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A New 3-D FDTD Multigrid Technique with
Dielectric Traverse Capabilities
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Abstract—The finite-difference time-domain (FDTD) technique mode microwave cavities. Itis also often desirable to more accu-
has become increasingly popular and is being used to model rately model circular structures using the stair-step approxima-
Ie>;_treme|y completx ?“d tlallegtrically(/j_large Zt“#:t”res' Thofse Sl'mb‘IJ tion inherent in the FDTD technique. To this end, we devised a
ations are computationally aemanding and orten exceed availanble . . . . . .
limits on computer resources. In this paper, we present an FDTD new technique for s.ub—.grldd!ng the.FDTD technique, which in-
sub-gridding technique that allows for increased resolution in Créasestheresolution inregions of interest.
regions of interest without increasing the overall computational Recently, our group published a paper that detailed a new
requirements beyond the available resources. Furthermore, method of sub-gridding the FDTD technique [1]. Thistechnique,
the formulation presented here allows for traversing dielectric however, did notallow the fine/coarse interface boundary (hence-
boundaries using any integer refinement factor and the maximum 11, referred to as the interface boundary) to traverse dielectric
Courant number. By allowing the coarse-/fine-grid boundary to . . . .
traverse dielectric boundaries, numerical simulations that were boundarles. Unlike the previous method, the technique pres.ent.ed
previously either extremely difficult or impossible to perform here is stable and produces accurate results when sub-gridding
are now possible. The technique presented here uses a weightedat a dielectric boundary. Even when the interface boundary
current value from the coarse region at the boundary between the does not traverse a dielectric boundary, the technique presented
I!”%‘ and tchoa;rze-grgj regllc_)ﬁs to Pphdtf"‘te ;he ft',”e'rcejg'on éa”ge”ttr']a' here proves accurate and stable. Using previous sub-gridding
ields on that boundary. The weighting function depends on the : : . ' . )
material properties and the relative position of the fine-region techniques, it was often re,qu'red to make the fllne-grld region
electric field within the current contour at the boundary. The extremely large so that the interface boundary did not cross any
complete formulation of this new technique is described and some dielectric boundaries. In many simulations, this is impractical
results of simulation cases are presented to validate the accuracy due to the physical structure of the model. For example, in mi-
and stability of the newly developed FDTD code. Simulations crowave sintering experiments, the samples are typically placed
include simple cases where the analytical solution exists and g, 5 ceramic shelf. This shelf often extends the entire length and

more complex cases, which were impossible to model using a idth of th ity | h a simulation. itis i ible to ol
uniform-grid FDTD code. In some simulation examples, computer width orthe cavity. In such a simulation, 1t1S Impossibie {0 place

memory savings as high as 70 times what would have beenthe interface boundary around the region of interest (i.e., the

necessary with a uniform-grid code were achieved. It is shown that sample) without traversing a dielectric boundary. Therefore, pre-

errors of less than 2% are achievable with ratios of coarse-to-fine vious sub-gridding techniques may not be used and a procedure

ign”‘iirsrii?:tiizc‘fnegrzggé‘zggg;;‘Ta"l‘;ézcgg'(?L(‘:ir'speléges?rigtﬁ’ré’s i‘#lse%r traversing dielectric boundaries is required. The technique

the biomedical microwave processing of materials and the wireless presented. here .IS general .and allows the interface boundary to

communications areas. traverse dielectric boundaries and may, therefore, be used in the
effective simulation of this and similar problems.

Other methods have been described for sub-gridding the
FDTD method, including: 1) the variable step-size method
(VSSM) [2]; 2) the mesh-refinement algorithm (MRA) [3];

3) a pulsed sub-gridding algorithm [4]; and 4) the multigrid
. INTRODUCTION displacement method (MGDM) [1] published by our group.

T IS generally known that the finite-difference time-domaid "¢ MGDM is, in fact, a three-dimensional (3-D) extension

(FDTD) method is a powerful numerical technique suitabl@’ the MRA method. In [1], it was shown that the MGDM
for analyzing a wide variety of electromagnetic-field problem@erformed better than the VSSM when modeling complex 3-D
As this technigue has grown in popularity, a desire to model motuctures. However, neither method allowed for traversing
complex structures has created a need to improve the mem@i§/ectric boundaries. Chevalier and Luebbers in a recent paper
and computational time requirements of the FDTD method d@€Scribed a sub-gridding technique that allows for material
to often-limited available computer resources. Examples of niid2verse [5]. This technique, however, works only for odd-integer
merical modeling projects that often require extensive compuf&finementfactors. In fact, results in [5] were presented only for
tional resources include: 1) simulation of via’s and bond wirésrefinement factor of three. Therefore, the technique presented
in high-frequency electronic packages; 2) detailed simulation B¢re i considered to be the most general available method since

biomedical applications; and 3) materials processing in multj-works for any refinement factor, odd or even, and was tested
for integer refinement factors larger than ten. Furthermore, it is

possible to use a Courant number of 0.57 for the 3-D simulations

Index Terms—Complex structures, dielectric traverse, electri-
cally large, finite-difference time-domain method, multigrid, sub-
gridding.
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Il. SUB-GRIDDING THE FDTD TECHNIQUE

The sub-gridding technique is based on creating two separate
regions: a coarse-grid region and a fine-grid region surrounding
the area of interest inside the coarse-grid region. In order to  ;+1
keep the derivation of the code and the code itself relatively
simple, the fine-grid region is made an integer fraction of the
coarse grid. Thus, if the coarse-grid cell size (cubicalAs
and the fine-grid cell size i&¢, then the integer refinement
factornfact may be written as

.

Af
- 1 .
Aff ( ) j-l'

The coarse-grid region is iterated over once, and then the fine re-
gion is iterated ovenfact times using the normal FDTD update

equations. In order to transfer information from the coarse- gr':é? 1. Schematic illustration of the magnetic fields of the coarse- and fine-
rid contours defining the electric current at the interface boundary. This figure

to the fine-grid region, the tangential electric fields of the fingows a mesh refinementfact) of three. The coarse-grid region is located on
grid on the interface boundaries must be determined and tig left-hand side, while the fine-grid region is shaded on the right-hand side.

dated along with the rest of the fields in the fine-grid region.
In previous sub-gridding techniques [1]-[3], the wave equdhe left-hand side of (2), the total current passing through the
tion was used to update these field values. However, eversifrface of the coarse—grid contalyr. can be written as
losses are accounted for in the wave equation, these techmques o o
H = [HoG - 1)+ By ) - Bt d)

nlact =

become unstable when traversing material boundaries. Oth
have used interpolation of the coarse magnetic field to prowde ) )
the fine-region magnetic fields that are necessary for using the —H,0 -1, ‘7)} Ale. (3)
traditional FDTD equations [5]. By using interpolated magnetithe right-hand side of (2) can be solved by calculating the con-
fields and the standard update equations for the electric fielgibution of each media type to the integral, thus,

on the interface boundary, it becomes possible to traverse di- d

electric boundaries. Although the technique presented here also / oF-dS+— / eE - dS
uses the coarse-grid magnetic fields and the traditional FDTD s s

equations, thus allowing for material traverse, it does not use = / <02E + — e F ) ds.
interpolation. Instead, the current passing through the surface s d

enclosed by the coarse-region contofir - d¢) is scaled ac- + / <03 E. + ieg Ez) ds.,
cording to the material properties and the area of the fine-region s dit

contour to provide the current values necessary in the calcula- d

tion of the electric-field update equations. Since the technique +/S <04E Tk ) 43
presented here uses the current from the coarse grid to update d

the tangential-field values on the interface boundary, this tech- +/S <00E + = ar °? E; ) dSe;. (4)

nigue is henceforth referred to as the multigrid current meth
(MGCM). The uniqueness of this technique is that it enabl
the solution of the multigrid problem while maintaining the in-
tegrity of the standard FDTD equations. Also, unlike the tech- Ipe = I, + I, + I, + I, ©)
nique describe in [5], this technique will work for any integer rewhere, e.g.,
2
L €oer2 (%)

%e total current can subsequently be broken into parts ac-
%%rdlng to the dielectric material

finement factor. It remains stable for a Courant number of 0.57.
The procedure to be described is simple to program and results

o — n+1 —_—
in improved resolution in regions of interest. Having the capa- e = [(1 +o) BT - (1- UQ)EZ} At,
bilities to traverse dielectric boundaries makes this technique o3t
applicable to a wide variety of problems where increased reso- 92 = Deoers (6)
lution is required, but previously unattainable. Using this notation, the standard FDTD update equation can be
s PR written as
. OLUTION OCEI-DURiE | o1 (1-7 o Culo Ir.
To show how the tangential electric fields on the interface —~ 14+5.) % A{eo)(1+7.) AL
boundary are updated, we start with Ampere’s law in integral _ 1 025%(09+03404+05) (o)At
form 7e = 5 0.25 * (51’2 +&r3 + Epg + 51‘6) N 2<51‘>50
d cAt
j{H'Cw:/S ob-dS+ - /S eE - dS. @) C,, = Courant Stability Numbes Agc (7)

Fig. 1 shows a two-dimensional view of the electric and magrherelr . is obtained from (3). A similar FDTD update equa-
netic fields at the interface boundary using the standard Yee céthn can be written for the fine region. However, since the cur-
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rent passing through the surface defined by the fine-region cdfguation (12), when programmed, can be used to update the tan-
tour (7f) at the interface boundary is not known, it must bgential fields at the interface boundary. However, this equation
determined using the current passing through the coarse-regian be further simplified given either of the following condi-
surface. This may be done by calculating the fraction of cutions:
rent passing through the coarse-region surface that also passes

through the fine-region surface. By assuming that the total cur- Oe =0fe
rentis not changing during theact iterations of the fine region, or
even though the individual magnetic fields in the fine region are, .
7. < 1landay < 1. (14)

the standard update equations can be applied.

To calculate the current passing through the fine-region swor either of the special cases in (14), (12) can be written as

face, we note that this surface also has four possible media types. e 1

The four quadrants of the contour surrounding the fine-region Iy = I, 5 = Oplre. (15)
electric field (Fig. 1) each contribute to the integral. Thus, ) ¢c nfact )
Using (15), the standard FDTD update equation for the tangen-
Iy = It + I + fun + Iry (8) tial fields on the boundary can be written in the following form:
Referring to Fig. 1, for the calculation of the tangential electric _
field located atn. = 1, quadrants I-IV are located in regions BT = <1_#> il Cnio — 1 Oplre.
€9, €35, €4, andes, respectively. For the calculation of the elec- 1+oy (0.25¢5) (1 +7;) ALy

tric field located atn = 2, quadrants | and IV are located4n, (16)
while quadrants Il and Il are located &3. To calculate indi-

vidual currents passing through the fine surface, the individ

currents passing through the coarse surface are multiplied b
scale factor. This scale factor is simply the ratio of the respecti
areas. Thus, the current used to update the fine-region tangenti
field atm = 1 is given by

Eﬂuation (16) represents the general form of the inter-
ce-boundary update equation which, along with (3), forms
8 basis of the developed sub-gridding technique (i.e.,

he limits of this technique are given by (14). The first of the
conditions is valid for all cases when the current contour does

Ity = + It + I + Ity not traverse any dielectric boundaries. Therefore, in all simu-
Ag? lations where the interface boundary does not traverse any di-
= (-752 + I, + 1L, + Iéz) N electric boundary, the formulation is valid. The second limiting
I c condition applies when traversing dielectric boundaries. It can
= R (9) be shown that this limiting condition holds if the loss tangent
niac

Since the current passing through the coarse-grid surface [(§)f the boundary material is much less than the number of time
) s per cycl divided by, i.e.,
(3)] is known when the iteration in the fine region begins, this?eep per cyclelt,) ym

calculation is straight forward. However, when the fine-region (") < A
tangential field is not at the center of the coarse-region contour, () g
i.e.,m # 1, some approximations must be made. Following @
similar procedure, the current used for updating the fine-region {(e") .
tangential electric field at. = 2 can be written as (e <8, for vy = 25. a7
Ir; = (152 + I, + 1. +]€2)%. 10) In our simulations of microwave sintering and RF drying
nfact [6]-[8], the material with the highest loss tangent is SiC, with
The individual components can be calculated as fractions of th¢oss tangent of 0.23 at 2.45 GHz. Although this is a high loss
total current by using (6) and (7) as follows: tangent, it still meets the criteria set by (17). Therefore, this

€2 technique is applicable to a wide variety of numerical modeling
4 (11) projects.

e When neither of the two conditions in (14) are met, the effect
is to create a “soft” boundary between materials. The location
where one media ends and another begins is no longer a distinct
plane. Instead, the dielectric properties of the two media types

Lo (1 +72)Brt - (1- ) B2

&

Therefore, (10) can be written as

1+05) Bt — (1 —o5)ED
(romEt -0 -@E e

Iry = — 5 are averaged ovetfact fine-grid cells (one coarse grid cell),
[(1 +5.) B2t - (1-77) Ef} € nfact creating the “soft” transition region. To avoid this problem, it

where is possible to program (12) or increase the size of the fine-grid
region so that it encloses the entire medium whose loss tangent

g5 =(2e2 + 2¢3) is greater than the allowed values. However, it will be shown

772 = (203 + 203) At later that_ the “;oft" transition _region .stiII prqvides an gccurate

2eyeq overall simulation of a large fine region. This results in a sub-

ec=(ea+e5+es+e3) gridding program that is very powerful and simple to use for

. At, traversing almost any media boundary subject to satisfying (17),
e =(02+ 05 + 04 +03) %e.c0” (13) " and this includes the case of perfect electric conductors (PECs).
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—>H, Following the procedure outlined above, and taking into account
H(, j+1) T H, the six current contributors from the coarse-region contour, it

& - o : can be shown that the scale factor for this case is given by
& z

Hy(i-l,j+1)‘ 5. — (2e2 + 2¢3) 1
! e H(i, j*+1) I (€1 +2e2 + 3 + €4 + 265 + &6) nfact?’
& ey m=2 For the final condition, whem > half, it may be shown thatthe
m__ v & currentcontouris centered@t j + 1, k)instead ofi, j, k), as
Hy(i-L1,)) A 11 I | is done form < half. This also results in using different media
| m_ v Hy(i, )) references (i.e., media type 3in (13) is replaced with media type

j+l1 (19)

> 1, and media type 4 in (13) is replaced with media type 6). Now
Y HG D) & y that the five possibilities for the reference numbehave been
described, the scale factor can be written as (20), shown at the
i+l Ps bottom of this page, wheresi” is the index of the fine-region
2 field and is limited tol <,,,< nfact. Since the scale factor con-
tains no time dependence, it can be calculated before starting the
Fig. 2. Schematic illustrating the magnetic fields of the coarse- and fine-giiteration process, and the resulting values can be included in the
regions at the interface boundary when the integer refinement factor is eVeBnstants used to update the interface-boundary electric fields
Whenm = 2, the electric field is located between the current contour centers . . . . ’
at(i, j) and(i, j + 1). Therefore, the current passing through the fine-grid 1 herefore, in order to sub-grid the FDTD technique using the
surface atn = 2 is calculated based on the average of the two coarse-gMGCM, we assume that the total current passing through the

i-1

~.

current contours [i.e., the currents centeretiay) and(s, j + 1)]- surface bounded by the FDTD contour is not changing while the
fine region is being updated. The current from the coarse region,
IV. GENERAL FORMULATION after being scaled appropriately, can then be used in the update

) ] ) equations for the tangential electric fields on the boundary. This
There are five values of the fine-grid reference numbehat e its in an electric-field update equation on the boundary that
must be considered in order to provide a general formulatiqg.similar to the update equations for the fields inside of the fine-
These includen = 1, m < half (half = nfact/2 + 1), m = grid region.
half whennfact is odd,m = half whennfact is even, and = once the fine-grid region is updateéact times, the final step
m > half. The first two cases have previously been describegk ,ndating the coarse region with the values from the fine-grid
It can be readily shown that wherfact is odd andm = half,  eqion is performed. The method that provides the most stability
the equations are the same as when< half. Fig. 2 shows 54 accuracy is described in [1]. Although the sub-gridding
the special case when the integer refinement factor is even %é‘(%nique is different here, the method for updating the coarse
the update calculation is for the field co-located with the coarsgsgion is still the most stable and accurate. Updating the coarse
region magnetic fieldm = 2). In this case, the total current is gqion proceeds as follows: the coarse-grid electric fields that
calculated by using six magnetic fields, which may pass througl o, the first cell inside the fine region (the interface boundary
six different media types. From Fig. 2, the total coarse-regiQRis) are left unchanged, the coarse-grid electric fields that lie
current is calculated as on the second cell inside the fine region are replaced by the av-
o o o erage of the values from the fine- and coarse-grid regions, and
Ipe= ]{ H-dt= [Hw("v J=1+Hy(@, 5) +Hy(1, i +1)  coarse-grid cells that are more than two cells within the fine-grid

— Ho(i, j+1)— Hy(i—1,j+1) region are replaced by the value obtaine;d in thg fine-gr.id region.
. . The result is a two-coarse-cell overlapping region that improves
— Hy(i -1, J)} Al.. (18)  the stability of the solution.
4 1 3
—, m=1
nfact
2 25 1
(2e + 2¢5) o, m<half
€2+ €3+ €4+ €5 nfact
2 25 1
5, = ] (22t 2e) _,  m = half andnfact odd (20)
€2 + &3+ €4 + €5 nfact
2 2e5 1
(225 + 2¢5) = m = half andnfact even
€1 + 2e2 + &3 + 4 + 265 + &6 nfact
2 25 1
(22 +225) m > half

?
g9+ 1 + &5 + €6 nfact? /
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Absorbing As may be seen from Fig. 4, the new sub-gridding formulation
41" Boundaries is much more accurate, even when the boundary between the
60 fine and coarse grid contains no dielectric boundaries. The ob-
(25.91 em served reflection coefficient value of 1% may also include con-
7 ls)fm“fge tributions from the absorbing boundary conditions and, hence,
the accuracy of MGCM may be better than the reported 1%. Al-
HE Artificial Fine-Grid though it is not shown, it was found that the long-term stability
Computation Domain of the MGCM is also improved over that of the MGDM. No
(5.11820m) = W) signs of numerical instability were noticed even when the run-
ning time was in excess of 20 cycles.
Absorbing .
22 Boundaries () B. Simulation of Fields in a Waveguide Containing a Dielectric
(-5 om) z(k) Region or a PEC

Fi L ) ) . ) The mostimportant aspect of this new sub-gridding technique

ig. 3. Schematic illustration of the waveguide used in evaluating the accuracy i . . .

of the MGCM solution procedure. Dimensions are given in node numbers atfithe ability to traverse media boundaries. Therefore, simula-

centimeters. To evaluate the accuracy of the MGCM procedure, an artifictihns were made in a WR340 waveguide containing a dielec-

e e ST sample. The size of the dielectric sample was12

phase errors at the center of the fine-grid region, were calculated. 12 coarse cells or 51.8 13.0 x 51.8 cn?. The fine-grid re-

gion had dimension of 16& 6 x 8 coarse cells. Fig. 5 shows

a drawing of the model used in the simulations. Two different

simulations were made to evaluate the effect of the loss tangent

on simulation accuracy. The two material properties simulated
In this section, we will present two examples that illustratereres = (10 + j1)., ande = (10 + j10).,, corresponding to

the improved stability and accuracy of the developed techniqiess tangents of 0.1 and 1.0, respectively. For these simulations,

and a simulation illustrating the application of the MGCM to @ mesh-refinement factor atact = 3 was chosen. Once again,

model that was previously impossible to simulate. a uniform-grid FDTD code with the same resolution as the fine

grid of the multigrid FDTD code was used for comparison. In
A. Simulation of Artificial Fine-Grid Region in an Air-Filled Fig. 6, magnitude-error mesh plots of the domin&pfields are
Waveguide shown for a horizontal slice (constagit The percentage errors

To evaluate stability and accuracy of the new FDTD code, e calculated using (21). As can be seen in F|g. 6(a), when
e loss tangent is only 0.1, the developed technique provides

air-filled waveguide (WR 340) was modeled and simulated \e}er accurate results. In fact, the average error, calculated over
2.45 GHz. Magnitude and phase errors at the center of the f'&ney ) ' 9 '

! o : o i
region were calculated wherll&;, mode was launched in the h_e entire slice, is approxmatel_y 2%. Fig. 6(b) shows the same
slice when the material properties are changed to the case of a

waveguide. Fig. 3 shows the waveguide and simulation param- . . A
eters. For comparison, results from the MGDM [1] code deve’ESS tangent of 1.0. This, of course, violates the approximation

oped by our group are presented along with the new mGclen (14). The.results in Fig. 6(b), hqwever, show th_at_poor
! " . . values were obtained only at the location of the media inter-
simulation results. In [1], it was shown that the MGDM is mor

stable and more accurate than other methods such as the Vggﬁ As expected, the result of the approximation was to create

[2] method, especially when modeling complex and/or lar aesoft transition region in which the effective loss tangent at that

structures inside the fine region. Therefore, calculations base%undary was smaller than the actual loss tangent, thus creating

on the VSSM method are not presented here. Fig. 4 shows feors: Howgver, throughout the rest of the fine-grid region, the
errors remained small. The average error over the entire slice for

magmtudg and phgge errors at the center of th_e f|_ne region ahe simulation was approximately 4%, which is still certainly
the reflection coefficient introduced by the multigrid boundar cceptable

when the refinement factorfact is varied from 2 to 11. Since Another example to show the capability of traversin
some errors are introduced by FDTD (errors due to dispersi8n P P y 9

and absorbing boundaries, etc.), for accuracy purposes, the r|((aalectr|cs is the calculation of the resonant frequency of a

S . rectangular resonator with a dielectric load [9]. The cavity has
sults of the multigrid simulations are compared to results fro : . . .
) L . X . Imensions of 24x 12 x 16 mm and a dielectric load with a
a uniform-grid simulation with resolution equal to that of th

. . o : .. thickness of 8 mm and a relative dielectric constant of 3.75 (see
fine regions of the multigrid codes. The reflection coefficient. :

. Fig. 7). Three cases are calculated. In the first case, a coarse
and magnitude and phase errors were calculated as follows: <= L : .

uniform grid with mesh size of 4.0 mm is used. In the second
— case, a fine grid with mesh size of 1.0 mm is employed. In
(21) the third case, we use the multigrid with the coarse mesh size
4.0 mm and the fine mesh size 1.0 mafoct = 4). The fine

V. STABILITY AND ACCURACY OF THEDEVELOPEDMGCM
TECHNIQUE

E’l
I'(center of waveguide= E‘jr
Y

Euniform - Erng

eMAG = ‘ (22) grid has dimensions of 8 4 x 8 mm with two faces traversing
Euniform the dielectric (see Fig. 7). The resonant frequency of the funda-
At o mental mode is compared with the results of transmission-line
Cpliase = ‘7‘ x 360°. (23) matrix (TLM) and FDTD of [9] in Table I. It can be seen that
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Fig. 4. Comparison of the accuracy of the MGDM and MGCM sub-gridding techniques when an artificial fine-grid region is placed in an air-fillede:avegui

Calculations for the: (a) magnitudey{ ac) errors and (b) phase{unase) errors were made at the center of the fine-grid region while the (c) reflection coefficient
was calculated at the center of the waveguide, two cells behind the location of the source launch.

Absorbing In addition to traversing dielectric boundaries, the MGCM
41" Boundaries interface boundary can traverse perfect conductors. To demon-
(25'9?06111) strate this flexibility, two simulations in the same WR340 wave-
guide were performed. The first simulation used the same simu-
Source lation parameters as the dielectric-traverse simulations just dis-
Plane cussed. However, the dielectric material was given the proper-
Fine-Grid ties of a perfect conductor. Therefore, a fine-grid region of di-
Computation Domain mensions 16< 6 x 8 was centered around a perfect conductor
Dielectric with dimensions of 12< 4 x 12. In the second simulation, the
. Material fine-grid region was lengthened so that it was the same length as
Ga8em) T N s bcorbi . the perfect conductor, resulting in fine-grid dimensions o0#16
22 Sore ¥0) 6 x 12. This simulation placed two faces of the fine grid at the
(9.5 cm) Boundaries X ) )
faces of the perfect conductor. Eight simulation cycles were cal-
x(i) culated using these two arrangements and a uniform-grid FDTD
2(k) code. The reflected waves were then compared at each time step

in the eight simulation cycles. Fig. 8 shows the three reflected
Fig. 5. Schematic illustration of the WR340 waveguide, dielectric materizwaves' The “outside” wave corresponds to the case when the

and artificial fine-grid computation domain that was used to evaluate tfEerfect conductor extends outside the fine-grid region at the
accuracy of traversing a dielectric boundary. Dielectric materials of tWI‘huItigrid interface boundaries. Note that no special treatment
different loss tangents (0.1 and 1.0) were simulated. . .

of the perfect conductor was needed for these simulations. The

ability of MGCM to allow perfect conductors to traverse the
the multigrid method can improve the accuracy of solution witimterface boundary results from using standard FDTD update
a modest increase in the computational resources. equations that automatically account for PECs.
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Fig. 6. Horizontal slice through the center of the fine-grid region of the (b)

waveguide simulation that contained dielectric material. The electric-fie
magnitude percent errorseyfac;) were calculated. Results of dielectric
materials with a relatively low loss tangent of: (a) 0.1 and a relatively high lo
tangent of (b) 1.0 were simulated. It should be noted that large errbrs-a24

Hg. 8. Transient plot of the reflected wave when the MGCM interface
undary traversed a perfect conductor. (a) Full eight cycle simulation.
) Blown-up portion of the final cycle.

(back edge in the pictures) represent errors from relatively small electric-field
values. Simulation results show that the electric-field values at these edges|gistrate the numerical advantages of the new MGCM technlque

almost an order of magnitude lower than those in the middle.

16 mm

Fig. 7. Rectangular resonator with dimensions 612 x 24 mm. The
dielectric load has dimensions of 26 12 x 8 mm and a relative dielectric

constant 3.75. The fine grid area is also shown.

C. Simulation of Microwave Processing in Large Multimode

Cavities

a simulation of ceramic sintering in a large (500 L) multimode
microwave cavity that contained multiple layers of bucket tappet
samples with wall thickness of 0.32 cm (0.8Bwas performed.
Since the frequency of operation was 2.45 GMNz{(12.2 cm),

the wavelength is 38 times the sample thickness and 76 times
the minimum required resolution. The coarse grid was modeled
using a 1.17-cm cell size and the fine grid used a 0.146-cm cell
size (reduction factor of eight). The microwave cavity was cylin-
drical with a diameter of 74 cm (8) and length of 112 cm (9).
Dimensions of the coarse and fine grid regions were 63 x

113 cells and 144 136 x 144 cells, respectively. Four layers,
each containing a & 3 array of bucket tappet samples, were
modeled. The dielectric properties of the sample were 7.40
ando = 0.02 S/m and the sample height was 1.0 cm. The
sample had a square cross section gf2cn¥ and a wall thick-
ness of 0.33 cm. Alumina shelves with dielectric properties of
e, = 3.36 ando = 0.0017 S/m supported the four layers of
samples. The simulated cavity model represents a realistic mi-
crowave sintering experiment and also includes a boron-nitride
(BN) crucible box with dielectric properties ef. = 3.45 and

The MGCM was developed to facilitate simulation of elece = 0.00045 S/m and an alumina-fiberboard box with dielec-
trically large and complex structures, which could not be simtric properties ok,. = 1.52 ando = 0.00019 S/m, which en-
lated previously due to excessive memory requirements. Todloses the entire sintering arrangement. Results of electric-field
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TABLE |
RESONANT FREQUENCIES OF THENHOMOGENIOUS RESONATOR

Method Resonant Frequency Difference with TLM Difference with
(GHz) (%) FDTD (%)
TLM [9]* 6.60 - -
FDTD [9]* 6.63 - -
Coarse uniform mesh 6.71 1.67 1.21
Fine uniform mesh 6.66 0.91 045
Multigrid 6.63 0.45 0.0

* The resonant frequencies in [9] are normalized as A/ / A. To obtain unnormalized values, we have chosen

Al =2 mm and the values in this table are converted from the normalized values in [9].

Max = 0.012 VI. SUMMARY AND CONCLUSIONS
0 In this paper, we have described a new technique for sub-grid-
ding the FDTD method. It is simple, accurate, and, most impor-
tantly, can be used for amfact. We simulated cases farfact
up to 11. The ability to use a Courant number close to its max-
b imum value of 0.57 with different values afact and the ability

to traverse dielectric and PEC boundaries shows clear improve-
ment and advances as compared with other available techniques.
The solution procedure is based on using weighted values of
the electrical current to make the transition from the coarse-
22 db to fine-grid regions. The fine-grid current values are then used
to determine the field values in the fine-grid region. Both the
material properties and relative position of the fine-grid elec-

(a) tric field within the current contour are used in determining the

weighting function. Simulations were performed to evaluate the

Max = 0.016 stability and accuracy of the new technique. It was determined

Atumin , 0 that the intro_duction ofa high-resplution sub_-gri(_j region in an
Fiberboard ‘ FDTD code introduced only a slight reflection in the larger,

coarse-grid region (2% reflection). This additional high-reso-

lution sub-grid region provides accurate simulation results in

areas of interest when memory prohibits the use of a uniform

12 db FDTD code. In addition, this technique allows for material tra-
verse without reducing the Courant number in order to maintain
stability, and the developed method is also general enough to
allow for any integer refinement factor. The equations that need
to be programmed are simple and maintain the basic form of
the standard FDTD update equations. The development of this
sub-gridding technique allows for modeling complex structures
in large models where it was previously impossible to increase

®) the resolution. For example, a microwave sintering experiment

Fig. 9. Electric field {E|?) distribution patterns in the fine-grid region of in which the new technique was used required 2 h 45 min for
an MGCM simulation of a large-scale 500-L multimode microwave cavit@ 173-MB executable program. If the same resolution had been
@) HoriZﬁnta_l Crgsi Secti?nn?h?;/vniggjrﬁ '\C/Itglét’\é/llr:; ﬂllznoer;l(b% g/tirggil t;rrgzz used in a uniform-grid code, the executable would have been
iggg%?esofg:\qglatiﬁgcshr;z (a:lavi‘t)y usihg the required resolu)t/ion enforc:d by %/Ré/er 12 GB, and would have reqUIred approxmately 225hto

sample size used in these experiments. execute. The developed MGCM code resulted in & Té€duc-
tion in memory and a 80 reduction in execution time. This

patterns in the cavity modeled by the fine region are shown $imulation also contained a conveyor belt, which made it im-
Fig. 9. If a uniform grid code had been used to model the entipessible to use other available sub-gridding techniques that did
multimode cavity with a resolution of 0.146 cm (the same awt allow traversing dielectric boundaries. Even simulations that
the fine-grid region of the MGCM code), the memory requirethay have been performed using a uniform-grid code can now be
would have increased by a factor of 70, which would have proptimized for speed and accuracy using the new technique. We
hibited the simulation of such a structure. are currently applying this new technique to research projects in

Bucket
Tappet
Samples

BN Crucible
Box

Alumina
Shelf

-24 db
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