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Abstract In order to prevent cardiac pacemakers from malfunctioning caused by electromagnetic (EM) wave, as one of the

solutions to the problem of pacemaker malfunctioning, we can use a shielding material to decrease the EM wave intensity. For

the effective suppression of the EM wave including a complicated enclosure or a human body, it is desirable to solve for the EM

wave propagation by using numerical analysis.

We introduce the transmission coefficient when an EM wave is incident into a

multi-layered material with an arbitrary direction into the FDTD method. This realizes three-dimensional numerical analysis of a
thin shielding material as a method to solve the EM wave transmission problem, which has been conventionally considered

difficult.
effectiveness of the shielding clothes.

We use a phantom model, a dummy model of a cardiac pacemaker wearer, to analyze the EM wave shielding
The analytical result agrees fairly well with the experimental result, which verifies the

validity of the developed method. As for the effect of the aperture of the shielding clothes, the EM wave coming around from
the apertures is found to be larger in amount than the EM wave transmitted through the clothes, which suggests that the aperture

causes the SE to decrease largely.
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1. Introduction

The rapid and remarkable progress in electronic information
and communication technology has triggered the problem of
malfunctioning of equipments caused by electromagnetic (EM)
wave. For instance, the unwanted EM wave stops machines and
the mobile phone causes cardiac pacemaker to malfunction.
Particularly the explosive diffusion of mobile phones has become
quite hazardous for the cardiac pacemaker users. Although it is
recommended in Japan that the mobile phone users should keep a
distance of 22 cm or more from the cardiac pacemaker users ©,
there is no guarantee that the rule will be kept in crowded trains or
department stores. Hence, the best way ensuring a substantial
security would be to suppress the incoming EM wave with
These

conventionally been evaluated as simple plane materials so far.

shielding  materials. shielding materials have
However, it is necessary to evaluate the performance when used as
the enclosures and the clothes. Further, since the EM wave is
diffracted from apertures on the shielding materials, the shielding
effectiveness (SE) becomes different from the case of a simple
plane material. Here, in order to shield the EM wave effectively,
we have to investigate the EM wave propagation with the

three-dimensional (3-D) object using the numerical analysis.
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There are several methods of a numerical analysis. For instance,
finite difference time domain (FDTD) method, finite element
method, moment methods, and so on. The FDTD method is most
commonly used for understanding the EM wave propagation
process. The FDTD analysis must divide the 3-D object into the
spatial cells of 1/10 wavelength, so that in the case of EM wave
transmission through a thin shielding material plate, the number of
cells increases and the analysis becomes more difficult. For
avoiding this problem, there is the sub-grid method ® where only
the shielding material region is divided into smaller cells.
However, the cell size unavoidably increases in a model of high
conductivity material, and even in that case the error exists
because of the use of interpolation on boundary. Further, there is
a sub-cell method where substantially smaller cells are used
against the spatial cell. This does not much increase the number
of cells. This method has been applied to the problem of
transmission through the thin metallic film ®®. 1In this case,
however, the error increases depending on the material thickness
and frequency. Further, another case has been reported that the
transmission problem is calculated by introducing the shielding
material into FDTD method as an infinite thin resistive film X,
In this case the material thickness exceeding the skin depth and
In this paper we
improve the method in reference (6), and then suggest a method
that agrees well with the theoretical result for the SE of the

shielding material thicker than the skin depth and for the problem
9

oblique incidence cause the error to increase.

caused by oblique incidence
Here, we evaluate the effectiveness of shielding clothes to



suppress the electromagnetic interference with a cardiac
pacemaker. Several studies investigating the FDTD analysis of
phantom have been reported so far ¥, few papers have dealt
with the analysis of EM wave suppressing effect of shielding
clothes "> However the exact SE of the clothes has not been
included in these calculations. In this paper, we extend the
method in reference (7) to 3-D problem to implement FDTD
analysis for obtaining the SE of the clothes covering a phantom.
Further, the validity of this method is also discussed with
experimental measurements using the phantom.

2. Introduction of Thin EM Shielding Materials in
FDTD Analysis

When dealing with an extremely thin shielding material as
compared with the wavelength in FDTD analysis, it is possible to
derive effective formulation by using the theoretical transmission
coefficient 7" and surface resistance R, of the shielding material
X7 Here, we extend it to the 3-D model, which has not been
reported so far with the oblique incidence.

2.1 Derivation of Transmissjon Coefficient As shown
in Fig.1, we can derive the electromagnetic field incident into a
multi-layered material with an arbitrary direction by resolving the
incident fields into TE and TM mode components, then obtaining
the EM fields of each mode, and finally the total wave fields
composed of both modes of the vector components ®¥. The
electric fields E' (with unity amplitude) of the incident wave in
each direction are defined by equation (1). The electric fields ET
of the transmitted wave can be obtained by equation (2). Here
the constants C are given by equation (3).
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where, the subscripts TM and TE indicate the mode components, i
represents the i th layer, and
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where, k, is wave number, ¢ is permittivity, 4, is permeability, and
7, 1s impedance. Here, from Snell's law:

. 2
cosf, =,/1- (}C"SIIC—H%J

Next, since the plane of incidence (x'-z' plane) in Fig.1 changes
according to the propagation direction of EM wave, it is necessary
to change to the basic x-y-z coordinates system as shown in Fig.2.
Thus, the electromagnetic fields in the x-y plane are expressed by
equations (4) and (5), respectively, and the theoretical
transmission coefficients 7y and 7y of the components in the x-y
plane can be obtained by equation (6).
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2.2 Formulation of FDTD Method Assuming the
shielding material on. the x-y plane, the £ on this shielding
material can be expressed as the FDTD equation (7), where Rg ¥
can be obtained from equation (8) using the T of the shielding

Fig. 2. Transformation of coordinates
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material.

2R AzAl
2eAzR; + At

o 200Rs A
* 2eAsR,, +M T

. 2eAzRg At 2Ry AzAL | AH, 3 AH,
Y 2eAzRg,+At 7 2eMaRg, +Af| Az Ax
........................................... (7)
R, = T,
2_];)/ _i]’;:y .............................................. (8)
/N

where, Ax, Ay and Az are spatial grids, Af is time
increment, the superscript » is time step, and the
subscripts x, y, and z indicate directions.

Where, in order to obtain 7, ¢ and 6 are derived by
calculating Poynting vector incident onto each cell of the shielding
material under the plane wave approximation. We implement
As for the magnetic
fields H, the original FDTD equation is used. Formulation is
obtained similarly for the y-z plane and the z-x plane.

By arranging the above equations at the position of the
shielding material, it is possible to analyze effectively the
transmission of EM wave with an arbitrary incident direction.

2.3  Analysis Model and Calculation Conditions A
box model (W:300xD:150xH:500 mm) is used as a phantom torso
model. Further, the shielding clothes have apertures at the neck
(W:160xD:150 mm) and waist (W:300xD:150 mm) regions. The
shielding clothes are assumed as a single-layered material ¥, with
the material parameters assumed as shown in Table 1Y9"7 for
comparing the calculated data with the experimental data. A
wave of 900 MHz frequency from a half-wavelength dipole
antenna ® is used as the incident wave. The spatial cell is a
cube (5%x5x5 mm). Further, the scattered waves from the
simulation space are absorbed by the 6-layered perfectly matched
layer (PML) absorbing boundary conditions.

The SE can be obtained from equation (9) by the ratio of the
electric field intensity (E;) with shielding clothes covering the
phantom to that (E,) without the shielding clothes.

E,
|Es|

3. Phantom Experiment

similar calculation in a diffracted region.

SE =20Log,,

As the phantom is used the acrylic container filled with the
saline of 1.2 wt % NaCl with the electric parameters same as

Table 1. Maierial parameters
Phantom

Ex 49

Ur 1

o 16 S/m
Shielding material

Er 1

Ur 1

o 1.5%10° S/m
Thickness 0.12 mm

BHMA, 123578, 20035
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human in the experiment. The 900 MHz signal from the tracking
generator (TG) of a spectrum analyzer (Advantest: R3361A) is
radiated through a half-wave length dipole antenna (Schwarzbeck:
UHF9105) installed vertically as shown in Fig.3. A small size
dipole antenna (probe) which is 40 mm length set with a balun
(Murata Manufacturing: Chip multilayer hybrid balun) for mobile
phone is used to detect the signal. The probe is connected to a
coaxial cable from the top of phantom and is located inside at a
position of 20 mm from the front surface. A power amplifier
(Agilent Technology: 8347A) with 0.1 W output is installed at the
transmitter and a pre-amplifier (Advantest: R14601) with 25 dB
gain at the receiver. In order to suppress the unwanted scattered
waves from the wall surface, we measure the SE in an anechoic
chamber. Polyester fiber with copper and nickel plating are used
as the material for the shielding clothes (slanted region in Fig.3).

4. Results and Discussions

The SE is evaluated at the observation point set at @ (x=220
mm, =20 mm, z=400 mm) in the phantom model coordinates
system in Fig.3. For comparison, the SE at point @ (x=150 mm
y=20 mm, z=400 mm) is also discussed. Further, the SE is
obtained by changing the distance d between phantom surface and
the transmitting antenna.

>

Here, the x and z values of the
transmission point are the same as those of the observation point.
The transmission point is moved only in the y-direction.

4.1 Evaluation of E-field SE Usually a transmitting
antenna and a receiving antenna are arranged to have the identical
polarization (in z direction in Fig.3) when measuring the SE.
However, with an aperture, the SE obtained by vector intensity |E|
differs from that by one component |F;| as shown in Fig.4. This
suggests that the polarization of the EM wave incoming from the
aperture is changed by diffraction. Therefore, it is necessary
both for FDTD analysis and experiment to evaluate |E| for
obtaining the SE of the shielding clothes with aperture. Thus we
have evaluated the SE in terms of |E| in this paper. However,
without aperture, the SE is the same for |E| and |£,| as shown in
Fig4. Although not indicated in this figure, the SE without

To spectrum
analyzer input

Signal fr 70
TG output
z 500
Y
X
Aperture
(Unit:mm) Phantom model
Spectrum analyzer
ooo
[=1=]=}
[=1=1=}
/A
O
D
TG Pre amp.
L— [} —< From probe
——E——>T0 dipole ant.
Power amp.
Fig. 3. SE measurement system with a phantom model



aperture has agreed with the theoretical result * of infinite plane
shield.

4.2 Comparison with Experimental Result Fig.5
shows the comparison of the SE obtained by the FDTD analysis
with that by the experiment, where the SE when the inside of the
phantom is filled with air instead of saline is also plotted for
comparison. It is indicated that the FDTD analytical result
agrees with the experimental result within the error range of 3 dB,
and this verifies the validity of the developed method. We can
observe that as the distance d increases, the amount of diffracted
wave from the top aperture also increase, causing the SE to
decrease. In the case of air used as the inner medium of the
phantom, since the amount of diffracted wave is less attenuated,
the SE decreases. It can also be inferred that the SE improves at
point O than at @ because of the shielding material of the
phantom shoulder region.

4.3 Shapes of Shielding Clothes The SE is compared
. among 4 types of shielding clothes at the observation point D as
shown in Fig.6. Type (a) is a base model. Type (b) and type (c)
are assumed to be an apron and a pocket, respectively. For
comparison with type (c), a shielding cloth of type (d) is
calculated.

The result is shown in Fig.7 and indicates a difference of 10 dB
between type (a) and type (b), since the amount of EM wave
diffracting from the top and sides of shielding clothes increases.
Further the SE shows slightly higher value in type (c) than in type
(b). Because the observation point is located at the center of the

80

——|E| with aperture
= - -|£]| with aperture

904 .| T TVE wWEnaeerure L]
== |E] without aperture
~+=+|E| without aperture [
0 T T T T
0 100 200 300 400 500
d (mm)

Fig. 4. SE calculation with |E| and |E] at the observation
point D

= .
I
o
0 T 7 T r
0 100 200 300 400 500
d (mm)
Fig. 5. FDTD analysis and experimental measurement of SE

at the observation points D and @
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shielding material in the case of type (c), the diffracting EM wave
is mutually cancelled and then electric field intensity decrease,
therefore the SE seems to increase. In the case of type (d), the
observation point is also located at the center of the shielding
material. Howéver, in this case, the SE is worst among these
shielding clothes types. Because material height of this type is
shorter than antenna length, the amount of diffracted wave
increases. As shown in Fig.8, when a location of the observation
point is changed for type (c) and type (d) in the x-direction, the SE
decreases greatly at the points without shielding cloth.

Next, Table 2 shows that the SE almost disappears for a
shielding cloth of W:20 XH:20 mm. We can observe that the SE
tends to depend on material height rather than width in the case of
a vertically transmitting antenna.

/ 7
Point EZ%

®) 300Mm>-S00mm (© 100mMmMP»<200mm (d) 160mmx100mm

Fig. 6. Four types of shielding clothes
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Fig. 7. SE dependence on the shapes of shielding clothes at the

observation point (D

T
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Fig. 8. SE dependence on the observation point. The observation
point is moved toward x-direction. Transmitting antenna position is
located at (220,-100,400) (¢=100mu)
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Table 2. SE dependence on the sizes of shielding cloth at the
observation point @ (d=100mm)

WX H (mm) SE (dB) WX H (mm) SE (dB)
100 X200 386 50 X100 203
160 X100 26.1 100X 50 11.0
100X 160 38.7 50 X50 7.6
100 X 100 261 20X20 05

80

- —Tyl;e (a)
604 - - - :—_-%z: EE; .......................................

40

SE(dB)

204

" point @

150 200 250

x (mm)

100 300
Fig. 9. SE dependence on the transmitting antenna position

at the observation point (D. The transmitting antenna position
is moved toward x-direction. (d=100mm)

80
—— Type (a)

604 i ===Type (b) | e ]
== Type (c)

SE (dB)

Point @

100 150 200 250 300 350 400 450 500
z(mm)

Fig. 10. SE dependence on the transmitling antenna position

at the observation point (D). The transmitling antenna position

is moved toward z-direction. (¢=100mm)

4.4 Transmitting Antenna Position Dependence We
investigate the effect of transmitting antenna position for the SE.
Fig.9 and Fig 10 show the SE dependence on the x and z values of
the transmitting antenna position. These figures show that the SE
is higher in type (c) than in type (b) overall, as in Fig.7. Since
EM wave diffracts from the side of the phantom, it is shown that
the SE of type (a) which has shield material on a side region is
large in Fig.9. When a transmitting antenna is located at the left
side of the phantom (the right side of point D in Fig.9), the SE
shows higher value in type (b) than in type (c) because the amount

" of EM wave diffracted from the front and left side of the phantom
increases.

BEMA, 1234575, 2003 F
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Fig. 12. Effect of human head on SE at the observation point O

Similarly, since EM wave diffracts from the top of the phantom,
it is shown that the shielding effectiveness of type (a) which has
shield material in a shoulder region increases in Fig.10.

4.5 Conductivity of Shielding Clothes Fig.11 shows
the SE when the conductivity ¢ of shielding clothes is varied.
The SE first tends to increase by increasing 6.  However, with an
aperture (in type (a), type (b) and type (c)), there exists a point
where the SE does not change even by increasing .  This shows
that the electric field intensity coming from the aperture becomes
larger than the intensity of the EM wave transmitted through the
shielding material. It is obvious that the effect is so remarkable
for the larger aperture. However, as shown in paragraph 4.3, The
SE shows higher value in type (c) than in type (b) by increasing o.
Therefore the SE would be hardly improved by increasing o in the
case of shielding clothes with apertures. From another viewpoint,
the materials with too high conductivity are not necessary to
effectively shield the EM wave.

4.6 Effect of Phantom Head Region We have studied
the phantom model as a box model so far. In FDTD, we set up a
head model (W:160xD:150xH:200 mm) at the top center of the
phantom to observe the effect thereof. The result is given in
Fig.12. Here, the electric parameters of the head region are the
The figure indicates that with
the head region taken into consideration, the SE is improved
except in type (c). In other words, the head region attenuates the
amount of EM wave incoming through the top aperture,

same as those of the torso region.
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Fig. 13. Relationship between d and normalized electric
intensity |Eo/Eoy| at the observation point @ (without
shielding clothes)

consequently reducing the electric field intensity at the
observation point, and improving the SE. In the case of type (c),
this figure shows that the head region does not affect the SE, since
this cloth size is smaller.

4.7 Comparison with Guideline It is recommended ‘in
the guideline that the mobile phone should be used at a distance
22 cm or more from the cardiac pacemaker user. We calculate
the electric field intensity E, (observation point (D at an arbitrary
d) normalized by the electric field intensity E,y, (observation point
@© at d=22 cm from the transmitting antenna without the
shielding clothes). The result is shown in Fig.13. In the figure,
the negative d indicates that the transmitting antenna is located at
the backside of the phantom. The positive value in vertical axis
in the figure is equivalent to the SE needed for safety. It is found
from the figure that the SE should be about 20 dB or more at the
distance d=22 cm or less. Therefore, wearing the above
shielding clothes would ensuré safety even if the mobile phone is
used closer than 22 cm. * It also satisfies the guideline standards
without suppressing the EM wave by shielding material when the
transmitting antenna is located at the backside of the phantom.
And the electric field intensity is smaller with the head region than
without the head region in the case of the transmitting antenna
located at the backside of the phantom, since amount of diffracted
wave is attenuated by the head region.

5. Conclusion

We introduced the transmission coefficient when an EM wave is
incident into a multi-layered material with an arbitrary direction,
into the FDTD method to realize the 3-D numerical analysis of the
EM wave transmission into the thin plate shielding material,
which has conventionally been considered difficult. In the
analysis, we used a phantom model as a dummy cardiac
pacemaker user to study the EM SE by shielding clothes. In
order to verify the validity of the developed FDTD algorithm, we
analyzed the SE of shielding clothes, assuming that the clothes is
made up of a single-layered shielding material. The analytical
result is in good agreement with the experimental result, which
demonstrates the validity of the developed FDTD method. We

"considered the effect of the aperture on the clothes and found that
the amount of EM wave from the aperture becomes larger than the
amount of EM wave transmitted through the shielding clothes.
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Thus, the aperture was found to be the major factor caﬁsing the SE
to decrease. This suggests that in developing the shielding
clothes, they should be designed to reduce the diffracted waves
from the apertures. On the other hand, although a multi-layered
material and a material with high electric conductivity can
improve the SE, they are not necessary for the cases when the
diffraction of EM wave from the aperture is dominant. The
report presented here is limited to the specific phantom model, so
that actually we have to investigate further models.

The FDTD analysis method developed here is applicable to the
design of enclosure of electronic equipment in addition to the
electromagnetic shielding analysis of shielding clothes for
preventing the malfunction of cardiac pacemaker. Alsg, this
method can be easily applicable to the multi-layered shielding
material made of plastic mater1a1 wlth metal plating, or double
shielding material with an air gap
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