R S TR P E

TRERIETERIEPEMEIRLTEBE SR R

& e 0 93-2623-7-009-017

HEHPF 9301201 p293 =127 31p

PEAEILET] Y 12 P



~

B P EHs e 55 2 % T4
pap94&17 13p
PREEF IR TAET AR ER PR TR LT EME LI R
PRI IRE
34 %ee 1 93-2623-7-009-017
;gp:uj
s cattering characteristics of a ectromagnetic
< Scatt haracteristics of a 2-D Elect t
31 € [Crystal”, International conference on Electromagnetic
Applications and Compatibility, Taipei, Oct., 2004
F IR £
4| E#®
@i'ﬂ-
o & xm%%ﬁ;*%%ﬁﬁﬁah LEEELRLTERRL] LT 6
5o g agaane [T R LA LA AGL R T st
T 2 } =R »
"';;';g FlmiueA KR TEEEN L 2 B8
APV RIS RFD B RITL RREE RS
FTHENAFE | TRSHELEY S L -;E”ﬁ fisg 2. F IR (Bragg) & &0 F]p
2 BpFAR TR [H @/ﬁt Fotrakipit c PHRTRAIAF LT F TR L
$LA5  |[ALTEEERTD
T+ :JFTA‘ SR ?fb}g‘ir@
TR ZAEY
(dr@ 'L A~
BT E) &F
i B2 B
A& E A it "fg—g FELE Y o




i &

AELPRLRSHERT Y R TR AR EA L AR S
WA T B EA 47 o d 20 T4 R EIHCR L KA 12 B s 8 f At
R Aot R ARAAL S TR TSN B 1

W2 iR RF S EAPE2ETER

P itz TREES 1T 2~ T RE R E DI k2 &5 TR
P TR 2B R ER AL I RS 2 AR (T E) kB
Bty 2 RS2 00 323 R A Y 2 TREFRI 4 B2 (Floquet’s
solution) X BB > HFI* TREF P2 F R 2 REFH L GHAEHI /T
e A2 mEem - HEFL TR P?%“">\Fﬁ§l‘ﬁ;‘°ﬁ*?ﬁ“-
BF ST 1Y SRR 2 A AT R R 0 B RSN
W HE- R R SRR BRE ﬁh dUe B AN T E F H 4retaEtE %ﬁ” Fo
BESZ SR - B ERARE 3T E R FBA o

AET AW B W AT R RS R R I WL B
B2 B H EEY - RebB R o) - Py A SRR HFEEE 2 2
AEFERZ TG ARG C LT RYRTEL I I AR ZR S EARTRE
WEREZEHR S -



Abstract

In this report, we presented the scattering characteristics, including transmission and
reflection of an electromagnetic shielding structure.  The structures under
consideration contain multiple 1-D metallic periodic layers, each of which consisting
of metallic strip lines coated on a dielectric slab. If the number of 1-D periodic
layers is large enough, and the distance between any two adjacent layers keeps the
same. The structure can be regarded as a finite thickness 2-D metallic periodic
structure. For the numerical simulation, we employed the rigorous mode-matching
method incorporated with the Floquet solution (plane wave method) to carry out the
calculation of the scattering characteristics of 2-D metal periodic structures. In
addition, we have also performed experimental measurements to verify the theoretical
analysis. The excellent agreement between the measured and calculated data
confirms the theoretical formulation and numerical analysis. In a word, in this
research project, we utilized the stop-band along the direction of wave propagation in
a 2-D metal periodic structure to enhance the attenuation of incident waves and the

capability in electromagnetic shielding.

Index Terms — electromagnetic shielding, metal periodic structures,

two-dimensionally periodic structure, stop-band, metal strips array



Introduction

The 1-D periodic structure has been a subject of continuing interest in the literature.
The main effort in the past was on the scattering and guiding characteristics of a 1-D
dielectric periodic waveguide. For example, diffraction gratings and grating
couplers employed in optical community to serve as a component in optical integrated
circuit. For the grating made up of metallic material, the corrugated metal surface
taken as a waveguide wall was used to suppress the excitation of edge current in a
horn antenna. Besides, the metallic strips coated on a dielectric substrate was
utilized as a polarizer or shielding structure to suppress the incident wave having the

electric field along the length direction of the metal strips.

Recently, some researches used 2-D dielectric periodic structures to fabricate artificial
crystals to mimic the physical characteristics of nature crystal in microwave region.
To mention a few, the waveguide, containing 2-D dielectric periodic structures as its
side walls, was invented. The micro-cavity, made up of a point defect in a 2-D
periodic structure, was implemented to confine the electromagnetic energy in a local
point. The basic theory is to employ the below-cutoff or the stop bands of the 2-D

periodic structure to inhibit the propagation of waves.

For the numerical analysis, the electric and magnetic fields in 1-D and 2-D dielectric
periodic structures can be calculated by using the plane wave method. Namely, the
variation on the dielectric constant can be expressed in terms of the 1-D or 2-D
Fourier series expansion, while the field solutions in the periodic and uniform layers
are the superposition of plane wave solutions. After resolving the electromagnetic
boundary-value problem, we could easily obtain the scattering characteristics of the
2-D periodic structure. However, for the metallic periodic structure, the dielectric
function is a singularity at the metal region (which is usually regarded as a perfect

electric conductor). The plane wave method fails in this condition.

In this research project, we employed a 2-D metallic periodic-structure as a shielding
material to inhibit the transmission of an incident plane wave. Such a 2-D metallic
periodic-structure consists of a stack of 1-D periodic layers, each of which includes a
metal strips arrays printed on a dielectric substrate. For the theoretical analysis, we
employed the rigorous mode-matching method incorporated Floquet solutions to carry
out the calculation of scattering characteristics, including the transmission and

reflection. Since the metal strip is regarded as a perfect electric conductor, the



periodic dielectric function was not valid. In this research, we directly find the
electric and magnetic fields distribution within the unit cell of a 1-D metallic periodic
layer. That is, the fields within the metal region are null, while those for the region
between two metal layers are considered as the superposition of parallel-plate
waveguide modes. Therefore, the structure can be considered as a periodic step
discontinuities problem in microwave engineering. The mode-matching method can

be successfully applied to solve the electromagnetic fields in the structure.

In addition to the numerical simulation, we also perform the experimental
measurements to verify the theoretical formulation and numerical computations, as
well. A test fixture, including two wideband horn antennas, a vector network
analyzer (HP 8722D) and an anechoic chamber, was implemented to measure the
transmittance spectra of the electromagnetic wave, penetrating through the 2-D
metallic periodic structure. The excellent agreement between the measured and
computed results confirms the theoretical approach and numerical simulation of this

research work.

This report is organized as follows. The next section will introduce the structure
configuration and specified parameters of the shielding structure. The ensuing
section will deal with the method of analysis, particularly in the transmission network
representation of the overall structure. The fourth section will demonstrate the
results obtained by both numerical analysis and experimental measurements. In the

final section, we will give some comments to conclude this report.

Statement of the problem

A 2-D Periodic structure, shown in the Fig.1, can be regarded as finite stack of 1-D
metal strips array. As the rectangular coordinate system attached, the infinite metal
strip array extends infinitely in z-direction. Each of the metal strips has width w,,
and thickness #,,; the separation distance between strips is w,. Thus, the periodic of
the metal strip array in x-direction is d, (w,*+w,). It is noted that the metal strip
considered in this report is assumed to be a perfect conductor. Returning to Fig.1, in
addition to the metal strips array, a uniform dielectric layer having relative dielectric
constant denoted by ¢, and thickness s, serves as a separator to separate the 1-D metal
strip arrays.  Furthermore, each of the 1-D metal strips array has a shift distance
in the lateral direction along x-axis. The lateral shift distance I determines the

lattice pattern of a 2-D Periodic structure; for instance, if the /; for each 1-D metal



strip array is set to be zero, a 2-D Periodic structure of rectangular lattice is obtained;
if the later shift distances between two adjacent layers are 0.5d,, it results in a
triangular lattice. As shown in this figure, a plane wave is obliquely incident into
this structure. The incident angle, 6, is defined as the angle between y-axis and the

propagation vector of the incident plane wave.

Method of analysis

For the theoretical analysis, we employed the rigorous mode-matching method and
generalized scattering matrix method to carry out the calculation for the scattering
fields including the transmission and reflection waves. To have a systematical
approach, the input-output relation for the 1-D metal strips array is resolved and
expressed in terms of the generalized scattering matrix. Thus, the scattering
characteristic of the 2-D periodic structure can be determined by cascading the
input-output relation of each 1-D periodic layers. Returning to the input-output
relation for the 1-D periodic layer, since the metal strips are considered as a perfect
electric conductor, the electric and magnetic fields only exist inside the air region
between two metal strips. Consequently, the fields can be expressed in terms of the

superposition of parallel-plate waveguide modes, which are given below:
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Where E,(H,) represent the tangential electric (magnetic) fields inside the
parallel-plate waveguide. The V.(y) and 7.(y) are the voltage and current
waves, which satisfy the transmission line equations along y direction, while &”(x)
is the eigen function of in the parallel-plate waveguide.

On the other hand, the fields in the uniform separator are contributed by the Floquet

solutions (or plane waves), which yield:
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Where E(H,) represent the tangential electric (magnetic) fields in the uniform region,

V. (y) and I, () are the voltage and current waves, which satisfy the transmission

line equations along y direction. The exponential term in (5) and (6) represent the
Floguet mode (or plane waves). By matching the tangential electric and magnetic
fields at the interface between 1-D metal strips array and uniform region, we obtain

the relationship for the electric and magnetic fields in respective regions, which is so



called the input-output relation. Due to the limited page of this report, we neglect
the detail mathematical derivation, however, they could be found in the literature.
We have developed a computer simulation program to calculate the scattering fields
for a 2-D Periodic structure illuminated by a uniform plane wave. In this program,

the numerical convergence has been carefully examined.
Experimental Measurement

In addition to the theoretical analysis, we have also setup an experiment to verify the
numerical analysis. As shown in Fig.2, this close-loop measurement system consists
of a VNA (vector network analyzer), microwave power amplifiers, coaxial cables,
board band double ridged horn antennas and anechoic chamber. In the theoretical
analysis, we assume the field and structure have no variation along the length
direction of the metal strips array. To meet this requirement, a microwave mask, by
carving out a rectangular aperture from the foam absorber, was put in front of the 2-D
Periodic structure to generate a uniform plane wave and to avoid the edge diffraction
form the ends of the metal strips. Besides, in theoretical analysis, the transmission
efficiency is defined as the radio of transmitted power to incident power at the input-
and output- interface of the Periodic structure. However, the measure data are taken
at the input and output ports of the VNA. To have a fair comparison, we should
calibrate the physical quantities to the two prescribed interfaces, that is, the antenna
factor of the double ridge horn, cable losses, power amplifier gain, and propagation

loss must be taken into account.

Experimental and numerical results

In our experiment, the metal strips are made up of copper foil having 0.6mm in
thickness. They were coated on the Polystyrene, which has the relative dielectric
constant close to unity. We have two different widths for the metal strip, which are
10mm and 15mm, respectively, while the period of the 1-D periodic structure retains
to be 20mm.  Since the thickness of the copper foil is greater than the skin depth in
the frequency range of operation, the assumption of perfect electric should be valid

for the numerical simulation.

Fig.3 shows the variation of transmittance against frequency of operation for both
theoretical and experimental results. The uniform plane wave is normally incident
with TE (E.) polarization. The width of the metal strip and the period are 15 mm

and 20 mm, respectively. The thickness of the separator is 24 mm. Besides, there



is no lateral shift distance for these two 1-D metal strips arrays. As shown in this
figure, the theoretical calculation depicts two transmission spikes around 6 GHz and
12.3 GHz, respectively. Although not shown the response below 4 GHz, since the
transmittance below 6 GHz is very small, the 6 GHz can be considered as the cutoff
frequency of this 2-D Periodic structure FSS. In addition, from the results shown in
this figure, it can be conjectured that there are two pass bands (two stop bands and
one below cutoff band) in the frequency of operation. The wave in the two pass
bands exhibits apparently transmitting, however, strongly reflecting in the stop band
and below-cutoff regions. This phenomenon can be obviously observed by the

measured response as illustrated in this figure.

In the next experiment, we retain the structure; however, change the polarization into
TM (E,) polarization. The results of theoretical and experimental studies are shown
in Fig.4. Compared with the previous figure, we found this structure seems to be
more transparent for the TM polarization; especially, no cutoff frequency is present.
In fact, such a 2-D periodic structure typically can be regarded as the stacks of 1-D
parallel-plate waveguide arrays (although the thickness is smaller compared with a
wavelength, this can still be regarded as a limiting case of a parallel-plate waveguide
array). Based on the basic electromagnetic theory, in a parallel-plate waveguide, the
TE polarization wave has cutoff frequency; on the contrary, TM polarization can
propagate down to DC. This can be evidently confirmed by comparing the

transmittance response in figure 3 and 4.

In next example, we increase the number of 1-D metal strips arrays up to 4 layers and
change each of the width of metal strip to 10 mm. As shown in Fig.5, it indicates
that in the vicinity of the band edges there are three ripples present. As a thumb of
rule, the number of ripples equals to N-1, where N is the number of metal strips arrays.
Besides, the increasing in the number of 1-D periodic layers, the stop-band behavior
will be significant accordingly; and what follows is the enhancement in the selectivity.

This will be a great benefit in the design of the spatial filter design.

In recent years, in optics community, many researchers found that defects in a
photonic crystal can drastically change its scattering characteristics. The defect is
resulted from a small perturbation on the structure: for instance, a fractional variation
on the periodicity or constituent medium. As we have known, the defect admits the

existence of localized state within a very narrow frequency band. Such a narrow

10



pass-band present within a stop-band shall result in a fairly good selectivity in the

incident plane wave.

As shown in Figure 6, it indicates that the distribution of transmittance against
frequency for a 2-D Periodic structure FSS having defect. We have carved one layer
of metal strips array out of the 2-D periodic structure, that is, the thickness of the
separator in the central region is changed to be 48 mm, different from the other ones
(24mm).  From this figure, we found that the location of stop band remains the same;
nevertheless, there is a small region of pass band within it. Although not shown in
this report, the transmission peak corresponds to the resonance frequency of the
channel waveguide (defect region). Besides, due to the few number of 1-D metal
strips array around the channel waveguide, there exists some losses in the
transmission peak; however, this can be compensated by increasing the number of

1-D periodic layers.
Conclusion

In this research, we have employed the 2-D Periodic structure to implement the
design of a electromagnetic shielding material. Due to the stop-band in such a 2-D
periodic structure, the strong attenuation will enhance the shielding effeteness of the
shielding material. To verify the concept of design, the theoretical analysis by using
rigorous mode-matching method and experimental measurement both were carried
out. The good agreement between those results proves the potential application of

2-D metallic periodic structure in electromagnetic shielding applications.
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