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A Stable Subgridding Algorithm and Its
Application to Eigenvalue Problems

K. M. Krishnaiah and Chris J. RailtorMember, IEEE

Abstract—In this paper, a new and stable subgridding algo- path (CP) method [9], which is used for curved boundaries,
rithm is proposed for three-dimensional problems which pro- the basic Cartesian grid arrangement of field components
vides subgridding in both space and time. The concept of an 4; || gpace cells, except those immediately adjacent to the
equivalent-circuit representation and a novel leapfrog time in- structure surface, are preserved. Space cells adjacent to the
tegration scheme is used to ensure that the algorithm is stable d . .
and efficient. Practical applications of this algorithm in the Structure surface are deformed to conform with the surface
characterization of arbitrarily filled dielectric resonators are locus. Slightly modified time-stepping expressions for the field
reported. components adjacent to the surface are obtained by using the

Index Terms—FDTD methods. CP technique. The drawback of this method is that it has a
very limited range of applicability and may exhibit longtime
instability [12], [13].

_ ) ) _ In the expansion technique [6], the region of interest in
T HE time-dependent Maxwell's differential equations caghe yolume being analyzed is replaced with a finer grid. The
be represented by a set of difference equations apdnnique consists of making an initial computer run with a
can be solved numerically on a computer. This method gfpde| of the entire system. The electric fields, scattered from
solving Maxwell's equations is popularly known as the finiteghe system and tangential to a sub-boundary, are stored on
difference time-domain (FDTD) method, which was first progisk from this calculation. The portion of the volume inside
posed in [1] for two dimensions and later applied to three dihe syp-boundary is then subdivided into smaller cells and
mensions in [2]-[5]. The FDTD method of solving Maxwell'sihe syb-houndary becomes the outer boundary for a second
equations is becoming popular mainly due to its simplicity. {t5|cylation. The same tangentiiHield response, as seen on
has been widely .and effectively used to solve a broad rangg, sub-boundary for the first run, is imposed on the outer
of electromagnetic problems [6], [7]. “boundary of the second run. The advantage of the second run

In some problems, a greatly improved accuracy of solutiQith smaller grid cells is that the missing volume of the domain
can be obtained if a finer discretization is used in Spec'fé{bpears to be present at this time. A few drawbacks of this
regions of the computational volume. Frequently, the electiigathod are: 1) it assumes only weak coupling between main

or magnetic fields or both have large gradients within a limiteg, sub-volume; 2) it suffers from very slow processing speed:
volume or sometimes only in one direction. A brute-forcg,q 3) it is mesh dependent.

approach of using a sufficiently fine grid (FG) throughout the A oy general schemes have previously been developed for

computational volume invariably requires exceedingly large dynamic change of the discretization density in the FDTD
computer resources. Also, some structures have a cungdyithm. They include mesh refinement in both time and
boundary which needs staircase approximations, which res ce [14]-[16], and mesh refinement in space only [17].
n Ios; of accuracy. In such cases, accuracy dePe”dS ON \Wiftile the latter approach is much simpler to implement, the
_ceII d|men5|9ns and. usually requires small cells if the CUN{fne and space subgridding yields a much more efficient code.
is sharp, ,Wh'Ch again poses the same p.rob'lems of eXPensiRs results from the fact that, in the second approach, the
computation, memory, and computer limitations. stability condition has to be computed from the size of the
Some methods [3], [6], [8]-[11] have been proposed t0 OV&ls o jest cell used and, thus, a small time step is needed
come the burden of excessive computer resources requiremgNthe whole problem space. The variable step-size method
Some of the methods [3], [8] use Iarg_e FDTD cells througho tSSM) [15] and the mesh-refinement algorithm (MRA) [16],
the computation vplgme, but appr'OX|mate the small geome Ye similar to the proposed subgridding technique in the
eleme_nts by modifying the equations _for the large cells thal\se that they also make use of dividing the computational
contain them_. For example_, a surface—lmpedance concept ain into two or more regions with different cell size. The
be”usgd tiomcil‘udehmaterl.al .Iaygrs tlhlnner th‘.”“} the F_DTasadvantage in using these methods is that both require the
cells [8], [. ] nqt er _var|at|o_n_|r_1vo Ves specia .equ?t'on§alculation of extra second-order difference equations at each
for calculating the fields in the vicinity of discontinuity thmnerCoarse node on the boundary and also storage of an extra
than the FDTD cell size [3], [11]. In the case of the CONtOUWe cond-order difference—the required number of stored fields
Manuscript received July 22, 1997; revised November 19, 1998. The wdikcreases with the increase in the ratio of the fine and coarse
of K. M. Krishnaiah was supported by the Commonwealth Commission, U.lgell sizes. The difference between the MRA and VSSM is that

I. INTRODUCTION

The authors are with the Centre for Communications Research, Universit .
of Bristol, Bristol BS8 1TR, U.K. u?’thg VSSM, the secorjd—order differences are calculated from
Publisher Item Identifier S 0018-9480(99)03133-6. spatially interpolated field values, whereas in the MRA, the
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Coarse-Fine grid transition plane

second-order differences are calculated and then interpolaf®d /
in space. The authors have reported [18] longtime instability -

<

in implementing these methods. L

Subgrid volune

< FDTD Domain -
-

During the preparation of this paper, an alternative method

was published [19] for developing a subgridding algorithm . )

in a manner which has some similarities to the method’| -,

described here. While the overall aim of [19] and of the method x> 7

described here is the same, there are some differences in(the / //

approach and final algorithm. Whereas in [19] the discrete curl / y ]

and divergence operators are used in the derivation, in this /;

paper, the consistency is assured by making the subgridding = ]

algorithm formally identical with a passive electrical circuit j

[22], [23]. In addition, [19] assumes the boundary magnetic , j’fj; »

field H,. to be constant over the coarse grid (CG) time step, gl ///

whereas in the proposed method, a novel time interpolation has | o

been implemented. These differences lead to different update

equations in the final algorithm. A further difference is that

in [19], a subgrid (SG) ratio of two is used, whereas in this

paper, a ratio of three is used. The performance, however, of

the two methods appears to be similar. ® Course grid node (7., k)
Previously, the application of this algorithm in two dimen-  Fine et o (0,0

sions to characterize an arbitrarily filled dielectric waveguide
has been shown [18]. The objective of the work presente@. 1. A typical tangential FG boundary electric fieli ;. (u, v, w+1/2),
in this paper is to develop a practical three-dimensional (8upled to one CG magnetic field., (i + 1/2,j,k + 1/2) and three FG
D) subgridding algorithm, which is efficient and stable, an@angggggrfglf{ﬁé“éé_tolFJrelt/rZ;];ﬁtfgr}/pzl;’ngfy("+ 1/2,0,w41/2)
also to characterize its performance under various conditions.
The entire computational volume is divided into a main gridubgridding. It is emphasized that the circuit presented here
(coarse) and a number of SG's (fine). The SG is introducgsl not a lumped equivalent to some discontinuity or other
only around the discontinuities where the field gradients apysical feature to be included in the FDTD algorithm—it
high. To maintain the Courant stability criterion and minimizgs an equivalent to the subgridding algorithm itself.
the dispersion, different time steps are used based on the maihe equivalent circuit of the unmodified Yee cell consists of
and SG spatial step. The fields within each grid volume, eith@yrators, connected betwedi and H nodes, and capacitors
main grid or SG, are found using standard FDTD equationgt all nodes [23]. The gyrators transfer energy betwéen
When a FG is embedded within an CG, the boundaghd H field nodes, whereas the capacitor at each node stores
field components of the FG cannot be calculated using th& energy. For an unmodified cell, the gyrator values are
standard FDTD equations. The field amplitudes on the C&, = AyAz, G, = AzAz, G, = AzAy, and the capacitor
may then be used to estimate the field amplitudes on the RRues are’, = eoAzAy Az, G, = poAzAyAz. In the case
by linear or cubical splines or shape-preserving interpolations, the grid discontinuity equivalent circuit, the gyrator values
e.g., [20]. However, a simple interpolation that does nefre a function of the interpolation polynomial that will be used
maintain thereciprocity of contribution betweent and H in the interpolation of the boundary CG magnetic field. In the
fields can lead to late time instability. The main-grid boundagase of two-dimensional problems, the gyrator values depend
fields are found based on the problem definition, i.e., meighly on the interpolation coefficients. In 3-D problems, they
or absorbing boundary condition (ABC). This subgriddingepend on the interpolation coefficients in the normal direction
algorithm decreases the computer resource requirements gghe field that is being interpolated and a splitting coefficient
expands the capability of FDTD to more complex problen39], which determines the contribution of the CG boundary
such as thin wires, slots, posts, etc. In Section II, the conceptignetic field, in the tangential direction of the field that is
an equivalent circuit for a 3-D grid discontinuity is describetheing interpolated. The calculation of gyrator and capacitor
In Section Ill, the novel time interpolation method is brieflyalues is presented in the following two sections.
explained with the aid of a time-flow graph. In Section IV, the
complete algorithm along with representative field updatioh. Equivalent Circuit for the Algorithm in Three Dimensions
equations is presented. Finally, Sections V and VI discuss then [18], an equivalent circuit for the subgridding algorithm
numerical results and draw conclusions. in two dimensions is presented. For the case of three di-
mensions, the updating scheme becomes more complicated.
The schematic representation of the typical transition plane
between coarse and FG is shown in Figs.1 and 2. The
Although a passive lumped circuit equivalent to Maxwell’'xploded view of the transition plane is shown in the Figs. 1(b)
equations has previously been published [21], the form ahd 2(b). The FDTD domain and the coordinate axes are
this circuit does not lend itself to the analysis of FDTD witlalso shown. The gyrators and capacitors are not shown for

Il. AN EQUIVALENT CIRCUIT OF THE GRID DISCONTINUITY
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/ Fig. 4. Linear interpolation in the direction normal to the CG magnetic field
\// at the transition plane.
® Coarse grid node (4, 5. &)
T
T e [ine grid node (1w v.w)

Fig. 2. A typical tangential CG boundary magnetic field
Hpey(i + 1/2,5,k + 1/2), coupled to 15 FG electric field
Ep.(u,v —1 : v+ 1l,w—2+1/2: w+ 24 1/2) components at
the coarse to FG transition plane.

~~~~~ integration paths for the calculation of Eyy,

— s Hyy

* Hjy

—_— wa
P £ Coarse grid components O By
& Conme i componcuns Fig. 5. Length splitting in the direction tangential to the CG magnetic field
@ 1, Comse prid bonndary component at the transition plane [19].
e Ey, Fine grid components

Fig. 3. Partial 3-D grid discontinuity equivalent circuit. The gyrators and c4N€ contribution of the CG boundary magnetic field in the

pacitors connected to the CG boundary magnetic-field node and FG bounddisection normal to the field component, whereas the splitting
electric-field nodes. coefficients determine the contribution of the CG boundary
clarity. In Fig. 3, however, an enlarged view of one cdnagnetic field in the direction tangential to the field component
magnetic field node in which the gyrators and the capacitof$2]- The value of the splitting coefficient depends on the

which are connected to the boundary FG electric field nodé®mmon integration path and permeability distribution.

are shown. In the case of three dimensions, the gyratorThe linear interpolation coefficients in the normal direction

values are the product of the interpolation coefficients amde shown in Fig. 4. The splitting coefficients in the tangential
splitting coefficient. The interpolation coefficients determindirection have been shown in the Fig. 5. The dotted CP of the
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VALUES OF GYRATORS, g1 —15, THAT ARE CONNECTED BETWEEN T-\r(APE:I;IE BIOUNDARY CGAND FG NoDES IN THE TRANSITION PLANE [SEE (3)]
Eyg.(u,0,w + f;)
ONW | w—2 | w—1 w w+1 | w+2
g1 94 g7 g1o 913
Hilithh+d) [ 0= 5 | 5% (83 63 b
g2 9s gs g11 gi4
Chpey =1 v s s lo 5|58 53|53
g3 gs g9 g12 915
SRR ER AR IR A R

FG magnetic field is common ty3 of the CG magnetic field. field coupled with its neighbors is used to update the remaining
Similarly, the small dashed and big dashed CP’s also hagight otherE, . i.e.,(I—o, g—t), by splitting the magnetic field
common path of /3 of a CG magnetic-field component. In thisin the tangential direction at the transition plane. This way, all
configuration, the value of the splitting coefficient becomebe nonexistent FG magnetic-field components are evaluated
1/3. The resultant gyrator values that are connected to a typi€dll over the transition plane. Now the update equation for the
CG boundary magnetic-field nod&s., (i + 1/2,,k + 1/2)  Esz(u,v,w+1/2) node is shown in (1) at the bottom of this

are shown in Table I. page, where

In this case, the entire transition plane electric-field compo- )
nents have to be calculated as opposed to just a line in two HYUW = obtained from Table I
dimensions. Since the FG is embedded in the GG, k) has Gy =

been used as the CG coordinate system @nd, w) for the
FG coordinate system for ease of understanding. The exact
update equations for the FG boundary electric field and CG
boundary magnetic field are given so that they can be direch
plugged into the existing codes with little or no modification. AF
typical CG node are indicated by the symi@ and a typical

FG node are indicated by the symboin Figs. 1(b) and 2(b).

Nel il \WRN<J I

Crpf. =

osen such that the standard FDTD update equations for the
G are recovered.
In the above equation?; represents the unmodified FG
X S I 4 gyrator value andy, g» represent the gyrator values in the
CG and FG fields are also dlstmgwsheq bY suéfiand f. equivalent circuit of the grid discontinuity. The similar up-
To update the FG boundary electric field, at least ongyie equation can be easily obtained for the other tangential
FG magnetic-field component wilalways be outside the o ngary electric-field componef, s, at the transition plane.
FG boundary. This outside FG boundary magnetic field is Now consider the update of a typical CG boundary magnetic
calculated by interpolation and splitting of the CG boundagyg|q Hiyey (i +1/2, 5.k 4 1/2) shown in (2) at the bottom of
magnetic field. the following page. It would be natural to use just the co-
The FG boundary electric field, e.p, = Epz.(u,v,w + located FGEy . (u,v,w + 1/2. If it is so, EZJK in (2)
1/2) in Fig. 1, cannot be updated in the usual way becausgcomest, ;. (u, v, w+1/2). In this case, the update equation
the required FG magnetic-field componéht, (v—1/2,v,w+  for H,., would not depend on any of the othék ;. nodes
1/2) does not exist. The nonexistent FG magnetic-field corat the transition plane. This leads to a nonreciprocal situation
ponent is obtained by linearly interpolating the CG magnetin which, for instance Eys.(u,v + 1,w + 1/2) depends on
field in the normal direction (Fig. 4). The same CG magnetif,.,, but not vice-versa.

1
aEbfz <U/,U,w + 5)
ot
GyH —1—1 +1 HYUW 2GyH —1—1 —1—1 2GyH ! +1
1 1 filfy u 2,1},111 B filfa U, v 2,w B filfr U, v 2,w B
€ CEbfz bx (5y

p:

1)
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TABLE I
BouNDARY CG MAGNETIC-FIELD CONTRIBUTIONS TO A TYPICAL TANGENTIAL FG BOUNDARY ELECTRIC-FIELD COMPONENT

Eyp. | Croye HYUW 9 g2

Lo 2| g Hey(i+ L5k + )+ pH(i+55k—5) | +-2] 54
m,p, s é ngbcy(i—F%,j,k#—%) é-l 0-0
n,q,t 2 G Hpey(i+ 5,5,k +3) + 2Hoey i+ 5,5, 6+3) | §-2 | 53

As mentioned earlier, in terms of an equivalent-circuit At the transition plane, a tangential CG boundary magnetic-
approach, this situationannotbe achieved with purely pas-field component is coupled to 15 or 12 or ten or eight or six
sive components and must be avoided, otherwise late tifi€ boundary electric-field components and three CG electric-
instability is likely. By replacing the grid discontinuity with field components, depending upon its location in the transition
an equivalent circuit, which is shown partly in Fig. 3, it caplane. Only one case has been shown in Fig. 2(b). This
be seen that, for reciprocity, thBZ.JK must be the sum of algorithm can easily be implemented when there is more than
contributions from all 15 (for this casdj, ;. nodes, as shown one SG in the problem domain and can also be implemented

in (3) at the bottom of this page, where recursively without any modifications. The stability of this
new scheme is demonstrated by performing many thousands
G.=1.0 of iterations for a loss-free resonant structure.

g1—15 — Obtained from the Table II

1
C(Hbcy =" . . .
4 The commonly used leapfrog time-integration scheme can

easily be applied to the new subgridding algorithm. Inside

chosen such that the standard FDTD update equations for #aeh grid, we perform a common time integration where the
CG are recovered. time step is limited by the well-known Courant—Levy stability

In this equation(Z.. is the unmodified CG gyrator value andcriterion. The Courant—Levy criterion states that the maximum

g: represent the gyrator values in the equivalent circuit.  stable time step inside the CG and FG to be different by the

15 lIl. THE NOVEL TIME INTERPOLATION
3G+ >
t=1

R 1
a-E[bcy <Z + 57]7]6 + 5)

1 1 1

1 1
ot Tu C ey Ax Az

()

1 1 1
EZJK:glEfZ<u,v—1,w—2+§> +ggEfZ<u,v,w—2+§> +ggEfZ<u,v+1,w—2+§>

1 1 1

+g4EfZ<u,v—1,w—1+§> —i—gsEfZ(u,v,w—l—i—Q) —i—g(;EfZ(u,v—i—l,w—l—i—i)
1 1 1

+g7EfZ<u,v— 1,w+§> +ggEfZ<u,v,w+§> +ggEfZ<u,v+1,w+§>

1 1 1
+910Efz<uav_17w+1+§> +911Efz<u7v7w+1+§> +912Efz<uvv+17w+1+§>

1 1 1
+913Efz<uav_17w+2+§> +914Efz<u7v7w+2+§> +915Efz<uav+17w+2+§> 3)
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Fig. 6. The time-flow graph. Leapfrog time integration with novel time interpolation.

grid ratio, i.e., three. Maximum efficiency can be achieved lgorithm in a succinct manner. The numbers on the time-flow
updating the fields in the FG three times while performing ordtagram corresponds to the equation numbers. The equation
time step in the coarse mesh. The boundary CG magnetic fialdmbers ending with “b” corresponds to the following bound-

is interpolated in time, betweetd; /% and H;'~*/? to get ary updates:

the CG magnetic field at time= n+(1/6). This is used along
with the existing FG magnetic field to update the boundary
electric field at timet = n + (1/3). The magnetic field at =

n —(1/2) has to be stored to carry out this time interpolation.
To calculate the boundary electric fieldfat n + 1, we need
the CG or FG magnetic field at=n + (5/6). However, this

is not existing at the start of the iteration cycle. This is created
by using the CG magnetic field at= n+(1/2), FG boundary
electric field att = n + (2/3), and time interpolating the CG
electric field at timet = n + (2/3), as shown in the time-flow
graph of Fig. 6. This newly created CG magnetic field is used
to update the boundary electric field at time- n + 1.

In this novel method, we have time interpolation of the
magnetic field once and the electric field once in which
the time reciprocity of interpolation has been taken care of
automatically. The time-integration steps are schematically ex-
plained in the time-flow graph shown in Fig. 6. This procedure
yields the following stable and efficient algorithm presented
in Section IV.

IV. THE ALGORITHM

We propose a new algorithm in this section. Its stability
and accuracy is demonstrated for 3-D problems. The steps
involved in the algorithm is succinctly explained with the aid
of the time-flow graph shown in Fig. 6 along with a set of

15 steps [see (4)—(14b)]. The leapfrog time-integration stepke leapfrog time stepping can be described as follows (the
are shown in the time-flow graph (Fig. 6), which explains theumbers in the brackets corresponds to the above equations).

BT = B gD g
nt(1/3) _ gn prt(/6)
E} < E} H}

QHIH/D | g/

HZLC+(1/6) - ;

Ezl;'(l/?’) <:ng H;H'(l/ﬁ) HZH—(I/G)
n+(3/6) n(1/6) ganH(1/3) pn-+(1/3)

Hf <= Hf 7Ef , Ebf

I s /o)

EZ}'—(Q/?)) <:EZ;(1/3)7H}’/+(3/6)7H:j(l/Q)
n+(5/6) n+(3/6) pan+(2/3) pan+(2/3)

Hf <= Hf ’Ef , Ebf

B o [ZEZZ“; Eﬁc}

HFO/ o gyt /D gl preer)

E}H-l CE}L+(2/3),H}L+(5/G)
EZL}I—I <:EZL}F(Q/?’)’H;'F@/G)’Hzlc+(5/6)
n+(7/6) n+(5/6) g+l
Hf <~ Hf 7Ebf ?
HZ+(3/2) <:HZ+(1/2)aEZ+1

HZLC+(3/2) <:ch+(1/2)71'7?+17ng1~

n—+1
Ef

(4)
(5)

(6)

(6b)
(7)
(8)

(8b)
(9)

(10)

(11)
(12)
(12b)
(13)
(14)
(14b)
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TABLE 1l

THE FIELD COMPONENTS AT THE START AND END OF THE ITERATION CYCLE

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 47, NO. 5, MAY 1999

3 n n,+% s nty .
Start (n) E; ¢ E}; H, * | E}

be

End (nt+1) | Ex*U | HIYE | B2 | HpPE | ERY

Step 1) Update the CG electric field (4).
Step 2) Update the FG electric field (5).
Step 3) Do the time interpolation of the

magnetic field to get the CG field at FG time

interval,t = n 4+ 1/6. Note that the
field is not available at the FG i
beginning (6).

Step 4) Update the FG boundary electric-field components
by utilizing the CG magnetic field that was calcu-

lated in Step 3 (5h).
Step 5) Update the FG magnetic field (7).
Step 6) Update the FG electric field (8).
Step 7) Update the FG boundary electric
space interpolated CG boundary

o= 12\
() h=6Ay
O ¢ =82z
! 5 = 2Aur
€, = 3.75
HTE
CG boundary (b)
= 20Ax
CG magnetic b=0
= z
nterval at the o = 6Az
b= 4Ay
o =27z
e, = 16

©

field using the
magnetic flelq—ig. 7. 3-D inhomogeneous resonators analyzed.

Note that no time interpolation is required at this

time level (8b).
Step 8) Update the FG magnetic field (9).

Step 9) This time, do the time interpolation of the CG ¢
CG boundary

electric the field at timet0 = n + 2/3 (10). -
Step 10) Create the CG boundary magnetic field at time
t = n+ 5/6 using the FG and CG electric-field
components. Here, the CG electric-field compo-"*
nents are those obtained in Step 9 (11).

boundary electric field to obtain

Step 11) Update the FG electric field (12).

Step 12) Update the FG boundary electric-field components —
by utilizing the CG magnetic field that was ob-

tained in Step 10 (12b)..

Step 13) Update the FG magnetic field (13).

a = 20mm
b= 10mm
¢ = 15mm
d = 4mm
s = lmm
¢, =222

Fig. 8. Finline cavity.

Step 14) Update the CG magnetic field (14).

Step 15) Update the CG boundary magneti
Step 16) Cycle.

¢ field (14b). and are shown in Table IV. Runtimes, using an unoptimized
code, for the FG and SG were 56 and 47 min, respectively.

The starting and ending field iterations are tabulated jpis expected that greater savings in computer time would be
Table I, which shows the fields that are available at th@btained if the code were Opt|m|zed

start and end of one cycle.

V. NUMERICAL RESULTS

In order to ascertain the disturbance caused to a wave prop-
agating through a uniform waveguide in which a subgridded
region has been included, the following test was carried out.

In order to demonstrate the stability and accuracy of thfs parallel-plate waveguide having a width of 16.2 mm, height
new scheme, 3-D problems are selected such that there WfilL0.8 mm, and length of 180 mm was considered. The SG
be a field gradient in one, two, and finally, three directiongegion dimensions are 7.2 3.6 x 9 mm and is centrally

These problems fully represent the general

complexity thacated such that all six interface reflections can be observed.

the FDTD method came across. We have applied a 37he coarse spatial step is 0.9 mm and the grid ratio is three.
version of this algorithm to calculate the resonant frequencittagnetic-wall boundary conditions were applied to the sides
of arbitrarily filled inhomogeneous resonators (Fig. 7) and &f the waveguide and electric-wall boundary conditions were

finline resonator (Fig. 8). The SG covers the

dielectric blockpplied to the top and bottom. The guide was made long

and extends by one CG in each direction. The results for taeough so that the ABC'’s at the ends did not affect the results.
caseAr = Ay = Az = 90 cm have been compared using &ig. 10 shows the reflection coefficient for the TEM mode,
CG only, FG only and coarse FG's i.e., the SG in Table IMvhich can be seen to be less thaB0 dB for frequencies up
The results from the SG agrees very well with FG results 20 GHz.
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TABLE IV
RESONANT FREQUENCIES OFARBITRARILY FILLED DIELECTRIC RESONATORS
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TABLE V
RESONANT FREQUENCY OF HAIRPIN RESONATOR CALCULATED
UsiNng CG OnLY, FG OnLy, AND BoTH

Fig. No | s/a | CG(MHz) | FG(MHz) | SG(MHz)
Fig. No | CG(GHz) | FG(GHz) | SG(GTIx)
Ta 1/6 | 17.59 17.39 17.39
9 4.140 4.445 4.475
1/3 | 14.79 14.69 14.69
Finally a hairpin resonator, shown in Fig. 9, is analyzed. The
b 8.99 8.79 8.79 dimensions used are: &)= b = 10.8 mm; 2)I; = I, = 6 mm;
3)w =1.5mm; 4)¢t = 1.27 mm and 5)h = 12.7 mm. In this
e 13.89 13.69 13.69 case, the FG also encloses the metallization in all directions
by one CG. It can be seen from Table V that the resonance
. . frequency calculated using an SG and FG is in excellent
8 10.84 GHz | 10.74 GHz | 10.73 GHz agreement. The runtime for the SG was 1200 min and the

a=b=108mm, h = 12.7mm

Iy =1y =6mm, w = 1.50mm, t = 1.27mm
Fig. 9. Hairpin resonator.
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memory used was 670 kbytes, whereas for the FG solution,
the runtime was 14000 min and the memory requirement was
5.67 Mbytes.

VI. CONCLUSIONS

We have presented a stable subgridding algorithm with a
novel time interpolation. We have implemented this algorithm
in three dimensions to demonstrate its stability and accuracy in
dealing with three practical applications. One is to characterize
arbitrarily filled dielectric waveguide and the others are the
calculation of resonance frequencies of the arbitrarily filled
dielectric resonators, fine-line resonator, and hairpin resonator.
We have showed that the 3-D discontinuities can be modeled
accurately and efficiently.
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