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1 Introduction

This report investigates the performance of Krylov subspace methods with respect to their ap-
plication to the time domain modeling of electromagnetic fields. In particular they are applied
to photonic crystals. The results are compared with those obtained by the finite difference time
domain method, or FDTD for short.

Photonic crystals are dielectric materials with permittivities that are periodic in space [I3 pp.
2]. The word ’photonic’ indicates that the quantity of interest is the electromagnetic field inside
the material and the word ’crystal’ is used by analogy with solid state physics, which deals with
periodic arrangements of molecules. Solid state physics is concerned with the position of electrons
whereas photonics is concerned with the electromagnetic field. In fact much of the formalism of
solid state physics can be applied to photonic crystals [13, pp. 4].

Photonic crystals are usually periodic in up to three dimensions and uniform in the nonperiodic
ones [I3] pp. 5] and can be divided into three groups depending on the number of periodic dimen-
sions: one, two and three dimensional crystals. Their characteristic property is that they support
the propagation of electromagnetic waves but suppress waves with frequencies inside a certain
range, referred to as the photonic band gap [I3| pp. 2], a property that is exploited in many
applications. An example is the Bragg mirror, a one-dimensional photonic crystal which consists
of slabs of materials with alternating dielectric constants and perfectly reflects any incident wave
with a frequency in the band gap [I3| pp. 44]. Introducing defects into the structure that break
up the periodicity opens op many more applications [I3] pp. 5].

The locations of the band gaps in the frequency spectrum and other properties of a photonic
crystal are dependent on its structure, see for example [I3] pp. 46]. Because Maxwell’s equations
are exact on macroscopic scales and the parameters of the dielectric materials are well known it is
possible given a photonic crystal to model these properties prior to actual design and manufacture.
Therefore predictions from first principles can provide a valuable addition to physical experiments
13, pp. 252]. However the complicated structures of photonic crystals make it impossible to solve
Maxwell’s equations analytically. As a consequence, numerical techniques are used to find the
band gaps, field patterns, transmission spectra and other properties of a given photonic crystal.
A distinction can be made between frequency domain methods and time domain methods. For
frequency domain methods the reader is referred to appendix D of [I3]. This report is concerned
with time-domain techniques. These are flexible because, unlike frequency domain methods, they
do not assume that the time-dependence of the electromagnetic fields is harmonic [I3, pp. 259].
This means that they can be used to determine the transmission coefficients for incident electro-
magnetic waves with many different frequencies in a single simulation run. This can be done by
simulating a photonic crystal with a pulse as a source and taking Fourier transforms [13| pp. 259]
Time domain methods are also suitable for problems in which dispersion occurs [13, pp. 259].
Many numerical techniques for Maxwell’s equations are based on the discretization of the spatial
domain into a grid [I3] pp. 259]. The structure of this grid should be suitable for the discretization
of the spatial derivatives in Maxwell’s equations [2, pp. 2]. In this report the successful Yee grid
is used [20]. When Maxwell’s equations are approximated in terms of the values at the grid points
the result is a system of ordinary differential equations which must be solved in time [2] pp. 3].
Usually this is done by also discretizing the time axis and using a time stepping algorithm in which
the electric and magnetic fields are updated alternatingly. This is called the FDTD algorithm.
Simulations of photonic crystal often need to be highly accurate. It turns out that the error intro-
duced by the second order accurate spatial discretization is much higher than the error introduced
by the second order time discretization. Higher order methods for space discretization do exist
but are hard to implement [I8] pp. 80]. Instead usually a very small spatial step size Ax is chosen.
However the Courant—Friedrichs—Lewy condition implies that the time step size At must then be
very small too [I8, pp. 128] to ensure numerical stability. This is unnecessary for accuracy because
the error introduced by the time discretization is small anyway. However it does make simulations
of long time intervals [0, T very demanding in terms of simulation time on a computer. Therefore
there is a need for fast and accurate time integration methods. This report contributes to this
goal.



An alternative is to use exponential time integration schemes [2], [I2]. These are methods that
make use of the matrix exponential and that are unconditionally stable [2], [I2]. This means that
the time step size is free from the CFL restriction. In addition, the error introduced by the time
discretization can be often controlled independently from the space discretization. These schemes
involve a so-called matrix exponential. This is a matrix function that can be defined and computed
in different ways. One way is the power series
Ay AT
k!
k=0

Another classical definition is that, for any sufficiently smooth function f(x) and a matrix A,
f(A) is a polynomial in A such that it interpolates f(z) and possibly some of its derivatives
on the spectrum of A (see [6], [10] for exact definitions). The matrix exponential is extremely
useful in Applied Mathematics and used in applications ranging from electomagnetic modeling
to network analysis and public safety [5], [9]. Accordingly, there are many ways to compute
the matrix exponential [I5]. A naive approach would be to diagonalize A by computing all its
eigenvalues and eigenvectors. Unfortunately this is unfeasible for the matrices of large size. An
important observation is that we actually do not need the matrix exponential as such but rather
its product with a given vector, i.e. its actions. Therefore Krylov subspace methods are used.
These are numerical linear algebra algorithms that are based on Gram-Schmidt orthonormalization
and project the matrix exponential series into the Krylov subspace. Modifications to the Krylov
subspace methods that will be explored in this report are the Arnoldi and shift-and-invert (SAI)
Arnoldi methods equipped with residual based stopping criteria.



2 Maxwell’s equations

In this section the macroscopic Maxwell equations are introduced. The Maxwell equations describe
the interaction between the electric and magnetic fields. At the length scales of photonic crystals
the macroscopic Maxwell equations are practically exact [I3, pp. 252].

Furthermore it will be seen that two-dimensional electromagnetic fields can be decomposed into
two sets of components that are described by two uncoupled sets of equations, the TE* mode
and the TM” mode. An advantage is that these are easily visualized. For three-dimensional
electromagnetic fields such a decomposition is not possible. However, many interesting phenomena
can be demonstrated for two-dimensional photonic crystals. Therefore we shall only consider
electromagnetic fields in the TM* mode.

2.1 Vector description of Maxwell’s equations

We start off with the macroscopic Maxwell equations in three dimensions and with source currents

V- B(r,t) =0, % = -V x E(r,t) — M/(r, 1),
V-D(r,1) = p, LLUULS ) CURSIY)

Here r is a vector that denotes the position and ¢ denotes the time. J’ is the electric current density
and M’ is the nonphysical magnetic current density. E and H are the electric and the magnetic
field respectively and B and D are the magetic induction field and the electric displacement
current.

We adopt the constitutive relationships (relationships between the electromagnetic fields and the
material parameters) that are described in [I3, pp. 6-8]. These are appropiate for the test
configurations that we will use to test numerical methods. The assumptions made there are
summarized in the following constitutive relationship

D(r,t) = ege,(r)E(r, )

where ¢, is the relative electric permittivity and ¢ is the vacuum permittivity. The permittivity
is the quantity that is periodically variable throughout the photonic crystal. Therefore it depends
on position. The magnetic induction and magnetic field are related by

B(I‘, t) = Hokr (I‘)H(I‘, t)

One of the assumptions on which these constitutive equations are based is that the materials are
isotropic: the permittivity and permeability do not depend on the direction of the applied fields.
In section the anisotropic layer formulation of a perfectly matched layer will be described in
which tensors appear in these equations. Most dielectric materials that are used to construct
photonic crystals have a permeability that is approximately equal to the the vacuum permeability
1o- Therefore in all simulations in this report u, will be set to one

e = 1.

The electric current density consists of two components. We will allow for electric losses of the
form o(r)E(r,t) and an independent source term given by J.

J(r,t) = o(r)E(r,t) + J(r,t).
Similarly we include magnetic losses o,,(r)H(r,t) and an independent source term M

M'(r,t) = o (r)H(r, t) + M(r, t)



Magnetic losses are not physical but they are necessary for implementing a perfectly matched
layer and for the verification of the numerical methods. If we enter these terms into Maxwell’s
equations we obtain

Vo (HE ) =0, o) T - B 1)~ M(r,0) — 0 (1) H, ),
Ve (r)E(r,t) = %, eoer(r)% =V xH(r,t) — J(r,t) — o(r)E(r, t). (1)

2.2 Maxwell’s equations in scalar form

Since our electric and magnetic fields are three dimensional vector fields we can decompose the
fields at each point in space and time into three components along the axes of the Cartesian
coordinate system. By doing so we obtain Maxwell’s equations in scalar form.

Writing out the curl of the electric field in yields
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Here all these values are defined for each point in space given by r and for each time t.
Writing out the curl of the magnetic field strength on the right-hand side of equation gives
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This results in:
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The remaining two equations are Gauss’s law for the electric fields and the magnetic fields

Voe(mE=",
€0
V- pr(r)H =0.

In the spatial discretization using a Yee grid it turns out [I8, pp. 78] that these two equations are
automatically satisfied if py = 0, which is the case for photonic crystals, see section .



2.3 TM?* mode

It is difficult to solve six equations simultaneously. However, if we assume that the EM fields are
homogeneous along the z-axis, in other words if we only consider the vector fields in the xy-plane,
then we can reduce the number of equations to be solved. This assumption renders all partial
derivatives in the z- direction zero and as a result the scalar equations can be decomposed into
two triplets of field components that only interact internally: (H,, Hy, E.) and (E,, E,, H,).

We can split all sources and initial condition into two parts, calculate their separate solutions and
subsequently superimpose both solutions to obtain the solution for all components.

Following Schneider [I7] these two are called the transverse magnetic (TM?#) mode and the trans-
verse electric (TE”) mode. The former indicates that the magnetic field is perpendicular to the z
axis, with unknowns H,, H, and E, and the latter indicates that the electric field is perpendicular
to the z-axis thus with unknowns F;, F, and H,.

For simplicity we will only work with the TM?* mode in this report, to reduce the number of
equations. However, a model for the TE” mode can easily be deduced in an analogous fashion.
To summarize, the components of the TM?* mode are given by:

e F,. which varies only in the x-direction and y-direction.
e I, and H, which also only vary in the x-direction and y-direction.

For the Maxwell equations this yields:
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3 Maxwell’s equations for the TM” mode in dimensionless
form

In the previous section we have discussed Maxwell’s equations with their real physical units, with
given constants pg (4w X 10_72(—7‘; ) and € (8.854 X 10_12£) in SI units. Since the orders of
magnitude of both the electric and magnetic fields are very small and differ significantly from each
other there could be inaccuracies during computations. Therefore we use a transformation which
scales the electric and magnetic field in such a way that the difference in magnitude is eliminated
and all variables are rendered dimensionless.

For now we will denote all variables in Maxwell’s equations with SI units with a subscript ’’” and
the resulting dimensionless variables without a subscript. We start again with Maxwell’s equations
for the TM” mode in SI units:
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Next we introduce two scalar parameters: the typical length L in meters and the typical magnetic
strength Hy in %. These parameters act as normal units to which the rest of the variables are
scaled. They can be chosen freely but should be defined in a way which reflects the size of the
grid and the magnitude of the magnetic field. Sensible choices would be the length of one side of
the domain and the maximal value of the magnetic field that is reached during a simulation for

Hy, if this quantity can be estimated.
We also use Zj, the impedance of vacuum, given by ‘:—3 and c¢g, the speed of light in vacuum,

given by \/ﬁ
We transform our variabes with the following transformation as defined above
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Now we will rewrite the maxwell equations using these transformations. For readability we
introduce notations us = (x5, ys,ts) and u = (z,y,t) as well as ry = (24,y;) and r = (z,y)
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In the same manner we can derive that
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For the time derivative of F, we get
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For the Courant number which sets a relation between the step size in time and space of a grid
and is defined as S, = % we get

Ats o LCO At o At

Azs, LegAx Az

SCZCO

Furthermore for a frequency ws in SI units we get the following
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4 Test configurations

In this section two photonic crystal configurations are presented that will be used to test numerical
methods in section ([10)).
As stated in section photonic crystals are dielectric materials with permittivities that are peri-
odic in space [13], pp. 2]. They are often periodic in up to three dimensions and uniform in the non
periodic ones [I3, pp. 5]. The configurations are required to be two-dimensional because we want
to test numerical methods by simulating electromagnetic fields in TM” mode. Photonic crystals
can consist of materials with many different permittivities and can even have continuously varying
permittivities. However, many interesting phenomena can already be demonstrated for photonic
crystals that are built from two dielectric materials.

One way to construct a two-dimensional photonic crystal out of two dielectric materials is to take
one of these materials and place cylindrical slabs of the other dielectric into it. We will call such a
dielectric cylinder a rod. Since photonic crystals are periodic, the arrangement of rods must also
be periodic. In other words, the rods must form a lattice. There are various ways to construct
two-dimensional crystal, see for example [13] pp. 72].

There is a wide range of interesting lattices. The prototypical example of a photonic crystal is a
square lattice of dielectric rods in a vacuum [I3} pp. 68], but for example triangular lattices are
also widely used.

Recall from section that photonic crystals have band gaps, frequency ranges for which electro-
magnetic waves cannot propagate through the photonic crystal. For frequencies outside the band
gap, electromagnetic waves propagate unhindered through the crystal and do not lose cohesion
due to scattering from the constituent structures of the photonic crystal [13] pp. 2].

Photonic crystals can also have defects, irregularities within the structure of the crystal, that
largely leave the periodicity intact but locally break it. This means that any mathematical meth-
ods that are based on periodicity are not strictly speaking applicable but usually the conclusions
based on these methods are still valid, see for example [13], pp. 58]. We will encounter point defects
and line defects in the remainder of this section as well as use them for as test cases. Examples
of point defects are a single dielectric rod that is reduced in size, has a different permittivity or is
absent altogether [I3| pp. 87]. Line defects usually consist of a row or a column of rods that is
missing or altered in some way [I3 pp. 88]. As we will see, line defects can be used to guide light.
There are generally no charges or currents present in a photonic crystal [13] pp. 2]. Therefore
the electromagnetic fields inside a photonic crystal are not generated by the crystal itself, that
is, photonic crystals do not radiate. The electromagnetic fields inside a photonic crystal usually
come from outside the photonic crystal. In most cases we will consider an electromagnetic wave
with one specified frequency. However sometimes a pulse that is comprised of a wide range of
frequencies is used.

We have chosen two simple settings, one with a point defect and one with a line defect, to test
our simulations.

The first is a square lattice of dielectric rods, which in its center has a point defect, in the form of
one column with a lower permittivity. The simulation will be initiated in a small circle in the point
defect, using a sine wave with a frequency inside of the crystal’s band gap. For longer simulations
we expect to see patterns as described in [I3] pp. 81]. A simple illustration of this setting can be
seen in [ a.

Next we will model a different square lattice of rods, containing a line defect. This will be achieved
by removing the middle row of the grid, as illustrated in [I] b. The system will again be initiated
in a small circle, this time in the middle of the line defect and again by using a sine wave from
within the band gap. Since the wave will be unable to propagate through the lattice it will be
channeled through the line defect.

The combination of multiple line defects can lead to more complex channels named waveguides
and allow for control of the direction of the flow of light.

We will also consider two other settings which will not be used for numerical testing, but which
do present interesting physical properties of photonic crystals.
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Figure 1: The two test cases

One is the waveguide bend in a square lattice as depicted in Figure [Zh. This scenario consists of
two line defects which intersect at a right angle to form a bend. A wave with a frequency inside
the band gap will be channeled through the bend, showing that the mechanism of a waveguide is
quite robust. There are also other ways to build a waveguide, such as using metallic walls [8, pp.
405] or guiding light through a dielectric fiber using the mechanism of total internal reflection [13]
pp. 87]. Interestingly, using photonic crystal waveguides, light can be guided through a region
that mostly consists of air [I3] pp. 87]. An advantage of using a photonic crystal instead of a
conventional waveguide is that bends can be easily implemented [I3][pp. 87].

The other setting is a line defect inside of a triangular lattice as shown in Figure [2b. You could
see the photonic crystal as having a surface, however, unlike the prototypical example of dielectric
rods in air discussed above, the roles of dielectric and air have been interchanged. The photonic
crystal now consists of air holes drilled into a dielectric. The advantage of a triangular lattice is
that it has a band gap for any plane wave since the band gaps for electromagnetic waves in the
TM” mode and TE” mode overlap. We will not be able to demonstrate this since we will only
implement the Maxwell equations for the TM* mode.

|| vacuum
[ dielectric material
B source location

0000 O00O0OCGOCO
JONE X X N BN N N X X X J

Figure 2: The extra settings test cases
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Figure 3: the TM? Yee grid. The indices (m,n) are shown, not the spatial coordinates (mAx, nAy).

5 Discretization

5.1 Grid

In this section the TM? Yee grid, introduced in [20], is described.
Let (0,1;) x (0,1,) C R? be the domain that is to be discretized. Set the number of grid points
N, and NN, along the x-axis and y-axis. The spatial step sizes Az and Ay are given by

l l
— z Ay - Y
N, + 1 y

Az : = .
:” N, +1

An FE, node is a grid point at which a numerical approximation of the E, component is defined.
The TM” Yee grid consists of the following sets of F,,H, and H, nodes

Gg, '={(mAz,nAy) :me{l,... , Ny },ne{l,...,Ny}}

1
Gu, = {(mAz, (n — i)Ay) :me{l,...,Ny},ne{l,...,N, +1}},
1
Gu, ={((m— i)Ax,nAy) cme{l,...,N;+1},ne{l,...,N,}},

see figure [3] Note the spatial staggering of the nodes.

Although E., H, and H, are only approximated on Gg,, Gx, and Gy, respectively, the spatially
discretized Maxwell equations introduced in the next section contain approximations of spatial
derivatives of E, on Gy, and Gy, and spatial derivatives of H, and H, on Gg,. However these
approximations are expressed in terms of the numerical F,, H, and H, fields at the corresponding
nodes.

Note that no nodes on the boundary have been included in this definition. The corresponding
fields are set to zero in the spatially discretized Maxwell equations.

11



5.2 Space discretization of Maxwell’s equations

In this section Faraday’s equation for the H, component is spatially discretized. Spatial discretiza-
tions of the other dimensionless Maxwell equation with the constitutive relationships from section
(2) can be found in the appendix. Faraday’s equation for the H, component is given by

OH,(x,y,t OF,(x,y,t
(o) ) OB (01, 0, 1,0) 4 0 9) L ,0:0)

Central difference approximations to the derivative 8£f yield the following ODE’s

1 0H,
:U'r(mAxv (n - i)Ay) ot

E.(mAz,nAy,t) — E.(mAx,(n — 1)Ay,t)
Ay

— (Mo (mAe, (n — )My,
+ om(mAz, nAy)H,(mAx,nAy,t)).

(A, (0~ 5)Ay,) = -

As mentioned in section (5.1)) any terms that refer to nodes on the boundary are set to zero.

5.3 Matrix formulation of the space-discretized Maxwell equations
Definition of vectors

The spatially discretized Maxwell equations constitute a system of ODE’s that can be written in
matrix form. To this end the H, components on Gy, , H, components on Gy, and E, components
on Gy, are collected in vectors h,(t), hy(t) and e, (t) respectively which are put into a vector

h, (t)
h, (1)

y(t) = (
e.(t)

The nodes are distributed over a two-dimensional domain. However the numerical field components
associated with the nodes are put into vectors that have only a single index. Clearly we need
to define some way of assigning indices to nodes in a two-dimensional grid. We give the node
corresponding to some particular field component with the smallest x-coordinate and y—coordinateEI
the index 1 and count in the y-direction. After exhausting a column of nodes we continue with the
next value of x, count in the y-direction and so on. Therefore H, node (mAw, (n— 3)Ay) € Gy,,
H, node ((m — $)Az,nAy) € Gy, and E, node (mAz,nAy) € Gg_ have indices

i:=(m—1)(Ny,+1)+mn,
j:=(m—1)N, +n,
k:=(m-—-1)Ny,+n,

in h, (), hy(t) and e.(t) respectively. These indices are shown next to the nodes in figure |3} The
number of H;, Hy, and E, nodes is given by

Np, = NI(NU + 1),
Np, ‘= (NI + :[)]Vy7
Ne, = Nz Ny,

respectively. Note that the definition symbol is used because this is a definition of these variables.
The number of nodes is determined by the definition of the Yee grid. So H, node (mAz, (n —
1)Ay) € Gp,, Hy node ((m — 3)Az,nAy) € Gy, and E. node (mAz,nAy) € G, have indices
i, N, +Jj and np, +np, + k in the vector y() respectively.

LObviously this node exists in a TM?* Yee grid.
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System of ordinary differential equations

In the appendix it is shown that the spatially discretized Maxwell equations can be written in the
following form

-1

4h,(t) P,. O 0 -3, 0 K h, (t) M., (2)
%hy (t) = 0 Pumy 0 0 _Ey L hy(t) - My (t)
de,(t) 0 0o P ~-KT LT -X%, e.(t) J(t)

It is easy to see that this is a system of the form y’ = Ay + b. Here M,(t), M, (t) and J(t) are
vectors that contain the values of the magnetic and electric (free) source currents at the nodes
in Gy,, Gu, and G, respectively. P, ., P, , and P, are diagonal matrices with the relative
pemeabilities at the H, and H, nodes and the relative permittivities at the F, nodes as diagonal
elements. 3, 3, and 3, are diagonal matrices with the dimensionless (magnetic) conductivities
at the diagonal elements. K and L can be described using the Kronecker product

K=—(Ay)"'(Iy, ® Ay,) L= (Az)"'(An, ®Iy,).

The (n + 1) X n matrix A,, that appears in this system is given by

1 0 - 0 0
1 1 0 0
0 -1
A, =
1 0
0 0 11
L0 0 0 -1 |

13



6 FDTD

In this section the FDTD method, introduced by [20], is described. Both the FDTD method and
the Krylov subspace methods discretize the spatial derivatives of the electric and magnetic fields
using the staggered Yee grid as described in section . What sets the two methods apart is
that the FDTD method also discretizes the time whereas Krylov solves the system of spatially
discretized Maxwell equations using matrix exponentials.

From Maxwell’s equations we know that the rate of change of the electric field depends on the
spatial derivatives of magnetic field and that the rate of change of the magnetic field depends on
the spatial derivatives of the electric field.

The FDTD method incorporates this interaction by using a leapfrog scheme, which means that the
discretized magnetic components and the electric components are defined on alternating points in
time. More specifically the electric field is defined on T, := {¢; : t; = to + iAt,i € N} and the
magnetic field on T}, := {t;_o.5 : ti—o.5 = to + (¢ — 0.5)At, i € N}, provided the initial conditions
are given for time ¢.

This entails that the value of the magnetic field at time ¢; 9.5 is obtained by linear extrapolation
using the value of ¢;_¢.5 and its derivative at time ¢; which is related to the electric field at that
time by Faraday’s equation. If we implement this time discretization for the dimensionless Maxwell
equations we obtain

L[_i(
pr(mAz, nAY) " Ay
— E.((m—0.5)Az,nAy,t;)) — Mz(mAz,nAy, t;) — om(mAz, nAy)H,(mAz, nAy, t;))

H,(mAx,nAy,t;105) = Hy(mAz,nAy,t;_o5) + E.((m+0.5) Az, nAy, t;)

The only problem is that H, is not defined at time ¢; in the FDTD scheme but its value is
required in the conductivity term. Therefore we use linear extrapolation to approximate this
value: H,(mAxz,nAy,t;) ~ (H,(mAz,nAy,t;r05) + He(mAz,nAy,t;_¢5))/2. This results in
the explicit equation

2ur(mAx, nAYy) + o (mAz, nAy)At
2ur(mAx, nAy) — oy (mAz, nAy)At
2A¢
— 21, (mAx,nAy) — Ax, nAy)A
+ PRETRYN tr(MAZ, nAY) — o (mAz, nAy)At
a E.((m+0.5)Az,nAy,t;) — E,((m — 0.5)Az, nAy, t;)
Ay

H,(mAz,nAy,tiv05) = H,(mAz,nAy,t;_o.5)

- Mz(mA:Cv nAy, tz)]

Conventionally the FDTD method is implemented by looping over all the nodes of the Yee-grid
and updating them in the way listed above [I8], [17]. However we have implemented FDTD using
the matrix equations from the previous chapter.

As a result we obtain

h,(tivos) = (2P, +AtE,) 1(2P,, — AtE,)h,(ti—o5) +2At (2P, + AtS,) ' [Ke, (t;) — M, (t;)]

h,(tivos) = (2P, + AtE,) (2P, — AtE))h, (t;i_o5) +2At(2P,, +AtE,) ' [Le, (t;) — M, (t;))]
ez(ti+1) = (2P6T+At22)_1(2P6T—AtEZ)eZ(ti)+2At(2PET+AtEZ)_1[—KThz(ti+0,5)—LThy(ti+0,5)—J(ti+0_5)]

6.1 Stability of the update equations

The update equations must be numerically stable. Roughly stability means that approximation
errors are not magnified as the simulation runs. An numerically unstable algorithm tends to quickly
diverge to infinite values. A necessary condition for the stability of a time discretization scheme
is the Courant-Friedrichs-Lewy conditions [4], [I8, pp. 128]. Roughly it assumes that during one
time step of the simulation the EM fields of the analytical solution cannot propagate any further
than the spatial step of the simulation. It is easy to see that it should be necessary that any part of
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the initial conditions that influence a particular point in space and time in the analytical solution
should also be able to propagate to this point in the numerical grid in the requisite number of time
steps. Note that the Courant-Friedrichs-Lewy condition is only a necessary condition for stability
and not a sufficient one. Also it is allowed that the fields propagate much faster in the numerical
grid than in the physical domainﬂ Symbolically the Courant-Friedrichs-Lewy condition states for

a grid where Az = Ay that
At 1L

Az~ 2

where all quantities are dimensionless.

20f course this will add to the error term. However in the update equation a division is performed with respect
to the spatial step size. Any terms that have propagated too fast in the grid have also propagated over large
distances so their size will usually be small.
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7 Krylov subspace methods for exponential time integra-
tion

In this section we will introduce several Krylov subspace methods that can be used for exponential
time integration. The Krylov subspace is a vector space which is defined for an n by n matrix A
and an n-dimensional vector v as follows:

Kn(A,v) :={v,Av,A%v, ... A"y} (7)

In this section we will show some methods that use the Krylov subspace to approximate the action
of a matrix function of A on v. In the case that the matrix function is the exponent of A it can
be used to solve system of equations of the form

oV = Aya y(O) =V, (8)
where y : R — R" is a vector function. The analytical solution of this equation is
y(t) = eAlv.

The methods introduced will approximate the solution y(¢) with an accuracy based on the residual
of the solution. So they do not discretize in time but give an approximation of the exact solution
of .

First the Arnoldi algorithm will be introduced which is the main algorithm which will be used in
all methods. After that, methods for solving will be described but also for similar equations
with constant and time dependent source currrents.

7.1 The Arnoldi method

The Arnoldi method as described in [I6] is an algorithm that uses the Gram-Schmidt procedure
to construct an orthonormal basis for the Krylov subspace ([7]). The algorithm constructs a matrix
V.. whose columns are the orthonormal basis vectors of It also constructs a matrix Hy,11.m
that relates A and V,, in the following way:

AVm = Vm+1Hm+1,m (9)

Here V,,, is an orthonormal basis for the Krylov subspace of order m, H,, 1 ,, is upper-Hessenberg
which means that if ¢ > j + 1 the value of h; ; = 0. So H,,,11,» has one diagonal below the main
diagonal and below that all the values are zero. Note that this equation does not describe a
recursive algorithm.

The Arnoldi algorithm that constructs these matrices is depicted in pseudo code below in .

hjsr; = 1wl
) ’Lf hj+1,.j = 0 stop
) Vi =

12) end for
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After studying the algorithm you will notice that the matrix Hy, 41, is constructed in such a
way that the following formula will hold.

i+1
AVl': E hj,ivj
j=1

The new vector Av; will be a linear combination of the first ¢ orthonormal vectors out of the basis
for K;(A,v) with an additional vector v;; which is orthonormal to the preceding i vectors.
Let h; be column ¢ of H,;, 41,1, then this equation can be written in the following form.

Av; = V7n+1hi

In h; now only the first ¢ + 1 entries can have a nonzero value so Hy,11,, is indeed upper-
Hessenberg. This equation can now be generalized even further to get equation @D as follows.

AV, = A[V1V2 e Vm] =V [h1h2 cee hm] =VoiuHuniim

The matrix H,,41,, has only zero values on row m+1 except for Ap, 1 m, this term is the norm of
Av,, after orthogonalizing it with respect to the first m columns of V,,,. The expectation is that
this term will approach zero for increasing m. This is because the columns of V,,, are a basis for
K,,(A,v) and the factor A™v will converge to a certain eigenvector of A with a big eigenvalue.
This can be seen as follows, let v be a linear combination of eigenvectors of A

k
V= E QiYi,
1=1

where y; are eigenvectors with corresponding eigenvalues ;, and «; are constants. Then we get
the following representation for A™v

k k
ATv = Z o, Ay = Z ai"yi
i=1 i=1

So the eigenvector with the largest eigenvalue will become dominant and A™v will converge to this
eigenvector. The part of A™v that is orthogonal with respect to the last m vectors of K,,11(A, V)
is therefore expected to approach zero.

Because hp41,m is the only nonzero value of row m + 1 of Hy, 11, formula @ can easily be
written into the following form.

AV, =V, Hum + Bt mVing 10, (11)

Here H,,, 1, is Hypp 1, without row m + 1.
Under the assumption that h,,41,m, will converge to zero the following equation will hold for large
m.

AV, ~V,H, (12)

If m is large enough, i.e. hy41,, is small, this equation says that A times a vector out of the
Krylov subspace will approximately be a vector out of the Krylov subspace again. When the
algorithm breaks because hy,41,,m = 0 this equation is exact and V,, is also base for Krylov
subspaces of higher order than m.

We will now extend this concept to functions of matrices which are defined as follows, this definition
can be found in [I0]. Let [A1, A2,..., Aq] be the eigenvalues of A let p; be the multiplicity of \;
and let f(x) be a given function. Then a function f(A) can be defined as a polynomial for which
f and its derivatives f1), f) fPi=1) exist for each \;.

So if A times a vector out of the Krylov subspace is approximately again a Krylov subspace vector
then this concept will hold for f(A), which is a polynomial of A, too.

FA)V = Vi f(Him)
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This can be seen simply if f(A) = A? as follows using (12):
A*V,, ~ AV, H,, ,, ~ V,,H, .

A

The matrix exponent is defined as a power series in A so e is a polynomial and we have that:

€AVm ~ VmeHm,m . (13)

Some theorems about the error of this estimation are given in [II]. It turns out that this approx-
imation is quite accurate for m << n.

7.2 Numerical solution of y' = Ay

In this chapter the Krylov subspace is used to give an approximation of the solution of the equation
y' = Ay. Also an expression for the residual of this approximation is given.
If the initial value of y on ¢ = 0 equals v then the analytical solution is as follows.

y(t) = ety

Now let V,,, be an orthonormal basis for K,,(A,v) constructed by the Arnoldi algorithm. Addi-
tionally let 8 be the norm of v. Then v = gV,,e;, where e; is the first identity vector, holds.
And so:

y(t) = AV, Be;
This gives the next approximation y,,(t) for y(¢):

y(t) ~ Ym(t) = Vmeth’mﬂel = Vmum(t) (14)

With u,, () defined as:
u,, (1) := eMmm ge,

The approximation y,,(t) needs to estimate the differential equation so the residual r,,(¢) is de-
fined as follows:

() = Aym(t) — ¥ (1) (15)
With the use of and , can be written in a simpler form.

AV, u,(t) — V,ul (1)

(VmHm,m + herl,meJrle?n)um(t) - VmHm,mum(t)
hm+17mvm+le£um(t)

(hm+1,merj;zum () Vin+1

|rm(t)| = |hm+1,me%u7n(t)|

So the residual is proportional with A1, and the size of the m*™® entry of u,,(t)

7.3 Extension toy' = Ay +b

This section deals with the equation y’ = Ay + b. This will be done by using Krylov subspace
and the Arnoldi algorithm. The analytical solution of this differential equation is derived here.

y' = Ay+b
(y+A b)) = A(y+A~'b)
y(t) = A(v+A'b)-A"'b
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A problem of this solution is that the action of two matrix functions has to be calculated and
that A~! might not exist. This can be avoided by the ¢-operator as in [2]. This operator is an
iteration on e® and its definition is given here.

_ 9i(x) — 0i(0)

Bit1(x) - ¢o:=c¢€
e’ —1 T x2
= = 1 — _— e
¢1(@) x toata

With the use of this operator we can rewrite the analytical solution of y’ = Ay +b to the following
form.
y(t) =td1(tA)(Av +Db) + v (17)

This solution can be approximated in the same way as in the preceding chapter using the Arnoldi
algorithm. This will be done on the Krylov space K,,(A, Av + b). If 8 is chosen as the norm of
Av + b then y(¢) can be approximated as follows.

Y(t) % ym(t) = Viutor (tHp, m) fe1 + Vv = v + Vyuy, (1)

With u,,(t) defined as:
um(t) = t¢1 (th,m)Bel

The advantage of using ¢; instead of the matrix exponential is that the effect of A~! on b does not
have to be calculated. This would be additional work and this representation is also defined if A~!
does not exist. The approximation of ¢1 (Hy,+1,m,) is just slightly different from the approximation
of the matrix exponential so this does not pose a problem.

The residual of this approximation is defined as r,,(t) := Ay (t) — y,,(t) + b. To transform this
expression into an easier one it will come in handy to calculate the derivative of u,,(t) first. This
will be done by rewriting this expression to a matrix exponential form.

un(t) = H,., (e —T,,)3e
w,(t) = efimm e

= Hm,mum(t) + ,881
Now a formula for the residual will be derived.
r(t) = Aym(t) —y,(t)+b
Av + AV, u,(t) -V, H,, nu,(t) — V,,8e1 +b
Av + (VmHm,m + hm+1,mvm+1eg;z)um (t) - VmHm,mum(t) -b-Av+b (18)

(hm-‘rl,me%um (t))vm+1
|hM+17meZnu7n )l

It (1))

This is the same expression as the residual of the method introduced in section

7.4 The SAI method

The Arnoldi method uses a basis for K,,(A,v), a disadvantage here is that this subspace will
approximate the eigenvectors with bigger eigenvalues better. This is contra productive because
the smaller eigenvalues will be of more value in the approximation of y(t) as t gets larger. This
is because every eigenvalue can be associated with the exponent of that eigenvalue times ¢ in the
matrix exponential, when the real part of an eigenvalue is larger than another it will approach
zero faster. In this context large can be understood as a bigger negative value. When the Krylov
method approximates these large eigenvalues better this is not efficient, the shift and invert (SAI)
method is developed to counter this effect.

The SAI method uses the Arnoldi algorithm on the matrix (I —yA)~! instead of A. This is the
matrix A with a shift in the main diagonal and then inverted. Applying the Arnoldi algorithm on
K. ((I—~A)~1, v) gives the next expression.

(I - ’YA)_lvm = VmHm,m + Bm-‘rl,m‘?m-‘rle%
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This can be rewritten in the following way:

Vb, = I-7AVn 0= A) i mVmii e By,
V@%(I - ’;L}m) = -’%Vm ~ _%(I - 'VA){lvn-&-l,m{’vn-&-lez;I:Ir_n}m

m,m
With this H,, ,, we can approximate the solution of y’ = Ay + b similar to the last two chapters.
There are some changes to the approximation procedure. The most important one is that the
Arnoldi algorithm has to construct a basis for K,,((I—~A)~!,v). In order to do this the product
w = (I —yA)~'v; has to be calculated m times. When the size of A is very large the calculation
of the action of (I—+yA)~! is a very demanding task. That is why solving these systems iteratively
is a good option. For more details we refer to [2].

In addition, the expression of the residual in the SAT method changes slightly, this can be derived
similar to and .

We now define H,, ,,, := %(I —H! ) and V,, := V.

rn(t) = %(I_'YA)Berl,meJrleﬁI:Ir_n}mum(t)
P (T, (0)(1— 7A) Vo

m>TTm,m - m

This expression is the same for the case of approximating y’ = Ay with the use of e!Hmm as the
case of approximating the solution of y’ = Ay + b with the use of ¢1(tH,, ).

The SAI method and eigenvalues

The SAI method is designed for matrices with stiff spectrum, because the normal Krylov approx-
imation is known to converge slowly for these types of matrices. A stiff spectrum means that the
matrix has eigenvalues with both very small and large real part. The problem of a stiff spectrum
is that the Krylov subspace will converge to the larger eigenvalues. These eigenvalues are of less
importance when approximating a solution with the matrix exponential because they converge to
zero faster than the smaller eigenvalues. A measurement for the spreading of the eigenvalues is:

R(An) = R(A)
R(A2) — R(A1)

Where the distinct real parts of the eigenvalues \; are sorted in increasing order. So this quantity
gives the quotient between the largest gap between two eigenvalues and the gap between the
smallest eigenvalues.

Now we will look what will happen to the eigenvalues of A if the SAT algorithm is applied. Suppose
y; is an eigenvector of A with corresponding eigenvalue );, also suppose that the eigenvalues can
be complex valued.

Ay; = A\Y;

YAy = YNy
(I-~7A)y; = (1=7N)yi
I—7A)'w; = ﬁwz

In the last step the fact is used that if 3 is an eigenvalue of B, then 8! is an eigenvalue of B~1.
Here w; is an eigenvector corresponding to the eigenvalue ﬁ Also if A is nonsingular it has an
eigendecomposition and only nonzero eigenvalues. Then A can be represented as TDT !, with
T the eigenbasis of A and D containing the corresponding eigenvalues. Then we have:

(I-7A)™" =(TXT-+D)T)"' =TI ~-4D)"'T™"

So the vector w; corresponds to column i of T.
Seen the physical context of A in the Maxwell equations the A has to be negative semi definite,
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therefore all the eigenvalues of I — yA are nonzero hence it is nonsingular.
When \; = x + yi is an eigenvalue of A then the new eigenvalue becomes:

1 —~vyx+vyyi
(1 —y2)? + (yy)?

Both the real part and the absolute value of the imaginary part of the new eigenvalue lie between
0 and 1. So the spreading of the eigenvalues will probably be smaller and so the system will
converge faster. For more information about the effect of this transformation on the eigenvalues
we refer to [19].

For matrices without stiff spectrum the normal Krylov method can usually better be used. This is
because the advantages of the faster converging can be countered by the additional computational
work that is needed.

7.5 Practical issues when using Krylov subspace methods

In this section some issues for the practical use of the Krylov subspace methods introduced above
will be discussed. A useful stopping criterion will be introduced, and methods for restarting the
algorithm will be discussed for speeding up the algorithm.

Stopping criterion

One of the important issues when using Krylov subspace algorithms is how long you continue
expanding the Krylov basis. If you continue expanding if you already can make a good approxi-
mation it is a waste of computational work. Conversely, if the dimension of the basis is too small
the approximation is not good enough. So a good stopping criterion is needed. In this report
we will use residual based stopping criterions. We have already derived the residual of both the
normal Krylov subspace method and the SAT method. Before giving a stopping criterion based on
the residual we will first explain how the residual is correlated to error. The error € is the difference
between the exact solution and the approximation, the residual is the error of the approximation
or a measure of how good the approximation solves the original equation. So when the equation
y' = Ay is used, the error and residual are defined as follows:

em(t) = y(t) - Ym(t)v rm(t) = Aym(t) - y;n(t)v

here m is the dimension of the Krylov subspace. Now the derivative of the equation of the error
can be rewritten into a form that correlates it to the residual.

e, (t) y'(t) = ym(t)
Ay(t) + Aym(t) = Aym(t) =y, (1)
A(y(t) = ym(1)) +rm( )
= Aem( )+rm( )

So the error is an inhomogeneous differential equation in A so evaluating this term is even more
difficult then estimating y(¢). At ¢ = 0 we know the exact solution so the residual and the error
are zero at that point. So if the inhomogeneous term r,,(t) is small the error will be small too.
[3] gives a lot of information on the estimation of this error term.

Because the residual is closely related to the error it can be used as a stopping criterion for the
estimation of the matrix exponential. The following measure will be used as a stopping criterion
while expanding the Krylov basis:

[em @I llrm (@]

vl B

At every step of the Arnoldi algorithm this measure, the relative residual, can be evaluated.
Because the residual can be very small at a certain time, the Ly norm can be estimated over
several time steps in the interval (0, ¢].
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Choosing the proper t value

Assume we have to find y(t) of for ¢t € [0,7]. Then one can plot the CPU time needed to
approximate y(t) against ¢.

In this plot one would see a convex shaped function. So taking a large step will take more CPU
time then taking two smaller steps to arrive at the same t. This suggests it may be efficient
to restart the Krylov algorithms to reduce the CPU time. Restarting is the process of first
estimating y(t;) = eA"v and then using y(¢;) to approximate the next time step to t, with
y(ts) = eAlt2=t)y(¢)) using K,,(A,y(t1)). This can be done for finitely many time steps. If the
step size is chosen in an efficient way this process can be used to speed up the estimation of the
matrix exponent using Krylov subspace methods.

When one calculates the fraction of CPU time and ¢ one can choose the minimum value of this
fraction. The t value corresponding to this minimum will use the least CPU time compared to the
simulation step it takes, this is an optimal ¢ value. This optimal ¢ value can be used to simulate
over larger time gaps by taking time steps.

Complex eigenvalues

If o and o,, as introduced in section [§] are equal to zero, the matrix A is equal to a diagonal ma-
trix times a skew-symmetric matrix. A skew-symmetric matrix has purely imaginary eigenvalues.
A is similar to this skew-symmetric matrix and so has the same eigenvalues, thus A has purely
imaginary eigenvalues. Also if ¢ and o,,, are nonzero the system will still have complex eigenvalues
but this time the oscillations, that result from the imaginary part, will be damped.

Complex eigenvalues always come in pairs with their conjugates. So when the matrix H is calcu-
lated with an odd dimension one of the eigenvalues of H has to be a wrong representation of the
eigenvalues of A. Therefore it is a good choice to consider only the even Krylov dimensions. This
will save the CPU time of evaluating the relative residual for the odd dimensions.

7.6 Solving ODEs using the Krylov subspace
The Krylov subspace can also be used for solving ODEs of the following form:
y' = Ay +a(t)g, y(0)=0

The vector g is a constant here. The method described below is introduced in [I]. This method is
based on reducing the error of an approximation y(t) to y(¢). This residual is refined by solving
small systems of ODEs generated by the Arnoldi algorithm. The residual rg(t) is defined as:

ri(t) = Ayr + a(t)g — vk
We claim that rg(t) = p(t)ry with T a constant vector. This will be shown later. Let yo = 0 then
ro(t) = a(t)g.
Now use the Arnoldi algorithm on the space K,,(A,ry) to get:
AVm = VmHm,m + hm-i—l,mvm-l-le%
Now let e (t) = y(t) — yx(t), then solving the next system will give the exact solution of eg(¢):

e, (t) = Aer(t) + pr(t)tr, e(0) =0 (19)

A derivation of the ODE with a similar error term is given in chapter We want to estimate
er(t) by €x(t) = V,,u(t). Putting this into equation we get:

V,,u'(t) = AV,u(t) + pr(t)Tk
V%Vmu/(t) = Vrjw;((vam,m + hm+1,mvm+1e£)u(t) + pr(t)Tr)
w(t) — Hyu(t)+ eyt
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This small system is easily solvable with a standard ODE solver. Now we get that yxim =
vk + V,,u(t) and can derive the next residual term rgi, ().

Titm (t) = Ayk—i-m + a(t)g - y;g+m
= Ay, +AV,u(t) +a(t)g -y, — Vau'(t)
= pr®)tr + AV,u(t) — Vi, (Hp mu(t) + pr(t)er)
= (hmsrmenu(t)) Vit

S0 Tym = Vg1 and pk—i—m(t) = hm—i—l,meﬁu(t)
This procedure can also be applied to K,,((I — yA)~!,¥;) in this case the residual term would
change slightly into:

h’”’b m i
Pip(8) = (2T BT w(8))(1— YAVt

7y m=-m,m

The procedure can be repeated until the residual is small enough.
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8 Perfectly matched layer boundaries

In this section the perfectly matched layer boundary is introduced. Recall that in section [5] the
boundary nodes are set to zero. This models a perfect electric conductor, in which E = 0 [I7, pp.
25] and which perfectly reflects incident electromagnetic waves [8, pp. 396]. This is inappropri-
ate for domains which model a region of free space or a chunk of a photonic crystal. The most
advanced method for modeling the suitable absorbing boundaries is the perfectly matched layer
[I7, pp. 305]. It separates the domain and the PEC boundary by a conducting material which
attenuates the reflected electromagnetic waves [8, pp. 392]. Jumps or gradients in conductivity
usually result in some reflection [8, pp. 396] but the perfectly matched layer is constructed so that
this does not occur [7].

Perfectly matched layers can be seen as an analytic continuation [I4]. There are several formu-
lations of perfectly matched layers of which the uniaxial anisoptropic medium, introduced in [7],
is used in this report. Its name derives from the anisotropic (tensor valued) permittivities and
permeabilities that are used in the layer. These make it necessary to use an alternative set of
ODEs. The permittivities and permeabilities are set so that analytically there is no reflection.
However the discretization does result in some reflection. This is minimized by ramping up the
conductivity gradually.

We shall now describe the alternative set of ODEs. The boundary is divided into two regions,
as depicted in figure |4} one of which has a surface perpendicular to the x-axis and the other to
y-axis. We use the approach of [7] to describe these alternative ODEs, which are most succinctly

d b C

Figure 4: this figure shows three regions of the layer. a depicts the y-boundary, b the x-boundary
and c¢ the cornerpoints, the regions where the x- and y-boundary overlap.

expressed in the frequency domain. We will first show an example of how the time domain and
frequency domain descriptions of Maxwell’s equations are related. We start off with Ampere’s
equation in the absense of source currents

OE. _ l[aHy 9, 0B
ot € - Ox Oy i
Next we assume that E, can be written as the real part of E,(x,y)e®? which results in
0H, O0H, .
- - 1 E
Oz Jy wer(1+ iwer) i

According to [7] no reflection occurs at the interface between the domain and the PML layer if
the three equations of the T'M, mode are given in the PML layer by

__OE, Sy .
agy Sz ZWPJTHr

z — Sz ;
SH ox - Sy Zw/u’THy

y 0H, ) )
el oy Sz Sy ’LOJETEZ
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Here s, is associated with the x-boundary and s, with the y-boundary as depicted in figure E| and
they assume the following values

Ty

[ 1+ if (z,y) € x-boundary _ 1+ i (z,y) € y-boundary
71 if (z,y) € x-boundary T 1 if (z,y) € y-boundary

o, and o, are associated with their boundaries and must be of the form that they are constant
along the y or x direction respectively. We furthermore have made the choice to set u, =€, = 1.
This is will not influence the test domain since the boundary is reflectionless. The equations are
physical in the sense that they satisfy Maxwell’s equations but a material with these constitutive
parameters has not been constructed yet [7]. In the areas where s, or s, are 1, namely the
areas outside the x-boundary, y-boundary and cornerpoints for H,, H, and E. respectively, the
equations have the same form as in section At all other points the equations have a more
complicated structure. It is hard to transform them directly into the time domain. Therefore the
dummy variables G, G, and D, are introduced. They are defined as follows

G,=2H, G, =2H, D. = s,E..
Sg Sy
The Maxwell equations become
OF, 0G 0F, 0Gy 0H, O0H, oD,
_ _— = gt — =€, D, 20
ay Mot or Mot or oy ot (20
and we obtain the following set of auxiliary differential equations
0G, 0H,
= [, —— H. 21
Mo at +Uwa My at +0y x ( a)
oG 0H
MTT; +o,Gy = Mraity + 0. H, (21b)
oD, OF,
= F 21
€ = €rg; T OoxE: (21c)

8.1 Matrix description of alternative set of ODEs

In this section the matrix description of the spatially discretized Maxwell equations in the PML
layer is given. We set €, = 1 and u, = 1. The spatially discretized Maxwell equations are
given by

g,
ag; — Ke, (22a)
0
% — Le, (22b)
d.
a@t =[-KT7 -LT7h - X¥%d, (22¢)
and the spatially discretized auxiliary differential equations are given by
oh, Og.
= g, —XVh,
ot o BT (23a)
= Kez + Eggw - Eghw
oh, OJg,
— =224+ 3V, — ¥'h
ot ot By T =M (23b)
= Le, + ¥Vg, — 37h,
% = 8(212 — 2292
ot ot (23c)

= [-KT —LTh - %%d, — X’%..
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Here Ej is the diagonal matrix of 0;’s defined on the Gp,, Gu, and G, grids for j = z,y,z. The
next step is to introduce a new y
-
y:[hm h, e. g gy dz]
The matrix for y’ can be constructed using and :

-3 K X7
-3 L v
, | -KT LT —3° -
L
KT LT _Eg

This equation holds for all grids, but the size of the matrix can be significantly reduced if the vari-
ables g, g, and d, are only defined for the points on the x-boundary, y-boundary and cornerpoints
respectively. The other nodes are updated using the standard Maxwell equations.

8.2 PML for FDTD

Discretizing both the spatial and temporal derivatives in , using notation similar to section @
we obtain the following difference equations

gw(ti-&-%) = gw(ti—%) + AtKe, (t;)

g, (tis3) = 8, (t;_1) + AtLe,(t)

d.(tip1) = (24 AtZY) 712 — AtEY)d.(t;) + 2AL2 + AtEY) KT —LT|h(t; 1)

1
2

and discretizing results in

hy(ti 1) = 2+ AtEY) 712 — AtS)hy (1,
+ (24 AtEY) T2 + AtED) g, (t,

)
)~ (2 - AED)ea(tiy)]

)
)= (2 AE)g, (t_y)]
e.(tisr) = (2+ AtSD) L2 — AtSes (1) + 2(2 + AtET) " d, (ti1) — d. (8)].

Nl=

N|=

hy (1) = (2+ AtS)) 71 (2 — AtS))hy (¢,
+ (24 AtZD) T2 + AtSY)gy (i

S

N

Again we have set ¢, = pu, = 1.
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9 Verification of FDTD

To verify our model we use source currents to determine an analytical solution as described in
appendix We use two different tests: First we determine the order of convergence for both
spatial and temporal refinement. Next we calculate the order of convergence for only temporal
refinement and calculate both the order of convergence as well as the relative error. Note that for
the temporal order of convergence we cannot use the analytical solution as a reference since the
total error will still converge towards the spatial error.

Both tests have been done on a 1 x 1 grid. We have used a solution that is a superposition of
two spatial patterns f(z,y) = z(z — 1)y(y — 1) and g(z,y) = sin(wz) sin(ry). Corresponding to
the former spatial pattern we use the functions () = e *,a,(t) = %H and a,(t) = sin(t) for
H,, H, and E. respectively. For the latter we use 3,(t) = ,8,(t) =In(t + 1) and S.(t) = cos(t).
Thus we have an analytical solution of the form:

H(x,y,t) = sin(rz) cos(my)e " + x(z — 1)(2y — 1)%

Hy(z,y,t) = cos(mx) sin(ﬂy)%ﬂ + 2z —-1y(y— 1 In(t+1)

E.(z,y,t) = sin(rz) sin(ny) sin(t) + 2(z — 1)y(y — 1) cos(¢)
The tests are done for ¢, = 2 and p, = 3.
For the first test we have used At = %. For a number of nodes N per side this results in spatial
step sizes given by Azx = Ay = ﬁ
at time ¢ = 7 0210\/5. As can be seen in figure [5| we get a second order of convergence towards the
analytical solution.

We then compared the solutions for different step sizes

relative error

_7 ‘

10° 10
number of nodes

Figure 5: Plot of number of nodes along one side of the grid vs. relative error. As a reference we
included a graph of the form a10~2V. Since the plot of relative errors is parallel to the reference
line we conclude that there is second order convergence

For the second test we have used 100 x 100 nodes. As can be seen in [6] we have a second order
convergence.
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Figure 6: Plot of convergence factor vs. time step. The convergence factor approaches 4 thus
indicating that we have a second order convergence

The relative error in respect to the analytical solution is given by the following values:

k 0 1 2 3 4 ) 6 7
rel. error (x107°) [[ 0.8419 | 0.7798 | 0.7643 | 0.7604 | 0.7594 | 0.7592 | 0.7591 | 0.7591

Here At is given by m. From this we conclude that the error created by spatial discretization
is dominant. This justifies the choice of as large as possible time steps.

From now on we will assume the correctness of the FDTD method and now we can construct
accurate reference solutions for testing the Krylov methods.
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method | At w w CPU (s)
FDTD | 1.25x107%[322x107* ] 1.86x10"* ] 76

6.25 x 1075 | 7.97 x 10~° | 4.61 x 1075 | 152
3.13x107° | 2.00 x 10~° | 1.15 x 10> | 304
1.56 x 107° | 5.00 x 10°% | 2.90 x 10~% | 610

Krylov 3.03 x 107 230

Table 1: Results for point defect on 275 x 275 grid.

10 Results

In this section we present the results of simulations of the test cases. The test cases are described in
section . The implementation of PML for Krylov still lacks second order convergence. Therefore
we have not included numerical test results for the FDTD and Krylov PML implementation.

Recall that for Krylov to work properly the functions that describe the sources have to be of the

form J(x,y,t) = f(t)g(z,y), see section (7.6)).

Rectangular lattice with a point defect

This test case consists of a square lattice with 7 x 7 dielectric rods. Recall from section that
when transforming the Maxwell equations into dimensionless form a typical length L needs to
be chosen to which the other variables are scaled. We set L equal to the length of the physical
domain. So the dimensionless domain has length 1. N, denotes the number of grid points along
the x-axis. The resulting spatial step size is given by Az = le -

The lattice constant [I3, pp. 32] is given by a = 25 nodes. Each ’box’ contains a dielectric rod
with radius r = 0.38a¢Ax and with permittivity €, = 8.9 . Furthermore we include a boundary of
b = 50 nodes on all sides. The resulting grid size is therefore 275 x 275 nodes.

The defect consists of the middle rod which has the same radius as the other rods, but a different
relative permability €, = 6.052. The regions in between the rods have the vacuum permittivity ¢g.
The system is initiated in the middle rod by an additive dimensionless source given by spatial
component g(x,y) = ¢(=2000((2/L=0.5)"+(y/L=0.5)")) and time component f(t) = 400 cos(wt). Note
that the source has a spatial component because we have decided to make it a sharply peaked
function instead of true point source in order to make the numerical discretization of the source
more smooth. The scalar in front of the cosine has been chosen in such a way that the resulting
fields will not exceed a value of 1, which is possible since the specific magnetic field strength
Hy can be chosen arbitrarily, see section (3). This could be demonstrated by transforming the
dimensionless fields back into the physical fields, however, we do not show it in this report.

To get a frequency inside of the band gap of the rectangular lattice we choose a frequency inside
the band gaps determined in [I3] pp. 68]: ws = M. Here a, denotes the lattice constant in
SI units. Using the methods of section this freqﬁency can be transformed into dimensionless
form. Combining as = ¢ = ﬁ, and w, yields

270.42(N, + 1)
w=————""">=

a

Note that a is the length of a side of a 'box’ in grid points, not its dimensionless length. A rough
schematic of this scenario is included below in figure [7]

The Krylov subspace methods and FDTD-scheme are compared at time ¢t = 0.80. A refer-
ence solution is calculated using the FDTD scheme with second order convergence and with
At ~ 6.67 x 1079, the results are listed in table The data in the last two rows of the FDTD
results have been calculated directly based on the assumption of second order convergence and
does not come from a simulation. This has been done because the Krylov time integration already
turned out to be faster and more accurate at that point. e, and e are respectively the reference
solution for the electric field and the computed electric field, h,s and h are the same for the
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Figure 7: square lattice with point defect. The grey circles indicate rods of dielectric material,
with €. # 1. The white regions have the vacuum permittivity ;. /N, and IV, are the number of
grid points along the x-axis and y-axis respectively. b is the width of the boundary layer. a is the
distance between the centers of adjacent rods. r is the radius of a rod. The point defect consists
of a missing rod at the center of the lattice. The source is intialized at the center of the lattice.

method | At ”TT’:T%F” ”Tﬁi;ﬁ'” CPU (s)

FDTD | 2.50 x 10=* | 9.08 x 10=* | 5.74 x 10~* | 383
1.25 x 107% | 229 x 10~* | 1.48x107% 784
6.25 x 107° [ 5.65 x 107° | 3.68x107° | 1558

Krylov 2.33 x 107 1340

Table 2: Results for point defect on 550 x 550 grid.

magnetic field. The relative error of the Krylov solution is calculated over both the electrical
and the magnetic field. For the FDTD method this has been done for the electric and magnetic
fields separately. The resulting relative errors cannot be added to obtain the relative error over
y. However, this is an upper bound. Of course each of the relative errors over e and h is a lower
bound for the relative error over y. The Krylov solution is calculated over 10 timesteps with
At = 0.08. The method used is slightly more general than the one used in section . It is
described in [I]. In this case the vector values of the function g(¢) belong to a two-dimensional
subspace in R™« Ty T7e  The estimation is restarted every 20 Krylov subspace dimensions, and
the tolerance is set to 1078,

The same test is done for the same grid structure but with a = 50, b = 100 and a grid size of
550 x 550. The reference solution is computed with the same time step At ~ 6.67 x 1076. The
results are listed in table [2l Here the Krylov solution is calculated with the same parameters as
described above.
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Figure 8: The resulting field pattern of the electric field in the first scenario. Positive values are
red, negative values are depicted as blue. We see an evanescent [I3, pp ./52] wave, however the
system has not reached a steady state yet.

Line defect

For our line defect we have used two sets of square lattices with 15 x 9 dielectric rods. Recall from
section that this means that there are 9 rows along the y-axis and 15 columns along the x-axis.
However the 5th of the 9 lines is missing. This means that we are modeling a line defect. The
specific length L has again been chosen to be equal to the length of the physical domain along the
x-axis. This means that the dimensionless length of the domain is given by L := 1. The lattice
constant is given by a = 20 nodes, the radius is given by r = 0.2aAzx and ¢, = 8.9 . Around the
domain a boundary with a width of a single node is defined.

This results in a grid size of 302 x 182 nodes. We initiate the system with the similar pulse as in

2 Ly 2
the previous test configuration with g(x,y) = (T (@05 (- 25 =0-5)9/10)  prope L, denotes the
physical length in x-direction and L, the same in the y-direction. The time component is given
by f(t) = 400- COS(WQ using a bandgap frequency determined by [I3, pp. 68]. A rought

schematic of this scenario is included below in figure [9 Snapshots are taken at time t = 3 02325’/5,

a reference solution is calculated using FDTD with At = 1.139 x 1076, The results are listed in
table[3] Here the Krylov algorithm is carried out in 8 timesteps and restarted every 20 dimensions.
The first result of the Krylov solution is with a tolerance of 1078, the second one with a tolerance
of 1.

method | At Ir=cl CPU (s)
FDTD | 5.83x10°% ] 3.10x 1073 | 21
292 x107% | 770 x 1074 | 42
146 x 10711192 x 1071 | 84
7.20 x 107° | 4.81 x 10~° | 168
3.64x107° ] 1.20x 107" | 336
Krylov 3.24 x 1078 | 253
1.63 x 10~° | 233

Table 3: results for line defect on 302 grid
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Figure 9: square lattice with a line defect. The grey circles denote rods of dielectric material,
with €, # 1. The white regions have the vacuum permittivity €y. N, and N, are the number of
grid points along the x-axis and y-axis respectively. b is the width of the boundary layer. a is the
distance between the centers of adjacent rods. r is the radius of the rod. The line defect consists
of a missing line of rods. The source is intialized along a section of the line defect.
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Figure 10: The resulting electric field of the line defect in a square lattice. We can see that the
waves propagate only in the waveguide. In the crystal they decay exponentially.
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Other scenarios

The other two settings have been included without further analysis and technical discription, thus

only with visual results.

Both settings have been calculated using a sine wave with a frequency in the band gap. Also, in
both cases a PML boundary has been included, which allows for longer simulations.
Figure [I1] shows the result of a waveguide bend. Figure [I2] depicts the triangular lattice with a

line defect.

300r

250

200

150F

501

50 100 150 200 250 300

Figure 11: The resulting electric field of a waveguide bend. It can be seen that the transmission
in the waveguide is almost not hindered by the bend.

Figure 12: Electric field pattern of the triangular lattice with a line defect. The dielectric material
is shown in this picture in orange. Note that the waves propagate only in the line defect and

around the crystal.
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11 Conclusions

The purpose of this research is to compare Krylov subspace methods and the FDTD scheme for
time-domain simulations of photonic crystals. In order to do this we have discretized Maxwell’s
equations using the Yee grid to get a spatial discretization of the form:

[ Z‘f((f)) } =A [ 2&) ] +a(t)e,

where the vector h denotes the magnetic field and the vector e denotes the electric field.

We have compared the time integration of this equation for a few different scenarios using both
the FDTD scheme and Krylov subspace methods.

In tables [I] 2] and [3] you can see the results of FDTD and Krylov simulations of a few different
scenarios and for a number of grid sizes. It is clear from this data that Krylov subspace methods
are way more efficient than FDTD if a high accuracy is needed. In table [3| it can be seen that
FDTD can be faster when there are no high demands on the accuracy. We know from section
[0 that in the case of a Yee grid space discretization the error is dominated by the spatial error.
In simulations based on the Yee grid there is therefore no real need for high accuracy in time
integration. Krylov subspace methods allow one for a slightly higher time discretization error to
perform the time integration much faster.

One of the disadvantages of Krylov subspace methods in comparison to the FDTD scheme is that
they need some tuning before working properly. There are several parameters that can be chosen
like the restarting time and restarting dimension. These are parameters that can greatly influence
the simulation speed and, although there are systematic methods to choose their proper values,
this requires additional effort. In comparison the only input parameter that the FDTD scheme
requires is At, and if it is chosen small enough then the FDTD method is guaranteed to work.
On the other hand, a drawback of the FDTD scheme is that it does not provide an error estimate,
i.e. several simulations with different time step sizes are needed to estimate the error of the time
discretization. On the other hand, the Krylov methods do provide the residual value. The residual
can be seen as a backward error and a reliable estimate of the true unknown error [3]. Apart
from the standard Yee scheme with reflecting boundary conditions we have also implemented a
perfectly matched layer absorbing boundary condition. It was implemented correctly with second
order convergence for the FDTD scheme, however time limitations of this project did not allow us
to get it working properly for the Krylov subspace methods. This could be a subject for further
research.
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1 Appendix: detailed space discretization of Maxwell’s equa-
tions and derivation of the matrix formulation of the re-
sulting system

In this section a detailed description is given of the space discretization of the Maxwell equations.
Furthermore the matrix description of the space-discretized Maxwell equations is derived.

1.1 Space discretization of Maxwell’s equations

The dimensionless Maxwell equations for the TM” mode with the constitutive equations of section
are given by

OH,(v,y,t) 73Ez(:c,y,t)

ﬂr(xay) ot = dy - (Mm(xayvt) +0m(xay)Hz(Iayat))v (26)
o) A0 OBCID) (a0 t) 4 (e )y et (20)
(o) ) O nl) ORI (g0 + o) Exlot). (25)

Discretization of Faraday’s equation for the H, component for nodes not near the
boundary

In this section central differences are applied to Faraday’s equation for the H, component on
the set Gy, of H, nodes. This cannot be done for all H,, nodes in the same way because for some
H, nodes the standard central difference expression refers to missing F, nodes on the boundary.
This is the case for H, nodes that are located half a spatial step Ay above the bottom boundary
of the domain or below the top boundary

1
By u, := {(mAz, iAy) :me{1,..,N,}} C Gu,,
1
By m, = {(mAz, (N, + i)Ay) :me{l,..,N,}} CGp,.

The remainder of H, nodes, which are not located next to the boundary of the domain, is given
by the proper subset

1
Iy, = {(mAz,(n — i)Ay) :me{l,..,Ny;},ne{2,...,N,}} C Gu,.

Central difference approximations to the derivative 8£Z in Faraday’s equation at the H,
nodes in Iy, yield

1 dH,
g)Ay) dt

E.(mAz,nAy,t) — E.(mAz, (n — 1)Ay, t)
Ay

— (M, (mAz, (n — %)Ay7 t)

wr(mAz, (n — (mAz, (n — %)Ay7 t)=—

+ om(mAz, (n — %)Ay)Hm(mAx, (n— %)Ay7 t)),
(29)

for m € {1,...,N;} and n € {2,...,N,}. Central difference approximations are second order
accurate. This fact is derived using Taylor series in textbooks in numerical analysis.
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Discretization of Faraday’s equation for the H, component near the boundary of the
domain

Suppose that the boundary of the domain is a perfect electric conductor. Then for H, nodes next
to the bottom boundary of the domain (the set By g, ) we obtain using central differences and
setting to zero boundary nodes

1 dH, 1 _ E.(mAx, Ay,t)
pr(mAz, S Ay)—=(mAz, S Ay, t) = — Ay
1 1 1

(30)
where m € {1, ..., N,;}, and for H, nodes next to the top boundary (the set By g,) we obtain

1 dH, E.(mAx, N,Ay,t
2 dt Ay

1

1
pr(mAz, (N, + (mAz, (N, + §)Ay,t) =

1 1
+ om(mAx, (N, + i)Ay)Hw(mAx, (Ny + E)Ay, ),
(31)
where m € {1, ..., N, }.

Discretization of Faraday’s equation for the H, component

In this section central differences are applied to Faraday’s equation for the H, component on
the set Gy, of Hy nodes. Similar to the case for H, this cannot be done automatically because
the boundary H, have been set to zero. This is the case for the subset of leftmost H, nodes and
the subset of rightmost H, nodes

1
Biu, = {(§Ax,nAy) :ne{l,..,N,}} CGpu

1
By g, = {((Ns + §)Ax,nAy) :ne{l,..,Ny}} CGpg,.
The proper subset of H, nodes that do not lie next to the boundary is given by

Iy, == {((m— %)Am,nAy) cme{2,..,N.},ne{l,..,Ny}} C Gpg,.

Central difference approximations of 88% in Faraday’s equation on Iy, yield

dH, E.(mAz,nAy,t) — E.((m — 1)Axz, Ay, t)
dt Az

— (My((m — %)Al‘, nAy, t)

MT((m - %)AJ?,HAQ) ((m - %)AJ},’H,Ay,ﬁ) =

+ om((m — %)Aw, nAy)H,((m — %)Aw, nAy,t))
(32)

for m € {2,..., Ny} and n € {1, ..., N, }. Similar to the case for H,, equation cannot be used
for H, nodes in Gy, \ Ip,. For the leftmost H, nodes (B u,) we have

E,.(Az,nAy,t)
Az

- (My(%Ax,nAyJ) (33)

1 dH, 1
ﬂr(iAl', nAy)W(gAx, nAy,t) =

1 1
+ (Tm(iA(L‘, nAy)Hy(ﬁAx, nAy,t),
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for n € {1,..., N, }, and for the rightmost nodes (B, g,)

dH,
dt

E,(N,Ax,nAy,t)
Az

1
— (My((Ny + §)A:c,nAy, t)

1 1
(N + i)Agc, nAy) ((Ny + i)AxmAy?t) =—

1 1
+ om (N, + §)Aq:,nAy,t)Hy((Nw + i)Ax,nAy,t),
(34)

for n € {1,..., Ny }.

Discretization of Ampere’s equation

Central difference approximations of the spatial derivatives in equation for the set Gg, of E,
nodes yield

Hy((m+ 3)Az,nAy,t) — Hy((m — 3)Az,nAy,t)
Az

Hy(mAz, (n+ 3)Ay,t) — Hy(mAz, (n — L)Ay,t)  (35)
Ay

— (J(mAz,nAy) + o.(mAz,nAy)E, (mAz,nAy, t))

dE,
er(mAz, nAy) — (mAz,nAy,t) =

for m € {1,..., N, } and n € {1,..., N,}. The central difference expressions are defined for all E,
nodes and we do not need to make any modifications.

1.2 Matrix formulation of the space-discretized Maxwell equations
Definition of vectors

The system of ODE’s to can be written in matrix form. To this end the H, components
on Gy,, H, components on G, and . components on Gg_ are collected in vectors h,(t), hy(t)
and e, (t) respectively which are put into a vector

N
8
=

The nodes are distributed over a two-dimensional domain. However the numerical field components
associated with the nodes are put into vectors that have only a single index. Clearly we need
to define some way of assigning indices to nodes in a two-dimensional grid. We give the node
corresponding to some particular field component with the smallest x-coordinate and y—coordinateﬂ
the index 1 and count in the y-direction. After exhausting a column of nodes we continue with the
next value of x, count in the y-direction and so on. Therefore H, node (mAz, (n— $)Ay) € Gy, ,
H, node ((m — 3)Az,nAy) € Gy, and E. node (mAz,nAy) € Gg_ have indices

i:=(m—1)(Ny,+1)+n,
j:=(m—-1)N, +n,
k:=(m-—-1)Ny+n,

in h,(t), hy(t) and e,(t) respectively. The number of H,, H, and E, nodes is given by

Nh, ‘= NgE(Ny + 1),

30bviously this node exists in a TM? Yee grid.
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Nh, = (N + 1)N,,
Ne, = Nz Ny,

respectively. Note that the definition sign has been used to define the symbols, the number of
grid points follows from the definition of the Yee grid. So H, node (mAuz, (n — 3)Ay) € Gp,,
H, node ((m — 3)Az,nAy) € Gy, and E. node (mAz,nAy) € Gg, have indices i, ns, + j and
N, +np, + k& in the vector y(t) respectively.

System of ordinary differential equations

We will show that the system of ODE’s to can be written in the following form

4h, (1) P,. O o 1°° -3, 0 K h, () M, ()
(

%hy(t) = 0 Puy 0 0 =2y L hy(t) | — | My(t)
de.(t) 0 0 P, -KT -LT -3, e.(t) J(t)

Here M, (t), M, (t) and J(t) are vectors that contain the values of the magnetic and electric (free)
source currents at the nodes in Gy, , Gu, and Gg, respectively. P, ., P, ., and P._are diagonal
matrices with the relative pemeabilities at the H, and H, nodes and the relative permittivities at
the F. nodes as diagonal elements. 3, 3, and X, are diagonal matrices with the dimensionless
(magnetic) conductivities at the diagonal elements. In the sections that follow we shall construct
K and L using the Kronecker product.

Matrix description for central differences in one dimension

In this section we will make a start with the derivation of the matrices K and L that are used in
the system of ODE’s (36)). Let F : [0, L] — R be a differentiable function. Let the number N of
grid points be given. The spatial step size is given by

Ar = —.
TTNYI
Let the set of grid points be
P:={mAz:me{l1,..,N}}

Central differences can be applied to the derivative of F' at points in between grid points

dF 1 F((m+ 1)Az) — F(mAx)
— —)Ax) ~

dx ((m + 2) 2 Az ’

for m € {0,...,N}. Let F(0) = F((N + 1)Az) = 0. Let f € R¥*! be a vector that contains the
values of F' at all half-way points in between grid points and in between the first and last grid
point and the boundary of the domain. The following matrix-vector product approximates the
derivative of f

[ fGan T L N
dF (3 A -1 1 0 0 (Az)
s (247) F(2Azx)
df %(gAx) (Ar) ! 0 -1 (37)
_ = ~ €T
dx
: 1 0
ur ) F((N —1)Ax)
G (N —3)Az) 0 0 -1 1 F(NA)
L (N +5)Az) | L0 0 - 0 -1

We will use the symbol A,, for a matrix of the form that appears in this matrix-vector product.
It has dimensions (n + 1) x n. In this case n = N,.
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Matrix description of central difference approximations to 36—%

In this section we will continue with the derivation of the matrices K and L that are used in
the system of ODE’s . We will first derive the matrix K. You can see in the system that

the matrix K relates the vector d;‘t“ to the vector e,. This is a matrix that contains the central

difference approximations , and at the set Gy, of H, nodes to the ‘98% derivative
that appears in Faraday’s equation for the H, component . The discussion in the previous
section can be applied to the nodes in the set Gp,. This discussion shows that the central
difference approximations to 352 at nodes in a column along the y-axis of the grid only depend
on values of E, at nodes in this column and not in any other column. Hence the central difference
approximations to a{fj at all nodes in G, can be determined separately for each column of H,
nodes. These are one-dimensional problems that can be solved as in the previous section. As a
result the matrix that approximates aa% at all H, nodes consists of N, blocks (for the N, columns
of H, nodes) of Ay, as defined under equation centered around the diagonal. The diagonal
structure ensures that there is no interaction between different columns. The matrices A N, have
dimensions (N, +1) x N, because each column of H, nodes contains N, +1 H, nodes, however the
central difference approximations at these nodes depend on only N, nonzero E, nodes, because

the boundaries of the grid have been set to zero. Here is the equation

[ Seaa(t) ] [Ay, O - 0 0 ]
Zexa(t) 0 Ay, 0 o0
Oe
() = ~ (Ay)~t 2(t
oy ) (Ay) e(t)
a%ez,Nz—l(t) 0 0 ANy 0
De.n,(t) | . 0 0 - 0 Ay, |

where

e
o (iAz, 5 Ay, t)

9% (iAx, § Ay, 1)
76271‘(15) =

i %(iAx, (Ny + 3)Ay,t) |

The matrix in this matrix-vector product is the matrix K in equation multiplied by —Ay.

The derivative in the symbol %‘ZZ should be seen as part of the notation. Only the derivatives

inside the vectors a%ez,i are true derivatives. It is a vector of derivatives evaluated at the Gy, grid
points, not a derivative of a vector. 0 represents a (N, + 1) x N, zero matrix. We can summarize

the matrix description of central differences to 88—% using the Kronecker product

Oe,
dy

(t) ~ (Ay) ' (In, ® A, )es(t).

dh,

7= (t) in terms of e, (t) but we will save this for a later section.

We will not yet express

Matrix description of central difference approximations to 88%

We will now derive the matrix L. You can see in the system of ODE’s that the matrix L

d;‘ty (t) to the vector e,(t). This is a matrix that contains the central difference

approximations@toat the set G'g, of H, nodes to the % derivative that appears in Faraday’s
equation for the H, component . The matrix that we obtain again looks a bit like the one-
dimensional matrix A,. The difference is that H, nodes corresponding to a single row in the

relates the vector
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z-direction are spread NN, elements apart instead of 1 in the vector h,. The central difference
approximations to the 2£= derivative at the first row of H, nodes (thus for n = 1) are given by

—Ez(iAx, Ay, t)
0

-R;1 R, 0 0

86271 L

ox : R, 0

(%EZ((NJC +O%)Ax,Ay,t)

(38)

where 0 is a N, x N, zero matrix and R, is a N, x N, matrix (there are N, rows of H, nodes
and N, nonzero E nodes in each row) defined as

1 0 --- 0
0 0 0
R12:

The vector ag; =+ has length n;, and its indexing has been performed in the same way as in h,. All
elements corresponding to nodes not in the first row of G, have been set to zero. For the second
row of H, nodes we obtain a similar pattern. The higher y-value results in a shift downwards and
to the right in the matrix R, which results in a matrix Ry that is used in the same way and has

the same dimensions as R;. Ry is defined as

0 0 0
0 1 0
RQS:

We add the resulting vector 6—” to the Vector %. The resulting sum can be expressed in

terms of e, (t) by replacing R in equation (38)) by R1 + Ry. This replaces the zero values at the
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elements corresponding to the second row of H, nodes with central difference approximations to
OF

the derivative %= at the second row of H, nodes We can do the same thing for all rows. If
de. .
we add the vectors agll, 8312 AR eaxNy and the matrices Ry, Ra,--- , Ry, (there are N, rows

of Hy, nodes) for all rows then we get a a vector % and a matrix R that equal to the identity
matrix Iy, with dimensions N, x N, . The central difference approximation of 86Ez

more tersely described using the kronecker product

Oe,
or

can then be

() = (Ax) "' (An, ® In, Je:(t)

The matrix Ay, ® Iy, that appears in this matrix-vector product is the matrix L multiplied by
Az in the system of ODE’s dhy will be expressed in terms of e, in a later section.

Matrix description of central difference approximations to a[fm' Y and ag;

In the preceding sections we have derived the structure of the matrices K and L. In the system

of ODE’s we proposed that the central difference approximation to the derivatives a;; Y and %
that appear in Ampere’s equation can be described by matrices —KT and —LT. These relate the
vector d;tz (t) to the vectors h,(t) and h,(¢). Consider the first column (with m = 1) of E, nodes.
Again using the results for the one-dimensional case we obtain the following matrix description of

the central difference approximation to the derivative 85‘;’” (t) on the first column of E, nodes

H.(Az,Ay,t) ] (-1 1 0 - 0 0]
%Hm(m, 2Ay,t) 0 -1 1 0 0
dhy 4 . -
—(t ~ (A h,(t
ay (t) (Ay) (t)
2 H, (Ax (N, — 1)Ay, 1) 0 0 -1 1 0
H(Az,N,Ay,t) | L 0 0 -~ 0 -1 1|

Here flm is the first column of H, nodes. Note that we are approximating derivatives of Hy ¢s
at F, nodes but that these approximations are expressed in terms of numerical H, values at the
H, nodes. The matrix that appears in this matrix-vector product has dimensions N, x (N, + 1)
(there are N, E, nodes and N, + 1 H, nodes in each column). Note that it is equal to —AL

The derlvatlon of the matrix descrlptlon of the central difference approximations to the derlvatlve
651 = on all F, nodes is very similar to the derivation of the matrix K so we will not repeat it here.

The result is

Oh,
dy
The derivation of the matrix description of the central difference approximations to the derivative

8£ ¥ is very similar to the derivation of the matrix L so we will again not repeat it here. The
result is

() = (Ay) ™ (Iy, ® (—An,)")ha(t).

%@ = (Ax) N (~An,)T @ Ly, hy (1),

We have now shown that the system of ODE’s can be written in the form .

Matrix description of central difference approximations to the Maxwell equations
using the Kronecker product

In this section we will describe the central difference approximations to the Maxwell equations
using the Kronecker product. They are given by
dh, (t)
dt

= (Pumw)_l(_(Ay)_l(INx ® ANy)eZ(t) - Mw(t) - Emhw(t))
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P/M,x)il(KeZ@) - Mﬂ?(t) - EthL(t))v

P, ' ((Az) Y (AN, ©@1In,)e.(t) = My(t) — Zh,)
P#r,y)il(LGZ(t) — M, (t) — Xy h,),

(t) — X.e.())

(
(
(
(Pe,) "' ((A2) 7 ((—An,)T ® Iy, )by (1) — (Ay) " (In, ® (—An,)"ha(t)-
J
(Pe,) ™' (-KThy(t) — LThy(t)) — J(t) — Z.e.(t)).
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2 Using source currents to generate arbitrary field patterns

In this section we would like to determine the set of source terms necessary for an arbitrary

electromagnetic pattern. The only assumptions necessary is that the time and spatial component

of the field are seperable. We start off with the dimensionless Maxwell equations for the T'M,
mode: OH O
xr z

=— - M, 39
Y ay " (39a)
OH, O0E.
Hroe = o Y

€7~6Ez _ 0H, B OH, g (39)
ot oz y
Solving these equations for M, M, and E, would essentially yield the source current needed to
obtain the analytical solution to arbitrary H,,H,,E., at least if our initial conditions match these
values. Thus if we implement the source currents in our discretized model we should obtain the
wanted field patterns.
With our discretized model we have that:

(39b)

RtH05 = pt=05 1 A¢(Apel + ot) (40a)

et = e + At(AhTO +0100) (40b)

with h? = (h, hg)
Using and it is clear that we need to relate v, and v, to the source currents M, M,, E.,
since the matrices A, and A. take care of the Maxwell equations without source current and
conductivities

ot (i) = —Afj (i), y(i). 1) (41a)
oh, (3) = J/fj‘ (2(6), (i), 1 (41b)
oi(i) = —é(xm, on (41c)

Here i denotes the i’th index in the vector and x(i) and y(i) it’s coordinates. The vy, is given by
(Vn,;vn,) Now we use the equation of the courant number without dimensions:

At = S.Ax (42)
this results in: OF 8H
A i t) = S.A z ad ; ; 4
tvhm (Z7t) SC x(/iray at )(J?(’L),y(’t),t) ( 3&)
. 0B, OH, .
Atvy, (i,t) = SCAx(_,uT[)a: + 5 Vi), y(i),1) (43b)

) OE, 0H, O0H
Atv(i,t) = ScAx( 5 + oy € (‘33@

(i), y(i),1) (43c)

2.1 Analytical solution for harmonic spatial patterns

we want to derive an analytical solution for any given wave pattern defined by

H, = H,,b,(t) (44a)
Hy = Hy,by(t) (44b)
Ez = Ezoa(t) (440)
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where:

H,, = sin(nz) cos(my) (45a)
H,, = cos(mx) sin(my) (45b)
E,, = sin(wx) sin(my) (45¢)

We choose a rectangular 1 x 1 grd with a number of N evenly distributed nodes (excluding the
boundary) as our domain. Thus the analytical solution satisfies the conditions for a superconductor
boundary.

Substituting [44] into |43 and using that Ax = 1/(N + 1) we get:

) Se . N, T ,
Atu, (i,t) = v+ 1)on (»’C(l)vy(l))(la(t) +b5(t)) (46a)
At 18) = s o o0 0(9) (= )+, 0) (460)
. Se , N T
Atve (i, t) = N+ I)EZO (@(4),y(i))(a'(t) + ;(by(t) = b(1))) (46¢)

2.2 Analytical solution for polynomial spatial patterns

To prevent the solution being an eigenvalue we determine a second solution of the form:

Hy =z(z—1)(2y — 1)B:(?) (47a)
Hy = (22— 1)y(y — 1)By(?) (47b)
E. =z(z—1y(y — a(t) (47c)

We use the same grid and therefore get a solution:

At (i,1) = g5a(i)(ali) = D) = 1)(a(t) + B1(0) (18a)

At (1.8) = T3 (20(0) = Dy(i)(u(0) = (=) + 5, (1) (481)

Atve(i, t) = (]\ngil)(x(i)(x(i) =Dy (@) (y(i) — 1)/ () + %(ﬁz(t)x(i)(m(i) —1) =By (®)y(i)(y(i) —1)))
(48¢)

Since the solutions given in [46] and [47] can be super imopsed also every linear combination of
solutions for different a, b, o, 8 will satisfy the equations, if we use the same linear combination for
our vy and v,’s.
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