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Numerical Simulation Using ADI-FDTD Method
to Estimate Shielding Effectiveness of
Thin Conductive Enclosures

Takefumi Namikj Member, IEEEand Koichi Itqg Member, IEEE

Abstract—Numerical simulations were run using the alter- crometer-thick thin shielding sheets, which are generally fabri-
nating-direction implicitfinite-difference time-domain (ADI-  cated using conductive paints or electroless plating techniques

FDTD) method to calculate the shielding effectivenes.s of variogs on plastic surfaces, are often used today, thus, the inefficiency
enclosures. The enclosures were composed of very thin conductive f the EDTD th ’d . . ! f ' timizing th
sheets, which are generally fabricated using conductive paints or ofthe method IS a very Serious Issue for optimizing the

electroless plating technigues on plastic surfaces. In this case, verydesign process.

fine cells must be used for finite-difference time-domain (FDTD)  We previously proposed the alternating-direction implicit—fi-
modeling. In the conventional FDTD method, fine cells reduce njte-difference time-domain (ADI-FDTD) method for solving

the time-step size because of the Courant—Friedrich—-Levy (CFL) two-dimensional Maxwell's equations [3] and extended it to

stability condition, which results in an increase in computational . . .
effort, such as the central processing unit (CPU) time. In the three dimensions [4]-{6]. We showed that the algorithm of the

ADI-FDTD method, on the other hand, a larger time-step size Method is unconditionally stable and free from the CFL stability
than allowed by the CFL stability condition limitation can be set condition restraint. Soon after having published our findings,
because the algorithm of this method is unconditionally stable. Zhenget al. reported the same approach [7] and theoretically

Consequently, an increase in computational efforts caused by fine proved the stability of the scheme in three dimensions [8].

cells can be prevented. The results from the ADI-FDTD method Si the limitati th . i t ize in th
were compared with results from the conventional FDTD method, Ince the fimita an on the maximum time-step size in o e
analytical solutions, and experimental data. These results clearly ADI-FDTD method is no longer dependent on the CFL stability

agree quite well, and the required CPU time for the ADI-FDTD condition, the maximum time-step size is limited by numerical

method can be much shorter than that for the FDTD method. errors that depend on what kinds of problems or models are cal-
Index Terms—ADI-FDTD method, CFL stability condition, culated. On the other hand, the maximum time-step size is cer-
FDTD method, shielding effectiveness. tainly limited by the maximum frequency of the pulse spectrum,

in accordance with the Nyquist sampling theorem, when the
broad-band frequency characteristics are calculated by applying
a Fourier transformation to the impulse response of the time-do-
N RECENT years, it has become increasingly important ipain simulation. However, this limitation is not very strict, es-
estimate the electromagnetic shielding effectiveness (SE)micially if the frequency in question is not relatively very high.
the cases that enclose various types of electronic equipmenin this paper, we propose using the ADI-FDTD method to
For optimal cost efficiency, using a numerical technique durirgplve the above shielding problems. The characteristics of the
the design phase of the equipment is indispensable for eSE of various enclosures are calculated using the ADI-FDTD
mating the SE of various shapes and materials for these engitethod, and the results for this method are compared with re-
sures. The finite-difference time-domain (FDTD) method [1] isults for the conventional FDTD method, experimental data, and
well known as being one of the most useful numerical technalytical solutions. This research is intended to be applied for
niques for such problems. However, for calculating the effegacent high-speed digital electronic equipment, thus, the exam-
tiveness of an enclosure whose thickness is much smaller thaed frequency bandwidth is set to about 100 MHz—1 GHz. In
the operating wavelength, the conventional FDTD method hggctions Il and IlI, two-dimensional problems are discussed,
a disadvantage. For the FDTD modeling, very fine cells mushd inSection 1V, three-dimensional problems are discussed.
be used in the region with thin sheets, and these fine cells re-
duce the time-step size because of the Courant—Friedrich—Levy|l. SHIELDING OF PLANE WAVE BY THIN METAL SHEET
(CFL) stability condition [2], which results in an increase in

computational effort, such as the CPU time. In fact, several mAl—' Numerical Modeling

. INTRODUCTION

Before analyzing enclosures, simple plane sheets are exam-
ined. Fig. 1 shows a two-dimensional FDTD model thatincludes
. . _ a thin metal sheet to shield plane waves. For the sake of expla-
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Number of AY 21 CFL stability condition of this model itz < 0.33333 fs. The

time-step size for the conventional FDTD method is set so as to
satisfy the CFL stability condition, and the time-step size for the
ADI-FDTD method is set much larger than the previous size. A
the z-directional terminals of the domain, and perfect electrigaussian pulse is applied at the components on the excita-
conductor (PEC) boundary conditions are set aytdeectional  tion plane, and thé,, components at observation pointsand
terminals of the domain. Numerical simulations are carried ogt gre output. The waveform of the app“ed pu|se is as follows:
for two kinds of sheets. One is ayém-thick copper sheet with

(b)

a relative permittivity of 1.0, relative permeability of 1.0, and E,(t) = Eyexp —(t —to)?
conductivity of 5.8x 107 S/m. The other is a 2m-thick iron Y T2 ’
sheet with a relative permittivity of 1.0, relative permeability of to =40.0ps 7T =10.7ps

140.0, and conductivity of 0.988 10" S/m. Uniform cells are

used in they-direction, and nonuniform cells are used in the )

z-direction, to treat both the thin sheets and horizontally wide: Numerical Results

computational region. In additiod\x around the metal sheet Fig. 2 shows the observed electric fields, which are nor-
region is set sufficiently smaller than the minimum skin deptimalized by the value of the incident pulse amplitude. Incident
of the metal at the maximum frequency required for the exarand reflected pulses are observed at pdirgnd a transmitted
ination. Table I(a) and (b) describes the spatial discretizatipulse is observed at poirfB. The numerical results for the
of the copper and iron sheets, respectively. In the copper shaBti—FDTD method and for the conventional FDTD method
model, the conductive sheet region is divided into eight cellagree quite well. The transmitted pulse drags a long tail in the
and the minimum cell size is 04&mx 0.5 mm. Therefore, the time domain because of multireflections in the metal sheet
CFL stability condition of this model i\t < 1.66666 fs. In  region, thus, the number of time-loop iterations that should be
the iron sheet model, the conductive sheet region is divided irdone in the numerical calculation is dependent on this tail. The
20 cells, and the minimum cell size is Q.inx 0.1 mm. The SE values are calculated by applying a Fourier transformation
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Fig. 3. SE versus frequency of Fig. 1 model (solid line: conventional FDTD, Region I DIV V
dashed line: ADI-FDTD, dotted line: rigorous solution[10]).
Fig. 4. Numerical model of square enclosure composed of thin conductive

TABLE I sheets to shield field excited by two-dimensional dipole.

(a) TIME-STEPPING MODELING AND COMPUTATIONAL EFFORT FOR THE
SIMULATION OF COPPERSHEET MODEL. (b) TIME-STEPPINGMODELING AND
COMPUTATIONAL EFFORT FOR THESIMULATION OF |IRON SHEET MODEL TABLE il
SPATIAL DISCRETIZATION OFFIG. 4 MODEL

ire " | fermione, | CPUtime | Memory Region
ADI-FDTD 665 fs 2255 Ss 1.52 Mb 1 1 111 v \
FDTD | 1.66fs | 903600 | 513s | 1.02Mb AX 80mm | %2 o | soum |Sokn - | 10mm
@ AXG@+1)/AX@| 10 | 10-02 | 10 50 10
- - Number of AX 57 38 5 4 51
;Filzr:e-step ?;;l:;:ézzp CPU time | Memory
ADI-FDTD | 665 fs 12030 28s | 2.00 Mb 40 ' i ' ' B
FDTD 0.33fs |24242424| 13700s | 1.50 Mb Ky, eeeeeees ADFPFT;I))TD ﬁﬁ::i}tﬁ Ess))
(b)

301

to the incident and transmitted pulses. Fig. 3 shows these SE
values with rigorous solutions derived by Schelkunoff’s theory
[10]. The numerical results from the ADI-FDTD method, the
conventional FDTD method, and the rigorous solution clearly

Shielding effectiveness (dB)

agree quite well. Table Il lists the required computational 10 . : =
effort for these simulations, along with information about their 200 400 600 800 1000
time-stepping modeling. All calculations in this paper were Frequency (MHz)

performed on an Ultra SPARC Il 360-MHz workstation. Since

the time-step size for the ADI-FDTD method can be set abofi@- 5 SE versus frequency of Fig. 4 model (solid line: conventional FDTD,
400 or 2000 times larger than that for the conventional FDTﬁBher lines: ADI-FDTD with different time-step sizes).

method, the CPU time for the ADI-FDTD method can be TABLE IV

reduced to about 1.0% or 0.2% of that for the conventional Time-SrerPING MODELING AND COMPUTATIONAL EFFORT FOR THE

FDTD method while maintaining the same level of accuracy. SIMULATION OF FIG. 4 MODEL

Time-step | Time-loop

I1l. SHIELDING EFFECTIVENESS OFTWO-DIMENSIONAL size iterations
CONDUCTIVE ENCLOSURE ADI-FDTD | 14.14 ps 212 46s | 421 Mb

CPU time | Memory

Fig. 4 shows a two-dimensional FDTD model that includes a

square enclosure composed of thin conductive sheets to shmlchmetrical with respect to the center of the domain; therefore,
the electromagnetic field excited by a small electric dipoléhe spatial discretization of the domain is also set symmetri-
The electromagnetic-field components are arranged in tbally. The conductive sheet region is divided into three cells,
same way as the previous model. Mur's ABC is applied at alhd the minimum cell size is 0.006 0.005 mn3. Therefore,
outer surfaces of the computational domain. The enclosure itha CFL stability condition of this model iAt < 11.7851 fs.
0.015-mm-thick conductive sheet with a relative permittivitf he time-step size for the conventional FDTD method is set so
of 1.0, relative permeability of 1.0, and conductivity of Ix0 as to satisfy the CFL stability condition, and the time-step size
10% S/m. Table Il describes the-directional spatial discretiza- for the ADI-FDTD method is set much larger than the previous
tion of a quarter region of the domain. The model is clearlgize. A physical time for each simulation, which is a product
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half-cubic conductive shell model (side view).
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of the time-step size and the number of time-loop iterations, TABLE V
must be about 3.0 ns for the oscillation of the output pulse to THREE TYPES OFHALF-CUBIC CONDUCTIVE SHELLS
converge.
A partial Gaussian pulse is applied to thig component at the
excitation point, and th&, component at the observation point Type-l | 40.0 | 180 | 3.0 | 810 | 1.0 | L.O | 23
is output. The waveform of the applied pulse is as follows: Type2 | 560 | 250 | 0375 | 920 | 1.0 | 1.0 | 40.0
(£ — t)? Type-3 | 56.0 | 250 [0.024 | 920 | 1.0 | 1.0 | 2400
—\t— bt
E (t) = E,(t) + Eo(t — to) exp [T} ,
to=04ns T =0.106ns to about 0.4% of that for the conventional FDTD method while
maintaining the same level of accuracy.
Numerical simulations are performed twice, with and without
the enclosure. The SE values are calculated by applying alV. SHIELDING EFFECTIVENESS OFTHREE DIMENSIONAL
Fourier transformation to each output field. CONDUCTIVE ENCLOSURES

A. Numerical Modeling

L(mm) | H(mm)| d(mm) | S(mm)| Wr | € | G (S/m)

B. Numerical Results ) . ) L
Fig. 6 shows a three-dimensional FDTD model for estimating

Fig. 5 shows the SE values calculated by the conventiongit |t consists of a half-cubic conductive shell on a ground
FDTD method and the ADI-FDTD method, whichis performeg|ane. The numerical simulations are performed in the same way
with different time-step sizes. Increasing the time-step size i for the previous two-dimensional models. Nonuniform cells
creases the numerical error. However, the numerical results f9g ;sed to treat both the thin sheets of the shell and a wide
the ADI-FDTD method performed wittht = 14.14 ps and  computational region. A partial Gaussian pulse is applied at the
those for the conventional FDTD method performed with= gy citation point, and the field at the observation point is output.
11.78 fs agree quite well. Table IV lists the computational efforfne \waveform of the applied pulse is as follows:
and time-stepping modeling parameters for this simulation. The )
time-step size forthe ADI-FDTD method can be setabout 1200 E,(t) = E,(t) + Eo(t — to) exp { (t 2to) } ’
times larger than that for the conventional FDTD method. The T
CPU time for the ADI-FDTD method can thereby be reduced to = 2.15ns T =0.576 ns
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30 . — alyd =) TABLE VI
=] 3 ©  Experimental data TIME-STEPPING MODELING AND COMPUTATIONAL EFFORT FOR THE
\é/ ------------------ Approximated analytical SIMULATION OF TYPE-1 MODEL
Q
S 201
o4 Time-step | Time-loop .
=3
5] size iterations | CTU tme | Memory
(o]
& ADI-FDTD | 19.2 ps 360 103s | 203 Mb
& 10p FDTD | 1.92ps | 3600 | 227s | 10.6 Mb
=]
°
=
“oe . . ‘ J TABLE VI
TIME-STEPPING MODELING AND COMPUTATIONAL EFFORT FOR THE
200 400 600 800 1000 SIMULATION OF TYPE-2 MODEL
Frequency (MHz)
Time-step | Time-1 .
@
N ‘ ‘ - 5 ADI-FDTD | 9.60 ps 720 | 373s | 354Mb
. FDTD 0.24ps | 28800 3791s | 18.4 Mb
o  Experimental data
10— Approximated analytical
—— FDTD TABLE VIII
....... ADI-FDTD TIME-STEPPING MODELING AND COMPUTATIONAL EFFORT FOR THE

SIMULATION OF TYPE-3 MODEL

Time-step | Time-loop CPUtime | Memory

Shielding effectiveness (dB)

size iterations
-10 . : . . A ADI-FDTD | 0.96 ps 7200 3749s | 35.6 Mb
200 400 600 800 1000 FDTD 1538 fs | 449415 | 60060s | 18.4 Mb
Frequency (MHz)
(b) B. Numerical Results

Fig. 7. (a) SE for electric field of type-1 model. (b) SE for magnetic field of Fig. 7 shows the SE values for electric and magnetic fields
type:*-l mode;l.(SoIidIine:qonventio_nal FDTD, dashed Iin_e: ADI—FD_TD,dottegOr a type-1 shell. The numerical results for the ADI-FDTD
line: approximated analytical solution [12], [13] for equivalent radius of 26. . .
mm, circular symbol: experimental data [11].) and conventional FDTD agree quite well. Moreover, they cor-
respond with the approximated analytical solution and are quite
similar to the experimental data. In the type-1 model, the 3-mm-
thick conductive shell region is divided into three cells, thus,
Numerical calculations are carried out two times, with anithe minimum cell size is 1.0< 1.0 x 1.0 mn?. Therefore,
without the shell. The SE values are calculated by applyithe CFL stability condition of this model ia¢t < 1.9245 ps.
a Fourier transformation to each output field. To estimate tA@ble VI lists the computational effort and time-stepping mod-
electric-field SE, vertical electric-field components are usegling parameters. The time-step size for the conventional FDTD
for excitation and observation. To estimate the magnetic-fietdethod is set so as to satisfy the CFL stability condition, and the
SE, horizontal magnetic-field components are used rather thame-step size for the ADI-FDTD method can be set ten times
vertical electric-field components. Mur's ABC is applied atarger than the previous size. Consequently, the required CPU
all outer surfaces of the computational domain, except thiene for the ADI-FDTD method is reduced to 47% of that for
bottom ground plane. The SE values are calculated for thrdgse conventional FDTD method.
types of shells, which Table V describes in greater detail, Fig. 8(a) shows the SE values for an electric field for a type-2
using the ADI-FDTD method and the conventional FDTBhell. The numerical results from the ADI-FDTD method, con-
method. These results are compared with experimental de&mtional FDTD method, and approximated analytical solution
and analytical solutions. all agree quite well. Fig. 8(b) shows the SE values for a mag-
The experimental data is derived from [11]. To measure timetic field for a type-2 shell. The numerical results from the
electric-field SE, small dipole antennas were placed at the exBI-FDTD method and the approximated analytical solution
citation point as the source and at the observation point as Hygee well. However, for reasons that are unclear, the numer-
detector. Instead of dipole antennas, small loop antennas wiegd results from the conventional FDTD method are obviously
used to measure the magnetic-field SE. The approximated abnormal. In the type-2 model, the 0.375-mm-thick conductive
alytical solutions are calculated using formulas from [12] anshell region is divided into three cells, thus, the minimum cell
[13]. The SE values for the electric and magnetic fields of a cosize is 0.125< 0.125x 0.125mnd. Therefore, the CFL stability
ductive spherical shell of arbitrary size can be estimated by tltigndition of this model i\t < 0.24056 ps. Table VI lists the
theory. To adapt this theory to the cubic shell shown in Fig. 6 camputational effort and time-stepping modeling parameters.
sphere with an inner surface area equivalent to the external stine time-step size for the ADI-FDTD method is set 40 times
face area of the cubic shell is considered. The equivalent radiagyer than the previous size. Consequently, the required CPU
indicates the radius of this sphere. The thickness of the spherigale for the ADI-FDTD method is reduced to 9.8% of that for
shell is the same as that of the cubic one. the conventional FDTD method.
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Fig. 8. (a) SE for electric field of type-2 model. (b) SE for magnetic field of type-2 model. (Solid line: conventional FDTD, dashed line: ADI|—FDadljrot
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Fig. 9. (a) SE for electric field of type-3 model. (b) SE for magnetic field of type-3 model. (Dashed line: ADI-FDTD, dotted line: approximatedahnalyti
solution for equivalent radius of 37.3 mm, circular symbols: experimental data [11].)
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Fig. 10. (a) SE for electric field of type-3 model. (b) SE for magnetic field of type-3 model. (Dotted line: approximated analytical solution &beetpaidius
of 37.3 mm, other lines: ADI-FDTD with different time-step sizes.)

Fig. 9 shows the SE values for electric and magnetic fields the time-domain must be used. However, such a pulse in-
for a type-3 shell. The numerical results for the ADI-FDTzludes a frequency component so high that the maximum cell
method and approximated analytical solution agree quite wedize in the computational domain must become much smaller,
Moreover, they are quite similar to the experimental data. Thesich results in a significant increase in computational effort.
are no results for the conventional FDTD method here becausehe type-3 model, the 0.024-mm-thick conductive shell re-
ordinary calculations cannot be done for this model if the cogion is divided into three cells, thus, the minimum cell size is
ventional FDTD method is used. The reason is as follows. Sin@®08x 0.008x 0.008 mni. Therefore, the CFL stability con-
the time-step size is very small, the applied pulse is excited owition of this model isAt < 15.396 fs. Although numerical
very long time periods, and its amplitude grows very slowlyesults cannot be obtained by the conventional FDTD method,
In this case, the pulse does not correctly propagate in the cofable VI lists the estimated computational effort for the two
putational domain. To prevent that, a pulse with a short widthethods. The time-step size forthe ADI-FDTD method is set 62
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times larger than that for the conventional FDTD method. Con-[8] ——, “Toward the development of a three-dimensional unconditionally

sequently, the required CPU time for the ADI-FDTD method is ?tﬁ:é‘i;'?ggﬁd\'glefigcg;'”Ig's%oq‘gg‘gmseég?d’fgo%Tra”S- Microwave

redljlced to 6.2% of that for the conventional FDTD method. 9] G. Mur, “Absorbing ’boundary condifions for the finite-difference ap-
Fig. 10 shows the SE values for a type-3 shell calculated  proximation of the time-domain electromagnetic field equatioH=EZE

by the ADI-FDTD method, which is performed with different Trans. Electromagn. Compatiol. EMC-23, pp. 377-382, Nov. 1981.

. . . . . . r{10] S. A. SchelkunoffElectromagnetic Waves New York: Van Nostrand,

time-step sizes. Increasing the time-step size increases the nu-" Jg 3.

merical error, and the error is substantial at higher frequenciegl1] H. Isono, K. Saegusa, and N. Hase, “A simple calculation method for

The reason is probably that the phase Ve|OC|ty of an electromag_ estimating shielding effectiveness of conducting spherical cell” (in

. is fast t a higher frequency in a lossv medium. | Japanese)irans. |IEICE vol. J82-B, no. 2, pp. 302-307, Feb. 1999.
netic wave IS faster at a hig guency in Yy IUM. IR 2] c.w. Harrison and C. H. Papas, “On the attenuation of transient fields by
other words, in shielding problems, the maximum time-step size  imperfectly conducting spherical shell$EEE Trans. Antennas Prop-

is limited by the velocity of an electromagnetic wave in the con- __ agat, vol. AP-13, no. 6, pp. 960-966, Nov. 1965.
. . [13] N. Hase and K. Kobayashi, “A method of measuring shielding effec-
ductive sheet region.

tiveness for conducting materials using a spherical cell” (in Japanese),
Trans. IEICE vol. J70-B, no. 7, pp. 862—-873, July 1987.

V. CONCLUSION

Numerical simulations using the ADI-FDTD method have
been presented for solving the shielding problems of vario
enclosures composed of thin conductive sheets. These nun
ical results were compared with those from the convention
FDTD method, analytical solutions, and experimental data. T
results agree quite well, except for some incorrect numeric
results from the conventional FDTD method. The ADI-FDTL
method guarantees a stable calculation with any time-step si
and a large time-step size reduces both the number of time-Ic , _ :

. . d the required CPU time for the calculation. T and development of the computational science. Since
'terat'ons an - qui ! ) ulation. r1@94, he has been engaged in research of computational electromagnetics with
required CPU time for the ADI-FDTD method is clearly muclfuijitsu Ltd. His research interests include numerical techniques for modeling
shorter than that for the conventional FDTD method. THuectromagnetic fields and waves, and the computer-aided engineering (CAE)
ADI-EDTD hod i ffici d . sP/stem of microwave circuits, antennas, and optical waveguides.

- met '0 '_S an efficient an a'ccu.rate rllum'erlca Dr. Namiki is a member of the Institute of Electrical, Information and Com-
technique for estimating the SE when designing shielding feiunication Engineers (IEICE), Japan.
electronic equipment.
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