S x RT is defined, for each x3, by the formulae,
or(y a3, t) = e AT o o (ag) € O (R, HY(S)), (66)
where A(z3) € E(H&(S)) is the bounded positive definite symmetric operator defined by
u:=A(r3)v <= wuec H}S)and divT(5(~,m3)VTu) = divT(a(-,xg)VTv) in S. (67)

and where ¢, o(+, z3) := —A(z3)p € HL(S).

(iii) The voltage V(x3,t) and the current I(x3,t) are solution of the generalized telegrapher’s equation (this
is the 1D limit model)

t

C(z3) 04V (x3,t) + G(x3) V(zs,t) + 031 (z3,t) + / k(xz,t —s)V(zs,s) ds =0,

(68)
0
L(xg) atl(xg,t) + 83V(.7)3,t) =0,
where the effective coefficients C(z3) > 0, G(x3) > 0 and L(z3) > 0 are given by
C(z3) = /E(XT7$3) \Vre(xr,z3)* dxr,
s
Glas) = [ otxr.za) [Vrgter o) dxr, ()
s
L(xs) = /#(XTJB) Vi (xr, 23)|* dxr,
s
and the kernel k(z,t) is given by
k(zs,t) = / o(x7,23) Vror(xr,z3,t) - Vre(xr, z3). (70)
Sug
By well-prepared data we meant that,
Ej (xr,23) = Vo(w3)Vro(xr, 3) + O(0)
(71)

H(x7, z3) = Io(x3) Vi (xr,23) + O(0),
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and complete the generalized telegrapher’s equation (68) with the initial conditions
V(l’g, 0) = V()(xg) and I((l?g, 0) = I()(.I'g). (72)

Remark 3.1 (Well prepared data). The reconstruction formulae given in (64) correspond to well prepared
initial conditions (71). It is also possible to consider general initial data, i-e

Ej(x7,23) = Vo(23)Vro(xr, 23) + Ef 7 + O(6),

73
H (xr, 23) = Io(23) Vi) (xr, 23) + Hf 1 + O(6), "
where (ES)T, H(T)’T) are purely transverse fields that must satisfy for each x3,
rotrEg p(+,23) =0 in §, rotrHp (-, 23) =0 in Q,
ES,T(-7I3) xnr =0, on 0N, hg,T('7$3) -np =0, ondN, (™)

In that case, the asymptotic formula (64) is still valid up to the addition of quasi-static field that is not
propagating. In particular, if the initial data have a compact support, these quasi-static fields vanish outside
this support which means that (64) is still valid outside this support.

The above asymptotic results and formulas deserve the following comments:

(a) In all above formulas, (-, 73) being discontinuous across X, Vy9(-, x3) € L?(S)? has to be understood
in the sense of D’(Sy). Let us emphasize that, if ¢(-,x3) depends of course on the choice of the %,
Vri(-,z3) does not ! (see for instance [16], formula (33)).

(b) In the limit § — 0, (64) shows that the longitudinal fields £ and HJ vanish. In other words the limit
fields are transversely polarized. Moreover, the formulae point out the existence of a kind of asymptotic
separation of variables between longitudinal and transverse variable. In particular, the time dependence
of the limit fields is entirely contained in the 1D (in space) functions V' (z3,t) and I(x3, ).

(c) It is remarkable that the presence of the conductivity o induces the apparition of non local effects in
time through the presence of the time convolution term appearing in the first equation of (68). On the
other hand, when o = 0, (68) is nothing but a 1D wave equation with variable coefficients.

(d) The well posedness and stability of the evolution are ensured by the following positivity property (see
Lemma 5.2 in [16]), valid for any 7' > 0 and any ¢ € L? (RT)

loc

T T t
G(xg)/|§(t)\2dt +//k(x3,t—s)§(s)§(t) dsdt > 0. (75)
0 0 0

(e) We notice that from the definition (64) of the limit field E?(x, t) = E9(x, ), one has

Viat) = Claa) ™ [ oCo0) BHC.0,0)- Vriploma) dcr
S
because it follows from the definition (74) of ¢ and form the fact the ¢, (-, t) € H(S) that
V050, [ ela) rp (oant) - Vgl o) der =0,
S

This suggests to define a 1D voltage V(z3,t) for the 3D problem as

VO (23.1) = Claz)™" / c(rw3) B, 1) - V(- 2a) dxr (76)
S
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3.2 Numerical resolution of the telegrapher’s equations

Even though this question is not the main purpose of the present paper, the main lines of the approach

deserve to be explained. These consist in three phases:

(I) Precomputation of the coefficients of the model

It is a preliminary step that only consists in solving 2D problems in the cross section S:

Numerical computation of the potentials (¢,1)) and the coefficients C(z3), G(x3) and L(z3).

The potentials (¢(-,z3), (-, x3)) are first approximated thanks to a P; finite-elements approximation
of the boundary value problems (74) with a triangular mesh of the cross section S with step-size hp
(this mesh "respects" the cut X), producing

(Php (5 23) Vnr (- 23)) € Vo X Vs

where Vj 5, and f/mT are the respective Galerkin approximation subspaces for Hg (S) x Hy(S) Then
C(z3), L(x3) and L(z3) are approximated, according to (69), by

Chp (5) = / (o 23) [Vony (<, 23)[? dxer
GhT (‘E3) =

o(xr,23) [Vron, (xr,23)]* dxr (77)

Lny(v3) = | p(xr,x3) [Vrne (xr, 23)|* dxr

A— e

Note that, from well known properties of conforming Galerkin methods one has
Chyr(w3) 2 Clx3), Gup(r3) = G(x3),  Lpp(3) = Lws) (78)
Numerical approximation of the function ¢, and kernel k(x3,t).

One first realizes a finite dimensional approximation of the operator A(z3) via a Py finite-elements
approximation (using the same mesh as above) of (67). This produces

AhT (1'3) S ['(VO,hT)

that is easily proven to be uniformly bounded with respect to hp. Then for each z3, ¢, (-, 23) =
or(x7,x3,t) is approximated by the solution ¢, (-, ¢,x3) of the ordinary differential equation

ngT,hT ('7 $3)

dt + Ap, (z3) SOT,hT(',-%) =0, @r,hT(wl’&O) =—Ap; ($3)<PhT('7$3)~

that is consistent with the expression (66). The above differential system is not stiff and can thus be
efficiently solved numerically with any ODE solver (Euler, Crank-Nicolson, Runge-Kutta, ...). Finally,
the convolution kernel k(x3) is approximated, consistently with (70), by

kpp(x3,t) := /U(XT71'3) Vrorhe (X7, 23,t) - Vron, (X7, x3) dxr. (79)
5

(ITI) Resolution of the 1D evolution problem

The semi-discretization in space of does not pose any particular problem : it can be done, for instance,
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using 1D mixed finite elements (for instance continuous Py for V' (cf. (50)) and discontinuous Py for I') and
mass lumping with a uniform mesh of step-size h. The resulting algebraic problem takes the form

¢
dVv
Me,h Tth + Mc,h Vi +Dyply + /Kh(t — S) Vh(s) ds =0, (80)
0
dI .
vah T: - Dth = 07
where Vy(t) = (Vj(t)) is the vector of degrees of freedom at time ¢ for the semi-discrete voltage

Va(t) € HY(R) (the nodal values at the points jh), I, (¢) = (I]-Jr% (t)) the vector of degrees of freedom at

time ¢ for the current Iy, (t) € H!(R) (namely the mean values in the intervals [jh, (j + 1)h]) and

o M.y = diag(me’j) >0, Mcn = diag(mcﬁj) >0and My, = diag(m
(like) matrices (divided by h for homogeneity) with

mﬂ»_,_%) > 0 are diagonal mass

Me,j = Cpr(jh),  Mej = Cpyp(jh), My ji1 = Cpr((G+ 3)h)
o Ky (t) =diag(k;(t)) is for each t a diagonal matrix with (see (79
J

kj(t) := /U(XT»jh) V1@rhe (X7, jh,t) - Vron, (X7, jh) dxr.
5

e Dy, is a rectangular matrix that represents a discrete differentiation operator in xg for the current (as
well as —Dj, for the voltage).

Concerning the time discretization it is natural to use a leap-frog (or Stormer-Verley) scheme with a constant
time step and a staggered grid. The only non-standard part is the way one discretizes the convolution
involving Ky, (t). With obvious notation, the resulting (purely explicit) scheme reads

Vptt —vp Vpt! 4+ g 1 Vit v
M n hTth +Mcn % +Dh]IZ+2 + Z K. " % At =0,
m=0 81
Hn+% B Hn—% (81)
My,n 2 A h _ _Dyve=o,

where the unknowns in the above system are
VI s the vector of degrees of freedom of V;" € H(R), approximation of V}, (t"),
[t

1
n  is the vector of degrees of freedom of Iﬁ+2 € L?(R), approximation of I, (t"+ %),

and where the matrix Kﬁ is defined as follows

At At
. 1 :
K{ = diag(k}), k= e //ke(]h77‘78+pAt) ds dr. (82)
00

The theoretical interest of choosing Kfl as defined by (82) is clarified by the following lemmas which provides
a discrete counter-part to the positivity property (75).

Lemma 3.2. For any j € Z and any real sequence £, n € N, one has the (discrete) positivity property

N N n
GGh) D P A+ Y T KT AL > 0. (83)
n=0

n=0 m=0
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Proof. Let w; be the P; hat function associated to the node jh, we introduce Ejm(t) defined by

_ £m+1 +£m

AL (1) 5 fort € [t™,t" ! ] and 0 <m <, E2(t) =0if t > t,.

Then, one can compute directly that
N N n
GGh) D 1P At + > Y R e AL =
n=0 n=0 m=0

T

T t
Gt [1680 Pt + [ [ kGt =5 €46 (0 dsde >0
0 0

0

and one concludes with (75). |
Using Lemma 3.2 and standard energy techniques, it is easy to prove the stability result below.

Theorem 3.3. The numerical scheme (81) is L2-stable under the sufficient CFL condition
L At n 1 —1
Chy 3 Sh Chp = f;%chT(w3)» chy (@3) == Chp(23)” 2 Lpp (23)7 2, (84)

where the function ¢y, (z3) satisfies the uniform (in z3) convergence property (see also (78))

=

chy(z3) < c1p(xs), hligo chyp(23) = cip(x3), cip(xs) = C(z3) 7 L(x3) 2.
T

Remark 3.4 (Comparison with the 3D stability condition). According to Theorem 8.8, an asymptotically
optimal (when hp — 0) sufficient CFL condition is

LAt

ip 3 <1, C;FD := sup ¢zp(x3). (85)

x3€ER

In order to compare with the CFL condition (53) for the 3D problem, we need to compare c'}'D with ct.

However, it is shown in [16] that

Vas €R, c¢ip(xs) < sueps c(xr,x3) which implies ¢ty < c*
xr

This shows that the 3D CFL condition (53) is more restrictive than the 1D condition (85). Indeed, if (53)
holds,

< 1.

+ At
h

At 40 — 1
1D T

< <
==\ T

(ITII) Reconstruction of the 3D electric field

Once the discrete voltage V;*(x3) is computed, according to (64), one can reconstruct the (rescaled) 3D
electric field at time as the Pj-interpolant of the following transverse fields, defined for each j, using a
discrete convolution formula consistent with the one appearing in (81), namely,

n—1
~n ) _ . VmtL(ih) + V™ (jh
BY (xr, jh) = V(1) Ve, jh) + 3 LU )2 L)

m=0

Vror (XT,jh, t" — tm) At. (86)

4 Numerical experiments

In this section, we present numerical results aiming at illustrating, and even more quantifying, the asymptotic
analysis presented Section 3.1. This will be done by solving the problem (60) for several values of ¢ using
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the numerical method presented Section 2, thus with the second order formulation ( see (8) or equivalently
(11)). Even more, to allow for a comparison between values of J, we shall compute the rescaled field (cf.
(62)) that have the advantage to be define in the reference geometry, as well as the asymptotic electric field
appearing in (64). The only difference with respect to (11) is the apparition of é-dependent terms in the
equations through the simple substitution

rotp — 51 rotp, rotp — 5t rotr, divy — 5t divp, Vp — ot Vo,

which has no incidence on the numerical method of Section 2.

4.1 The data of the problem

We have chosen to treat a cable whose geometry has no circular symmetry. This geometry is represented
Figure 8. The diameter of S is 4 and its intersection with the half-plane 27 > 0 "coincides" with a circular
annulus. More precisely:

SN {zy >0} ={(x1,22) /21 >0and 1 < (23 +23)7 <2} (87)
As the cut for the computation of the potential ¢ (cf. (74)), we shall take the segment
¥ =11,2] x {0}. (88)

The numerical computations are done in the portion of cable 0 < z3 < 10. For simplicity, periodic boundary
conditions will be applied between z3 = 0 and z3 = 10.

Fig. 8: Left: the domain (2, Right: the section S of the domain. Each color correspond to a different material.

Concerning the coefficients of the model, we shall treat two cases

—  The unperturbed case. This corresponds to the case where the coefficients of the model are invariant by
translation in the longitudinal direction,

e(xp,x3) = EO(XT), w(xr,x3) = ,uo(xT), o(xp,x3) = UO(XT). (89)

The cable is however heterogeneous is the cross sections S. More precisely S is made of two layers
S =51 U Sy and inside Sj, the material is homogeneous (see Figure 8),

(e%(xr), 10 (xr),0°(x1)) = (g5, p1j,04) in Sj. (90)

In our numerical experiments we shall take (€1, 1) = (2,2) and (€2, p2) = (1,1) so that the velocity of
electromagnetic waves, ¢(x) = (ep)(x) "2 is

cx)=c1=1/2in Q1 =51 xR, ¢(x)=ca=11in Q=5 xR (91)

Concerning the conductivity, we shall consider two scenarios :
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—  without any conductivity (non conductive case.) : 01 = o9 =0,
—  with conductivity in Qg (conductive case.) : o1 =0, o9 = 0.5.

—  The perturbed case. In this case, the translational invariance is broken because the coefficients may vary
locally in x3 near x3 = 6. This can be reinterpreted as a localized damage of the cable. We take,

e(xp,x3) = % (x7) (1 +p(:r3)), and the same for u(x7,z3) and o(xp,3). (92)
where p is a very localized Gaussian, supported in practice in [5.75,6.25] (see Figure 9),

p(l’g) — 7T€78Oln(2)(r376)2. (93)

We also take initial conditions which are localized near 3 = 5 and are well prepared with respect to the
expected asymptotic result (64). More precisely Ho(xp, z3) = 0 and
Eo(xr, 73) = E(w3) Vro(xr, v3), E(wg) =e ™ @75 (04)

In practice, the initial data are supported in [4,6] and will generate longitudinal with a wavelength A ~ 1.

Fig. 9: The functions £(x3) (left) and p(xz3) (right).

The time interval for the numerical experiments will be [0, T] with T = 4 so that, taking into account (91),
implies that the waves will not reach the transverse boundaries z3 = 0 and z3 = 10 before the final time T
in other words, the periodic boundary conditions in x3 will not play any role.

Note that the initial field is transversely polarized. However, due to the heterogeneity of the cable, it will
not remain transversely polarized during the time (even in the unperturbed case, separation of variable
does not work for Maxwell’s equations) as the numerical results will illustrate it. Note also that, because of
(74), div(e Eg) = 0.

4.2 Discretization parameters

Data for the transverse discretization. The mesh of the cross section will be a triangular mesh
represented Figure 8. In particular, there are 20 mesh points along the cut ¥ and the typical diameter of
each triangle in the mesh is

This mesh is used for the 2D transverse problems (74,66,67) for computing the potentials (¢, 1, ¢,) and
the coefficients (C, G, L) but also for the 3D computations. Because of the specific form of the coefficients
(e, u, o) for the perturbed case, see (92), the potentials (p, ¥, p,) coincide with the x3-independent potentials
(09,40, V) for the unperturbed,

@('71‘3) :QOO(')’ 1/}('71‘3) :1/}0(')7 @T('vxii) :@9(715)
Thus, only (%, 19, 0?) need to be computed numerically. Accordingly, with obvious notation,

C(z3) = (1 —|—p(x3)) C%  (the same for G(z3), L(x3), k(zs,1)).
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Data for the longitudinal discretization. The longitudinal step size h will be taken h = 1/17 which is
well adapted to the discretization of the Gaussian £(x3) (see again Figure 9).

This longitudinal mesh will be used for the discretization of the 1D problem (81) (cf. (68)) but also for the
3D computations.

Data for the time discretization. For facilitating the comparison between the 1D and 3D results, we
shall use the same time step At for both 1D and 3D computations. According to Remark 3.4, the choice of
At will be constrained by the 3D condition (53). For the 3D calculations, we shall take § = 1/3, in which
case (53) gives: ¢4t < 1. In practice we shall choose At =0.95 h/(2 ct).

4.3 Numerical results
4.3.1 The potentials (©°, 4", o)
We present in Figure 10 the computed potentials ¢ and . The right picture shows at the same time the

level lines of ¢ (who are "parallel" to the boundaries) and the ones of ¢ (which intersect the boundaries).
This illustrates that (go(scl, x9), ¥(x1, xg)) generalizes polar coordinates inside S.

L I

02
01
00430

Fig. 10: Potentials ¢ (left) and ¢ (center), associated isolines (right).

Figure 11 represents, via color levels, the evolution of ¢, (). We observe that ¢, (t) tends to 0 when ¢ — +oo,
as expected from its definition (66) and the strict positivity of the operator A(z3) = A.

oo
00t
005
5200

Fig. 11: Propagation of the ¢, (t) field at t; = 0, to = 2.43, t3 = 3.47 and t4 = 4.

Finally, we show Figure 12 the convolution kernel k(t) that is negative (as proven in [16], Lemma 5.2) and
tends also to O for large t.
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Fig. 12: The convolution kernel k(¢).

4.3.2 3D / 1D comparisons in the unperturbed case.

The non conductive case.

(a) Comparisons of voltages (in 1D). In figure 13, we compare the evolution of the 1D (limit) voltage V (z3,t)
issued from the numerical resolution of the 1D limit model (68), to the 1D voltage V°(z3,t) for the 3D
problem, defined by (76) and obtained by post-processing the 3D solution Eg«

Viwitn 4-0.1 Viwih 4001
—-v —-v

Fig. 13: The voltages V? and V at t = 4.

More precisely, we compare the above functions in space at the final time T' = 4 for § decreasing from 1 to
1073, The limit solution V' (x3,T) is in red while V®(z3,T) is in blue. The numerical results confirm the
convergence of V°(z3,t) towards V (z3,t). We observe that V and V? already almost coincide for § = 0.1.
This corresponds to a cable diameter equal to 0.4, to be compared to the length of the support ( in z3 ) of
the initial condition which is about 1 according to Figure 9.

(b) Comparison of the electric fields in 3D. We now compare, still at the final time 7' = 4, the norm of
the electric field for § > 0 with its limit value. In figure 14, we represent |]~3§«\ on the boundary 952 of the
reference cable for § = 1 and 6 = 102 and § = 0. We observe that the result obtained with § = 1073 can
not be distinguished from the one obtained with the limit model while a substantial difference exists for
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0=1.

Fig. 14: Left |E5T| with § = 1, Center |E%| with § = 1073, Right |E%| at ¢t =4.

In Figure 15, we make the same comparison in the cross section x3 = 2.71 with roughly corresponds to the
position of the wave at time T' = 4 (see Figure 13). Again we observe that the results are very close for
§ =1072 and § = 0, themselves quite different from the result obtained for § = 1 .

Fig. 15: Left |]§§~| with § = 1, Center |]‘:3gﬂ| with § = 1073, Right |E%| for xz3 = 2.71 and t = 4.

Finally, in order to test the asymptotic transverse polarization of the electric field, we represent Figure
16, again along 0N at time 7" = 4 the longitudinal electric field Eg . Let us draw the attention of the
reader that the color scale is quite different from the ones in the figures 14 and 15. We observe that, as
expected the longitudinal field tends to 0 when § tends to 0. On the other hand, for § = 1 we see that, as
announced previously, the field is really non transversely polarized even though the initial field is (cf. (94)):
this confirms that separation of variables does not work.

—15e02
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o008
om
005
om
oms

20002

Fig. 16: E with § =1, § =0.5, § = 0.1, § = 0.001 at ¢ = 4.
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The conductive case.

(a) Comparisons of voltages (in 1D). In figure 17, we compare the evolution of the 1D (limit) voltage V (z3,t)
to the 1D voltage V°(z3,t), exactly as in figure 13.

Viwih 503
—— v
05

VP win 5201 VP wih 5-001 VT wih 5-0.001
——-v ——-v —— v
05 05 05

Fig. 17: The voltages V% and V at ¢t = 4.

There are two main effects due to the conductivity (clearly visible on the limit blue curves) : the attenuation
of the signal (compare the figures 13 and 17) and the shape of the wave. However, the convergence of
VO (x3,t) towards V(x3,t) is very similar to the one for the non conductive case for § < 0.1, but varying &
above 0.1 affects the waveform much more than in non conductive case.

(b) Comparison of the electric fields in 3D. We now compare in figure 18, still at the final time 7' =4 on
the boundary 02, the norm of electric field for § > 0 with the one its limit value, exactly as in figure 14.
The conclusions are the same than for the non conductive case.

Fig. 18: Left |E%| with § = 1, Center |E5T| with § = 1073, Right \E%\ att =4.
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4.3.3 The perturbed case.

The non conductive case.

(a) Comparisons of voltages (in 1D). As represented Figure 19, the main effect of the local perturbation
is the apparition of reflection phenomena. We observe that the convergence to the limit solution is much
slower than in the unperturbed case (compare with Figure 13): for instance, one needs § = 0.01 to get a
correct localization of the reflected waves. This is probably due that we we have considered a strong defect
with fast variations and large amplitude.

Viwitn 61 Vi 4-06
—-v —-v

Viwih 503
—-v

Viwith 5-0.1
——-v

VT with 4-0001
-v

Fig. 19: The voltages V% and V at ¢t = 4.

(b) Comparison of the electric fields in 3D. This is the object of Figure 20, to be compared with figure 14.
In Figure 20, we represent the norm |E§«| on the boundary 9 of the reference cable for § = 1 and § = 1073
and 6 = 0. We observe that the norm of 3D field cannot be distinguished from the one of the limit field
§ = 1073 while a substantial difference exists for § = 1, and as found in the 1D results we also observe that
the wave is reflected because of the perturbation localized at z3 = 6.

Fig. 20: Left ‘]T]%‘ with § =1, Center \Egﬂ\ with 6 = 1073, Right |E%| att = 4.
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The conductive case. We repeat in figures 21 and 22, the same experiments / comparisons than in figures
17 and 18 for the non conductive case, respectively for the 1D voltages and the 3D electric fields. Once
again, one observes a big influence of the presence of the conductivity on the shape of the propagating wave.
However, this does not affect the speed of convergence towards the limit model, which is quite similar to
the one observed in the non conductive case.

VTwih 506 [——V7win 508
-—-v -—-v

Viwih 4001
-v

Fig. 22: Left |[ES,| with 6 = 1, Center |ES,| with § = 1073, Right |[EQ.| at ¢ = 4.

5 Perspectives

We have presented an hybrid explicit-implicit time discretization combined with a space discretization of
the Maxwell’s equation based on edge’s elements on prisms. The algorithm complexity of our method is low.
The resulting scheme enabled to validate generalized 1D Telegrapher’s equations. One important perspective
of our work is to deal with non cylindrical geometry. This turns out to be a non-simple generalization that
we aim to tackle with hybrid edge’s element and the discontinuous Galerkin method. Although the question
of convergence analysis (in space and time) of the proposed method is of interest and turn out not to be a
straightforward application of known abstract results.
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