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Abstract—As society places greater demands on technology, it beconreadimgly important to be able to simulate
that technology. While simulation tools can be very stighied and capable of handling very complex devices and
structures, the cost paid in computation time can be pitve. To reduce this time, a number of one-step schemves ha
been developed, but these schemes suffer from a setup tinvanhautweigh the benefits of the scheme. We examine
parallel processing is one means to reduce the setup timep@oaching FDTD from the modal analysis perspective we
offer an alternative to implement a one-step schemeDdilFwith coarse-grain parallelization.
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|. INTRODUCTION

The finite-difference time-domain method (FDTD) is a welbkn technique to solve Maxwell’'s equations in the
time domain by evolving their discretized counterparts acepmnd time [1]-[3]. The time-stepping is recursive because
the field values are completely dependent on the valueg g@irélvious point in time. In many cases simulation proceeds
for thousands of iterations until some measure of stalliattained. With the methods proposed in this pajgediscuss
how to distribute the simulation efficiently on a largeminer of processors and to overcome the speedup limaation
imposed by the communication/computation ratio [4]-[7].

By examining the six FDTD equations we can easily construette sansition matrix for an enclosed zero-input
response region (model) simulated by FDTD [10]. After tatrix is constructed, its modal decomposition is obtdiryed
computing the eigenvalues and the corresponding eigenvettmanodel order reduction of this algorithm is done by
discarding the high-frequency eigenmodes that corresponthiiyi to the numerical artifacts of FDTD. The dominant
contribution of this approach is the decoupling of FDDime. After the modal decomposition is effected, thearse
of the algorithm can be obtained fany point in timewithout calculating the response at any previous times.i$f the
total number of unknowns in the state transition mathig, dcomputational complexity is betwee(Npand GIN?) per time
step depending on how much order reduction took place.middal decomposition also gives a clue to the frequency
response of the region [10]. The disadvantage of this tgelriowever is the time that it takes to compute the modal
decomposition, which can have a complexity ¢&&[13],[14]. In many cases this time can be significantlydathan the
time taken by FDTD to compute the results of the regianitAtands, this method is only useful in cases whereya ver
large number of iterations is involved. Alternative appheacare discussed in [8] and [9].

In this paper we concentrate on the state transition megigroach originally suggested by Chen [10]. By utilizing
matrix algebra we show how the one-step algorithm can bdraotesl. The path through which the construction takes
place is examined and alternatives are suggested to decrease fhgatiom time with a parallel implementation.
Techniques to utilize steady-state and transient excitation hgtimethod are also discussed.

[I. MobAL DECOMPOSITION

In order to construct the state transition matrix theveational FDTD equations can be written in matrix form as
follows [10]:
E(n)=D;H(n-1/2) +G,E(n-1)

H(n+1/2)=D,E(n) + G,H(n-1/2) (1)
With these equations, the state transition masrixritten as:
G, D,
A= 2

D,G, D,D,+G,

The D matrices represent the discrete version of the curl operatding gnid whereas th@ matrices select the field points
that are used to find the discrete derivative with respetim®.  TheD and G matrices are very sparse (1-4 entries per
row). The state transition matrix that results is vergrse and non-symmetric. The first phase in the analysives
computing the eigenvalues and eigenvectors represented matheesk = diagy, Ay, ..., An] @andU =[uy Uy, ..., Uy],
respectively. The time-stepping is done during the sechasgep and can take place after the completion of the first phase,
as described below.

A method to express the st&dén) as a superposition of eigenvectors and to solve for the mpubdiesponse was
discussed in [10]. The initial state is written as a sumig#gnvectorsi,, modulated by the coefficienss;



N
QO =) anup, 3)
m=1
Using (3), the evolution in time can be expressed a

N
QM =" ()"l )

m=1
The advantage of (4) is that now time-steppingeiscdupled and we can obtain the solution at ang-8tep without any
knowledge of the history of the solution statebnd eigenmodes are discarded, the result of (ddispletely identical to
the result of the conventional FDTD algorithm besmathe stat€ is always represented with no loss of data. Bjzancy
may occur due to numerical noise that occurs &sualtrof round-off error, but in our experimentsthumerical noise did
not appear to be significant. Parallelization 4§ (s straightforward and good results can be aeiebecause no
communication is involved. Below we discuss howioi#s excitation scenarios can be adapted to waitk thie modal
decomposition method. That is followed by a distws on how to parallelize the less complex al@onit The discussion
on order reduction can be found in [10].

A. TRANSIENT EXCITATION

In Yee’s seminal paper that gave rise to the FDTé&hwd, he describes the propagation and scattefiagingle
pulse [1]. In order to begin the propagation,sitenough to specify the state of the electromagritid at a single
shapshot in time. The propagation is then autaalti handled by the FDTD algorithm. If the puiselocated on the
boundary of a model, then it can be treated asguoether input. However, if the pulse is initialycated somewhere
within the model, then we havenan-zerostate system that must be converted to one zeithstate This can be done if
we assume that the system (modetdmpletely controllable In this case the initial state can be expressed

N
QO =) &l 5)
m=1
We end up with a set of hon-zero coefficieatswhich can be obtained from:
an=U"Q(0) (6)
Time stepping can then begin as follows:
N
QM =Y ()" AU, (7)
m=1

B. STEADY STATE EXCITATION

According to Taflove, the excitation method suggdsby Yee suffers from excessive elongation of the
computational domain for a long-duration sourcd.[IThe improvement is to assign the desired tiorefion (sinusoidal,
Gaussian, etc) to Electric field components inERE'D domain. For three-dimensional grids with glamave excitation
these field components are the same across ae pidite.

To use this approach with our method, assume tbigagion is in the form:

Efi=ig j, k, mt) = Ey ™ (8)
The first step is to solve (3) with every componeh® equal to . This is the situation fan=0. We will end up with a
set of non-zero coefficien&,. Taking the real part of (6), every successiyauiirwill be equal to the multiplication of
sin(wn4t) by E,. Since kis written as a superposition of eigenvectors, ed¢hea,, must be multiplied by the sinusoid as
follows:

N
QM =D (An) "8yl Re™) )
m=1
With this approach, the number of multiplicatioaséduced because (3) only has to be solved once.

C. PARALLELIZATION

Here we discuss the parallelization of the timgysiteg part of the algorithm, represented by (5) @)d One way
to distribute the computations is to split up tleeterU so that each processor is assigned a specifioragithe FDTD
domain. In this case each processor can finddhgisn in its region at any point in time, indepent of the states of the
surrounding processors. If the solution is comghuteconsecutive time steps then this algorithnfquers slower than
conventional ? order FDTD even for small values of P. However,naentioned earlier, parallelizing FDTD involves
frequent communication which significantly limitset number of processors that can be used. Inrtpoged algorithm



however, this limitation is non-existent and itgglkel version can exhibit near-unity speedup éficies for a large
number of processors.

Il. SETUP COSTS

In MATLAB, the modal decomposition is performed lwithe following command:
[U, E] = eig (A) (10)

Theeig command calls a high-level LAPACK driver routiD&EEV, that computes all the eigenvalues and eigenweator
A via several lower-level computational routines. Tiogitine DGEEV follows the standard two-phase approach for
eigenmodal decomposition [13]. First the matkixs reduced to a condensed form, upper Hessenbéhjsigase because
it is non-symmetric. An optional balancing stepé&formed as well [16]. The reduction is perfornvéal a sequence of
Householder transformations [13]. At the end &f plnocess, we end up with the matdixwhich is upper Hessenberg:

H= Pn_z Pn-l--- P2 PlA Pl P2 Pn-l Pn_z, (11)
whereP represents Householder transformations. The rigucf A to upper Hessenberg form is in general aii¥p(
process, but it exhibits a high-degree of paraifeland can be expressed as a block algorithm [14].

In the second phase the upper Hessenberg matrigutechabove is reduced to Schur form T via the @Rtion
method. This is expressed as [15]:

H=STS*® (12)
The eigenvalues are contained on the diagonal offfe QR iteration method belongs to a group ohttee methods with
O(N?) complexity that are not easy to parallelize. @tbompetitive methods for eigenvalue computati@nraduction to
nonsymmetric tridiagonal form, Jacobi’'s method, $¢edberg divide-and-conquer, and spectral dividecanduer [13].

The spectral divide- and-conquer is very useful FRTD because it has the capability to find onlpsh
eigenvalues in which the user is interested withwasting time with those that will be discardedurtRermore, this
method is easier to parallelize than the QR apjproa8pectral divide-and-conquer is an alternativecimanism for the
standard two-phase approach. One of the domir@mttibutors to the computation time with the spalcttivide-and-
conquer method is the sign function. Computatibthe sign function directly is usually avoided avafious iterative
schemes such as Newton’s method with scaling ae [U¥]. When computing the sign function, thd oemrdinate of the
complex region beyond which eigenvalues are todteutated must be specified. Specifying this cowate is a non-trivial
task because it may affect the convergence rateedlewton’s method. Slow convergence can rekalgenvalues lie too
close to the boundary of the region [19]. In gehehe spectral divide-and-conquer requki&flops, withk proportional
to the number of eigenmodes in the specified region

V. RESULTS

A parallel plate waveguide structure of varyixgdimensions and constantz dimensions of 20,9 cells
respectively was simulated with the modal decomjmosilgorithm. The eigenvectors were eliminatedaading to the
p=0.1 criterion presented in [10]. The waveguideswacited with a constant plane wave source of H2.GWe were
concerned with the characteristics of the eigeresaand how those characteristics vary with the inside.

We investigated the dependence of the number ddireng modes on thedimension of the modeled region and
the results are shown in Fig. 1. These resultEdel that as the model size is increased, theoptiop of the number of
distinct modes required to represent the propagdigid within the waveguide to the total numbernobdes decreases.
Consequentially, when the spectral divide-and-cengugorithm is utilized, th& in its kN® dependence will be reduced
with increasing model size.
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Fig. 1. The dependence of the mode quantity ox-tfimmension of the model. It can be seen that tihmaber of non-
discarded modes begins to saturate ag-ttimension is increased.
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V. CONCLUSION

In this paper we discussed several approachesradigizing the one-step version of the FDTD algfom. We
showed how the algorithm can be used in step-hy+stede and how to parallelize that version of tlgprthm as well.
After overcoming the expensive setup step, we gdat of information that affords us a lot of flbiity in calculating the
solution at any time step. One approach to pdirilg the modal decomposition is based on caloujadbnly those modes
that will not be discarded later. It was shownt titee performance of this approach will improvehwilmcreasing model
size. Another fruitful method is to take advantafi¢he sparsity of the state transition matrir.general, the improvement
of the modal method over the conventional FDTD dépend on the total number of time steps perforwiddthe FDTD
algorithm multiplied by the total number of procassover which the modal method is distributed. tufai work will
involve a study of the desirable characteristicthefone-step algorithm that will allow it to bergigelized with the greatest
possible savings of simulation time.
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