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Abstract
T h e analysis of shielding enclosures is complicated
by the existence of apertures and cables. The FiniteDifference Time-Domain (FDTD) method can model
shielding enclosures with complex geometries, but has difficulty modeling wires and cables of arbitrary radii. Modeling the wire by setting the axial component of the electric field t o zero in F D T D results in a wire with a radius
determined by the mesh discretization. Neglecting wire
radius in applications such as Electromagnetic Interference (EMI) or printed circuit board modeling may result in
gross errors because near field quantities are typically sensitive t o wire thickness. Taflove developed a wire modeling
algorithm for F D T D analysis which models wires well for
far-field calculations such as Radar Cross Section. The
method uses a quasi-static field approximation t o model
wires with a user-specified radius. T h e wire model is reviewed and investigated for near-field accuracy via input
impedance computations, since FCC class A and B regulations are tested in the near field. T h e input impedance
for a center-fed dipole antenna is computed with FDTD
methods and compared t o the input impedance results
from moment methods. A simulation of a shielding enclosure with a n attached cable demonstrates the utility of
FDTD analysis in EMC applications.
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Introduction

The Finite-Difference Time-Domain (FDTD) method is
well documented and is not reviewed here. The reader is
referred t o [l],and [2] for information on FDTD.
Conducting enclosure shields are designed t o minimize
radiated emissions from digital electronics. However, the
shielding integrity of the enclosures is compromised by
apertures permitting air flow to c o d internal circuits,
power and peripheral cables penetrating the enclosure,

seams, and display apertures. Energy can couple t o the external environment as a result of these perforations in the
shield. A subcellular F D T D model for wires is needed t o
numerically study coupling mechanisms present in complicated electromagnetic structures with external cables and
predict EM1 with engineering accuracy. T h e model must
be computationally efficient and implementable. In addition t o radiation through the apertures, energy coupling
to a n attached shielded or unshielded cable is; of concern.
Radiated emissions can be increased as a result of the cable. as well as the cable serving to direct energy. At the
0-7803-2573-7/95/0000-0031$4.00 0 1995 IEEE
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printed circuit board level, traces must be modeled well if
accurate impedance results are t o be computed.
Some work has been done which attempts to model
wires in FDTD. Accurate results have been found by modeling with very fine discretization in the region of wires and
setting the axial component of the electric field t o zero [3],
[4]. However, this approach does not permit modeling of
wires with specific diameters, and the diamter is determined by the mesh discretization. Another method involves calculating the self-inductance of a segment of wire
and developing F D T D equations for computing the necessary field quantities [5], which is not computationally
efficient for large problems because of the introduction of
charge and current equations. A quasi-static subcellular
algorithm for modeling wires was successfully employed
in FDTD for calculating far-field quantities such as Radar
Cross Section (RCS) [2]. This last modeling approach is
reviewed and investigated here for use in near-field calculations. A dipole antenna is modeled and the input
impedance is calculated for comparison with results from
the Numerical Electromagnetics Code (NEC). The quasistatic algorithm is found t o have engineering accuracy in
the near-field for wires less than three-quarters of a wavelength long. A shielding enclosure with a n aperture and
an attached shielded cable is then modeled. T h e power radiated through the aperture is computed with and without
the attached cable and some conclusions are drawn concerning the coupling mechanisms present in the simulated
enclosure.

Review of Thin Wire Model
Development

2

Proper consideration must be given to wire modeling
to enable accurate computation of near-field parameters.
Wires are placed along the electric field grid because the
tangential component of the electric field on the surface
of a perfect electric conductor (pec) is zero. Modeling
the wire by setting the axial component of the electric
field to zero was found from numerical simulations to yield
effective wire radii of approximately twenty percent of a
cell length for cubic cells
The algorithm “sets” the
radius because F D T D averages the fizld values over a-finite
volume. An alternative to setting Et,, = 0 along E-field
grid line and having the wire radius determined by the
mesh dimensions is t o employ a quasi-static approximation
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Section 3
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Figure 2: Geometry of the dipole antenna model.
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Figure 1: An example of the discrete field locations in the
plane of a thin wire.
introduced for FDTD by Taflove et al. [2]. This approach
is summarized briefly herein.
Figure 1 shows a pec wire of radius a superimposed
on a Yee mesh, and discrete FDTD field locations in the
plane of the wire. For sufficiently small cells, the electric field component parallel to the wire E,(i+ l), can be
approximated as a linear function in z. A quasi-static approximation (:) is employed for the functional variation
of the fields in the transverse direction radial to the wire
axis. Ampere's law in integral form can then be evaluated
using the quasi-static approximations, where the integration paths are shown in Figure l. Discretizing the result of
Ampere's law and rearranging yields the update equation
for the magnetic field components adjacent to the wire.
For example, R,(i f ,j,b f) near a thin wire of radius
a oriented in the i direction is given by

+

+

- $ [(E:(; + i,j , k + 1)
-E."(i + $,j,k)) &

waa evaluated by modeling a dipole antenna. The input
impedance was calculated for a center-fed dipole over a
range of frequencies. The antenna was modeled using
the FDTD method and compared t o moment method results obtained with the Numerical Electromagnetics Code
(NEC).
Figure 2 shows the dipole antenna that was modeled
numerically by NEC and the FDTD method. A voltage
source for the FDTD model was implemented by setting
E, to a specified value. The field value was determined by
The FDTD
the static discrete voltage equation E =
model of the source differed from that employed by the
moment method in that the FDTD source had a finite
length (the length of a cell side), and the moment method
modeled a point source (delta-gap generator). The radius
of the wire a, was varied to determine the accuracy of
the FDTD quasi-static near-field approximation for a thin
wire (less than the unit cell dimensions). The impedance
was calculated for the dipole antenna as a function of the
ratio of length L, to wavelength A , over the range 0.25 5
f 5 1. Other dimensions are given in terms of the ideal
half-wave resonance wavelength, which is denoted by A, E

-5.

2L.
The dipole antenna was first modeled by setting the
tangential electric field component on the wire axis t o
zero, and computing the surrounding magnetic field components with the usual free-space FDTD equations. Cubic cells were employed with a spatial discretization of
A1 =
and a differential time element of At %
,
where c, is the free-space phase velocity. A time-harmonic
source was employed and each impedance value was computed after the system had reached steady-state. The antenna length was held constant a t each simulation frequency, and was twenty-one cells long. Perfectly Matched
Layer (PML) boundary conditions were employed six cells
from the antenna and were four cells thick providing a
reflection coefficient of -60dB [6]. The input impedance
results computed with the F D T D method are compared
with NEC results in Figure 3. Several NEC simulations
using different wire radii were run to find a best fit to
the FDTD results. As seen in Figure 3, with the tangential electric field along the wire axis set to zero, seemingly
approximating a n infinitely thin wire, the FDTD computations result in a wire of finite thickness. The reason

k,

The other three magnetic field components surrounding
the wire are found similarly. The tanjential component of
to the electric field components is E is set to eero along
the wire axis. Similar equations can be developed for the
magnetic fields circulating thin wires with orientations in
the 2 and 5 directions.

3

Thin Wire Model Evaluation

The algorithm outlined in the previous section was originally developed by Taflove et al. for far-field RCS computations. Because of its computational efficiency and
simplicity, this algorithm was investigated for near-field
computations with engineering accuracy useful for EMC
analyses such as determining EM1 and modeling coupling
mechanisms at the printed circuit board level. The accuracy of this thin-wire algorithm for near-field calculations
'I 69
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2The time-step is approximate because it was minutely changed
for each frequency in order to allow an integer number of time-steps
per cycle
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Figure 3: The FDTD input impedance results for an antenna modeled without defining a radius for a) input resistance, and b) input reactance ( d l FDTD cell length).

=

is because the FDTD method computes the average of
the field component over a finite volume and assigns it

to the location associated with the unit cell. The averaging process results in an effective wire radlius dictated
by the mesh dimensions. Figure 3 shows that the FDTD
results agree best with the NEC results for i i wire of radius a = 0.005X0. The effective r a d i y of a wire modeled
with the FDTD method by setting Etan= 0 along a grid
axis is then approximately twenty percent of' the cell dimension. The half-wave resonance frequency computed
by the FDTD code differed by less than three percent
from that computed by NEC for an antenna with a radius
a = 0.005X0 (approximately twenty percent of the FDTD
cell dimension). However the resistance a t the half-wave
resonance differed by approximately 8.5%.
Taflove's quasi-static approach was also employed for
modeling thin wires with the FDTD method. The wire
radius could then be well defined. Figure 4 shows a comparison of input impedance results for a center-fed dipole
from the FDTD code, and NEC, when the F:DTD model
included conductors with a set radius. The m<agneticfield
components circulating the source were calculated with
free-space FDTD update equations. The magnetic field
components surrounding the wire were computed with
Taflove's quasi-static approximations. The results show
poor agreement between the two methods, in particu170
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Figure 4: Input impedance comparison between FDTD
results and NEC results for a dipole antenna with a set
conductor radius, but no defined source radius for a) very
thin, a = 0.002A2= &,
b) thin,a = 0.2Al=
and
wires.
c) {hick, a = 0.48AI =

&

&,

lar the input resistance. The discrepencies resulted from
an inaccurate source model. The source model experienced an effective radius dictated by the mesh dimensions
because the magnetic field components adjacent to the
source were not modified. Figure 4b shows reasonable
agreement because the wire radius was the same as the
effective radius of the source.
For a more accurate model, the source was given the
same radius as the conductors using Taflove’s quasi-static
approximations. The input impedance for a center-fed
dipole was computed for wires of three different radii.
The FDTD results are compared with NEC results in Figure 5. The thin wire (a = 0.2Al) results in Figure 5b
agreed well with the NEC results for dipole lengths less
than 3A. In many cases of EMI, the antennas are less
4 In addition, many of the modeling details a t
than TA.
the printed circuit board level are small in terms of wavelength. The FDTD computed half-wavelength resonance
frequency was within three percent of that computed by
NEC, and the input resistance a t resonance was within
one percent. This is expected, since the antenna radius is
set very close to the effective radius of 0.2Al established
by the FDTD algorithm. The very thin and thick wires
showed good agreement with the NEC computations up
to L = :A as well. The half-wavelength resonance frequency computed with FDTD was within five percent for
both the very thin and thick wires, and the resistance ai
resonance was within three percent. At higher frequencies
(shorter wavelengths) the source length becomes appreciable in terms of the wavelength if the spatial discretization
is left unchanged. The electrically long source may account for the discrepencies between the two methods for
L > :A,, since the moment method employs a delta-gap
generator.
The quasi-static approximation limits the wire radius to
a<
because the magnetic field calculation is unstable
when the wire radius approaches the location of the tangential magnetic field components. The field dependence
does not have the same r variation if the fields are located
inside the wire. The approximation could be reformulated
for the case of wires with radii greater than $!, however
such a wire may be more easily modeled by placing the
wire inside a cell and setting the tangential electric field
components to zero.
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Shielding Enclosure Model

A rectangular shielding enclosure with a narrow aperture was modeled to study radiation from conducting enclosures with attached cables. All dimensions reported
herein were normalised to the free-space wavelength at
the lowest predicted ideal (continuous rectangular cavity)
TElol cavity resonance, A, z 2
. Thecoxrn-

2++

Jluidtha

putational domain was discretized with cubic cells of dimension A1 =
= Ax = Ay = Az. The differential time
, where c, was the speed of light
element was At M
in free-space. The cavity model, shown in Figure 6 , had
dimensions of 1.2A, x .25A, x .55X,. The enclosure walls
were modeled as p e c k The aperture was .3A, x .05A,, and

e
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Figure 5: Input impedance comparison between FDTD results and NEC results for a dipole antenna with set source
and conductor radii for a) very thin, a = 0 . 0 0 2 A l = &,
b) thin, a = 0.2Ar = &j, c) thick, a = 0.48Al =
wires.
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sources were located. The resulting IOWenergy emission
demonstrated how source location could affect EMI.
The last cavity resonance within the observed frequency
range (T&01), expected a t fnormalilcd x 1.54, was shifted
down because of the loss through the aperture. The aperture had a half-wave resonance at fno,.mal;zed a: 1.67 which
was shifted down due t o the finite width of the aperture. The proximity of the aperture resonance and TE301
mode resonance created a broadband region in the powerfrequency response.
A wire was attached t o the shield face containing the
aperture t o investigate coupling through the aperture to
the wire. The time-averaged power through the aperture as a function of frequency is shown in Figure 7 for
a wire attached at location A , and then at location B
A shielded wire was modeled with Taflove’s quasi-static
field approximation as described in Section 2. The wire
connection to the shield was modeled by using quasi-static
approximations t o compute the magnetic field components
surrounding the wire, and setting the electric field components along the wire axis, and tangential t o the shield to
zero. This configuration was employed t o model a shielded
cable attached to the enclosure a t all 360” around the cable. The wire had a length of
(= 4AI) and a radius of
(= .08Al). The wire was located alternately a t points
A and B in Figure 6, where point A was horizontally centered and
below the edge of the aperture, and B was
to the right of the lower right hand corner of the aperture.
The wire should have resonated at f n o r m o l i l e d M 1.25. As
previously discussed, the field distribution in the cavity at
this frequency was odd in 3: , however, the source distribution was even thereby not exciting this mode.
An attached shielded cable reduced the power radiated
through the aperture at the TElol resonance. Equivalence
theory can be employed to replace the electric field over
the aperture in a pec plane with magnetic current sources
for discussion purposes. At lower frequencies the aperture
was short with respect to wavelength and the magnetic
currents looked like a short magnetic dipole. The wire
attached at A was located where the ?-component of the
electric field was a t a maximum in the magnetic dipole
radiation pattern. Energy coupled efficiently t o the wire
at A providing an effective loss mechanism. The Q at the
TElol resonance was consequently reduced. The wire at
B was located where the ?-component of the electric field
was a t a low level in the dipole radiation pattern; therefore
the Q was not reduced t o the same degree as with the wire
located at A .
At the TE301 mode resonance frequency, the addition of
the wires “tuned” the system resulting in a n increased Q.
The peak radiated power was increased by approximately
3 dB. In addition, the wire can potentially increase the
directivity of the radiated energy. The FCC guidelines
limit maximum field strength, and therefore, the addition of shielded cables to the system may make the device
fail emissions testing. Further study is necessary to understand the mutual coupling between the aperture and
shielded cables, as well as potential directivity of energy

’.

A

Figure 6: Longitudinal and transverse planar views of the
shielding enclosure showing the dimensions and location
of the attached cables and the aperture.
centered in the pec wall. The cavity was excited with two
1 5 $-polarized, in-phase, current density sources. Two
sources were used t o provide symmetry inside the cavity.
The sources were located in the center of the enclosure.
Second order Mur absorbing boundaries were located onehalf free-space wavelength from the enclosure. The sources
were swept in frequency between .8 5 & 5 1.8. The
A0
time-averaged power through the aperture was computed
a t each frequency. All radiated powers were normalized
t o the radiated power level computed for the lowest cavity
resonance (TElol) for the base (control) configuration of
a cavity with a n aperture (i.e. no attached cables).
The sources of the control configuration were swept in
frequency and the power radiated through the aperture
was determined. The power-frequency response for the
control configuration is shown in Figure 7. Approximately
twenty-five points were computed around the peaks to ensure t h a t a peak value had been computed. The lower
resonance was the lowest cavity resonance, hereafter referenced as the TElol mode . This resonance was shifted
down in frequency from the theoretical value for a continuous rectangular cavity because of the aperture. The
aperture dimensions a t the TElol resonance were small
relative t o wavelength, resulting in very little loss t o the
system and a Q of over 500. For typical applications, a n
enclosure would have numerous apertures and seams, and
Q’s less than 100 might be expected. The Q is defined here
as the ratio of radian frequency times the stored energy
to dissipated power, which is equivalent to
where
fpeak is the resonance frequency, and A f ; i d ~is t i e difference between the 3dB frequencies.
The second cavity resonance, the TEzol mode, should
have occured at a normalized frequency of 1.233. Since
the field distribution wa9 even about the source in 2, and
the sources were in phase, only modes with even symmetry
about the source in 3: were excited. Because of the source
locations, the source was orthogonal to the TEzol mode
and did not excite it. Even modes, such as the T E Z o 1
mode, required a null a t the center of the cavity where the
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by the wire.

Conclusion

5

0.0
0.80

1.00

1.20

1.40

1.60

The discrepencies found in the verification of the wire
modeling algorithm occurred mainly because of different
source models used in the two computational methods
(FDTD and moment method). The quasi-static field approximation for wire modeling developed by Taflove was
found to be acceptable for many EMC applications for
wires on the order of a wavelength long. For example,
the model should be sufficient for modeling shielded or
unshielded cables penetrating a shielding enclosure where
the cable is typically small a t the frequencies of interest,
or modeling many aspects of printed circuit boards. The
advantage to this approach when compared to other alternatives is the ease of development and the small increase
in required computational resources.
The quasi-static algorithm was used to model a cable
attached to a shielding enclosure with an aperture. The
results were provided to demonstrate the utility of the
algorithm, although a comparison between experimental
or other numerical results was not yet available.
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