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ABSTRACT

Because of the filtering property suggested, two-dimensional periodic screens which were
named the frequency selective surfaces (FSS) have attracted a great deal of attention for many
years and have been found various applications, such as band-pass radomes, reflectors of antenna
system, polarizers and so on. The frequency response of FSS highly depends on the
configurations and spacing of the elements as well as on the thickness and permittivity of
dielectric layers that may be part of the screens.

When an incident field propagates through FSS, surface currents will be induced on the
conducting screens and then, in turn, radiate a scattered field. In this thesis, we employ the
spectral Galerkin method to analyze the scattering phenomena of the FSS. In the spectral domain,
Floquet’s theorem allows the induced surface currents to be expressed in terms of a Fourier series
and reduces the computation domain from an infinite array into a single cell. For the FSS with
multilayered structures, we also employ the spectral immitance approach to derive the spectral
dyadic Green’s functions which relate the induced surface currents to the scattered field.

Moreover, to be more feasible for analyzing FSS with complex configurations, the subdomain
basis functions are adopted to expand the induced currents. Although that will increase the
number of unknowns, the computation speed can be improved by using a fast Fourier transform
based iterative approach (the conjugate gradient method, FFTCG). After the distribution of the
induced surface currents is determined, the spectral scattered fields can be found. Finally, we can
express the reflection and transmission coefficients at different Floquet modes in terms of the
spectral scattered fields at the top and bottom surfaces of the FSS.

Results for the free-standing and the single-layered-dielectric FSS with various geometries
are presented, and are compared with existing results to check the correctness of our
programming. In addition, some parameters, such as the configurations of the conducting screens,
the thickness and the permittivity of the dielectric layers, which describe the structure of the FSS

are varied to investigate the resultant effects on the frequency response.
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1 Introduction

Two-dimensional planar periodic structures with frequency filtering property are named
“frequency selective surfaces” (FSS). Generally, the structures of FSS consist of conducting patch
elements or aperture elements within a metallic screen periodically arranged in the space as
shown in Fig. 1-1(Wu, 1995), and are printed on a substrate or sandwiched between dielectrics.
For a lossless structure, there exists a single frequency at which an FSS allows the incident fields
either totally transmitting or totally reflecting; in the neighborhood of that frequency, a pass-band
or a stop-band will form. This frequency as well as the band depends upon some parameters: the
configurations of the patch or aperture elements, element spacing, thickness and permittivity of
any dielectric layers, and the polarization of the incident fields (Cwik and Mittra, 1987). On one
hand, these parameters provide the degrees of design freedom to meet our needs, and, on the

other hand, increase the complexity of the physical phenomena to be observed.
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FIGURE 1-1 Frequency selective surfaces with periodically arranged (a) conducting patch elements and (b) aperture

elements within a metallic screen (the shaded regions typify the portions of metal).

The application of the FSS ranges over much of the electromagnetic spectrum. In the
microwave region, the FSS are used as band-pass radomes (Lee, 1971) and as subreflectors of the
dual frequency reflector antenna systems (Mittra, Chan and Cwik, 1988). In the far-infrared and
submillimeter wave region, the FSS are used as polarizers, beam splitters, and cavity couplers for
improving the pumping efficiency in molecular lasers (Ulrich, 1967; Durschlag and DeTemple,
1981). In the near-infrared spectrum, they are used as solar selective surfaces to aid in the
collection of solar energy (Horwitz, 1974).Recently, the FSS are proposed to be 2-D artificial
electromagnetic band-gap (EBG) or photonic band-gap (PBG) structures, to realize the
conceptually perfect magnetic conductors (PMC) on which the transverse components of the
magnetic fields vanish. (Monorchio, Manara and Lanuzza, 2002 and 2003; Junho, Mittra and
Chakravarty, 2002).

In this thesis, we use the spectral domain method of moments to analysis the FSS, especially
on the spectral domain Galerkin method in which the testing functions are chosen to be the same
with the basis functions.equations as well as the method of moments (MoM) for solving integral

equations.



2 Theory

2.1 Problems

When an incident wave propagates through the FSS, it will induce some surface currents on
the conducting screens which will, in turn, radiate the scattered field. Then the total (resultant)
field in the free space is the sum of the incident field and the scattered field (Fig. 2-1).
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2.2 Assumptions
Several assumptions are declared here:
1. The FSS is infinitely extended so that the diffraction from the edges of the surface in a
practical situation can be ignored.
2. The incident radiation is a monochromatic plane wave (other sources can be treated as a
superposition of plane waves).
3. The conducting screen is infinitesimally thin.
When an incident wave propagates through the FSS, it will induce some surface currents on
the conducting screens which will, in turn, radiate the scattered field. Then the total (resultant)
field in the free space is the sum of the incident field and the scattered field (Fig. 2-1).
2.3 Scattered Field for single FSS

From Maxwell’s equations

VXE' =—jouH’
VxH’ = jogE* +J

VeE' =p/¢,

VeH' =0
Then the governing equation is

VA+KIA=-J

where A is vector potential.



We can express E’in terms of A as

E' =—jouA+ V(VeA)

Jwg,
The solution of s
A=G*J= IG(r,r')J(r')dr'
where
bl

G(r,r ):m

Since the periodicity of FSS, we apply Floquet’s theorem for induced surface current. Thus

the scarttered field can be written as

E’: (x’y) anza _amﬂn ~ jX(am’ﬂn) ja,x _jB.y
{Ej(x,y)} szz{ ~a,f, ké—ﬂf} olan.f "){Jy(am,ﬂn)e ’

When the conductivity of the patch is finite, the boundary condition must be modified to the

impedance boundary condition (Mittra et al., 1988, Eq. 10):

inc + vs = RS
E] E; J,

In practical applications of interest, the FSS may be printed on a substrate, embedded
between dielectric layers together with a supporting dielectric substrate and/or superstrate.
The FSS may even be structured as multiple screens for additional degrees of design freedom.
Thus, for a multilayered FSS with M conducting screens (Fig. 2-4), the induced currents on

each of the conducting surfaces are related to the scattered fields or the incident fields by
Elm f i z G’f G)lc]y .{X ej(a”’H'H”y) R Jix
Eln( = ri— }l}]x Gl] J s le

Where i = 1, 2... M. The subscript i corresponds to the ith conducting surface, and the
left-hand side corresponds to the sum of the scattered fields due to the current on each of the

Jj surfaces
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FIGURE 2-2 Multilayered FSS (ref. from Chan, 1995, pp. 49).
The spectral dyadic Green’s function is calculated in the presence of the dielectric layers by
using the spectral domain immitance approach which was presented by Itoh (1980).
2.4 Numerical Method: Method of Moment
The procedure to analyze the scattering problems of the frequency selective surfaces is: first,



determine the distributions of the induced currents by means of the spectral domain Galerkin
method; second, calculate the scattered fields at the top and the bottom surfaces of the whole
structure of the FSS; finally, expressing the reflection and transmission coefficients at
different Floquet modes in terms of the total reflected and transmitted fields in the spectral
domain.
The unknown surface current J can be express by basis functions which is roof-top
functions (Figure 2-3) as

Einc — L J
where L is the operator relating E™ andJ .
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FIGURE 2-3 x-directed and y-directed roof-top basis functions
Applying Galerkin method choosing the test functions same with basis functions and using
fast Fourier transform for time consuming. Finally, we use the conjugate gradient method to

solve the amplitudes of surface currents.

3 Numerical Results and Discussion

We present several results from calculations. Some typical cases, such as square patch,
Jerusalem cross and slot aperture, are presented and compared with the existing results for
verifying the correctness of the computations. Then, some modifications for the configurations
and the permittivity of the dielectric are made to change the characteristics of frequency response.

3.1 Square Plates

Consider a periodic array of lossless square plates (Rubin and Bertoni, 1983). The size of

square plates is shown in Figure 3-1. It is illuminated by a normally incident field. The

electric field is polarized in the x direction and has a magnitude of 120nV/cm. We divide the
unit cell into 16 x 16 grids. The distributions of the induced surface currents are plotted in

Figure 3-2.




FIGURE 3-1 Periodic array of square plates.
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FIGURE 3-2 Distributions of the induced surface currents for the periodic array of square plates in x and y
directions, respectively.
3.2 Thin Patches
Consider the thin conducting patch array described in Chen 1970. The size of each patch is
shown in Fiqure 3-3. The analyses there were divided into two parts. The first part is that the
incident angle was fixed to be normal to the conducting patches while the frequency changed.
The second part is that the frequency of the incident field was fixed with different incident
planes. We follow the procedures with a little modification and describe them in the

following two subsections.

b_i - _T_ b= 1.35(cm)
a»e ood, do= 1.52(cm)
_l_ dy = O.76(cm)

—> d.
FIGURE 3-3 Periodic array of thin conducting patches.

3.2.1 Normal Incidence with Different a

In the first part, the array is illuminated by the normally incident waves polarized in y
direction. The frequency ranges from 6GHz to 22GHz and the width of the patches is
changed to be twofold and fourfold to investigate the resultant effects on the frequency
response.In our calculation, we set the width a to be 0.1425cm, 0.2375c¢m and 0.5225cm,
respectively. We divide the unit cell into 16 x 16 grids and therefore there are 67, 121
and 283 unknowns in these three respective cases. The magnitude and phases of

reflection coefficients is shown in Figure 3-4.
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FIGURE 3-4 Periodic array of thin conducting patches.
The corresponding resonant frequencies where the total reflections occur are computed
to be at 13.1GHz, 14.1GHz and 18.1GHz. It shows the fact that increasing the width of
the patch will raise the resonant frequency. Moreover, the bandwidth also increases with
the patch width. When the total reflections occur, the phases are about 180°.
3.2.2 Varying Incidence Angle
In this part, we consider the thin patch with size of @ X b = 0.1425cm x 1.35cm. The
frequency of the incident wave is fixed to be 13.1GHz at which the resonance occurred
in the previous case. We vary the incident plane by setting ¢ = 0°, 30°, 45°, 60° and 90°,
respectively. And the angle of incidence 6 ranges from 0° to 90°. Both TE, and TM,
polarized incident waves are considered. The results of TEz and TMz are as shown in
Figure 3-5.
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FIGURE 3-5 TE. and TMz reflection coefficients of TEz and TM, incidence.

Consistent to those calculated from Chen 1970, when 6 = 0°, the incident wave is totally



reflected; when 6 = 90°, the wave is totally transmitted. When the plane of incidence is
the plane of ¢ = 0°, the TM, part of the reflected field for TE, incidence and the TE, part
of the reflected field for TM., incidence nearly vanish.
3.3 Slot Apertures
In this section, we consider the slot aperture FSS in several different situations (Mittra, Chan
and Cwik, 1988). Some parameters, such as the dielectric constant of the substrate, thickness
of the dielectric layer, and the way by which the configuration of the FSS is arranged, are

modified to investigate the resultant effects on the frequency response.
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FIGURE 5-6 Slot aperture FSS with dielectric backing (Mittra et al., 1988).
3.3.1 Varying Dielectric Constants
The comparisons of the reflection coefficients among different dielectric constants under
the illuminations of the incident waves propagating from different directions are
presented in Figure 3-7. We find that when the dielectric constant increases, the resonant
frequency becomes smaller. The pass-band is shifted toward left direction and, especially,
the nearly total reflection region at low frequency is significantly narrowed as the

dielectric constant increases.

Free standing (=r= 1)
— — — With dielectriczr = 2 A
L - With dielectricsr=4  , « 1\

o
©

L=
]

08

e
~

07

o
@

e f
=

06

05

04

=4
w

03

o
]

Magnitudes of Reflection Coefficients
(=]
(1]

o
T
Magnitudes of Reflection Coefficients

Vool
Free standing (ér= 1) o1
F — — — With dielectric sr=2 '
[ — —-— Withdelgetricer=4 = e
0 10 20 30 0
Frequency (GHz) Frequency (GHz)

FIGURE 3-7 Comparison of reflection coefficients for 6 = 0° and 6 = 80° with the dielectric constant varying.
3.3.2 Varying Thickness of Dielectrics
We find that as the dielectric layer is thickened, the resonant frequency shifts toward left

direction, and there are several higher resonances appearing as shown in Figure 3-8.
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3.3.3 Fanned-Out Slot Apertures
We rearrange the configuration of the original slot aperture array in a fanned-out fashion
(Figure 3-9).
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FIGURE 3-9 Slot apertures arranged in a fanned-out fashion.
From our computations, it is seen that the fanned-out arrangement narrows the pass-bands
and shifts the resonant frequency to left. The nearly total reflection regions at low
frequency are widened and the regions in which the structure turns to reach it first
resonance are significantly reduced. The comparisons between these two different

configurations are presented in Figure 3-10.
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FIGURE 3-10 Comparison of reflection coefficients (6=0°, 6=80°) for free-standing slot apertures of different

configurations.
3.4 Jerusalem Crosses
There the free-standing arrays of conducting Jerusalem cross (Tsao and Mittra, 1984) patches
with or without four additional cross dipoles are considered. Their geometries and sizes are

depicted in Figure 3-9. The incident wave is polarized in the y direction. In our computations,
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FIGURE 3-9 TE. and TMz reflection coefficients of TEz and TM, incidence.

From Figure 3-10 , we find that the resonant frequency is at 8 GHz.
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3.5 Finite Conductivity
Consider the FSS with finite conductivity, thus the energy have dissipation. The geometry of
the FSS and the reflection coefficients with different impedances are shown in Figure 3-10.
The first resonance frequency is7./A =0.92. The power of reflection, transmission and

dissipation coefficients at7. /A = 0.92 show in Figure 3-10.
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FIGURE 3-10 The FSS with finite conductivity
3.6 Multi-Screen FSS
Consider the patch-aperture-patch structure in Figure 3-11 (Chan, 1995). The transmitted



response is shown in Figure3-12. The results show that: 1.the response of TE and T™M
incidence have no significant difference. 2. the frequency of first resonance is between 10
and 11GHz, and the frequency of second resonance is between 14 and 16GHz. 3.low

transmission occurs about 17 GHz.
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FIGURE 3-11 The multi-screen FSS
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4 Concluding Remarks

In this thesis, we studied how to analyze the scattering problems of frequency selective
surfaces by using the spectral domain Galerkin medthod.

The exhaustive derivations have been given to establish the relations among the induced
surface currents, scattered fields, and reflection and transmission coefficients.

The roof-top basis functions have been employed to expand the induced surfaced currents and
could be utilized for arbitrarily complicated geometries. The fast Fourier transform algorithm and
the conjugate gradient method indeed improve the efficiency of our computations when the
number of unknowns was large. The spectral immitance approach was applied to find the spectral
dyadic Green’s functions for multilayered FSS.

We have analyzed several cases, such as square plates, thin conducting patches, Jerusalem
cross with and without four additional cross dipoles, and slot apertures backed by a layer of
dielectric.And in the case of the slot apertures, we change, in turn, the dielectric constants,
thickness of the dielectric layer and the configurations, and found that the effects of shifting the
resonant frequencies and narrowing the pass-bands were produced.

Because there are many factors, such as geometry and periodicity of the conducting screens,
thickness and permittivity of the dielectrics, can influence the frequency response of the

frequency selective surfaces, it provides us very high degrees of design freedom. However, it also



complicates the process of design since the effects of these factors usually couple to one the other.
So, to precisely understand the physical properties of the individual factor is a very urgent task to
us.

In addition, we expect that the scattering problems of FSS can be solved by being combined
with some optimization algorithm, for example, the genetic algorithm, in the future. Thus, as
inputting some particular demands, proper structures that meet the demands will be produced

after the optimization, and the time consumed in the process of trial can be reduced.
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