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Abstract

Two types of narrow-band Dielectric Frequency-Selective Surfaces (DFSSs) have been designed at microwave
frequencies. Firstly, a DFSS showing total reflection has been analyzed under guided-mode resonance conditions,
based on a single dielectric grating which is illuminated by a TM polarized two-dimensional plane wave at Brewster-
angle incidence, presenting extremely low-reflectance sidebands adjacent to the resonance peak. Secondly, a DFSS
exhibiting total transmission at normal TE incidence has been designed, by superimposing the resonance condition
of a dielectric grating on the classical high-reflectance response of a periodic (band-gap based) structure formed
by alternating homogeneous dielectric layers. Finally, the oblique incidence and polarization effects on the spectral
response of the designed DFSSs have been also studied. Additionally, dielectric ohmic losses and the problem of
the finite size of the periodic structures have been accounted for in both structures. The obtained results have been

successfully validated with the commercial software tool HFSS.

I. INTRODUCTION

Multilayered periodic structures can be designed to show total reflection or transmission under plane-wave
excitation in the microwave-frequency [1]- [5] and optical-frequency [6]- [10] ranges, thus acting as band-stop or
band-pass filters, respectively. In particular, narrow band reflection Dielectric Frequency-Selective Surfaces (DFSSs),
with symmetrical line-shape in a limited spectral region and based on single Dielectric Waveguide Gratings (DWGs)
at normal plane-wave incidence, have already been demonstrated at optical frequencies, and were achieved by
choosing the grating thickness to be near a multiple of halfwavelength (i.e., the resonance wavelength) in the

layer, showing relatively low-reflectance sidebands [6], [7]. Alternatively, high-efficiency DFSS with extremely
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low-reflectance sidebands for a broad spectral region have been proposed in the optical range, based on a single
DWG for a TM polarized plane wave (i.e., with its magnetic field parallel to the dielectric bars) at Brewster-angle
incidence (defined for the equivalent homogeneous dielectric layer with average relative dielectric permittivity) [11]-
[13]. On the other hand, a DWG embedded in a high/low multilayer dielectric structure can be used to obtain high-
efficiency transmission DFSS, given that the thicknesses and dielectric constants are chosen to yield high reflection
outside the passband (i.e., high-reflection (HR) design). The side-bands of the structure can be made arbitrarily low
and extended over a large frequency range by adding layers with dielectric constants and thicknesses obeying HR
conditions [4]. Such phenomena have been recently studied as a mimic of Induced Electromagnetic Transmittance
(IET). In [14], it has been experimentally observed photoinduced resonant transmission of light through a gold
film deposited on a photoinduced diffraction grating, grown in a glass substrate near the gold film surface by an
optical pump beam. Therefore, the use of all-dielectric gratings for these purposes looks promising. However, the
application of DFSSs in the microwave range has hardly been explored [4], [15].

In this work we are focused on the filtering applications of DFSSs at microwave frequencies, at which their
practical implementation with a finite number of grating periods has been already demonstrated [4], [16], making
them a feasible approach. Narrow band-stop filters (also known as notch filters) are commonly used in combination
with ultra-wideband (UWB) filters [17]- [19], since in this wide frequency range there are interferences with existing
narrow-band applications which need to be eliminated. In this paper, we propose the integration of narrow band-stop
DFSSs directly in the high end microwave communication system as an alternative way to effectively eliminate
the interfering signals. Although antennas with integrated filtering elements have already been considered by other
authors [20] — [23], the implementation of this all-dielectric wireless technology in satellite antenna systems, in high
gain ground based antennas or in ground based radomes can take advantage of lower losses of dielectric materials
at such frequencies. On the other hand, narrow band-pass DFSSs can be used to transmit narrow-band applications,
thus avoiding radiating interferences to other systems [24].

Specific designs of single-layer and multilayer narrow-band reflection and transmission DFSSs, using dielectric
constants corresponding to practical materials commonly employed at microwave frequencies, are given in Sections
II and III, respectively. In both cases, the oblique incidence and polarization effects, as well as the dielectric losses
on the spectral response of the structures, have also been studied. In order to validate the results obtained with
an in-house developed code, they have been successfully compared with the commercial software tool HFSS [25]
based on finite element, integral equation or advanced hybrid methods. Additionally, in order to explore the problem
of finding the size for a grating to provide an ideal filtering response, a study of the variation of the reflectance of
the Brewster angle based reflection DFSS has been performed with an increasing number of grating periods using

HFSS, showing that a real device composed of a hundred grating periods will guarantee a good filter performance



Fig. 1. DFSS with periodicity D in the Y direction, formed by two alternating dielectric bars homogeneous in the X axis.

with high selectivity. This result is in agreement with previously published practical FSS radomes wich are tipically

comprised of hundreds of elements and similar sizes.

II. BREWSTER ANGLE BASED REFLECTION DFSS

In this section, the design procedure of a high-efficiency reflection DFSS based on a single DWG for a TM
polarized two-dimensional plane wave (¢ = 90°) at Brewster-angle incidence 5 [26] is described (see Fig. 1). It is
well known that for a single homogeneous dielectric layer with equal permittivities of the surrounding media, the
Fresnel TM reflection vanishes at Brewster-angle incidence, independently of the layer thickness and the operation
frequency. Making use of the guided-mode resonance properties of DWGs, we have designed a reflection DFSS
consisting of a single DWG in air under oblique plane-wave incidence. As it is shown in Fig. 1, the DFSS consists
of two alternating dielectric bars with relative permittivities ¢,; and €2 surrounded by air (¢,, = 1.0), whose widths
are fixed at D/2, where D is the period of the structure, h, being its thickness. The DFSS can be excited by a
plane-wave with either TE or TM polarization (i.e., the incident electric field being perpendicular or parallel to the
plane of incidence, respectively).

The spectral response of a DFSS under oblique plane-wave incidence has been obtained with a vectorial modal
method previously developed by the authors [27], [28]. In such method, the vector wave equation satisfied by
the transverse components of the magnetic field in the periodic medium is expressed as an eigenvalue problem,
which is solved by the application of the standard Galerkin moment method. Once the electromagnetic fields in
all homogeneous and periodic regions are known, the scattering parameters of the dielectric periodic structure are
obtained by imposing the boundary conditions at the plane interfaces separating the constituent layers.

In a DFSS, the angular and spectral location of the resonances are determined by the grating parameters that
make the phase-match condition to be met, while its bandwidth increases with the modulation of the dielectric

permittivity of the grating [29]. This fact is due to increased leakage of the waveguide grating about the resonance



frequency.

Fig. 2 shows with solid line the angular reflection response of the theoretically designed single-layer waveguide
grating constituted by ideally lossless dielectric bars alternated with air, for a TM-polarized two-dimensional incident
plane wave (¢ = 90°) at a frequency of 8 GHz, having the following parameters: D = 20.538 mm, €,; = 1.0,
erg = 2.59 (Plexiglas), i = lp = D/2, and h, = 7 mm. The average relative dielectric permittivity of the
waveguide grating is thus given by €, = (€111 + €-2l2)/D, being in this case € = 1.795. In order to validate
these results, we have successfully compared in Fig. 2 the reflectance of the designed DFSS with that obtained
with the commercial software tool HFSS based on the Finite Element Method [25] (represented with circles). The
computer time employed by the vectorial modal method was 0.56 s per point, while the computer time required
by the HFSS code in the parametric sweep was 180.5 s per point. We have also represented in Fig. 2 (with dashed
line) the electrical response of a homogeneous dielectric layer with €, = 1.795 and the same thickness. The left
inset gives an expanded view of the resonance response of the filter, with an angular width of 0.5°, which peaks at
the Brewster angle #p = arctan((€,)"/?) = 53.26°. A contour plot of the reflectance of this structure around the
resonance condition direction is shown in Fig. 3, where it can be observed that the structure resonates at the design
angles 6p = 53.26° and ¢ = 90°, while the total reflection condition shifts to values of the angle 6 above 6y for
decreasing values of ¢. This bahaviour could be used as a double angular tuning mechanism for a real device. The
corresponding calculated frequency response obtained with the vectorial modal method, shown in Fig. 4 with solid
line, reveals a single resonance peak response with extremely low-reflectance sidebands for a broad spectral region.
The reflectance of the DFSS obtained with HFSS is again represented with points, while the spectral response of the
equivalent homogeneous layer of €, = 1.795 is also represented with dashed line. The right inset gives an expanded
view of the electrical response, which resonates at a frequency of 8 GHz. It can be seen that at such frequency
the Brewster-angle zero reflection is defeated by the resonance effect. Moreover, the resonance condition in this
reflection DFSS is only achieved at Brewster angle for an azimuthal angle of incidence ¢ = 90° (two-dimensional
incidence), as it can be appreciated in Fig. 5, where it is represented the reflectance of the grating (solid line) at
8 GHz and 6p (Brewster angle) as a function of the azimuthal angle ¢, and also the reflectance of the equivalent
homogeneous layer (dashed line).

Next, the effect of dielectric losses of the materials constituting the DWG in the spectral response has been also
studied. To this end, the transmittance of the designed DFSS at 05 and ¢ = 90° is shown in Fig. 6 for different
values of loss tangent of the dielectric bars (including, among them, the measured value of loss tangent of plexiglas
at such frequencies [30], tan d = 0.0038). In this figure, it can be observed that the resonance of the DFSS slightly
broadens in frequency for increasing values of the loss tangent. Moreover, the transmittance minimum at resonance

is less deep, as it is expected [4].



—
o

1.0
0.8
1 o6
0.4
102

o
©

o
o

52 53 54

o
~

Reflectance

©
N
)

0.0y eetaina, JL Lol
0 10 20 30 40 50 60 70 80 90
0 (°)

Fig. 2. Angular response (solid line) of a DFSS consisting of a single-layer DWG surrounded by air for a TM-polarized
two-dimensional incident plane wave (¢ = 90°) at a frequency of 8 GHz.

Finally, another aspect to be considered in this kind of structures is that, due to the physics of the guided-mode
resonance, one of the problems is the size the grating must have to provide an ideal filtering response. This has
somewhat been explored in [31], [32]. In order to explore the problem of finding the size for a DWG to provide an
ideal filtering response, a study of the variation of the reflectance of the proposed Brewster angle based reflection
DFSS has been performed with an increasing number of grating periods. To this end, the reflectance under plane-
wave incidence of a finite size DFSS formed by N periods with identical parameters to that of the infinite structure
analyzed in Fig. 2 has been calculated with HFSS. In Fig. 7 it is shown the reflectance of the finite DFSS case at
fp and ¢ = 90° around its resonance frequency for a different number N of periods ranging from 10 to 60 periods.
Although the simulator was not able to analyze finite DFSS with more than 60 periods with sufficient accuracy due
to the amount of required RAM, at the sight of the obtained results, we can conclude that a real device composed
of one hundred grating periods will guarantee a good filter performance with high selectivity. This result is in
agreement with previously published practical FSS radomes wich are tipically comprised of hundreds of elements
and similar sizes [33]- [35].

In conclusion, a high-efficiency reflection DFSS has been theoretically demonstrated at the Brewster angle, where

the TM reflection is classically prohibited.

III. BAND-GAP BASED TRANSMISSION DFSS

DWGs have been widely employed as reflection DFSSs [6], [27], but fewer implementations of transmission
DFSSs have been achieved. In [8], thin-film multilayer structures incorporating a grating layer are used in the
design of a transmission DFSS. Similarly, in [4] a transmission DFSS is designed by superimposing the resonance

of a waveguide grating on the HR response of a high/low quarter-wave thin-film stack. In this section, it is shown that



90.0 n 1 n 1 n 1 n 1
89.5- L
0.0
89.0+ - 0.125
—~ 0.250
L 8851 | 0.375
- 0.500
0.625
88.0+ - 0.750
0.875
87.5- - 1.0
87.0 . . . .
515 520 525 53.0 535 540 545

6 ()

Fig. 3. Contour plot of the reflectance of the reflection DFSS given in Fig. 2 for a TM-polarized wave around the resonance
condition direction.
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Fig. 4. Spectral response of the reflection DFSS given in Fig. 2 for a TM-polarized wave incident at an angle 05 = 53.26°
and ¢ = 90° (solid line).

highly efficient transmission DFSSs can be realized making use of the electromagnetic band-gap (EBG) properties
of periodic structures. In particular, a single DWG is embedded in a multilayer dielectric structure, so that the
guided-mode resonance of the DWG is superimposed on the high-reflectance response of the high/low multilayer
stack.

In [36] it was described the analysis procedure for obtaining the dispersion diagram of periodic DFSSs under
oblique two-dimensional plane-wave excitation. Here we have taken advantage of the dispersion diagram (shown
in Fig. 5 of [36]) of an EBG material formed by alternating homogeneous dielectric layers of relative pemittivities
€-n1 = 2.5 and €, = 1.0 and thicknesses hy; = hpo = 5 mm under normal TE plane-wave incidence, which means
in this case that the electric field is parallel to the z axis. This infinite periodic lattice exhibits a first forbidden band

in the 10-13.2 GHz frequency range. Based on the spectral response of a finite length implementation of such EBG
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Fig. 5. Reflectance of the reflection DFSS given in Fig. 2 (solid line) and of the equivalent homogeneous layer (dashed line)
as a function of the azimuthal angle ¢, for a three-dimensional TM-polarized wave at a frequency of 8 GHz that is incident
at an angle 6 = 0p.
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Fig. 6. Transmittance of the structure given in Fig. 2 (in dB) at 85 and ¢ = 90° for different values of loss tangent of the
dielectric materials of the grating.

lattice constituted by 9 high/low blocks in the z direction (see Fig. 8), we have replaced the central high index layer
by a DWG with the same average relative permittivity and thickness, having the following parameters: €., = 1.0,
€rp2 = 4.0 (Taconic RF-41 [37]), I1 = Iy = D/2 = 12.5 mm. The transmittance response of the homogeneous
multilayer stack under normal plane wave incidence with TE polarization is shown in Fig. 9 with dashed line,
while the transmittance of the equivalent multilayer system with the embedded DWG is represented in the same
figure with solid line. Since this multilayer waveguide-grating structure supports several guided modes, multiple
resonance peaks are observed. It can be appreciated that there is one transmission peak centered at 11.77 GHz with
extremely low sidebands in the 10.94-12.8 GHz frequency band. This extremely low level of out of band response
cannot be achieved with conventional FSSs. Therefore, the mentioned resonance peak has a very large stop-band,

which might be exploited as a narrow-band transmission DFSS for Broadcasting Satellite Services operating in the
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DWG embedded in a high/low multilayer dielectric structure.

Previous studies on DWGs reveal that very small deviations from normal incidence can change qualitatively the

spectral response of this kind of structures [28], [38]. In Fig. 10 it is shown the effect of varying the angle of

incidence in the transmittance response around the resonance peak of Fig. 9 centered at 11.77 GHz (computed at

normal incidence). The oblique incidence has two main effects on the spectral response of the embedded DWG:

on one hand, additional resonance peaks appear next to the normal-incidence resonance peak. This effect is due

to the break of symmetry that the oblique incidence produces in the phase matching condition for the propagating

and counter-propagating Bloch waves of the DWG [4]. On the other hand, for small angle variations (see the
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Fig. 9. Transmittance under normal TE incidence of an EBG lattice constituted by 9 high/low blocks of homogeneous dielectric

layers (dashed line), and of the equivalent multilayer system with the central homogeneous layer replaced by a DWG (solid line).

comparisson between angles = 0° and 1°), the resonance frequency slightly shifts with the angle 6 as shown in
Fig. 10. This second effect can be exploited as a mechanism for the tuning of the resonances appearing in such
structure through small variations of the angle of incidence of the source. However, this is not valid for high values
of the angle of incidence (see Fig. 10 for = 5° or 10°), for which the structure under study no longer resonates at
such particular frequency, due to the overall thickness of the proposed structure (whose electrical length is 3.53A
at this frequency).

For this filter, a study of the effect of ohmic losses of the materials in the transmittance of the resonance peak
has also been performed. Fig. 11 shows the transmittance of the resonance peak of Fig. 9 centered at 11.77 GHz
at normal incidence for different values of loss tangent of the dielectric material, showing that the resonance
transmission peak decreases rapidly with the loss tangent, as it is commented in [4]. On the other hand, the finite
size of the DWG embedded in the high/low multilayer stack will have a similar effect in the transmittance of the
filter, i.e., a broadening and reduction of the peak transmittance. However, it has been demonstrated [16] that the
higher the dielectric contrast is in the periodic cell, the less periods are needed in order to achieve the performance
of the equivalent infinitely periodic structure. Thus, the selection of the high and low-index materials employed in
the periodic cell of the DWG in this case (with €,,1 = 1.0 and €52 = 4.0) guarantees a good performance of the

filter with fewer periods than those required in the first filter.

IV. CONCLUSIONS

Specific designs of single-layer and multilayer narrow-band DFSSs have been successfully presented. On the one

hand, a reflection DFSS based on a single dielectric grating has been designed for TM incidence at the Brewster
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Fig. 10. Transmittance spectra of an embedded DWG at oblique incidence for several angles of incidence 6 and ¢ = 90°.
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Fig. 11. Transmittance of the resonance peak of Fig. 9 centered at 11.77 GHz at normal incidence for different values of loss
tangent of the dielectric materials.

angle where reflection is classically prohibited, showing low-reflectance sidebands adjacent to the resonance peak
induced by the Brewster effect. On the other hand, a band-gap based transmission DFSS for normal TE incidence
with extremely low sidebands has been designed. For this purpose, a dielectric grating has been embedded into a
high/low multilayer dielectric structure, thus superimposing the considered resonance on the first stopband of a finite
length implementation of the periodic lattice. This configuration gives rise to a practically zero transmittance out
of the resonance peaks which cannot be obtained with conventional FSSs. The oblique incidence and polarization
effects on the spectral response of the designed DFSSs have been also studied. The obtained results have been
successfully validated thorugh comparisons with data from the the commercial software tool HFSS. Finally, dielectric

losses and finite size effects have been also accounted for in both cases.
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