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a b s t r a c t

The Time Domain Integral Equation method for electromagnetics is an appealing
computational method for many applications in industry. However, its applicability has
long been suffering from instabilities. A rigorous analysis of the variational formulation
is imperative to the successful design of stable and robust numerical schemes. In this
paper, an established functional framework and stability theorem will be extended to
the differentiated version of the electric field integral equations, which can be discretized
more efficient and is more often used in engineering literature. The extended stability
theorem, combined with efficiency requirements, will give guidelines on the choice of
test and basis functions of the space–time Petrov–Galerkin scheme. A discrete equivalence
with the collocation method results in the recommendation to choose the quadratic spline
basis function in the standard Marching-on-in-Time scheme. Computational experiments
confirm that the quadratic spline basis functions have superior stability characteristics
compared to the conventional quadratic Lagrange basis functions in time.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Computational methods for transient electromagnetic scattering phenomena have widespread applications in industry,
for instance in the design of aircraft or microelectronic circuits. The use of a boundary integral equation method is an
appealing choice, because the number of degrees of freedom scale quadratically with the electrical size of the object and no
artificial boundary to truncate the computational domain is required. The formulation in time domain allows for efficient
computations of wideband signals and the incorporation of nonlinear models for material characteristics. Nevertheless,
the applicability of time-domain boundary integral equation (TDIE) methods to computational electromagnetics has been
limited due to inefficiency and instability. With the development of computational accelerators based on plane-wave and
fast Fourier transform techniques, large-scale structures have been simulated [1,2]. However, obtaining robust and stable
simulations is still a major challenge.

Whereas the Galerkin discretization in space has been the de facto standard, no consensus has been reached yet on
the numerical discretization in time. Collocation [1], space–time Galerkin [3] and convolution quadrature [4] are the most
popular choices. In this paper, collocation, also called Marching-on-in-Time (MoT), will be used because of its efficiency and
accuracy. However, this numerical scheme has a long history of instability and has defied many stabilization techniques.
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Hence, stability of MoT schemes is an active topic of research [5–7] and this paper aims to provide a rigorous analysis of the
stability of TDIE methods.

The instabilities encountered in TDIE methods can be subdivided into spectral and numerical instabilities. The spectral
instabilities originate from the nontrivial null space of the continuous model equations, which consists of direct currents
and resonances. These instabilities have successfully been eliminated with several techniques, for example Calderón
preconditioning [8]. On the other hand, the numerical instabilities originate from the numerical discretization of the model
equations and have beenmore persistent. These instabilities are typically noticed in simulations as exponentially increasing
solutions that alternate on discrete time levels. Because the instability often plagues the solution only when the simulation
time is long compared to the time scale of the excitation, it is also called late-time instability.

Themodel equations are given by retarded potential boundary integral equations and have a strong coupling of space and
time. This prevents a straightforward use of classical stabilization techniques for ordinary and delayed differential equations.
Remedies for numerical instability have to be specifically designed for TDIE methods. The most successful strategies are the
following:
1. Suppression of high-frequency content: because the numerical instability is usually visible as a solution that alternates

on discrete time levels, suppression of high-frequent content can alleviate the instability. This is the basis of filtering and
averaging techniques [9], the use of large time step sizes [10] and the use of bandlimited temporal basis functions [11].
However, these techniques do not eliminate the instability entirely and impinge on efficiency and accuracy.

2. Improvement of numerical accuracy: as a boundary element method, the expressions of the elements of the
discretization matrix contain surface integrals. Due to discontinuities in the integrand, standard quadrature techniques
are inaccurate. The use of large CFL numbers [10], smooth temporal basis functions [12] and a separable approximation
of convolutions [6] can improve the accuracy of evaluating the surface integrals. Furthermore, the use of quasi-exact
integration techniques allows for very accurate evaluation of the elements of the discretizationmatrix and computational
experiences confirm that this is necessary to obtain stability for MoT schemes [13,5,7].

3. Design of a functional framework: to obtain a stable numerical scheme, the solution of the variational formulation has to
be bounded, which should be proven within a specific functional framework [14,15]. This is the most rigorous approach
to eliminate numerical instability and will be adopted in this paper.

A thoroughmathematical foundation for TDIEmethods using space–timeGalerkin discretization schemes has been given
by Terrasse [16]. There, a functional framework for the time-domain Electric Field Integral Equation (EFIE) has beendesigned,
based on the earlier work of Bamberger and Ha-Duong on scalar TDIEmethods for acoustics [17]. The properties of the time-
domain EFIE have been proven with a passage via the Laplace domain. This is also the approach commonly used in further
research, see e.g. [18] for an overview. In this paper, the analysis of the TDIE method will be performed entirely in time-
domain in order to stay close to the time-domain variational formulation that will be used to discretize themodel equations.
This makes the implications of the type of model equation on the choice of numerical scheme immediately visible.

In Terrasse [16], specific Sobolev spaces are designed such that uniqueness and boundedness of the solution of the
variational formulation can be proven. This has been performed for the Electric Field Integral Equation (EFIE). The aim of this
paper is to extend the stability theorem to the differentiated version of the EFIE. This version is broadly used in engineering
literature and allows for more efficient discretization schemes [11,8,6]. However, the extended stability theorem cannot be
applied directly to the efficient collocation scheme. This will be remedied by considering Petrov–Galerkin schemes that fit
within the functional framework. These schemes will be shown to be discretely equivalent with collocation schemes with
specific temporal basis functions. Since stability carries over to discretely equivalent schemes, anMoT schemewith quadratic
spline basis functions that fits within the functional framework of the stability theorem will be used [19]. Computational
experiments will confirm the stability.

2. Methodology

This paper focuses on the TDIEmethod,which is a boundary integral equationmethod in timedomain for electromagnetic
scattering analysis. The model equations, variational formulation, and the numerical discretization will be explained in
Sections 2.1–2.3, respectively.

2.1. Model equations

Let us consider a bounded domain Ω i
⊂ R3 that represents the scatterer and Ω i its closure. The exterior domain

Ωe
= R3

\ Ω i represents free space. The unit outward normal vector n̂ on the interface Γ = ∂Ω i
= ∂Ωe points from

Ω i towardsΩe. The scatterer is assumed to be a perfect electric conductor (PEC), for which the jump condition states that
the tangential component of the electric field vanishes on the interface with free space. As initial condition, the incident
wave field has not yet induced a current distribution on the scatterer at zero time. Then, the exterior scattering problem can
be formulated as a boundary integral equationwith the Stratton–Chu representation formula ofMaxwell’s equations, that is,

−n̂ × n̂ ×


Γ


µ
J̇(r′, τ )
4πR

−
1
ϵ
∇

 τ
−∞

∇
′
· J(r′, t̄)dt̄

4πR


dr′ = −n̂ × n̂ × Ei(r, t) (1)
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for (r, t) ∈ Γ × R+. This is the Electric Field Integral Equation (EFIE) for a PEC object embedded in free space [1]. The dis-
tance between the observer and source location r and r′ is denoted by R = |r − r′|. The dot notation J̇ =

∂
∂t J has been used

to denote differentiation in time and ∇ and ∇
′ denote the surface nabla operator with respect to r and r′, respectively. The

EFIE has to be solved for the electric surface current density J(r, t) for given incident electric field Ei(r, t) and makes use of
evaluation of the solution at the retarded time level

τ = t −
|r − r′|

c
. (2)

The speed of light is given by c = (ϵµ)−
1
2 with ϵ and µ the permittivity and permeability of free space, respectively.

The EFIE contains an integral in time,which results in a dependency of the electric surface current at the present time level
on its full time history. Computation and storage of the full time history is expensive. This can be alleviated by considering
the time derivative of the EFIE, that is,

− n̂ × n̂ ×


Γ


µ
J̈(r′, τ )
4πR

−
1
ϵ
∇

∇
′
· J(r′, τ )
4πR


dr′ = −n̂ × n̂ × Ėi(r, t). (3)

Bothmodel equations (1) and (3) are called EFIE in literature. To distinguish the two equations, theywill be called the original
EFIE and differentiated EFIE, respectively. Computationalmethods based on the differentiated EFIE aremore efficient because
the solution does not depend on the full time history but only a limited time history. On the other hand, the incident wave
field has to be continuously differentiable for the differentiated EFIE, instead of continuity only for the original EFIE. Here,
preference is given to efficiency with the use of the differentiated EFIE, as is done in most publications on TDIE methods.

2.2. Variational formulation

The variational formulation of the original EFIE considers the function space H s that has been designed in [16]. Here,
its definition and several important properties for the stability theorem will be summarized. Remember that the function
space consists of space–time dependent, real-valued vector functions and that all definitions and properties in this section
have been introduced in [16].

Definition 1. For E a Hilbert space, D ′
+
(E) denotes the space of distributions in R with values in E and zero for all t < 0,

and S′
+
(E) denotes the space of tempered distributions in D ′

+
(E). The space of Laplace transformable functions LT (σ , E) is

defined for σ ∈ R with σ > 0 as

LT (σ , E) =

f ∈ D ′

+
(E), e−σ t f ∈ S′

+
(E)


(4)

where f = f(r, t) is a vector function depending on space and time.

The spatial component of the function space H s will make use of divergence conforming surface functions. Specifically,
the space H−

1
2 (div,Γ ) of boundary values of electromagnetic fields with finite energy is used [20]. The temporal properties

of the function space H s are most conveniently defined with a Fourier–Laplace transform.

Definition 2. For f ∈ LT (σ , E), the Fourier–Laplace transform is defined as

f(r, ω) =


∞

−∞

eiωt f(r, t)dt (5)

for ω = η + iσ , where i denotes the imaginary unit: i2 = −1.

Definition 3. The function space H s for s ∈ R is defined as

H s
= Hs

σ


R+,H−

1
2 (div,Γ )


=


f ∈ LT


σ ,H−

1
2 (div,Γ )


, ∥f∥2

σ ,s,− 1
2 div

< ∞


(6)

where

∥f∥2
σ ,s,− 1

2 div
=

1
2π


+∞+iσ

−∞+iσ
|ω|

2s
f(·, ω)2

H−
1
2 (div,Γ )

dω (7)

for σ ∈ R positive: σ > 0.

The function space H s is a Hilbert space and a special case of a Sobolev space. Furthermore, the norm can be related to
the energy of an electromagnetic field and corresponds to an inner product that is weighted in time.
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Definition 4. For (f × n̂) ∈ H s and g ∈ H−s, the inner product is defined as

⟨f, g⟩σ =


R
e−2σ t


Γ

f(r, t) · g(r, t)dr dt. (8)

The most important property of the Sobolev space for the stability theorem is the parameter s, which characterizes the
regularity in time. More precisely, the function (−iω)sf (ω) has to be inverse Fourier–Laplace transformable. This implies
s-times continuously differentiability when s is an integer.

Other requirements for the Sobolev space are Fourier–Laplace transformability for σ > 0 and a support in time of R+.
These requirements are satisfied in commonTDIEmethods, because of the zero initial conditions and because only piecewise
polynomials and the Dirac delta distribution will be used as test and basis functions in time.

The variational formulation of the differentiated EFIE (3) is given by

∀(Ėi
× n̂) ∈ H

1
2 , search for J ∈ H

1
2 such that ∀w ∈ H−

1
2 :

−n̂ × n̂ ×


Γ


µ
J̈(r′, τ )
4πR

−
1
ϵ
∇

∇
′
· J(r′, τ )
4πR


dr′,w(r, t)


σ

=

−n̂ × n̂ × Ėi(r, t),w(r, t)


σ
. (9)

The uniqueness and boundedness of the solution of this variational formulation will be proven in Section 3.2. Notice that if
(f × n̂) ∈ H s, then n̂ × (f × n̂) is an element of the dual of H−s. Furthermore, for electric current densities J ∈ H s, the test
space of the variational formulation is the dual of the range space of the EFIE operator [16].

2.3. Numerical discretization

The numerical discretization of the EFIE uses a triangular surfacemesh on the interfaceΓ anddiscrete time levels tl = l1t
for l ∈ Z where 1t denotes the uniform time step size. Different discretization procedures have been used in literature.
Almost all schemes can be written as a special case of the finite element method. Hence, the variational formulation (9) is
used, with the electric surface current density expanded as

J(r, t) =

Ns
n=1

Nt
j=1

Jn,jhn(r)vj(t) (10)

in terms of Ns spatial basis functions hn and Nt temporal basis functions vj. Consequently, Ns spatial test functions h̃m and
Nt temporal test functions uk are used.

The usual choice of spatial discretization in TDIE methods is a Galerkin method with Raviart–Thomas elements [21],
or, equivalently, Rao–Wilton–Glisson (RWG) functions [22]. The RWG functions are linear vector functions associated with
pairs of triangular facets and defined as

hn(r) =


ℓn

2|Γ +
n |
(r − r+n ), r ∈ Γ +

n ,

−
ℓn

2|Γ −
n |
(r − r−n ), r ∈ Γ −

n ,

0, elsewhere,

(11)

where the triangular facetsΓ +
n andΓ −

n share edge n of length ℓn, and r+n and r−n the vertices ofΓ +
n andΓ −

n , respectively, that
are no endpoints of the shared edge. The RWG functions are element of the function space H−

1
2 (div,Γ ) and can therefore

be used in the variational formulation of the EFIE [23].
The test and basis functions in time for use in TDIE methods can be chosen according to several strategies [1,3,4]. In

this paper, the MoT scheme is used, which is based on collocation and has beneficial efficiency and accuracy characteristics
[11,12,24]. Hence, the test functions are given by

uk(t) = δ(t − tk) (12)
where δ denotes the Dirac delta distribution. The temporal basis functions are chosen as geometric translations

vj(t) = T (t − j1t) for j = 1, 2, . . . ,Nt , (13)
of a piecewise polynomial of degree d, i.e.,

T (s) =



a0dsd + · · · + a01s + a00, −1 <
s
1t

≤ 0,

a1dsd + · · · + a11s + a10, 0 <
s
1t

≤ 1,

...
...

addsd + · · · + ad1s + ad0, d − 1 <
s
1t

≤ d.

(14)
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Fig. 1. Three of themost popular temporal basis functions, namely the quadratic Lagrange, quadratic spline, and bandlimited interpolation function (BLIF).

Provided d is large enough, this choice allows for the evaluation of the solution and its (anti-)derivatives in arbitrary re-
tarded time levels, as required in TDIE methods. Furthermore, the small support of the temporal basis function results in an
efficient solution procedure and causality of the discretized EFIE is achieved for arbitrary d. That is, the discretized EFIE can
be written as

Z0Ik = Vk −

ℓ
j=1

ZjIk−j for k = 1, 2, . . . ,Nt (15)

where Ik denotes the discrete surface current density, Vk the discrete incident field, and Zj the discrete interaction matrices.
The discrete solution at every time level k can be calculated from a finite range of known solutions only, resulting in an
efficient marching procedure.

The choice of temporal basis function has a profound impact on numerical properties of the TDIE method, such as
accuracy, efficiency, and stability [11,12]. Many different functions have been introduced in literature [25,12]. Arguably
the most popular choice is the family of shifted Lagrange interpolants [13], which is depicted in Fig. 1. Other choices are
spline basis functions, which have better accuracy characteristics [12], and bandlimited interpolation functions, which will
not be used because they do not lead to causality of the discretized equations and thus lack the efficiency of causal basis
functions [11]. In this paper, we aim to provide guidelines for the choice of temporal basis function such that the stability
theorem of the Galerkin discretized EFIE can be used.

3. Stability of the variational formulation

The TDIE method for electromagnetic scattering analysis has a long history of instability. Early implementations were
very hard to stabilize, even for small-scale problems. Significant progress in stabilization techniques has improved the MoT
scheme such that stable results can be obtained for many different objects. However, there is no mathematical justification
and stability is often obtained only after repeated computer simulations with carefully adjusted parameters. Because this
is not feasible for practical purposes, it is important to use a priori stability analyses to design an MoT scheme with robust
stability characteristics.

Analysis of the instabilities in TDIE methods is difficult due to the presence of the retarded time in the model equations.
This causes a strong coupling of space and time dependencies and prevents a straightforward use of classical techniques for
ordinary and delayed differential equations. Stabilization techniques have therefore been based mainly on computational
experience and a posteriori stability analyses. Many of these algorithms do not eliminate the instability, but merely push the
instability further into late-time. That is, the instability plagues the solution onlywhen the simulation time is long compared
to the time scale of the excitation. This so-called late-time instability can be deceptive and computational experiments
suggest that the instability will be visible in early time when geometrically complicated scattering problems are simulated.

In this section, the stability of TDIE methods will be analyzed with a stability theorem that states uniqueness and
boundedness of the solution of a specific variational formulation. A stability theorem for the original EFIE canbe found in [16],
which will be summarized in Section 3.1. This stability theorem will be extended to the differentiated EFIE in Section 3.2.

3.1. Stability theorem of the original EFIE

Remember that the original EFIE (1) is formulated with the electric surface current density J(r, t) as single unknown. The
EFIE could also be written with the electric surface charge density ρ(r, t) as additional unknown [22]. For the purpose of
analyzing the equations, this can be advantageous, but for numerical discretization, it is more efficient to consider only one
unknown. Since a formulation with both unknowns is used in [16], let us introduce the following Sobolev space.

Definition 5. For s ∈ R and σ > 0,

H s
ρ,J =


(ρ, J) ∈ Hs

σ


R+,H−

1
2 (Γ )


× Hs

σ


R+, TH−

1
2 (Γ )


, ∇ · J + ϵ

∂ρ

∂t
= 0


. (16)
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The requirement ∇ · J + ϵ
∂ρ

∂t = 0 is called the continuity equation and gives a relation between the electric surface
current and charge density. The Sobolev spaces (6) and (16) satisfy the following equivalence [16].

Proposition 1. (ρ, J) ∈ H s
ρ,J iff J ∈ H s.

Now, the original EFIE can be written as a specific variational formulation with a unique and bounded solution [16].

Theorem 2 (Variational Formulation, [16]). ∀(Ei
× n̂) ∈ H

3
2 , the original EFIE (1) admits the following variational formulation:

search for (ρ, J) ∈ H
1
2
ρ,J such that ∀(ρ,J) ∈ H

1
2
ρ,J :

b

(ρ, J), (ρ,J) =


R
e−2σ t


Γ


n̂ × (Ei

× n̂)

·
∂2J
∂t2

dr dt (17)

with the bilinear form b defined as

b

(ρ, J), (ρ,J) = −µ


R
e−2σ t


Γ


Γ

∂
∂t J(r

′, τ )

4πR
·
∂2J(r, t)
∂t2

dr dr′dt

− ϵ


R
e−2σ t


Γ


Γ

ρ(r′, τ )
4πR

∂3ρ(r, t)
∂t3

dr dr′dt. (18)

Theorem 3 (Uniqueness, [16]). If (Ei
× n̂) ∈ H

3
2 , then the variational formulation admits a unique solution (ρ, J) ∈ H

1
2
ρ,J.

Theorem 4 (Stability, [16]). The following bounds on the solution (ρ, J) hold:

∥ρ∥
1
2 ,σ ,H

−
1
2 (Γ )

≤ C(Γ )
1
σ

Ei
× n̂


3
2 ,σ ,H

−
1
2 (div,Γ )

, (19a)

∥J∥
1
2 ,σ ,TH

−
1
2 (Γ )

≤ C(Γ )
1
σ

Ei
× n̂


3
2 ,σ ,H

−
1
2 (div,Γ )

. (19b)

Remember that the space–time norm (7) relates to the electromagnetic energy and stability is therefore achieved in
a meaningful norm. Furthermore, the requirement (Ei

× n̂) ∈ H
3
2 of the variational formulation is usually satisfied for

excitations that are chosen as a realistic representation of an electromagnetic field. That is, regularity and convergence to
zero in time are obtained because the excitation is smooth for physical reasons and only excitations of finite duration will
be considered.

3.2. Stability theorem of the differentiated EFIE

The stability theorem in Section 3.1 is only applicable to the original EFIE. As argued in Section 2.1, the differentiated EFIE
will result in a more efficient MoT scheme than the original EFIE. Moreover, the vast majority of engineering literature on
TDIE methods deals with the differentiated EFIE. Extension of the stability theorem to the differentiated EFIE is therefore
important for the practical application of MoT schemes. First, let us state the stability theorem of the differentiated EFIE.

Theorem 5 (Variational Formulation). ∀(Ėi
×n̂) ∈ H

1
2 , the differentiated EFIE (3) admits the following variational formulation:

search for J ∈ H
1
2 such that ∀w ∈ H−

1
2 :

Γ


µ
J̈(r′, τ )
4πR

−
1
ϵ
∇

∇ · J(r, τ )
4πR


dr′,w


σ

=

n̂ × (Ėi

× n̂),w

σ
. (20)

Theorem 6 (Uniqueness). If (Ėi
× n̂) ∈ H

1
2 , then the variational formulation admits a unique solution J ∈ H

1
2 .

Theorem 7 (Stability). The following bound on the solution J holds:

∥J∥ 1
2 ,σ ,−

1
2 div

≤ C(Γ )
1
σ

Ėi
× n̂

 1
2 ,σ ,−

1
2 div

. (21)

The proof of the stability theorem of the differentiated EFIE will be given subsequently. The backbone of the proof is the
stability theorem of the original EFIE. More precisely, if the variational formulations of the two integral equations can be
shown to be equivalent, then stability of the solution will follow.
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There are two main differences between the two variational formulations. First, the electric surface charge density has
been eliminated. Second, the index of the Sobolev space H s has been changed for the test space. This index represents the
regularity of the function space and the test functions are required to be one order of continuity higher than for the original
version. This is reasonable, because using a test function that is more smooth is a natural choice in a differentiated version.

3.2.1. Elimination of the surface charge
The elimination of the electric surface charge density from the original EFIE can be performed with the continuity

equation.

Lemma 8. The bilinear form (18) is equivalent to

b

J,J  = −


Γ


µ

∂
∂t J(r

′, τ )

4πR
−

1
ϵ
∇

 τ
−∞

∇
′
Γ · J(r′, t̄)dt̄
4πR


dr′,

∂2J(r, t)
∂t2


σ

(22)

for J ∈ H
1
2 andJ ∈ H

1
2 .

Proof. As stated in Theorem 2, (ρ, J) ∈ H
1
2
ρ,J and (ρ,J) ∈ H

1
2
ρ,J for the bilinear form (18). This yields J ∈ H

1
2 andJ ∈

H
1
2 by Proposition 1. Furthermore, the continuity equation ∇ · J + ϵ

∂ρ

∂t = 0 holds, which can be rewritten into ρ(r, t) =

−
1
ϵ

 t
−∞

∇ · J(r, t̄)dt̄ . Substitution of this expression of the surface charge into the bilinear form (18) results in

b

J,J  = −µ


Γ

∂
∂t J(r

′, τ )

4πR
dr′,

∂2J(r, t)
∂t2


σ

−
1
ϵ


Γ

 τ
−∞

∇
′
Γ · J(r′, t̄)dt̄
4πR

dr′,
∂2

∂t2

∇ ·J(r, t)

σ

= −µ


Γ

∂
∂t J(r

′, τ )

4πR
dr′,

∂2J(r, t)
∂t2


σ

−
1
ϵ


Γ

 τ
−∞

∇
′
Γ · J(r′, t̄)dt̄
4πR

dr′,∇ ·
∂2J(r, t)
∂t2


σ

where the second equality holds because the interface is stationary: ∂
∂tΓ = 0. To perform integration by parts on the inter-

face Γ , let us use ∇ · (ψa) = (∇ψ) · a+ψ∇ · a and Stokes’ theorem, that is,

Γ

∇ · adA =

∂Γ
ν⃗ · ads for arbitrary a ∈ H s,

where ν⃗ denotes the vector that is normal to bothΓ and n̂. Notice that whenΓ is closed, no ν⃗ exists and the boundary terms
is zero. Otherwise, integration by parts results in

b

J,J  = −µ


Γ

∂
∂t J(r

′, τ )

4πR
dr′,

∂2J(r, t)
∂t2


σ

+
1
ϵ


∇


Γ

 τ
−∞

∇
′
Γ · J(r′, t̄)dt̄
4πR

dr′,
∂2J(r, t)
∂t2


σ

−


∂Γ

ν⃗ ·


Γ

 τ
−∞

∇
′
Γ · J(r′, t̄)dt̄
4πR

dr′
∂2J(r, t)
∂t2


ds.

BecauseJ ∈ H
1
2 , we haveJ ∈ H

−
1
2

div (Γ ) for all t ∈ R. A characteristic of this function space is that the normal component on
the boundary is zero, that is, ν⃗(r) ·J(r, t) = 0 for all t ∈ R. This yields that the boundary term is zero and the bilinear form
(22) is obtained. �

3.2.2. Integration by parts
To obtain concise equations, let us abbreviate the original and differentiated EFIE as n̂×(Ei

×n̂) = E(J) and n̂×(Ėi
×n̂) =

Ė(J), respectively. Notice that the difference between the two versions of the EFIE is only a time derivative, that is, Ė =
∂
∂t E .

Hence, integration by parts will be used, but remember that the inner product (8) uses a time-dependent weight.

Lemma 9. If

v = 2σw −
∂w
∂t

(23)

then

v ∈ H−
3
2 ⇐⇒ w ∈ H−

1
2 .

Proof. Most of the properties of the Sobolev space H s are expressed in the Fourier–Laplace domain, that is,f (ω) =
∞

−∞
eiωt f (t)dt for ω = η + iσ and σ > 0, as given by Definition 2. To this end, the equation v = 2σw −

∂w
∂t is written as

v = 2σw − (−iωw) = (2σ + iω)w = (σ + iη)w = i(η − iσ)w = iω̄w (24)
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where ω̄ denotes the complex conjugate of ω. Because f ∈ H s if its norm ∥f∥
σ ,s,− 1

2 div
is bounded, let us consider the norm

of v, that is,

∥v∥2
σ ,s,− 1

2 div
=

1
2π


+∞+iσ

−∞+iσ
|ω|

2s
∥v(·, ω)∥2

H−
1
2 (div,Γ )

dω

=
1
2π


+∞+iσ

−∞+iσ
|ω|

2s
|iω̄|

2
∥w(·, ω)∥2

H−
1
2 (div,Γ )

dω

=
1
2π


+∞+iσ

−∞+iσ
|ω|

2(s+1)
∥w(·, ω)∥2

H−
1
2 (div,Γ )

dω

= ∥w∥
2
σ ,s+1,− 1

2 div
. (25)

Hence, v ∈ H−
3
2 ⇐⇒ w ∈ H−

1
2 . �

Lemma 10. For (Ei
× n̂) ∈ H

3
2 , J ∈ H

1
2 andw ∈ H−

1
2 ,

Ė(J),w

σ

=


E(J), 2σw −

∂w
∂t


σ

, (26)


n̂ × (Ėi

× n̂),w

σ

=


n̂ × (Ei

× n̂), 2σw −
∂w
∂t


σ

. (27)

Proof. By definition of the original and differential EFIE, Ė(J) =
∂
∂t E(J). Then, integration by parts results in

Ė(J),w

σ

=


Γ


+∞

−∞

e−2σ t ∂E(J)
∂t

· wdt dr

=


Γ


e−2σ t E(J) · w

+∞

t=−∞
−


+∞

−∞

E(J) ·
∂

e−2σ t w


∂t

dt


dr

=


+∞

−∞

e−2σ t


Γ


2σ E(J) · w − E(J) ·

∂w
∂t


dr dt

=


E(J), 2σw −

∂w
∂t


σ

(28)

where the boundary term is zero because w ∈ H−
1
2 , so w = 0 for t < 0 and t → ∞. Changing Ė(J) by n̂ × (Ėi

× n̂) in
Eq. (28) proves the second part of the lemma. �

3.2.3. Equivalent variational formulations
Now, one can use the previous lemmas to prove the equivalence between the variational formulation of the original and

differentiated EFIE.

Theorem 11. The variational formulation (17) of the original EFIE and variational formulation (9) of the differentiated EFIE are
equivalent.
Proof. Let us start with the variational formulation (9) of the differentiated EFIE and proceed to the variational formulation
(17) of the original EFIE. With E and Ė denoting the original and differentiated EFIE operators, respectively, the variational
formulation of the differentiated EFIE reads:

search for J ∈ H
1
2 such that ∀w ∈ H−

1
2 :

Ė(J),w

σ

=

n̂ × (Ėi

× n̂),w

σ
.

With Lemma 10, this is equivalent to:

search for J ∈ H
1
2 such that ∀w ∈ H−

1
2 :

E(J), 2σw −
∂w
∂t


σ

=


n̂ × (Ei

× n̂), 2σw −
∂w
∂t


σ

.

With Lemma 9, this is equivalent to:

search for J ∈ H
1
2 such that ∀v ∈ H−

3
2 :

⟨E(J), v⟩σ =

n̂ × (Ei

× n̂), v

σ
.
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Notice that this variational formulation is written in a Petrov–Galerkin form, where the test and solution spaces are defined
differently. On the contrary, the variational formulation (17) of the original EFIE uses equivalent test and solution spaces
and is thus written in a Galerkin form. The property f ∈ H s

⇐⇒
∂2f
∂t2

∈ H s+2 of Sobolev spaces yields an equivalence

between testing with v and ∂2J
∂t2

, where v ∈ H−
3
2 andJ ∈ H

1
2 . Thus, the variational formulation is equivalent to:

search for J ∈ H
1
2 such that ∀J ∈ H

1
2 :

E(J),
∂2J
∂t2


σ

=


n̂ × (Ei

× n̂),
∂2J
∂t2


σ

.

With Lemma 8, we have

E(J), ∂

2J
∂t2


σ

= b(J,J) and the variational formulation of the original EFIE is obtained. �

This theorem states that the variational formulations of the original and differentiated EFIE are equivalent. Because the
solution of the original EFIE is unique and bounded, this holds for the differentiated EFIE as well, which completes the
stability proof for the differentiated EFIE.

4. Stability of Petrov–Galerkin schemes

As explained in Section 3.1, the variational formulation of the original EFIE admits a unique and bounded solution J ∈ H
1
2 .

This stability theorem has been extended to the differentiated EFIE in Section 3.2, where the testing space is given by H−
1
2

instead of H−
3
2 for the original EFIE. In this section, the EFIE will be discretized in time with a Petrov–Galerkin scheme

where test and basis functions are chosen as element of these Sobolev spaces.
Notice that the stability theorems of the EFIE in Section 3 concern the continuous equations. To the best of the author’s

knowledge, no stability theorem for the discretized EFIE has been given in literature and proving this is outside the scope
of this paper. Nonetheless, the presented stability theorem is important for the choice of test and basis functions, as will be
confirmed by the computational experiments in Section 5. Furthermore, an inner product (8) with zero weight will be used
in the numerical discretization, that is σ = 0. In the stability theorem, an arbitrary σ > 0 is required, which makes this
choice invalid. However, the discrete equations become considerably more efficient to solve for σ = 0 and this will be used
nevertheless. This choice has been justified in [14].

4.1. Discretely equivalent Petrov–Galerkin schemes

Remember that the parameter s of the Sobolev space H s characterizes the regularity in time. Consequently, the Dirac
delta distribution is not an element of the testing space for the differentiated EFIE, which prohibits the use of the MoT
scheme. Nonetheless, for carefully chosen temporal basis functions, the stability theorem can be used for the MoT scheme.
This will be proven with the aid of discretely equivalent Petrov–Galerkin schemes that fit within the functional framework
of the stability theorem.

Definition 6. The MoT scheme and Petrov–Galerkin scheme are discretely equivalent if ZMoT
j = ZP−G

j for j = 1, 2, . . . , ℓ.

An important corollary of the fact that both schemes are discretely equivalent is that both schemes share the same
stability characteristics, because stability is independent of the excitation. In particular, for a Petrov–Galerkin scheme that
fits within the stability theorem, an MoT scheme could be derived that is discretely equivalent and therefore stable as well.
To obtain concise equations, discrete equivalence of the numerical schemes can be simplified to equivalence of an arbitrary
matrix element.

Lemma 12. If
R


dα

dtα
Tj(τ )


δ(t − tk)dt =


R


dα

dtα
uj(τ )


vk(t)dt for α ∈ {−1, 0, 1, 2} (29)

then the MoT scheme with temporal basis functions Tj and Petrov–Galerkin scheme with basis and test and functions uj and vk,
respectively, are discretely equivalent for the EFIE.

Proof. For an arbitrary j, k ∈ {1, 2, . . . ,Nt} and m, n ∈ {1, 2, . . . ,Ns}, the element (Zi)mn with i = k − j is given by

(ZMoT
j )mn =


E

fn(r′)Tj(τ )


, fm(r)δ(t − tk)


=


Γ


Γ


µ
fn(r′)


R Ṫj(τ )δ(t − tk)dt

4πR
−

1
ϵ
∇

∇
′
· fn(r′)


R

 τ
−∞

Tj(t̄)dt̄ δ(t − tk)dt

4πR


dr′ · fm(r)dr,



E. van ’t Wout et al. / Journal of Computational and Applied Mathematics 294 (2016) 358–371 367

(ZP−G
j )mn =


E

fn(r′)uj(τ )


, fm(r)vk(t)


=


Γ


Γ


µ
fn(r′)


R u̇j(τ )vk(t)dt
4πR

−
1
ϵ
∇

∇
′
· fn(r′)


R

 τ
−∞

uj(t̄)dt̄ vk(t)dt

4πR


dr′ · fm(r)dr

for the original EFIE. Hence, if
R
Ṫj(τ )δ(t − tk)dt =


R
u̇j(τ )vk(t)dt,

R

 τ

−∞

Tj(t̄)dt̄ δ(t − tk)dt =


R

 τ

−∞

uj(t̄)dt̄ vk(t)dt,

then (ZMoT
j )mn = (ZP−G

j )mn. For the differentiated EFIE a similar condition can be proven analogously, but nowwith the basis

function and its second derivative. Consequently, if

dα
dtα Tj(τ ), δ(t − tk)


=


dα
dtα uj(τ ), vk(t)


for α ∈ {−1, 0, 1, 2} then the

MoT scheme and Petrov–Galerkin scheme are discretely equivalent for both the original and differentiated EFIE. �

Notice that this lemma involves three sets of functions, i.e., Tj, uj and vk. In next sections, this lemma will be used to
design numerical schemes by computing one of these sets of functions given the other two sets. In particular, for a given
Petrov–Galerkin scheme with a set of basis and test functions uj and vk, respectively, design a MoT scheme with basis
functions Tj.

Theorem 13 (Discretely Equivalent Schemes). A Petrov–Galerkin scheme with basis and test functions denoted by u(t) and v(t),
respectively, and a MoT scheme with basis function denoted by T (t) are discretely equivalent if

T (t) =


∞

−∞

u(s + t)v(s)ds (30)

and u and T two times continuously differentiable.

Proof. The two schemes are discretely equivalent if the requirement (29) holds. Remember that we have uj(t) = u(t − tj)
and similar for the other test and basis functions. Furthermore, τ = t − R/c with R ≥ 0 arbitrary. Then,

R


dn

dtn
Tj(τ )


δk(t)dt =


∞

−∞


dn

dtn
T (τ − tj)


δ(t − tk)dt

= T (n)(τk−j)

=


∞

−∞

u(n)(s + τk−j)v(s)ds

=


∞

−∞


dn

dtn
u(τ − tj)


v(t − tk)dt

=


R


dn

dtn
uj(τ )


vk(t)dt

for all n ≤ 2, where a change of variables s = t − tk has been used and where τk−j = tk−j −
R
c . �

An important remark is that the continuity requirements in Theorem 13 can be alleviated for the EFIE, using similar
techniques as in [26]. The main argument is that since the retarded potentials intertwine space and time, the regularizing
surface integrals can be used to prove discrete equivalency even for Dirac delta distributions as test space.

4.2. Equivalence for the lowest order stable Petrov–Galerkin scheme

The aim of this paper is to design a stable MoT scheme for the differentiated EFIE. To this end, let us consider the
Petrov–Galerkin scheme with test and basis functions that fits within the functional framework and design a discretely
equivalent MoT scheme. The test and solution spaces are given by H−

1
2 and H

1
2 , respectively. Let us consider the lowest

order piecewise polynomials that fit within these Sobolev spaces. That is, let us use the step function vstepk (t) = vstep(t − tk),
given by

vstep(t) =


1
1t
, −1t < t ≤ 0,

0, else,
(31)
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as test function and as basis function uhat
j (t) = uhat(t − tj) the hat function, given by

uhat(t) =

1 −
|t|
1t
, |t| ≤ 1t,

0, else.
(32)

For this choice of Petrov–Galerkin scheme, a temporal basis function for a discretely equivalentMoT scheme can be designed
as a corollary of Theorem 13.

Corollary 14. The differentiated EFIE discretized with the Petrov–Galerkin schemewith step test functions and hat basis functions
is discretely equivalent to the MoT scheme with quadratic spline basis functions, given by

T qs(t) =



1
2


t
1t

2

+
t
1t

+
1
2

−1t < t ≤ 0,

−


t
1t

2

+
t
1t

+
1
2

0 < t ≤ 1t,

1
2


t
1t

2

− 2
t
1t

+ 2 1t < t ≤ 21t,

0 else.

(33)

Proof. Substitution of the step test functions and hat basis functions into expression (30) of the MoT basis function yields


∞

−∞

uhat(s + t)vstep(s)ds =



1
2

t2

1t2
+

t
1t

+
1
2
, −1t < t ≤ 0,

−
t2

1t2
+

t
1t

+
1
2
, 0 < t ≤ 1t,

1
2

t2

1t2
− 2

t
1t

+ 2, 1t < t ≤ 21t

(34)

with straightforward calculus. �

4.3. Equivalence for the quadratic Lagrange MoT scheme

For a given Petrov–Galerkin scheme, a discretely equivalent MoT scheme has been derived in the previous section. Here,
the reverse will be performed. In particular, a discretely equivalent Petrov–Galerkin scheme for a MoT scheme with the
broadly used quadratic Lagrange basis functions [27], defined as

T qL(t) =



1
2


t
1t

2

+
3
2

t
1t

+ 1 −1t < t ≤ 0,

−


t
1t

2

+ 1 0 < t ≤ 1t,

1
2


t
1t

2

−
3
2

t
1t

+ 1 1t < t ≤ 21t,

0 else,

(35)

will be given. However, two unknowns are present in the Petrov–Galerkin scheme, namely the test and basis function. To
obtain a unique, discretely equivalent Petrov–Galerkin scheme, either the test or basis function has to be chosen in advance.
Here, step test functions will be chosen, because these are the lowest-order test functions that fit within the functional
framework of the stability theorem.

Corollary 15. The differentiated EFIE discretized with the MoT scheme with quadratic Lagrange basis functions is discretely
equivalent to the Petrov–Galerkin scheme with step test functions and shifted hat basis functions, given by

ushiftedhat(t) =


t
1t

+
3
2
, −1t < t ≤ 0,

−
t
1t

+
1
2
, 0 < t ≤ 1t,

0, else.

(36)
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Fig. 2. Equivalence between the MoT and Petrov–Galerkin scheme for (a) quadratic spline basis functions (33) and (b) quadratic Lagrange basis
functions (35).

Proof. Given the functions T (t) and v(t), Eq. (30) can be solved for u(t)with straightforward calculus. However, for brevity,
it is easier to check if the Petrov–Galerkin scheme with step test functions and shifted hat basis functions results in the
quadratic Lagrange basis functions. Indeed, substitution of (36) and (31) into (30) immediately results in (35). �

The shifted hat function is discontinuous and thus not an element of H
1
2 . Hence, the basis function does not fit within

the functional framework and the stability theorem can therefore not be used for the MoT scheme with quadratic Lagrange
basis functions.

4.4. Summary

In this section, two discretely equivalent MoT and Petrov–Galerkin schemes have been designed. First, the
Petrov–Galerkin scheme with step test functions and hat basis functions fits within the functional framework and is
discretely equivalent with an MoT scheme with quadratic spline basis functions. Second, the MoT scheme with quadratic
Lagrange basis functions is discretely equivalent with a Petrov–Galerkin scheme with step test functions and shifted hat
basis functions. This is depicted in Fig. 2 and leads to the conclusion that the stability theorem can be used for the MoT
scheme with quadratic spline basis functions, but not for quadratic Lagrange basis functions.

5. Computational experiments

The stability analysis in this paper suggests that the differentiated EFIE discretized with the MoT scheme employing
quadratic spline basis functions is unconditionally stable. This cannot be proven for quadratic Lagrange basis functions with
the presented stability analysis. In this section, computational experiments confirm the stability characteristics. In particular,
all simulations performed with the quadratic spline basis functions are stable. It should be noted that stable simulations
could only be achieved with the use of quasi-exact integration [13].

Let us consider a sphere of radius 1mwith a triangular surfacemesh consisting of 356 edges. The time step size is chosen
as 1t = 10−9 s. The outer surface integral is approximated with a Gaussian quadrature with 73 points, whereas the inner
integral is computed with analytic expressions. The MoT scheme has been applied to the differentiated EFIE with quadratic
Lagrange and spline basis functions. The electric surface current density at the top of the sphere, depicted in Fig. 3, clearly
shows an alternating, exponentially increasing solution for the quadratic Lagrange basis function. The use of quadratic spline
basis functions results in a stable MoT scheme, as verified by the polynomial spectrum that resides within the unit disk of
the complex plane [10].

In the second computer simulation, the scattering by a generic aircraft geometry with a size of 60 m is being analyzed.
The surface mesh consists of 6756 edges and is depicted in Fig. 4(a). The time step size is chosen as 0.6 lm. Again, the MoT
scheme for the differentiated EFIE is used where the outer surface integral is approximated with a Gaussian quadrature
with 73 points and the inner integral computed analytically. As incident wave field, a modulated Gaussian plane wave is
used with center frequency 16.7 MHz and bandwidth 8.3 MHz. Fig. 5 depicts the electric surface current density at the tail
tip. The quadratic Lagrange basis function clearly results in an unstable computer simulation, whereas the quadratic spline
basis functions remain stable for the entire simulation time of 10000 discrete time levels. Furthermore, the scattered electric
field has been calculated for the aircraft excited by a sinusoidal wave field with a wavelength of 6 m. The magnitude of the
incident and scattered electric field intensity has been calculated on a horizontal plane through the aircraft and is depicted
in Fig. 4(b).

The computational experiments confirm that the choice of the temporal basis function has a profound impact on the
stability of the MoT scheme. In particular, quadratic spline basis functions fit within the stability theorem and result in
stable simulations. The quadratic Lagrange basis functions on the other hand do not satisfy all requirements of the stability
theorem and unstable simulations are obtained. The numerical stability of the quadratic spline basis function has been
confirmed experimentally on both the academic test case of a sphere and the simulation on a realistic aircraft. More stable
computer simulations of the MoT scheme with quadratic spline basis functions can be found in [28].
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(a) Discrete electric surface current density. (b) Polynomial eigenvalues.

Fig. 3. Discrete solution on a sphere with quadratic basis functions.

(a) Surface mesh. (b) Magnitude of the incident electric field intensity
(green), electric surface current density (blue) and
scattered electric field intensity (red).

Fig. 4. Simulation on a generic aircraft. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

(a) Linear scale. (b) Logarithmic scale.

Fig. 5. Discrete electric surface current density on the tail tip of a generic aircraft with quadratic basis functions.

6. Conclusions

The MoT scheme with the differentiated EFIE is the most efficient and popular TDIE method for electromagnetics. Its
stability has been analyzed starting from a functional framework and stability theorem of a variational formulation of the
original EFIE. This stability theoremhas been extended to the differentiated EFIE, forwhich another test space is required. On
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a discrete level, a space–time Petrov–Galerkin method that fits within the functional framework has been used. A discretely
equivalent collocation scheme motivates the choice of quadratic spline basis functions. Computational experiments for an
aircraft confirm the stability of this particular TDIE method for electromagnetics.
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