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Matrix formalism of electromagnetic wave propagation through multiple layers
in the near-field region: Application to the flat panel display
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We have developed an electromagnéEd/!) wave propagation theory through a single layer and multiple
layers in the near-field and far-field regions, and have constructed a matrix formalism in terms of the boundary
conditions of the EM waves. From the shielding efficieti®F) against EM radiation in the near-field region
calculated by using the matrix formalism, we propose that the effect of multiple layers yields enhanced
shielding capability compared to a single layer with the same total thickness in conducting layers as the
multiple layers. We compare the intensities of an EM wave propagating through glass coated with conducting
indium tin oxide(ITO) on one side and on both sides, applying it to the electromagnetic interfefentie
shielding filter in a flat panel display such as a plasma display g&uP. From the measured intensities of
EMI noise generated by a PDP loaded with ITO coated glass samples, the two-side coated glass shows a lower
intensity of EMI noise compared to the one-side coated glass. The result confirms the enhancement of the SE
due to the effect of multiple layers, as expected in the matrix formalism of EM wave propagation in the
near-field region. In the far-field region, the two-side coated glass with ITO in multiple layers has a higher SE
than the one-side coated glass with ITO, when the total thickness of ITO in both cases is the same.
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[. INTRODUCTION tion in the near-field region is required. Theoretically, mul-
tiple layers with lower transmittancé.e., better shielding
Electromagneti¢dEM) wave propagation through various capability than a single layer with the same thicknggs- 8|

media with dielectric, conducting, and magnetic characteriscan be used as a shielding filter against EM radiation for flat
tics is well established in classical electrodynanjitk EM  panel displays, such as a plasma display p&BP) radiat-
wave propagation is classified into two categories, the neatnd a high intensity of EM waves in the radio and microwave
field and far-field regions, according to the ratio of the dis-frequency ranges. _ _
tance(r) between the radiation source and the detector to the !N this report, we introduce a matrix formalism of EM
wave numberk) of the EM waves. The EM wave propaga- Wave propagation theory through a medium composed of
tion in the far-field regionKr>1) had been described using multiple layers in the near-field as well as in the far-field

plane waves for both the cases of a single layer and multipIEegion' We show the theoretical shielding efficiene

I : . . . equivalent to the transmittance obtained from our matrix for-
ayers in the radio, microwave, and optical frequency ranges

[1]. However, EM wave propagation in the near-field regionmalism, and study the relation between the experimental SE

. has b q d for th ; inale | and the EM wave intensity through the shielding filter. Fi-
(kr<1) has been understood for the case of a single layet ., e discuss the effect of multiple layers yielding a
only by means of the approximation of electric or magne"Chigher shielding capability.

dipole radiation, and is not well formulated for the case of
multiple layers[1-3].

EM wave propagation includes the reflection, absorption,
and transmission characteristics of medium. The transmis- The structure of the multiple layers considered is shown
sion characteristics are related to the shielding capabilityn Fig. 1. Assuming EM waves are normally incident on the
against EM-radiation in the radio and microwave frequencylayers, the source of the EM wave with frequeriéy located
ranges. With the rapidly increasing use of electronic prodat the positionx=0, andr denotes the distance from the
ucts, there has been increased interest in electromagnetic idource to the first layer. The incident medium before the first
terferencg EMI) problems. Unexpected EM radiation gener-layer and the transmitted medium after tNéh layer have
ated from electronic products causes a malfunction irconductivitiess; andor, electrical permittivitiess; ander,
instrument components and degradation in the performancad magnetic permeabilitieg, and w1, respectively. The
of devices[3-5]. As electronic products are used in closerjth layer with conductivityo;, electrical permittivity €;,
proximity, a complete understanding of EM wave propaga-magnetic permeabilityu;, and thicknessd; occupies the

rangex=D;_; to x=D;, whereD;=r+X|_,d, for j>0
and Do=r. E;j (kj) and Eg; (kg;) are the electric fields
* Author to whom correspondence should be addressed. FAX(wave vectorsof the incident and reflected EM waves»at
+82-2-927-3292. Electronic address: jjoo@korea.ac.kr =D;_,, respectively.E, (k;) andEg (kg) are the electric

Il. THEORY

1063-651X/2003/6(#)/04660%5)/$20.00 67 046605-1 ©2003 The American Physical Society



LEE et al. PHYSICAL REVIEW E 67, 046605 (2003

¥y ¥ °
Source B.=| k’D._ K’D;_ ,
(a)=27rf) ] ] j—1 J2 _ ] j—1 j72
» r . d | d, N dy Mj Mj
A b e o €y where y;=D;_,/D;. The complex wave vectds; follows
/y E | E E, E, |E the dispersion relatiok?= w?u;e;+iwu;o;. The real and
T ; . j @ M€ 9]
I {_; L L L L imaginary parts ok; are given by[1]
P kI kI kZ kN kT
Rek)=w\ujlell2V1+ (o) /we)?x1]Y2  (2)
N

Im(kj) = oVu|gl/2V1+ (ojlwe)?F11Y2 (3

£ 4L> =

Ep Ep,
Sl
Kgy K,

g

The upper and lower signs in Eq®) and(3) are applied for

FIG. 1. Schematic structure of multiple layers. The wave vectorjgosmve and negative; , respectively. From Eqd), the re-

_ 2 ; _ 2
of the EM wave are normal to the layers, and the electric an ectanceR—|ER/E|| and transmlttanc§—|ET/E|| of the

magnetic fields are parallel to the layers and orthogonal to eac field can be calculated.
other.
2. Magnetic field dominant case
fields (wave vectorsof the incident and reflected EM waves  In the case of magnetic dipole radiation, the electric field
atx= Dy, respectively, an&+ (ky) is the electric fieldwave  E and magnetic fieldd = (i/ wwr)E in the near-field region

vectop of the transmitted EM wave at=Dy. are proportional to 17 and 1f3, respectively, and the wave
impedance is given by o= —ikrZ, [1,3]. The relation
A. Near-field region between thek fields of the incident, reflected, and transmit-

, S . ted EM waves can be obtained as follows:
The near-field region is divided into the two subcatego-

ries, the electric field dominant and magnetic field dominant

-1
cases. When the source of the EM wave has a high voltage E, 1 1 N 1
and a low current, the electric field from the electric dipoles £ 1 1 H A]-Bj‘1 1 |Eg.
is dominant. When the source of the EM wave has a low R wDo Do =1 urDy

voltage and a high current, the magnetic field from the mag- (4)
netic dipoles is dominan,5]. We assume that electric and

magnetic dipoles located at the origin oscillate along zhe Here, the matrices; andB; are described by
axis with angular frequencw and that the multiple layers . .

are located in thgz plane as shown in Fig. 1. 1 1
1. Electric field dominant case Aj= 1 1
In the case of electric dipole radiation, the electric field #iDj-1 #iDj_1

and magnetic fieldd = (ik?r/ww)E in the near-field region
are proportional to t? and 12, respectively, and the wave and
impedance is given bg®= — (i/kr)Z,, [1,3]. The relation

between theE fields of the incident, reflected, and transmit- yjz yfz
ted EM waves is obtained as B = 1 1
i~ -3
Yi — Yi
1 11, 1 #iDj—1 miDj-1
Bl_| kb k?’Do| [I AB Y k3Dy|E i
Ep) | 220 _ D70 L AE TEN|ET- From Eq.(4), the reflectanc®=|Ex/E,|? and transmittance
“ “ A T=|E1/E,|? of theE field can be directly calculated.
(1)

. . B. Far-field region
Here, the matriced; andB; are described by I g

For the far-field region, the EM wave is described in
1 1 terms of a plane wave. The electric fiffdaind magnetic field
) 5 H=(k/uww)E are constant without regard tpand the wave
Aj=| kiDj-1 _kiDj-1 impedance is given b¥,=E/H=\u/e [1,3]. Applying the
M M boundary conditions for th& andH fields, the relation be-
tween thek fields of incident, reflected, and transmitted EM
and waves with respect to multiple layers is obtained as
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From Eq.(5), the reflectancdR=|Egr/E,|?>=|Hg/H,|? and T
transmittancd = |E+/E,|2=|H+/H,|? can be directly calcu- Frequency (MHz)
lated, and the SE against EM radiation is defined2a3,5] 160

[ (d) Two-side coated glass

N
s
o

Assuming that the media are nonmagnetic and the incident
and transmitted waves are in vacuum, the SE against EM
radiation through a single layer in the far-field region is de-
scribed ag3]

One-side coated glass

SE at 100 MHz (dB)
5 8 8 88

8]
o
T

1
SE=20log,, E[(lJr n)2exp —ikd)—(1

o

2 3 6 10
Distance from the source of EM radiation (mm)

—n)?exp(ikd)]|, (7)

FIG. 2. Structures ofa) one-side andb) two-side coated glass
wheren=ck/w is the complex index of refraction. Equation with conducting material. Relatively dark regions represent the con-
(7) obtained by a matrix formalism based on the boundaryducting layer, such as 1Q ITO glass ¢=7000 S/cm).(c) Com-
conditions is in accordance with previously reported resultdarison of theoretical SE in the near-field region between one-side

derived from the transmission line formalism based on nd two-side coated glasses) Theoretical SEs as a function of

component analysis of the contribution to the SE by refk_:‘C_distance from the EM radiation source for one-side and two-side

tion, absorption, and multiple reflectiofi@]. coated glasses at a particular frequenty 100 MHz).

Ill. RESULTS AND DISCUSSION source of the EM radiation and the conducting filterris

=3 mm in vacuum, and the thickness of the glass is 3 mm,
which is a typical situation for a PDP. Furthermore, the rela-
1. Simulation: Electric field dominant case tively high voltage required in a PDP suggests that the

In order to apply the matrix formalism, we selected g|assshielding filter against EM radiation can be treated in terms
samples coated on one side and on both sides with conduc €lectric dipole radiation in the near-field regiokr¢<1).
ing material, such as IT@indium tin oxide glass with a In Fig. 2(c), we compare the theoretical SE in the near-field
surface resistance of 1Q/0 (o=7000 S/cm,d=1500 A). region between the one-side coated glass and the two-side
The two-side coated glass was intended to increase the SE l§pated glass samples in the frequency range 30—300 MHz. In
means of the effect of multiple layers. The thickness of thespite of having the same thicknesses, the SE of the two-side
conducting layer on the one-side coated glass shown in Fig:oated glass is higher than that of the one-side coated glass
2(a) is 1500 A. In the two-side coated glass shown in Fig.in the near-field region. This demonstrates our intent to in-
2(b), the thickness of the first conducting layer is 750 A, andcrease the shielding capability by means of multiple layers as
the thickness of the second conducting layer is 750 A. It isshown in Figs. &) and 2d). We propose that the conducting
noted that the total thicknesses of the conducting layers withayers of the two-side coated glass contribute doubly to the
o=7000 S/cm are the same as 1500 A. For a PDP as SE predominantly due to the reflection of EM waves, and
practical example, the frequenéwavelength range of the that theE field of the EM wave intrinsically decreases by
noise is 30—300 MHZ1—-10 m). The distance between the ~1/r2 for the electric field dominant case in the near-field

A. Near-field region: Application to the flat panel display
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g
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s
-‘z, of dBuV as shown in Fig. 3. The solid curves in Fig. 3
£ 2 represent the upper limits of the EMI noise intensities for
) commercial use of the filter. For a commercial mesh used in
2 the PDP, the maximum and average intensities of EMI noise
2 were measured to be 29.1 at 52.1 MHz and~10
O ] 1 N 1 N 1 L 1

50 100 150 200 250 300 +3dBuV, respectively, as shown in Fig(&. For the one-
side coated glass with 10 ITO, a high intensity of EMI
noise was observed, and the maximum intensity was 43.4

FIG. 3. Comparison of the intensity of EMI noise generated bydB uV at 78.1 MHz, which yielded an unsatisfactory result
PDP loaded with(a) commercial mesh filter(b) one-side coated below 150 MHz, as shown in Fig.(B). For the two-side
glass with 10Q ITO, and(c) two-side coated glass with 1@ ITO coated glass with 10) ITO, the maximum and average in-
as a shielding filter. The solid curves are the thresholds of the EM{ensities of EMI noise were measured to be 27.7udBat
noise level for commercial use of PDPs. 39.5 MHz and~12+=4 dBuV, respectively, as shown in

. L ) ) o Fig. 3(c). The two-side coated glass with IDITO shows a
region, as shown in Fig.(8). This result provides motivation re|atively low intensity of EMI noise comparable to the com-
for developing a shielding filter composed of multiple layers percial mesh, while the one-side coated glass fails in EMI
in the near-field region. regulation at low frequencigss150 MH2). This supports the
idea that the shielding capability is enhanced by multiple
layers in the two-side coated glass, and demonstrates that the

For the measurements in the near-field region, the filteexperimental results are qualitatively in accordance with the
samples were loaded at the front side of the PDP, and EMilesults of the theoretical simulation for the electric field
noise generated by the PDP was measured in a shielded roatominant case in the near-field region.
using the KEC(Kansai Electronic Industry Development
Centej method. For the filter samples, the glass samples
coated with conducting ITO were prepared by sputtering.
The distance from the PDP to the antenna was 3 m, and the In order to compare the EMI SE of the one-side and two-
signal was detected by a Hewlett-Packard 8568B spectrurside coated glasses with ITO in the far-field region, we used
analyzer in the frequency range 30—300 MHz. The antenn&lO with 8 O/ (0=6900 S/cm,d=1800 A) and 120/
was rotated 90° for the parallel and perpendicular polariza¢o=6400 S/cm,d=1300 A). The Electro-Metrics 2107A
tions of the EM wave. In addition, the PDP was rotated 360%hielding effectiveness test fixture was used. As the signal
to measure the maximum intensity of EM radiation emittedgenerator and EM wave receiver, a Hewlett-Packard 8719ES
from the back side as well as from the front side of the PDPvector network analyzer was used. The reflected and trans-
The measured intensities of EMI noise generated by the PDmitted signals were received using a built$n(scattering
loaded with various shielding filter samples are compared irparameter set. The SE of filter samples in the far-field region
Fig. 3. Here, the typical measurement error of the EMI noisevas measured in the frequency range of 50 MHz-1.5 GHz
intensity was+0.5 dBuV at a single frequency. Since all the using the ASTM(American Society for Testing and Materi-
EM radiation from the PDP does not pass the shielding filterals) D4935-99 method at room temperatddd]. For mea-
loaded at the front side, it is difficult to enumerate the EMIsurements using the ASTM holder, the typical measurement
SE of the shielding filter from the EMI noise intensity data. error was*=0.5 dB at a single frequency. The experimental
For this reason, we presented the EMI noise intensity in unitSEs for the one-side and two-side coated glasses with ITO in

Frequency (MHz)

2. Experiment

B. Far-field region
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the far-field region are compared in Fig. 4. The SEs of the &nd far-field regions in terms of the boundary conditions of
Q) ITO/glass and the 12 ITO/glass samples are27 and the EM waves. From the theoretical SE in the near-field re-
~22 dB, respectively. These results on one-side coatedion, we propose that the transmittance of EM radiation is
glasses are in relatively good agreement with the theoreticalignificantly reduced by multiple layers. For the electric field
behavior in the far-field region. The SE of the(8 ITO/  dominant case in the near-field region, the electric field of
glass/8Q ITO sample is~50 dB, while that of the &)  the EM radiation rapidly decreaseS+{ 1/r%) as the distance
ITO/glass sample is 25-30 dB. The total thickness of thdrom the source of the EM wave to the boundary increases.
conducting layers in the two-side coated glass is larger thaRrom measurements of EMI noise generated by a PDP
in the one-side coated glass. The increase of SE by absorfaded with shielding filter samples, the two-side coated
tion due to thicker conducting layers is negligible, so that theglass with 1002 ITO shows a low intensity of the transmitted
higher SE of the two-side coated glasses is caused by tHeM wave comparable to that of the commercial mesh, which
effect of multiple layers. We also observe that the SE of thecan be applied to an EMI shielding filter for a flat panel
12 Q) ITO/glass/120) ITO sample is higher than that of the 8 display. From measurements of SE in the far-field region, the
Q ITO/glass sample, as shown in Fig. 4. Because of the podwo-side coated glass has a higher SE than the one-side
electrical conduction caused by insulating glasses in two-sideoated glass. The results support the enhancement of the
coated glasses, the experimental SE of the two-side coatesthielding capability with multiple layers, as proposed in the
glasses is higher than the theoretical SE. These results dheoretical simulation using the matrix formalism of EM
two-side coated glasses qualitatively agree with the theoretwave propagation theory.

ical behavior in the far-field region described in Sec. II B.
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