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Design of All Dielectric Frequency Selective
Surfaces

Andrei-Marius Silaghi
Dept. of Measurements and Optical
Electronics
University Politehnica Timisoara
Timisoara, Romania
andrei.silaghi@upt.ro

Abstract—Several all-dielectric surfaces are introduced in
this paper aiming to obtain various stop bands between 6 and 12
GHz, and also demonstrating that filtering in the X band (8-12
GHz) can be achieved without the use of metallic structures.
Properties of the structures have been assessed by full-wave
simulation. The parametric analyses included in the research
also showed that changing the geometrical parameters enabled
the control of the working frequency. The performance of the
proposed structures has been assessed through the reflection
coefficient, whilst also dielectric resonator theory
(interpretation of effective permittivity and permeability) has
been approached to explain the operation of the proposed
structures.

Keywords—all dielectric, Frequency Selective Surface,
dielectric resonator, stop band, X band.

1. INTRODUCTION

Frequency selective surfaces (FSSs) are 2D periodic
dielectric or metallic-dielectric structures that are used to
control propagation of incident electromagnetic waves [1].

Lately, engineering professionals have been paying
considerable attention to FSSs, initially because of their use in
devices like reflectors, selective absorbers, and spatial filters.
A dielectric substrate carries the imprint of a periodic metal
pattern, often a cost-effective one like FR4, to create the
simplest practical implementation of FSSs [2].

If we discuss in terms of material types, the use of
dielectric materials rather than metallic designs can produce a
more functional design for an FSS. Additionally, depending
on their thermal, electrical or mechanical characteristics, FSSs
built of dielectric materials can be employed in a variety of
harsh conditions [3].

Fabrication techniques to build and experimental validate
dielectric samples are presented in [4] and [5]. For example,
in [4] stereolithography is used for 3D printing technology,
whilst in [5] additive manufacturing is performed to fabricate
an all-dielectric sample.

Various applications can be found for these types of FSSs.
Firstly, a mechanically tunable FSS based on a sliding inserted
dielectric is proposed in [6]. Next, in [7] an all-dielectric
frequency-selective surface for high power microwaves was
created (arcing at field concentration locations and heating in
the conductors were prevented by not using metals).
Furthermore, a periodic stack of isotropic dielectric substrates
exhibiting birefringence makes up a proposed converter in [8].
Moreover, in [9] a Y-shaped barium strontium titanate
ceramic resonator-based all-dielectric metamaterial FSS is
introduced and explained.

Aldo De Sabata
Dept. of Measurements and Optical
Electronics
University Politehnica Timisoara
Timisoara, Romania
aldo.de-sabata@upt.ro

Ladislau Matekovits
Dept. of Electronics and
Telecommunications
Politecnico di Torino
Torino, Italy
ladislau.matekovits@polito.it

Together with the evaluation of the employed materials,
the subject of designing all dielectric FSSs has been tackled in
the literature [6], [10]-[12].

First, a mechanically tunable FSS based on a sliding
inserted dielectric is tackled in [6]. The tunable FSSs
operating mechanism is first described in this research, and it
suggests that the changeable capacitance is the key to
tunability. Based on this, the authors create an all-metal
bandpass FSS with a specific thickness and an insert dielectric
with a matching cross shape. The dielectrics insertion depth
can be changed to alter the resonance frequency. A better a
construction with a tripole hole and a hollow support is
suggested to increase performance. The simulation yields a
tunable range of 3.24 to 5.52 GHz and high angular stability

(6].

For X-band applications, it is suggested in [10] to design
an all-dielectric band-stop FSS. The proposed configuration
consists of a planar array of ceramic hexagonal prisms with a
honeycomb-like topology. Three resonant dips are present in
the proposed FSS.

The dips are combined to create a broad stop-band with a
-10-dB fractional bandwidth of 24.4% (central frequency of
10 GHz). The cylindrical cavity mode analysis based on the
cylindrical wave functions is used to illustrate resonant
characteristic modes [10].

In [11], the authors use dielectric ceramics to create a
band-stop all-dielectric metamaterial FSS. To create the
desired forms, four rectangular ceramic blocks that have high
permittivity and low dielectric loss have been joined together.
According to the reported simulation results, the FSS can
reach a stop band in the range of 6.97 to 8.85 GHz, this
response being affected by parameters such as: the dielectric
unit cells geometrical structure or the permittivity of the
dielectric material [11].

Next, the study from [12] presents the design of a narrow,
high-efficiency pass-band all-dielectric metamaterial FSS.
The pass band operates between 8.92 GHz and 9.16 GHz. In
order to analyze the FSS, the effective permittivity, effective
permeability, and normalized impedance are extracted, and
the electric and magnetic fields are monitored [12].

The outcome demonstrates that the resonance modes and
impedance match of the all-dielectric metamaterial FSS may
be modified to create a custom metamaterial. This type of FSS
is capable of exhibiting the not only the characteristics that
metallic FSSs have but also the benefits of all-dielectric
materials, such as high-power handling capabilities or high
temperature [12].



In this paper, we propose some structures of all-dielectric
FSSs made of ceramic. The proposed solutions are
investigated by usual means in relation to FSSs (calculation of
transmissions coefficient and parametric variation of angle of
incidence) and also by means related to dielectric resonators.
Effective permittivity and permeability are extracted in order
to demonstrate the functionality of the proposed FSSs. Also,
surface currents are plotted at different frequencies. By
modifying geometrical parameters, and extra-large stopband
is obtained.

The paper is organized as follows. In Section II, the theory
of operation of dielectric FSSs is presented (Mie and dielectric
resonator theory). The design of several all-dielectric FSSs is
presented, and its filtering properties are assessed in Section
II. It is shown how the modification of geometrical
parameters impact the occurrence and position of different
stopbands in the frequency domain. The last section is
dedicated to conclusions.

II. THEORY OF OPERATION

The composite medium can be used as a metamaterial by
adding high-permittivity, sub-wavelength ‘“atoms” of
dielectric materials to the low-permittivity matrix [3].

The Nicholson-Ross-Weir approach can be used to derive
effective relative permittivity and permeability from S
parameters, which can then be used to explain the
macroscopic electromagnetic response. Dielectric materials
are used as sub-wavelength dielectric resonators in this
instance, [3].

The dielectric resonator theory states that, by adjusting
geometrical shapes, geometrical dimensions, and relative
permittivity, various resonant modes are launched at intended
frequencies. At specific frequencies, different dielectric
resonators can generate a variety of resonant modes. Effective
relative permittivity and permeability values can be adjusted
at will due to the capacity to tune resonant modes [3].

A. Mie theory

The resonant wavelengths inside the dielectric inclusions
of the order of to the diameters of the inclusions, however the
wavelengths outside the inclusions are greater than the sizes
of the inclusions if the permittivity of the inclusions is
significantly greater than that of the background matrix. The
effective medium hypothesis can be used to characterize the
combination under these circumstances [3].

B. Dielectric resonator theory

At matching frequencies, a dielectric structure of the right
size can be viewed as a dielectric cavity. This equivalence
becomes more realistic in the case of materials with large
permittivities, due to the magnetic wall that acts as boundary
condition for high permittivity dielectrics. In the dielectric
cavity, the incident wave is backwards and forward reflected,
creating a stationary wave and acting as a dielectric resonator

(3]
II. SIMULATION RESULTS

A. Initial simulations

Figure 1 shows the geometry of our first proposed all-
dielectric FSS. The structure has a unit cell with sizes of
d=10 mm and d,=10 mm. It consists of a cylinder having an
outer radius of 3 mm and an inner radius of 2 mm, made
entirely of dielectric. The height of the cylinder is 3.2 mm, and

the chosen material was ceramic having: =110 and x=1
(non-magnetic material), tan (5)=0.0015.

Rectangular ceramic blocks with these dimensions and
relative permittivity, can be used as dielectric resonators.
Utilizing the CST Microwave Studios [13] frequency-domain
solver, which applies unit cell (periodic) boundary conditions
to the four boundaries along the x and y axes, the
electromagnetic response to incident plane waves has been
simulated. Our goal was to construct an all-dielectric filter for
the X band (8-12 GHz), which is frequently utilized in
automotive area.

In Fig. 2, the magnitude of the transmission coefficient S»;
of a linearly polarized plane wave in normal incidence is
reported between 1 and 11 GHz (TE case). We can notice a
notch centered at 8.41 GHz, with -10 dB stop band between
8.33 and 8.51 GHz.

A parametric investigation on the structure in Fig. 1 has
been carried out to evaluate the sensitivity in relation to the
electromagnetic plane waves incidence angle. Only the
change of the transmission coefficient with the colatitude
angle has been taken into account due to the symmetry of the
structure [2]. Results of the parametric modification of theta
(colatitude angle) are shown in Fig. 3. This setting has been
changed five times, from 0 to 60 degrees.

By performing a parametric variation of theta between 0
and 60 degrees, in steps of 15 degrees, an interesting behavior
can be observed. Firstly, the notch is slightly shifted to lower
frequencies from 8.41 to 8.36 GHz.

Secondly, a new notch appears at lower frequency. For
example, for =60°, the second notch occurs at 6.13 GHz. The
same parametric study has been undergone for the TM case,
being reported in Fig. 4. Again, a second notch appears for the
same range of incidence angles theta as in the TE.

Fig. 1. Geometry of the first proposed dielectric structure (unit cell).
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Fig. 2. Transmittance coefficient for the structure in Fig. 1.

S-Parameters [Magnitude in dB]

— SZmin(1),Zmax(1) (theta=0)
—— SZmin(1),Zmax(1) (theta=15)
= SZmin(1),Zmax(1) (theta=30) A

'o1 (6.1395, -34.297 )
g (83652, -25.657)

-30 1| — SZmin(1),Zmax(1) (theta=60) 1

0 1 2 3 4 ] 6 7 8 9 10 1
Frequency / GHz
Fig. 3. Parametric variation of the incident angle theta for the structure in

Fig. 1 (TE Mode).
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Fig. 4. Parametric variation of the incident angle theta for the structure in
Fig. 1 (TM Mode).

In order to explain the above-reported results, we switched to
using the dielectric resonator theory. With the S parameters
obtained from the simulation, we performed a postprocessing
task, namely extracting the effective permittivity and
permeability (from Template Based Post-Processing - General
Results - S Parameters - Extract Permittivity and Permeability
from S-Parameters).

Figure 5 and Fig. 6 present the above-mentioned results and
can be used to explain the reason why we encounter impedance
match or mismatch. They show that a magnetic resonance
happens at about 8 GHz (Fig. 6). The effective permeability
reaches its positive maximum and then becomes negative,
indicating a diamagnetic behavior of the material. At 8.8 GHz,
the permittivity (Fig. 5) reaches its positive maximum and then
becomes negative. The resonances of permittivity and
permeability are separated from one another in the frequency
range under consideration. So the effective impedance of the
structure is mismatched with respect to the impedance of the
surrounding medium, and the stop band occurs (from Fig. 2,
between 8 and 8.8 GHz).
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Fig. 5. The effective permittivity for the structure in Fig. 1.
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Fig. 6. The effective permeability for the structure in Fig. 1.

Moreover, in order to better explain the functionality of the
proposed structure, surface currents have been obtained by
simulation. Figure 7 shows the surface currents outside the
stopband (at 6 GHz). These currents have small values (up to
12 A/m). In Fig. 8, surface currents at 8.41 GHz are reported.
The results support the theory concerning the occurrence of
the stop band (larger values of the surface current, up to 50
A/m are present).
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Fig. 8. Surface currents at 8.41 GHz.

B. Other scenarios

Next, other scenarios have been investigated. Firstly, we
performed a geometrical modification on the structure from
Fig. 1. In Fig. 9, one can observe the new dielectric structure,
having this time an outer radius of 4.5 mm and inner one of
3.5mm (thus an increase of 1.5 mm for both radii). Again, the
structure is all-dielectric, the material being ceramic: =110,
=1, tan (6)=0.0015, having the same sizes for the unit cell,
and the same height (3.2mm).

The simulated transmittance for this FSS is visible in Fig.
10. It shows and enhanced result, by the presence of two wide
stopbands: one appears between 8.16 GHz and 8.63 GHz and
another larger one between 9 and 11.74 GHz.
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Fig. 10. Result for Fig.9 in TE incidence.

Furthermore, a different geometrical modification was to
place another small cylinder inside the outer one (see Fig. 11),
so making a combination between the unit cell structures in
Fig. 1 and Fig. 9.

The outer ring has the same dimensions as the one reported
in Fig. 9 (4.5 mm outer radius and inner radius of 3.5 mm),
whilst the inner circle has the dimensions from Fig. 1 (3 mm-
outer radius and 2 mm-inner radius). The unit cell dimensions
are not changed, both of them being 10 mm, and the height of
the cylinders remaining 3.2 mm.



Fig. 11. Two dielectric cylinders.

This time, the results from Fig. 12 show that another
method to obtain a second stop band has been devised. A shift
in frequency occurs with 2 cylinders present: the first stop
band is this time between 7.11 and 7.92 GHz, whilst the
second one appears between 8,3 and 10.12 GHz.
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Fig. 12. Reflection coefficient for normal incidence for the structure in

Fig.11.

IV. CONCLUSIONS

In this study, we have introduced some all dielectric FSS
structures in order to obtain spatial filtering in the X band (8-
12 GHz). The stop bands have been obtained without the use
of metallic components.

A short literature review has been undergone to present
multiple applications of all dielectric structures. The dielectric
resonator theory has been also shortly revised.

Several structures have been introduced: one relying on a
unit cell containing a dielectric hollow cylinder one containing
two dielectric cylinders. Parametric studies have been
performed and reported.

Results have been presented in terms of usual FSS
evaluation items (such as transmission coefficient and
parametric variation of different colatitude angles) and also in
terms of dielectric resonator theory (extraction of effective
permeability and permittivity, and calculation of surface
currents to sustain results obtained by assessment of response
to wave incidence).

Results have demonstrated that one stop band (6.1 or 8.4
GHz) or a wide-stop band between 9 and 11.7 GHz can be
obtained. In the second case, the X band has been covered.
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