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A Stable Algorithm for Modeling Lumped
Circuit Source Across Multiple FDTD Cells

Jie Xu, Member, IEEE An Ping Zhao,Member, IEEE and Antti V. Raisanen,Fellow, IEEE

Abstract—Incorporating lumped-circuit elements into finite-
difference time-domain (FDTD) simulation greatly enhances the
FDTD method’s capability to model both distributed structures
and lumped circuitries. The multiple-cell formulation proposed in
[1] is only numerically stable for modeling structures with large
permittivity. A stable algorithm for modeling material with both |
large and small permittivity is presented in this letter. Verification | X
data is given together with detailed derivations. M
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Fig. 1. The structure for stability testing. The whole structure is enclosed
by perfect conducting metal. The shaded region is substrate with dielectric
[. INTRODUCTION constants, and conductivitye. The enlarged drawing on the right-hand side

HE importance of incorporating lumped-circuit element%hows detail of the lumped current source across three FDTD cells.

into finite-difference time-domain simulation has long
been recognized. Swt al. [2] reported a lumped-elementthe multiple FDTD cell, i.e., in [1, eq. (4)]:
formulation for including lumped devices in two-dimensional

simulation. The one-cell formulation has been used for model-Ye = =(Eyi+1 41k + Eyiti ik + Eyivij—16)Ay.  (2)
ing digital circuits, active antenna, and some other structures il
3]. n deriving updating equation foEy HEREY only one term,

Eyit1,5% is time averaged in [1] in order to obtain an explicit
updating equation. Unfortunately this is proven to be not
sufficient for stable operations, as shown in next section, of
énultlple -cell lumped-circuit elements.
To avoid instability problemall £, terms on the right-hand
de of (2) have to be time averagé/drltten in finite-difference
rm, (1) becomes

Recently Durneyet al. [1] extended the one-cell lumped-
circuit formulation into a multiple-cell formulation. The for-
mulation works well for modeling structures with large permit=
tivity but shows unstable operations for structures with sm
permittivity. The instability problem becomes more severe
when spanning range of the multiple cell source is increasi
A stable algorithm based on [1] is presented in this letter:

Verification data is given together with detailed derivations. n n n n
g 9 ( Zigk Hz,i-i—l,j,k)AZ + (Hac it1h+1 — Heig1,j, y) Az
Ve (En+11 rFE ) DY
II. ALGORITHM _Js _ Lem=m \Tyitlm, yitlm,
. . . o R, 2R,
The formulation for incorporating lumped-circuit elements /o ELAZA

into finite-difference time-domain simulation is based on the ( At) yitl,j kDTE2
integral form of the Ampere’'s Law [2 o €

g P [2] + (2 - £ ) B pdens @®)

- S 0 I
jiH'dl = //S ok ds + a//s e£-ds+ 1. (1) wherej = n, ~ no is the index range which the multiple-
cell lumped source occupies. There are totally— n; + 1
where I, is the current flowing through the lumped-circuilequations involved. It can be seen that g terms in the
elements. source region are inter-related and it would be not easy to get

For the convenience of comparison, all terminologies usg@ explicit iteration equation for those terms. Reformulating
by Durney and colleagues [1] are retained here. Formulatips) results in following linear equations chn+1

for lumped element source ig-direction in a Cartesian

coordinate system is presented here. The algorithn fand [Cpql [E;zil,p ) =Byl 4)
z directions can, by analogy, be easily derived. Our algonthm

follows [1] until the step for treatment of the voltage acrosyherep,q = ni ~ na,
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Fig. 2. Stability comparison of the new algorithm in this work with the formulation in [1] for a typical case enith1.0, ¢ = 0.0 S/m. The voltage
compared is the voltage across the three cells lumped current source. Dashed line indicates data based on [1]; solid line indicates data based on this
work. Only data from early steps are shown.

n ne o pno A
_ V_s _ Zm—nl y,i+1,m.k Y (5)

first-order absorbing boundary condition [3] has also been

R, 2R, done for surrounding walls except the ground plane. Same
g+, p#q observation has been drawn as from the PEC enclosure case.

Cpg=9a ., % | Ay — (6) Only test results with PEC enclosure case are presented below.
st aitom P=¢

The test structure is shown in Fig. 1. FDTD domain size
For finite source resistanck,, determinant of matriC] is is 34 x 10 x 36 in z, y, and z directions, respectively. Cell
always positive. It indicates that there is a unique solution gimensions arédz = 0.6 mm, Ay = 0.2 mm, andAz = 0.4

(4). The equation can be solved by usual lower and upp®m. Time step isAt = 0.57068 ps. A y-directed lumped
triangular matrix (LU) decomposition and back-substitutioaurrent source across three FDTD cells is put under the metal
method [4]. In the case that size [@f] becomes very large, LU strip with four-cells width. Substrate under metal strip bas
decomposition may become inaccurate and other methods, @rdielectric constant andas conductivity. The current source
example, the singular value decomposition method may hadagnches a Gaussian pulse with a widthldiAt and a peak

to be used to solve the above equation [4]. For most of theagnitude of 20 mA. Internal resistance of the source is 50
engineering problems, the LU decomposition method should Each simulation is running up to 16 000 time steps.

be quite sufficient. The LU decomposition for matfix] only ~ To ensure that both algorithms have been implemented
needs to be computed once. Therefore overall computatioffge of any bugs, an accuracy test has been done for both

loading is comparable to that in [1]. algorithms in a typical case with, = 2.0 and ¢ = 1_0—5 _
The next section presents the verification for the nef/m for the substrate. In this case the formulation in [1] is
algorithm. Comparison is done with formulations in [1]. ~ stable. Recorded voltages and currents across source region

show almost indistinguishable difference between the two
algorithms. Therefore implementations for both algorithms are
justified.

General analytical stability criterion is not readily avail- For stability test, different combinations ef and ¢ have
able for checking the new algorithm. Instead, a numerichéen checked and compared for the two algorithms, with
experiment is done for the algorithm by checking differentarying from 1.0 through 80.0 and from 0.0 through 167
combinations of material permittivity and conductivity inS/m. First, the formulation proposed in [1] is tested under all
FDTD simulation domain. To exclude any possible unstabthe conditions mentioned above. Its stability performance is
effects arising from absorbing boundary conditions on tewtbulated in Table | withd indicating stable operation and
simulation and also to check the algorithm in a worst case unstable behavior. Number behimg shows the time step
situation, the test FDTD domain has been enclosed by a perfetten data starts to blow up and instability is recorded. It can
conducting (PEC) metal wall. Considering possible rounddffe seen that the formulation proposed in [1] works well with
error on the PEC-enclosed structure, a separate test with Nange materiak,. but fails fore¢,. close to 1.0. As shown in the

Ill. V ERIFICATION
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TABLE | To check effect of spanning range of the excitation source on
STABILITY TABLE FOR THE FORMULATION IN [1] WHEN SOURCE algorithm stability, another test has been carried out for the two
OccupPYING THREE FDTD CELLS. & INDICATES STABLE . . . . L
OPERATION AND S UNSTABLE BEHAVIOR. NUMBERS BEHIND & algorithms by increasing spanning range of the excitation from
INDICATE THE TIME STEPS WHEN DATA STARTS TO BLow Up three cells to ten cells. Accordingly, the FDTD domain size is
o=l 12 |24 10,2 0] changed from 34« 10 x 36 to 34x 20 x 36. The stability
o=0| &200 e |ale e & el ® performance is listed in Table Il with the same notations as in
1070 e210 |e2000[6 @ Table I. It was found that the unstable range for the algorithm
}gij egig 95888 @ |® in [1] has expanded te, = 1 ~ 4 in the caser = 0.0. This
o 2210 21700 g @1 is because more errors are generatedirwhile the number
05 ool e o T of cells in the source region is increased. The new algorithm
0% o ® |® | functions stable for all simulation tests.
1070 @ ® |9, | ®
[VV. CONCLUSION
TABLE || . . o
STABILITY TABLE FOR THE FORMULATION IN [1] WHEN SOURCE OCCUPYING TEN A stable algomhm for mOde“ng Iumped-cwcun source

FDTD CeLLs. ¢ INDICATES STABLE OPERATION AND & UNsTaBLE BeHavior.  across multiple FDTD cells has been presented and verified
NUMBERSBEHIND & INDICATE THE TIME STEPSWHEN DATA STARTS TOBLOW UP iy this letter. The algorithm is directly applicable to Iumped-
 Je=1 12| 2 ] 4 20 40780 circuit resistors and can be readily extended to other lumped-
9=0| Oz | O | Os1 1015, DO | D circuit elements. The new algorithm would greatly enhance the
18,3 22 22? g: 2: FDTD method’s capability to model both distributed structures
0 60 | 6n T o O and lumped circuitries. Once again it has been verified that
1077 &y S | O |Om in order to ensure stable FDTD simulations all the electric
L0%% | Onm | Ozo | 235 | Esa0 @ field terms in lumped-element region have to be time averaged
ig; @ggm @gﬂﬂ egﬂﬂ‘ g for multiple cell formulations. Future study would include a
: : theoretical verification of the stability performance of the new
algorithm.
first column in Table I in the casg = 1.0, the formulation in
[1] is not stabilized until substrate conductivityis increased
to 10t> S/m! Complete test shows that the unstable range for ] ) )
the formulation in [1] ise, = 1 ~ 1.2 in the caser = 0.0. _ The reviewers’ cpmments are smcerely_ appreciated. The
The same set of stability tests as those for [1] is carried difst author would like to thank Dr. W. Sui of AT&T Bell
for the new algorithm proposed in this work. The new a|gd,aborator|es for very vz_aluable d|scu53|ons_on the topic and J.
rithm performs very stable for all testing cases. A comparisofyntunen for proofreading of the manuscript.
of recorded voltages across source regions is given in Fig. 2
for the two algorithms in the case = 1.0 ando = 0.0 S/m. REFERENCES
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