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cross-sectional plane of a rectangular waveguidtenavelength).

Abstract—Material inhomogeneities are taken into account in the
In comparison, the Ewald sum-based calculations presentedsifndard finite—difference time-domain method by staircase modeling of
Fig. 2 show very rapid convergence. The average error decrea gium boundaries. Resolution is, therefore, limited by Yee’s cell sizes. In
) tiall th b f cal I. ted t . In Fi this paper, a new scheme is proposed, which improves material resolution
exponenlla y as the num. gr of calculate erms |ncreases: N F9yfthout increasing the demand of computer resources.
superscriptsd and F' desiginates the magnetic- and electric-vector ] o ) o
potential functions, respectively. The results shown in this figure havendex Terms—Dbielectric inhomogeneity, FDTD method, subgridding.
been obtained through averaging Green'’s function calculations over
625 dn‘fe_rent squrce—observa_nor_l point pairs (25 source poingd _ I. INTRODUCTION
observation points) evenly distributed on the same cross-sectlona_ll_h finite-diff time-d in (FDTD thod 111 i I
plane of the waveguidée: = ='). On average, 18.73 and 22.01 terms . € finite-qitierence time-domain ( ) method [ ] IS we
were needed to obtain I6 and 107 convergence, respectively suited to compute electromagnetic-field components, which are tan-

Therefore, the proposed method can achieve sufficient accuracy gsptlalt_to _tthe interface da|m§nt? dn;ferent d:celectn;:h med;? ' DleLectrlg |
most numerical applications with only about 20 term calculations. Iscontinuities ‘are modeled by plané surfaces through mesh noda

The next result concerns the optimum choice of the Ewald erlr?imS while each elementary cell is homogeneously filled. To analyze
parameterE. In Fig. 3, relative calculation times are given as &omplicated structures, such as irregularly shaped and inhomoge-

function of the paramete®. For the small and large values Ofneguls m|crowavte devices, it Ilf/l necessatrr)]/ to uc'isel_ a ﬂ?e ce'lll_ size
E, the total calculation time increases due to the slow converge arge computer resources. Moreover, the modeling ot curvilinear
émdarles [see Fig. 1(a)] requires staircase approximation in order

of the spatial and spectral series, respectively. The overall aver (()? . :
accommodate the structure to the computational grid. In such a

calculation time is minimized for the® values in the range of ) o . .
0.67/v/ab — 0.97 /v/ab under the proposed calculation schemes. S35 the accuracy is related to grid-size refinement, i.e., to computer
' ’ , rgsources. Halving the cell size improves boundary accommodation

Finally, Fig. 4 shows the application of the proposed metho Fia. 1(bY. M ical in t f tational burd
to the scattering analysis of a centered circular aperture in tl?(?_e 19. 1(b)]. More economical in erms of computational burder,
cross-sectional plane of the rectangular waveguide [8]. The Mo inhomogeneous cell can be treated as it was homogeneously filled

analysis employed the Galerkin’s method with triangular-roofto a medium with parametees o, ., which are obtained by volume

basis functions. The aperture has been discretized with 90 triang ggraging of the different media inside the cell. However, this method

elements and 145 basis functions. It took about 30 s to obtain cHES not give very accurate results. Alternative formulations have

point data on a Sun UltraSparkl workstation. The calculated rESLFI%en pr’oposed,_ which model boun_darles_k_)y Ipcal modification of
agree well with those by the variational method [8] within the errd}/laxwell s e_qu_atlons [21-14], local grid mod|f|c§t|0n [5], or glpbally
bound of the variational formula. irregular grlddlng_[6], [7]._These methods differ subst_antlally in

the modeling of dielectric interfaces and generally require complex

algorithms and preprocessing. A different method by Gwarek [8],
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Fig. 1. Approximation of a general boundary between two dielectric media.
(a) Staircasing with homogeneously filled cells. (b) Halved homogeneously B
filled cells. (c) Local discontinuity modeling. (d) Uniform sub-cell partitions, (©

as in DSR.
Fig. 2. Wedge discontinuities for three-dimensional (3-D) and 2-D grids and
equivalent lumped circuit.

accounting for the dielectric inhomogeneity. The method has been

proven to be successful and accurate for the analysis of microwave d-ord Wh lis all d to be filled
devices. Nevertheless, it requires preprocessing operations inten@&¢eVes second-order accuracy. en a cell 1S aflowed 1o be Tifle

to classify the intersections between cells and boundaries and to WI up to elght different .d|elec.tr|cs, an electric-field component can
a database of effective parameters. be perpendicular to a dielectric boundary. In such a case, hereafter
In this paper, as in Gwarek's method, dielectric discontinuitie;ffe"ed to asnormal discontinuity effective parameters can be

are taken into account by the use of effective parameters, but eerived by enforcing the continuity across the interface of the normal

dielectric structure is modeled on a systematic basis more than by ffpmponent of electric ’flux densn_;l) and conduction currensf
the Newmann—Lenz's law, as in [9] and [12], e.g., the normal

use of local classification of boundary—cell intersections. A dielectr} L . :
Iscontinuity between two media having parametarss;, andzs,

subgrid resolution (DSR) is achieved if each cell is allowed to be™’ ted for by the followi ffecti ters:
filled by different materials in such a way that each FDTD ceff? IS accounted for by the following efiective parameters:

is regularly partitioned into eight homogeneously filled sub-cells, oo —9_t1f2 =2 7102 )
which reduce to four sub-cells in a two-dimensional (2-D) problem. €1+ €2 o1+ 0y

Dielectric boundaries, therefore, are allowed to pass through a celljn a general case, an electric-field component at the common point
as in the Gwarek’s method, but only conforming to this partitioningf eight sub-cells (four cells for a 2-D grid) will belong to a dielectric

scheme [see Fig. 1(d)]. edge (edge discontinuily resulting at the same time, tangential and
normal to dielectric boundaries (see Fig. 2). The effective parameters
1. GENERALIZED CONSTITUTIVE PARAMETERS for this geometry can be derived by using lumped-circuit models.

In the standard FDTD formulation, the elementary Yee ce“ is known [13] that_the FDTD equation which u_pdates an electr_ic
(electric-field components along a cube edges) is filled by %)mpo_nent, e.g.E,_, Is the voltage-balance eguatlon for an electric
homogeneous medium. Dielectric boundaries can be only locaf¥gole if the following correspondences hold:

between adjacent cells, therefore, they are tangential to the electric- E.—~V=FE.Az

field components. This kind of dielectric discontinuity is referred to as AzAy

tangential discontinuityEquivalent constitutive parameters have been e C=c¢ Az

derived [10], [11] by enforcing the tangential electric- and magnetic- AxAy

field components in the integral formulation of the Ampere’s law roG=o0 Az ®)

to be continuous across the boundary. Such formulation is ﬁr%herev is voltage,C' is capacitance, and? is conductanceA
order accurate in cell size and leads to the definition of an effective ", 14 A~ are Ier%gths of the cell sides. and o are parametérs
permittivity and conductivity. These parameters are obtained by . :

ing th ‘ th iahbori lls with the medium filling the cell. The equivalent capacitance of a
ayeragl_ng_t € parameters o .t € neignboring ce ,S\,N't _respect to} ﬁgential (normal) discontinuity is the parallel (series) connection of
discontinuity, e.g., the effective permittivity fdt. (¢, j, &) is

the corresponding capacitances, each one being evaluated by means
ce (i o k) = gle(ino k) +2(i = 1,5, k) + (i, j — 1,k) of 3. o _
feli—1j -1, (O '_I'he gquwalent parameters_ fora Weglge dlscoqtlnwty_:gfwhlch _
’ exists in the case of subgrid resolution and eight different media
A similar equation holds for.a (7, j, k). Equation (1) reduces to the having a common point, can be derived as follo@s:s andCu.« are
standard one in homogeneous regions where the FDTD formulatiequivalent capacitances to account for being tangential to media
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PEC TABLE |
e T —— RESONANT FREQUENCIES[GIGAHERTZ] FOR THE CAVITY OF FiG. 3
n FDTD FDTD -averaged | FDTD -DSR
(A=0.5mm) (A=1mm) (A=1mm)

§ 1 7.027 4912 6.854

3 2 10.450 7.179 9.930

3 14.054 9.572 13.223

4 15.856 10.957 15.202

E— by a standard FDTD computation with a 0.5-mm grid, which exactly
24 mm conforms the dielectric structure in the sense that each Yee cell is
Fig. 3. Periodically loaded cavity as a test case for DSR. dielectrically homogeneous. The computation domain is>440
cells. Results to be validated are obtained using the DSR algorithm
with a 1-mm grid. Since the dielectric boundaries pass through
€1, 22, €3, £4, Andes, 26, £7, 5, respectively. They are computed bythe cells, corresponding wedge discontinuities are originated. The
(1) and (3) as the parallel of the corresponding capacitances. Next, t88ulting grid is 22x 20, i.e., a quarter of the reference problem. By
normal discontinuity is taken into account by the serie€'efir and  applying (6), it follows that the medium behaves as a homogeneous
Chenr, @s in (2). Similar considerations hold for conductances. Thfhe with 1.69 effective permittivity. Note that the volumetrically
equivalent circuit for a wedge discontinuity is the parallel connectiofveraged permittivity is 3.25. Resonant frequencies are reported in
of the found equivalent capacitance and conductance, as in FigTgble | for the different models. The results show that the standard
The constitutive parameters fdt., which account for a wedge FDTD, with coarse grid and averaged permittivity, gives completely

discontinuity, are given by wrong results, while at the same computational cost, the DSR scheme
(). pRCYE) is quite sensitive to the subgrid variation of the dielectric filling the
fett = 250y e = 25— (4) resonator.
ot T Cont Teii + 0ett As a second test, the near-field scattering from an infinite layered

dielectric circular cylinder was computed. The cylinder, having the
axis along z, is illuminated by a TM monochromatie-directed
plane wave. The scatterer was first modeled on a fine mesh with

where the parameterseiﬁf), a(g)}p:1,2 can be obtained from the

e

tangential discontinuity problems according to (1). Finally,

cp = (e1 422+ 254 24)(65 + 26 + 57 + 25) _ (5) cell A = 0.0212 (100 x 100 cells) by means of: 1) standard
2(z1 + 22+ 25+ 24 + 25 + 56 + 27 + £5) FDTD; then on a coarser mesh with céll\ (50 x 50 cells) by
Similar considerations yield the effective permittivity for a 2-D gridn€ans of 2) standard FDTD; and 3) FDTD with dielectric subgrid
[see Fig. 2(b)] as resolution. Accordingly, the outer layer is thick six cells [see 1)]
and three cells [see 2) and 3)]. Electric-field amplitudes for the
fotf = M (6) three cases are compared with the analytical solution [14] along a
Siteateztes concentric circle of radius®s (see Fig. 4). This test line is close

The above definitions of effective parameters for the computatiém the cylinder in such a way to appreciate the local effect of the
of E. include dielectric homogeneity as well as tangential ancurved boundary staircasing on the scattered field, which is otherwise
normal discontinuities as particular cases. The effective parametattenuated in the far-field region. In this case of TM scattering, normal
for £, and FE, can be obtained in a similar way. Note that a celand wedge discontinuities must be considered for DSR modeling. In
is characterized by three couples of effective parameters, one Td& scattering, only tangential discontinuities are originated, which
each field component. Therefore, a cell partitioned according to DSIRe automatically accounted for by FDTD. It can be observed that
appears as it was filled by an equivalent anisotropic medium. the scattered field is successfully predicted by both the FDTD on a

The proposed algorithm allows the modeling of dielectric featurdmer mesh and by the FDTD on a coarser mesh with DSR. On the
smaller than a Yee’s cell without a real increase of computeontrary, the standard FDTD on the coarser mesh fails especially in
resources. In fact, lelV = I x J x K be the size of an FDTD the computation of the peaks of the scattered field. Note that the root-
computation for a given space st&p Computation time and memory mean-square (rms) error (with respect to the analytical solution) of
storage are directly related 8. Instead, the structure is sampled asolutions 1) and 2) are comparable (6%) while it is doubled (12%)
A/2 to apply DSR and, therefore, it is modeled &i¥ voxels. for 3).

I1l. NUMERICAL RESULTS AND DISCUSSIONS IV. CONCLUSIONS

Test cases were performed to investigate the capability of the DSRThe FDTD algorithm has been modified to achieve a better
scheme to model wedge discontinuities, and more in general curredolution of dielectric interfaces inside the computational domain.
dielectric boundaries. For the sake of simplicity, test cases wdre particular, the staircase step is halved along each direction in
performed on a 2-D grid. DSR without affecting Yee's cell size, i.e., the demand of computer

The first test was the computation of the lowest resonant frequersources. To this purpose, a compact and simple definition of the
cies of a rectangular cavity (24 mm 20 mm). The medium inside effective constitutive parameters, including the effect of wedge dis-
the cavity exhibits periodicity like a photonic bandgap (PBG) materiabntinuities, has been presented. The new formulation allows FDTD
(see Fig. 3). Resonance frequencies are computed by Gaussian pdilslectric resolution to be extended to one-eighth of the elementary
excitation with a 16-GHz band. The reference solution is obtaineell volume without a local modification of Maxwell's equations.
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for each resulting sub-cell. A further subgridding is possible, but it
seems useless because field—component interpolation is required to
enforce FDTD equations.
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