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SUMMARY  Electromagnetic shielding clothes for reducing human ex- posed method is based on a time-domain analysis technique
posure to radio waves have been commercialized. However, their effect haggnd pulse compression technique [7], [8], which enables the

so far been confirmed only in the form of the raw material. Inthls_ paper,we car to separate the direct transmission wave from the re-

develop a new compact scheme for measuring electromagnetic radiation . " he fl I f h N d

using a short dipole antenna and Gaussian pulses in order to evaluate th ection from the floor as we as. rom the rg racted wave
effect of the shielding clothes over a wide frequency range with the aid of around the neck of the clothes. It is thus possible to evaluate
time-domain measurements and FDTD computation. The proposed methodhe shape effect of clothes on the electromagnetic shielding
is based on a time-domain analysis technique and pulse compression tec:x)erformance in an ordinary laboratory.

nique, which enables the user to separate the direct transmission wave fro : _
the reflection from the floor as well as from the refracted wave around the After presenting the measurement scheme and the ex

neck of the clothes. The direct advantage is that measurements can b&€rimental setup, we explain the technique to decompose
made in an ordinary laboratory without the function of an electromagnetic the received waves, which consists of the direct transmis-
anechoic chamber. Also, we can separate direct transmission wave angjon wave and the refracted wave around the neck of the
diffraction wave from the measurement result by using pulse compressiondoﬂ,]es from other components such as reflections from the
technique, then each frequency characteristic of the shielding shirt can be ' s
evaluated. The performance of the separation is confirmed by comparingﬂoor- Th_en We_ evaluat_e Fhe_ shielding performa_nce of the
the measurements with those of a shirt with no opening. We further demon-clothes, including the limitations on the evaluation of the

strate the possibility of predicting the effective conductivity of the material diffraction wave from the neck of the clothes. Further, we

as a function of frequency by comparing the measured results with realisticcompare the proposed time domain method with that by us-

FDTD computations, which will enable us to design a shielding shirt via . . - .
numerical means. ing a conventional network analyzer. Finally, we examine

key words: electromagnetic shielding clothes, time domain measurement, the experimental result by comparing with numerical results

FDTD method, effective conductivity, numerical evaluation scheme obtained with FDTD method by using a realistic phantom
shape. The result suggests the possibility of predicting the

1. Introduction conductivity of the material, which will enable us to design

a shielding shirt via numerical means.

International standard has been set for human exposure to ,

electromagnetic field emission and also for EMS regula- 2 Measurement Scheme and the Experimental Setup

tions [1], [2]. We have developed special shielding clothes ) ] ) .
that reduce human exposure to radio waves radiated from! he proposed scheme is a time-domain method employing

800 MHz mobile phones, and also the evaluation scheme forGaussian impulses of about 2-nsec pulse width and a short
the clothes [3]. dipole antenna whose length is 40 mm+40 mm. The experi-

A few companies are developing shielding clothes mental setup is schematically shown in Fig. 1. The transmit-
which is made of metal plated fiber with high conductivity ting antennais set 1.3 m above the floor at 50 cm distance in
for reducing the human exposure to radio waves [4]. How- front of the phantom body, which is a container of about
ever, their effect has so far been confirmed only in the form 200 mm x 440 mm x 700 mm size filled with 0.4% NacCl
of the raw material [5], [6], due to the lack of effective means Water solution [9]. The receiving probe of 10 mm+10mm
for evaluating the shielding effect of the clothes in a realistic 1€ngth is set horizontally and vertically at three heights of
situation. 1.300m, 1.325m and 1.350 m, respectively, at a depth of

Here we develop a new compact scheme for measur-10 mm from the front side of the phantom. The receiving

ing electromagnetic radiations using a short dipole antennaProPe and its alignment are schematically shown in Fig. 2.
and Gaussian pulses in order to evaluate the effect of thel & Gaussian pulses are generated with model 1000D of Pi-
shielding clothes over a wide frequency range. The pro- coseécond Pulse Labs Inc. Time domain waveforms are mea-
sured with 54750A+54754A oscilloscope of Agilent Tech-
Manuscript received April 4, 2003. nology Inc. It synchronizes with the transmitted Gaussian
Manuscript revised May 30, 2003. ~ pulses, and measured data are averaged for 4096 times.
fThe author is with National Institute of Advanced Industrial The measurements are made for two different setups of
Science and Technology, AIST Tsukuba Central 2, Tsukuba-shi, Lo . .
305-8568 Japan. the shielding clothes around the phantom; one is the phan-
t1The author is with the Graduate School of Informatics, Kyoto O only, the other is the phantorowered by a round neck
University, Kyoto-shi, 606-8501 Japan. underwear which is made of silver plated fiber. The fabric

a) E-mail: satoru-kurokawa@aist.go.jp form of the clothe used for the shirt is schematically shown
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‘ “40mm H Soom for the vertical polarization is about 1.0 dB to 1.5dB lower
Fig.2 Shape of the phantom and the location of the receiving probe. than the horizontal one. Electrical property of 0.4% NaCl
water solution phantom is shown in Fig. 5 which are mea-
sured with 8720B Network Analyzer and 85070D dielectric
probe kit of the Agilent Technology Incz]. ande! show
the real part and the imaginary part of complex permittivity,
respectivelys shows the conductivity calculated by Eq. (2).
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3. Measurement Results
3.1 Time Domain Waveforms

Figures 6 and 7 show the received signal waveform and
frequency characteristics for the case of the phantom with-
out shielding clothes, respectively. After the direct wave is
Horizontal Direction observed at about 6 nsec delay, undesired reflected waves
from the floor and the ceiling are observed around 9 nsec
and 11 nsec. Figures 8 and 9 shows the received signals for
the case of the round neck shirts at three receiving heights
in Fig. 3. The near-field shielding effect of the clothe used of horizontal and vertical antenna setup, respectivély-

for the shirt is shown in Fig. 4 which is measured by using 200 mm, L = 175mm andL = 150 mm in Figs.8 and 9
KEC method [10]. This result shows that the shielding effect shows that measurement result of the distance of the antenna

Vertical Direction

Fig.3  The fabric form of the clothe used for the shirt.
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; . Fig.9 Measured signal for the shirt with vertical antenna setup.
Fig.7 Frequency characteristic for the phantom only.

) separate these two components directly from the measure-
from the floor is 1300 mm, 1325 mm and 1350 mm, reéspec- ments presented in the previous section. Here we examine a
tively. [No Diffract] in Figs. 8 and 9 indicates measurement time domain method to separate these components, which is

results of the shielding shirt that has minimum neck size of p,5ed on the pulse compression technique using the Wiener
about 5mm, with which the diffraction wave from the neck jiar (7], 8].

can be neglected. It can be thus regarded as a reference to
show the effect of the direct transmitted wave.

For the horizontal antenna setup, the peak value of
the diffraction wave from the neck at 7-8 ns does not in-
crease appreciably a5 decreases, and it is less than 0.3 By (w)
times the peak value of the direct wave even for the case of wph(w) = N Epn ()2 + (1 —7n)’ ©)

L = 150 mm. On the other hand, the level of the diffracted ) ) )

wave remarkably increases asdecreases for the vertical Wheren is the parameter determined from the signal-to-
antenna setup, which amounts to about 5 times the peawmse ratlg, and contr_ols the fllter response between the
level of the direct wave fof, — 150mm. These results matched filter and the inverse filter. The compressed wave-

clearly show the dependence of the magnitude of diffraction form in the frequency and the time domains are obtained by

The Wiener filterw,, (w) is expressed in the frequency
domain in terms of the Fourier transform of the measured
signal E,, (w) in the absence of the clothe as

on the antenna polarization setup. The magnitude of the di- I () = Eqp(w) - wpn (w) (4)
rect transmission wave is about the same for both antenna
setups. and

isn(t) = F 1 (Lan(w)), (5)

3.2 Separation of Wave Components Using Pulse Com-
pression Technique respectively, wherd’, (w) is the measured signal with the
shielding clothe, and—! denotes the inverse Fourier trans-
It will be effective in designing a shielding shirt if we can form.
separate the transmitted waves through the material fromthe  Figure 10 shows the variation of the compressed wave-
diffracted waves around the neck. It is, however, difficult to form with » of the Wiener filter by using the measured signal
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Fig.11  Compressed pulse waveform for the vertical antenna setup.  rig 13 Frequency characteristics of the direct transmission wave and the
diffraction wave from the neck for the vertical antenna setup.

in case of the phantom only.

Figure 11 shows the compressed pulse waveforms forjowing equations.
the vertical antenna setup. Comparing this figure with Fig. 9, ) )
it is found that the peaks are better separated because the ~ Sh(w) = |Enph(w)|"/[Enph (w) — Ensn(w)] 8)
undershoot components are suppressed by the pulse com- S, (w) = |Eypn(w)[* /| Evpn (@) — Even(w)[?, 9)
pression. Almost complete separation can be obtained for . o
L = 200 mm, for which the two components are examined where subscript [ph] denotes the electric field for the case of
individually below. phantom only, and [sh] for the shielding shirt.

In order to separate the direct and the diffracted waves, ~ Curves indicated as [Direct] and [Diffract] in the fig-
Hygi:(t) and Hyi(t) with an overlap region of 2.8-3.0ns, SPectively, separated from the measured signal by the pro-
which seems to be the boundary between the two compo-PoSed method. Open square symbols corresponding to [No-
nents. Then we reconstruct the original time series of the Diffract] show the case of the minimum neck size used as

both components by applying the inverse Wiener filter in @ reference. The very good agreement of [Direct] and [No-

the frequency domain as given by Diffract] data of less than 1dB for most of the frequency
range clearly verifies the performance of the proposed sep-
Eanair (@) = wyp (w) - Fisn(t) - Haie(£)} (6) aration scheme. The curve indicated as [Residual] shows
Eanait () = w;}j(w) CFlian(t) - Hae ()} @) the shielding performance corresponding to the level of the

residual component of the [No-Diffract] data after rejection

Figure 12 shows frequency characteristics of the of the direct wave, which shows the evaluation limit of the
shielding effect for the direct and the diffracted components proposed procedure.

for L = 200mm. Figure 13 is same as Fig. 12, but for the From these figures it is clear that the shielding per-

vertical antenna setup. The shielding performance of theformance of the shirt for the direct transmission wave is

shirt for the horizontal and vertical polarizations are com- roughly constant in the range of 30—36 dB for both horizon-

puted bysSy, (w) andS, (w), respectively, defined by the fol-  tal and vertical polarizations throughout a wide frequency
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range of 400—2000 MHz. The major difference in the to- 3 ns prohibits us to separate the direct and the diffracted
tal shielding performance with polarizations comes from the wave components. This is apparently due to the window
magnitude of the diffracted component. While it is always shape, which is designed to fulfill requirements for a sharp
higher than 40 dB for the horizontal polarization, itis around cutoff in the frequency domain, employed for the network
35 dB for the vertical component. The large variation of the analyzer. This result clearly shows the advantage of our pro-
total performance with frequency for the vertical polariza- posed scheme for shielding performance measurements of
tion is apparently due to interferences between the direct andhe shirt to the time domain function of conventional net-
diffracted components of comparable magnitude. work analyzers.

The reason of higher level of the diffracted component
for the vertical polarization is probably due to the fact that 4. Evaluation of the Shielding Performance with Nu-
the opening of the neck is mainly in the horizontal plane, merical Computations
where the vertical electric field is dominant. A further anal-
ysis of the electric field distribution is needed for detailed 4.1 Calculation Conditions
examination.

The result shown here clearly demonstrates the capa4n order to examine the shape effect of the shirts fur-
bility of the proposed time domain method in evaluating ther, we made numerical computations using FDTD
and designing shielding shirts based on the shielding per-method [11]. We divide the calculation space of
formance of the material itself in the form of the shirt as gggmm x 850 mm x 600 mm into 360 x 340 x 240 cells
well as the effect of diffracted waves around the opening of ith the grid size of 2.5mm and the time step of 4.8 psec.
the shirt over a wide frequency range. The computational setup is shown in Fig. 15. The Liao ab-

sorption boundary condition is used [12]. Although PML
3.3 Time Domain Waveforms by Using Network Analyzer apsorption boundary condition is considered to give the best

performance, we employed the Liao condition because it is
An alternative means of time domain evaluation of the found to give almost identical result as PML for the current
shielding shirt may be that using the time domain function case, and the former is appreciably faster and is more mem-
of a network analyzer. For comparison with the proposed ory efficient.
method presented in this paper, we make a similar measure-  The relative dielectric constant and the conductivity of
ment as that in the previous section with a setup shown inthe phantom is set to 77.4 and 1.1, respectively, based on
Fig. 1 for the case of the phantom only. the measurement result over the frequency range of 400

Time domain waveforms are measured with 8703A 2000 MHz. It should be noted that values above about
network analyzer of Agilent Technology Inc. using its built- 1400 MHz may contain larger numerical errors as the grid
in time domain function. Measurement is carried out after a sjze is more than 1/10 of the wavelength at these frequen-
2-port calibration at the end of the coaxial cable. Although a cjes. The clothes are separated by 5mm (2 cells) from the
calibration might be made with the transmitting antenna and phantom surface. Shape of the clothes used for computation

the receiving probe inserted in the phantom are connected ts shown in Fig.2. Figure 16 shows the computed wave-
the cable, it turned out to be not realistic because reflections

from the floor contaminates the calibration.

Figure 14 shows the received waveform for the phan-
tom only. Measurement result for the both antenna setups
clearly shows that the generated pulse width of more than
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Fig.16  Computed signal for the phantom only. Fig.17 Computed signal waveform of the shielding shirt with various

conductivity for the horizontal antenna setup.

forms at the receiving probe for the horizontal and the ver-

. . . 0.1 T T
tical antenna setups. The computed waveform is slightly 0=‘18§ gm ——
shorter than that in Fig. 6, reflecting the fact that the antenna 0.08 02300 S/m s
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computation.
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In this section, we examine the effect of conductivity of the ﬂ%‘tw
. . . -0.02 & S
material on transmitted waves. In almost all cases, shield- e (% d T
ing clothes are made by metal plated fiber. Unlike metallic -0.04 T
films, it is not easy to measure the conductivity of the cloth -0.06 v
knitted with metal plated fiber. Performance of shielding 2 25 3 35 4 45 5
Time (ns)

clothes has thus been evaluated by the conductivity of the
material used for plating, or that of the cloth by the KEC Fig.18 Computed signal waveform of the shielding shirt with various

method [10]. conductivity for the vertical antenna setup.

We estimate the effective conductivity of the clothes,
which is defined as the conductivity of uniform material 70 ‘ ‘ ‘ ‘
which gives the same shielding performance as the clothes Exp[Direct] ——— Exp [Diffract] -
under examination, using the FDTD method. In order to O R A 1078/

! L 300 S/m ....—=. =

compare the shielding performance, conductivity of the ma- 60 200S/m = — @-— Diffract
terial is set tor = 100 S/m, 200 S/m, 300S/m, 400S/mand @ >° [~ 100S/m ==o-= I s S
1.0 x 10% S/m. The position of the receiving antenna is set % 50 R e e W S
to L =200 mm, which case showed the best performance & 45 o \/* i
in terms of the effect of diffraction waves by experimental 2 40 L.~ A T e e
results. . & 35 — E\j“ SIS

Figures 17 and 18 show computed signal waveforms R e LI S
for various conductivity of the shirt for the horizontal an- N L N e
tenna setup and vertical antenna setup, respectively. For 0 o Direct
both antenna polarization setups, The relative magnitude of 400 600 800 1000 1200 1400 1600 1800 2000
the transmission component decreases as the conductivity is Frequency (MHz)
increased, to the extreme caserof 1.0 x 10° S/m where Fig.19 Comparison of the measured and computed shielding effect of
only the diffraction wave is observed. the shielding shirt for the horizontal antenna setup.

Figure 19 shows the corresponding frequency charac-
teristics of the shielding performance for the horizontal an-
tenna setup after separation of the direct and the diffractionshow direct wave and diffraction wave of the shielding shirt
waves from the calculation result by using the same pulseby using pulse compression technique copied from Fig. 12
compression technique as described in the previous sectioThe measured curves closely follow the computed ones.
with 7=0.99, except for the case of = 1.0 x 105 S/m, Calculation result for the case of= 1.0 x 10 S/m shows
which is considered to consist entirely of the diffracted the shielding performance for the diffraction wave from the
wave. Lines denoted as ‘Exp [Direct]’ and ‘Exp [Diffract] neck, and other cases show the shielding effect against the
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direct transmission wave. of the proposed scheme.

First, we compare the frequency characteristics of the We further made best use of this feature of decomposi-
FDTD calculation results with those of the measured re- tion in evaluating the neck design of the shielding shirts. Itis
sults. The shielding effect of the measured data for the hor-found that the diffraction wave is dominant for the vertical
izontal antenna setup (solid line in Fig. 19) agrees with that antenna setup, and the interference between the transmis-
of the computed result of 200 S/m for the frequency range sion wave and the diffraction wave determines the shield-
of 1000-1600 MHz, and of 100-200 S/m for the frequency ing performance. Effect of the conductivity is evaluated
range of 1600-2000Hz. Here we refer to the best matchfor the round-neck shirt by comparing the measured fre-
computed conductivity as the ‘effective conductivity.” For quency characteristics with that computed for uniform mate-
a lower frequency range, it seems to decrease from aboutials with a variety of conductivity by using FDTD method.
400 S/m to 200 S/m as the frequency increases. The dedit was found that the shirt has an effective conductivity of
crease of this effective conductivity in increasing frequency 100-400 S/m for 400 MHz to 2 GHz.
can be explained that the relative interval of the weaving The proposed scheme will enable us to predict the
pattern in terms of the radio wavelength increases with fre- shielding performance of a shirt with arbitrary design nu-
guency, and thus the transmission through the material in-merically by using FDTD method. We plan to apply the
creases. developed method to evaluate the performance of various

Next we compare the shielding performance for the types of shielding clothes such as Y shirts and jackets.
diffraction wave. Measured diffraction wave component
(dotted line with + symbol) agrees well with the computed A cknowledgment
result for high conductivityd = 10 x 10° S/m) case within
the error of about 5 dB. Considering the fact thata high value \ye \yould like to thank Gunze Inc. and Goldwin Inc. for
in this figure means a very weak received signal, difference iy he|p in developing the measurement scheme as well as
of the_ computational and experimental setups may explau_nf,:Jr providing the material.
the disagreements. They seem to be due partly to the dif-
ference in the actual and computed shape of the shirt, €Sy o ences
pecially to the rectangular opening of the neck shape in the
computation while the aC,tual neck has an eIIiptigaI opening, [1] IEC 60601-1-2, Medical electrical equipment Part 1: General
and partly to the separation procedure of the direct and the requirements for safety 2. Collateral Standard: Electromagnetic

diffracted waves from the measured data. Further improve- compatibility—Requirements and tests, p.17, 1993.

ments of computational method as well as the data process- [2] Evaluating Compliance with FCC Guidelines for Human Exposure

ing will be required for better agreement. to Radio freguency El_ectromagnetig Fields. Additional Inf_ormatipn
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. . . . L FCC Limits for Human Exposure to Radio frequency Emissions,
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design a variety of shirt with desired performance and shape [3] S. Kurokawa and T. Sato, “A compact time-domain eval-

based on numerical evaluations by using FDTD method. uation scheme for electromagnetic shielding clothes,” KJJC-

AP/EMC/EMT 2001, pp.86—89, Sept. 2001.
[4] Goldwin Corporation, “Electromagnetic Shielding Blousons for the
pilot,” http://1forl.co.jp/index.html (in Japanese).
[5] Japan Chemical Fibers Association, “The guideline of the eval-
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from single experiment. This method enables separation of [7] s. Kurokawa and T. Sato, “Experimental study of estimating free

multiple components such as the direct transmission wave space radiated emission by using FDTD analysis and time domain

and diffracted waves, as well as reflections from the floor measurement,” IEICE Technical Report, EMCJ2000-24, 2000.

and the ceiling. The direct advantage is that measurements [8] S:Kurokawaand T. Sato, *Experimental study of estimating indoor

can be made in an ordinary laboratory without the function propagation by using small dipole antennas,” Technical Report of

: ) X IEEJ, EMT-00-74, 2000.
of an electromagnetic anechoic chamber and separation of [9] K.lto, S. Kurokawa, and K. Ueno, “Interstitial applicators using thin

5. Conclusion

the direct transmission wave and diffracted waves by using cable for hyperthermia,” IEICE Technical Report, AP88-75, 1988.

pulse compression technique. The performance of the sepa-[10] Kansai Electronic Industry Development Center, “Introduction of
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