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1 Introduction

Frequency selective surface (FSS), which is two-dimensional periodic structure, has widespread
applications over much of electromagnetic spectrum because of itsfiltering property. In the
microwave region, a FSS can make an reflector antennas more efficient, and in radome design, it
provides bandpass transmission characteristic at the operator frequency of the antenna[1]. In the
far-infrared region, a FSSis used as polarizers and beam splitter [2], and in infrared sensor, a
FSS absorbs the desired frequencies in the substrate material backing the screen [2]. Recently,
FSS redlize the multiband artificial magnetic conducting (AMC) surface, known as metamaterial,
improve antenna performances and reduce surface wave within the substrate[3]. The split ring
resonators (SRR) proposed by Pendry et al. [4] were shown to exhibit strong magnetic response
to theincident field. In the long wavelength limit, the effective permeability of the SRR structure
can be negative. Therefore, SRR serve as the key element for aleft handed composite medium
where the permeability and permittivity are simultaneously negative.

Equivalent circuit model, mutual impedance approach and modal (integral) method are three
major methods to analyze FSS. Here we use integral method and solve it by moment method.
Simpleisthe benefit of equivalent circuit, but this method cannot handle arbitrary element shape
and dielectric loading effects, and it is only accurate up to the resonant frequency of the screen.
However, Ohira[5] purpose some equivalent circuit model to govern arbitrary shape FSS.

Patch and aperture type of FSS, element shape, size, lattice constant, dielectric, grating lobes

and Wood's anomalies effect the transmission and reflection profiles of FSS.
—ry
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J FIGURE 2.1 Multi-layered FSS




2 Formulation

The analysis of multi-layered FSS which is shown as Fig. 2.1 is that the monochromic incident
wave propagates through dielectrics without conducting screen will produce the transmitted field
and the reflected wave denoted by E™ . Moreover, theinduced current J which comes from
that incident field propagates the conducting screen produces scattered field E®.

Electric field integral equation (EFIE) can be obtained from Maxwell’s equation and applying
boundary condition that the transverse electric field E, of conducting screen with finite
conductivity is. We employ Floquet’s theorem to discretize EFIE because of periodicity of FSS.

Thus the operator equation is shown as

o & G” j j(amX+ B,y ‘]ix
E} ZZZ{ J{Jjje](m ﬁn)_P‘Lj

and we apply spectral domain immitance approach [6] to obtain the spectral dyadic Green's
function.
Using Galerkin approach of moment method with roof-top basis function, and applying fast

Fourier’stransform (FFT) for faster computation, we can get moment method equation

{E oTro(0,0)P (p+2,0)] _

E,ol,. (0,0)P*(p,q+%)J

P(pa) 0 | ]Gl
{ 0 *(p,q)} o {_é;x(

=0 el

Finally, we use conjugate gradient method to solve the amplitude of induced current.




3 Numerical Results

3.1 Patch and Aperture

At resonance, a patch-element freestanding FSS has total reflection, whereas an aperture-element
freestanding FSS has total transmission, that is, a patch-element FSS is a bandstop filter while an
aperture-element FSSis a bandpass filter.

If the conducting screen is perfect conductor, the thickness of the conducting screen is
infinitely thin without dielectrics, from Babinet’s principle, the reflection coefficient for patch
equals the transmission coefficient as shown in FIGURE 3-1.The element shape is square with
length equal to 4.06mm illuminated by the normally incident field polarized in y direction, the
lattice constant for x and y direction both equal to 10mm. A 32x32 gridisemployed to

discrete the unit cell.
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FIGURE 3-1 Top: periodic structure of patches. Bottom: periodic structure of apertures. The power of reflection
coefficient for patch is equal to the power of transmission coefficient for aperture.

Next, consider the rectangle shape, the resonant wavelength 4. of asingle flat strip dipole

without dielectricsof length L andwidth b ag7]

Equation Chapter 3 Section 14, = 2.1(1+ %) L (3.1

For adipolewith L=5mm and d=0.625mm, A should be 11.2mm.In our calculation
iInFIGURE 3-2, 4, is 11.6mm.

As mentioned above, applying Babinet’s principle, the resonant frequency of slot isequal to
the resonant frequency of dipole, but the resonant frequency exists only that E-field paralelsto

length of dipole arrays, while H-field parallels to length of slot arrays as shown in FIGURE 3-3.
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3.2 Didlectric Effect

3.2.1 Permittivity

For infinite extent dielectric, the resonant frequency f, of freestanding FSS will shift to lower

frequency with the factor /<., , where isthe effective relative permittivity. The &, isgiven by

5



Munk [8]

& ,casel 32
7 (5, +1)/2 case (5.2

where case oneis that one dielectric on one side of the FSS, and the other caseis that two

dielectric with equal thickness and relative permittivity on both side of the FSS asiillustrated in

FIGURE 3-4. Eq.(3.2) isduetothat ¢, isthe average of upper relative dielectric constant and

lower relative dielectric constant.

FIGURE 3-4 Left:casel Right: case?
FIGURE 3-5 illustrate that the resonant frequency will red shift if the relative dielectric constant

increases.
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FIGURE 3-5 For infinite thickness dielectric, the resonant frequency shift to low frequency with increasing
relative dielectric constant. This results is consistent with those obtained by Mittrain 1988[2].



3.2.2 Thickness

In previous section, the resonant frequency was f, / @ if the thickness of dielectric assumed

infinitely extent. In this section we show that the resonant frequency was decreased with the
increase in the thickness of the dielectric layer surrounding FSS as shown in FIGURE 3-6. But

actually if the thickness of dielectric increase up t00.054, [8], where 4. denotes the resonant

wavelength of freestanding FSS, the resonant frequency have no significant decrease, and its

valueis approximately equal to f, /\/a :
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FIGURE 3-6 Asthe thickness of dielectric increases, the resonant frequency will decrease.
3.3 Lattice Constant (Periodic Spacing)

L attice constant affects the bandwidth of an FSS. In general, the increase of |attice constant will

decrease the bandwidth. However, Munk[8] shows some exception.
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3.4 Wood’'sAnomalies

Wood's anomalies are that rapid variations in intensity in narrow spectrum as shown in FIGURE
3-8.They were first observed by Wood in the diffraction spectrum of optical gratingsin 1902 and
were termed anomalies since the effects could not be explained by ordinary grating theory [9].

L uebbers [10] has shown that Wood's anomalies are associated with a surface wave propagating

the surface of FSS.

B L P SR B

FIGURE 3-8 A Spectrum exhibiting Wood's anomalies[9]

For aperture-element FSS, Wood's anomalies denote the transmission null and usually occur
near to or higher than the resonant frequency of periodic structure asillustrated in FIGURE 3-9.
For circular aperture of rectangle grid arrays illuminated by normally incident field, the

wavelength of Wood's anomalies A, can be obtained by [11]
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FIGURE 3-9 shows that first frequency of
transmission null is29.98 (GHz) and second
frequency of transmission null is42,4 (GHz) and
comparesto TABLE 3.1, first null is due to mode
(m,n)=(,0) or (0,1, and second null is dueto

mode (m,n)=(L1)

TABLE 3.1 showsthat 4, for(m,n) fromOto3.

m Ay (cm) | f, (GH2)
1 1 30
2 0.5 60
3 0.333 90
1 0.707| 42.426
2 0.447 67.082
3 0.316| 94.868
2 0353 84.853
3 0.277| 108.167|
3 0.2357) 127.280




3.5 Multi-Layered FSS

Single FSS without any dielectric have some disadvantages such that the resonant frequency and
bandwidth depends on the incident angle and polarization. Thus, we design multi-layered FSS
with dielectric loading to get a constant bandwidth and stable resonant frequency for angle of
incidence and polarization. FIGURE 3-10 show Yee surface [12]which is three-layered
frequency with patch-aperture-patch configuration. Yee surface have the stable bandpass
characteristics for large scan angle. However, the bandwidth decreases with incident angle &

for TE polarization while the bandwidth increases with incident angle ¢ for TM polarization.
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FIGURE 3-10 The FSS pattern is cross with patch-aperture-patch configuration, and the resonant frequency is

5.5 (GHZz) for varying angle and different polarization.
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FIGURE 3-11 The FSS pattern is cross with patch-aperture-patch configuration

3.6 Resonances of Split Ring Elements

Recently, the split ring resonators (SRR) proposed by Pendry et al. [4] were shown to exhibit
strong magnetic response to the incident field. In the long wavelength limit, the effective
permeability of the SRR structure can be negative. Therefore, SRR serve as the key element for a
left handed composite medium where the permeability and permittivity are ssmultaneously
negative [13]. The mechanism responsible for the negative permeability of the SRR isthe
circulating current induced in the structure. Asthe current circulates in a manner such that the
resultant magnetic field opposes against the incident one, the magnetization (magnetic
polarization) becomes negative. Thisis attained when the frequency of the incident wave goes
above the resonant frequency of the SRR structure, for the magnetic response beginsto lag
behind the incident field [14]. In view of this, FSS can also exhibit magnetic resonance in
addition to electric one if the conducting currents circulate around the patch or aperture elements.
In this section, we investigate the el ectric and magnetic resonances of FSS with the SRR

elements. It is shown that two types of resonances occur for the SRR patch elements; oneis

12



attributed to electric resonance and the other to magnetic resonance. Basically, the electric
resonance can be attained as long as the incident electric field has a component paralel to the
FSS plane, whereas the magnetic resonance can be achieved if the incident magnetic field has a
component normal to the FSS plane, or the incident electric field has a component parallel to the
ring edge with gap. In the latter case, the electric field can couple to the magnetic resonance
through the ring gap. However, both resonances can produce gaps in the transmission spectra,
around which the induced currents are enhanced to maximum values and the incident waves are
hindered or even blocked.

For the electric type of resonance, the induced currents on the SRR elements oscillate in phase,
giving rise to a strong reflection. Across the resonant frequency, the induced current switches its
orientation. Due to symmetry of the current pattern, the net effect of magnetic responseis
negligible. For the magnetic type of resonance, the induced current circulates around the SRR
element. In addition to enhancement of the induced current near the resonance, its circulating
direction isreversed across the resonant frequency. A redshift of the resonant frequency with
increasing the ring size, and a blueshift with increasing the gap size are observed. Thisis
consistent with the characteristic of the equivalent LC circuit for the SRR element. In order to
further evaluate the two types of resonances for FSS, the electric and magnetic dipole moments
per unit cell are calculated. It is shown that the electric dipole moment attains the maximum
value at the electric resonance, and the magnetic dipole moment changes signs across the
magnetic resonant frequency. With the help of the expressions for the electric and magnetic
dipole moments, coherent nature of the induced current for the electric resonance and circulating
nature for the magnetic resonance are also reveal ed.

FIGURE 3-12 shows the schematic diagram of the SRR element for the FSS structure. In this
study, we choose lattice constant a = 24 mm, | = 15 mm, w=4:5mm, and d = 3 mm.

Denoting the surface current vector by J., the electric and magnetic dipole moments are

given as[15, 16]
p =,i.[JSda (3.4)
jw
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m:EIrstda (3.5)

| a |

FIGURE 3-12 Schematic diagram of the SRR conducting element for the FSS structure.

3.6.1 Electric Resonance

The electric resonance of FSS can be attained as long as the incident electric field has a
component along the FSS plane so that the induced currents on the conducting elements can
couple and resonate with the incident wave. FIGURE 3-13 shows the transmitted power for TE
incidence (the incident electric field lying completely in the FSS plane) with the incident electric
field polarized normal to the ring edge with gap. For normal incidence (8 = 0°), the transmission
dip appears at f = 10.7 GHz due to the el ectric resonance. Roughly speaking, the electric
resonance occurs when the wavelength is approximately twice the element length (4 =21 ) [8]

so that the resonant mode can reside on the structure. Accordingly, larger elements correspond to
lower resonant frequencies, and smaller elements to higher resonant frequencies. For | = 15 mm,
the electric resonance occurs at about f = 10 GHz, which is consistent with our result. Near the
electric resonance, the induced current is enhanced to the maximum value, giving rise to a strong
reflection. As aresult, the corresponding transmission is reduced to minimum. FIGURE 3-14
shows the induced currents near the electric resonance for normal incidence at (a) f = 10.55 GHz
and (b) 10.8 GHz. The induced current is basically oriented parallel or antiparallel to the

polarization direction. Across the resonant frequency f = 10.7 GHz, the induced current switches

14



its orientation and the current strength is reduced away from the resonant frequency. Thisis

manifest on the magnitude of the electric dipole moment |p|, as shown in FIGURE 3-15. At the

resonant frequency, the electric dipole moment attains the maximum value. This comes from the

coherent oscillation of J_, as can be understood from Eq. (2). For oblique incidence (6>0"), the

resonant frequency may split into two ones, as seen in FIGURE 3-13. At larger incident angles,
the frequencies of the two resonant modes separate more distantly from each other. For 6=30",
the electric resonances occur at f = 8.1 and 12.3 GHz, whilefor 6=60", the electric resonances
occur at f = 6:6 and 11.85 GHz. The degeneracy lifting comes from a phase delay of the incident
wavefront between the edges of SRR element. The transmission dips of lower and higher
frequencies correspond to symmetric and antisymmetric induced current patterns, respectively.
For TE incidence with the incident electric field polarized parallel to the edge with gap, the
electric resonances occur at about the same frequencies. FIGURE 3-17 shows the transmitted
dipsatf=8:3and 12.5 GHz for #=30", andf=6:6 and 11.7 GHz for 6=60". In this
polarization, the transmission dips are sharper, and for larger oblique incidences the dip values
are much larger than those in the other polarization (cf. FIGURE 3-13). However, if the incident
electric field does not have components along the FSS plane, electric resonances may disappear.

1
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FIGURE 3-13 Transmitted power of the FSS with SRR elements for TE incidence with various incident angles.

The incident electric field is polarized normal to the edge with gap.
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FIGURE 3-14 surface currents of the FSS with SRR elements for normal incidence near the electric resonant
frequency 10.7 GHz: upper figure at 10.55 GHz, and lower figure at 10.8 GHz. Theincident electric field is
polarized normal to the edge with gap.
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FIGURE 3-15 Electric dipole moment (blue line) and the transmitted power (black line) of the FSS with SRR

elements for normal incidence. The dashed line denotes where the electric resonance occurs.
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FIGURE 3-18 shows the transmitted power for TM incidence (the incident magnetic field lies
completely in the FSS plane). For higher oblique incident angles, the electric field becomes
normal to the FSS plane, and the electric resonance gradually disappears. For =89 (the green
line), the transmitted power is amost 1 except near the resonant frequency, where avery sharp

transmission dip occur. In the limiting case of =90 (the dashed line), the transmitted power

becomes unity.
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FIGURE 3-17 Transmitted power of the FSS with SRR elements for TE incidence with various incident angles.
Theincident electric field is polarized parallel to the edge with gap.
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FIGURE 3-18 Transmitted power of the FSS with SRR elements for TM incidence with various incident angles.
Theincident magnetic field is polarized paralél to the edge with gap.

3.6.2 Magnetic Resonance

On the other hand, the magnetic resonance of FSS can be achieved only when the induced
current circulates around the SRR element. In this case, the ring acts like an inductor and the gap
like a capacitor. Therefore, the SRR element behaves as an LC resonator [4] provided that the
current flows through the ring and gap in series connection. Thisis met by either of the two
conditions: the incident magnetic field has a component normal to the FSS plane, or the incident
electric field has a component across the gap [14, 17]. In either case, the displacement current in
the gap can bridge the conducting current in the ring, and a circulating current is effectively
formed. Asin the case of electric resonance, transmission dips also occur near the magnetic
resonance. In FIGURE 3-13, the incident electric field is polarized normal to the ring edge with
gap. Therefore, the electric field does not couple to the magnetic resonance through the gap, and
for normal incidence no magnetic resonances occur. While for oblique incidence, the magnetic
field has a component normal to the FSS plane. The magnetic resonance gradually appears and

the corresponding transmission goes down to minimum. This becomes more obvious for larger
18



incident angle 6. Note that magnetic resonances for different incident angles occur at the same
frequency f = 4.35 GHz, around which the induced currents are enhanced and the incident waves
are hindered to different degrees. Although the transmission dip feature is similar
to the electric one, the mechanism of magnetic resonance is quite different. FIGURE 3-19 shows
the induced currents near the magnetic resonance for variousincident angles. As € increases,
the induced current on the lower edge changes its direction, and that on the left edge becomes
stronger. As aresult, acirculating current begins to take shape on the SRR element and the
magnetic resonance gradually appears.
If theincident electric field is polarized paralldl to the edge with gap, as shown in FIGURE 3-17,
the magnetic resonance occurs for normal as well as oblique incidence. Thisis due to electric
coupling to the magnetic resonance through the electric field across the ring gap. In this case, the
incident waves are blocked at the resonant frequency with nearly null transmitted power. The
magnetic resonance also accompanies with the sign change of the magnetic dipole moment given
in Eq. (3.5). FIGURE 3-21 shows the magnetic dipole moment (3) for normal incidence. Across
the resonant frequency, the real part of the magnetic dipole moment goes from positive to
negative value, where the imaginary part reaches the minimum. In the meanwhile, the circulating
current turns from counterclockwise to clockwise direction, as shown in FIGURE 3-22. In this
regard, the effective magnetic permeability of the FSS structure can be negative if the magnetic
resonance is strong enough. The magnetic resonant frequency f, isbasically determined by the
effective inductance L and capacitance C of the equivalent LC circuit for the SRR element,
thatis, f,=1=1/LC. Figure ?? shows the transmitted power for various ring sizes. A redshift of
f, with increasing thering sizel is observed. Thisis because the inductance L of the SRR is
proportional to the area enclosed by the ring, and therefore alarger | corresponds to alower f,.
For the same reason, a similar frequency shift can be found for a smaller ring width w (with the
samering sizel), as shown in Fig. ??. In addition, the effect of the gap size on the transmitted

power isshown in Fig. ?2. A blueshift of f; with increasing the gap width d is observed, for C

isinversely proportional to d, and larger d corresponds to higher f;.
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FIGURE 3-19 Induced currents of the FSS with SRR elements for TE incidence with the incident electric field
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FIGURE 3-20 Magnetic dipole moment of the FSS with SRR elements for normal incidence.
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FIGURE 3-21 Magnetic dipole moment of the FSSwith SRR elementsat 6 =30°.

FIGURE 3-22 surface currents of the FSS with SRR elements for normal incidence near the magnetic resonant
frequency 4.35 GHz: upper figure at 4.3 GHz, and lower figure at 4.4 GHz. The incident electric field is polarized
parald to the edge with gap.

3.6.3 Multi-Layered SRR

For multilayered FSS, The effect of the number of layers on the transmitted power is shown in
FIGURE 3-23 for normal incidence with the incident electric field polarized normal to the edge
with gap. Asthe number of layers increases, the transmission dip splits and gradually expands.
For five layers of FSS, awide stop band with nearly null transmission is formed between 8.2 and
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12.3 GHz. However, no stop band is observed if the incident electric field is polarized parallel to
the edge with gap as shown in FIGURE 3-24. In this case, the electric resonances for different
numbers of layers occur around 10.7 GHz. Meanwhile, the magnetic resonances appear exactly

at 4.3 GHz.
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FIGURE 3-23 Transmitted power of the multilayered FSS with SRR elements for normal incidence with
different numbers of layers. The incident electric field is polarized normal to the edge with gap.

1
0.8 -
0.6
04 |-
—— 1 Layer
—— 2 layers
02 ——— 3layers
—— 4 Layers
——— b5 Layers
1 1 1 1 1
12 1

10

Transmitted Power

6 8 4
Frequency (GHz)

FIGURE 3-24 Transmitted power of the multilayered FSS with SRR elements for normal incidence with
different numbers of layers. The incident electric field is polarized paralldl to the edge with gap.
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4 Concluding Remarks

Many design parameters of FSS, such as patch and aperture, thickness and permittivity of
dielectrics, periodic spacing, and Wood's anomalies have been demonstrated how these
parameters affect the reflection and transmission coefficient. Patch-type FSS exhibits bandstop
behavior while aperture-type FSS exhibits bandpass property. For the FSS embedded in infinitely

extent dielectric (typically 0.051), the resonant frequency will shift to lower frequency with

factor is /e, . For the thickness of dielectric between 0 and 0.054, the resonant frequency

will be somewhere between f, and f, / Jé« - The bandwidth decreases while |attice constant

increases. We also presented Wood's anomalies which denote the transmission null here. Findly,
we showed a multi-layered FSS called Yee-surface, which its resonant frequency does not be
affected by polarization and incident angle.

metamaterials which exhibit novel electromagnetic properties not found in nature can be
realized by FSS such as SRR. The SRR structure can be thought as L C resonant oscillator in
circuit theory. We have shown the SRR pattern with different polarizations and incident angles.
In transmitted power spectrum of SRR have two significant dips of SRR dueto electric
resonance and effective magnetic resonance though without magnetic material. We also h
showed that electric and magnetic dipole moments of FRR at resonance frequencies have
remarkable changes. The current density of SRR aso changed its direction. Finally, we showed

that multilayered SRRs that can increase the bandwidth at resonance peak.
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