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Abstract—A one-layer frequency selective surface (FSS) is
proposed for wide-band and multiple-notch filtering applications.
The structure consists of one or two pairs of modified square
rings on one side of the supporting dielectric layer. Two, three
and four notches are obtained by modifying the parameters
involved. A parametric analysis concerning the frequency
response in function of the substrate thickness is reported,
demonstrating the possibility of changing the stop bands. By
duplicating the structure on both sides of the FR4 substrate, a
wide-band is obtained, for both TE and TM polarizations. The
devised FSS can be used for filtering in the Wi-Fi, Bluetooth and
X bands for Automotive applications.
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I. INTRODUCTION

Frequency selective surfaces (FSS's) have gained much
attention in the engineering community, initially due to
applications such as spatial filters, selective absorbers and
reflectors [1,2]. The simplest practical implementation of FSS's
consists of a periodic metal pattern imprinted on a dielectric
substrate, which can be sometimes a cost-effective one, like
FR4 [3]. However, more involved solutions have been
proposed in the last years, such as switched [4], flexible [5] and
even wearable FSS's [6]. The concept of FSS's evolved in the
last years to metasurfaces, which are surfaces engineered to
modify at will various parameters of wavefronts of
electromagnetic waves, such as amplitude, phase, polarization,
direction of propagation and focusing [7].

FSS's have found various applications in function of the
frequency range, from GHz [3-6] going through THz [8] to
Optics [7]. One of the applications in the 1-10 GHz range in
which some of the authors of the present paper have been
interested in in the past consists of selective shielding in view
of filtering out signals of certain frequencies and letting pass
unmodified signals at other frequencies in automotive EMC
testing environment [9]. An example of this is keeping in an
enclosure  Wi-Fi  signals still allowing for GSM
communications with the exterior [2].

The present work proposes a simple structure to answer
such a practical issue with final design goal on the Wi-Fi,
Bluetooth and X bands, commonly used in the automotive
industry.

A double sided FSS conceived for multi wide-band filtering
applications is reported. The structure is built on a FR4
substrate, with a set of one and or two square rings on both
sides. The filtering properties are assessed with a commercial
solver [10]. A step-by-step presentation of the evolution of the
metal pattern of the unit cell for obtaining the desired
transmission properties is provided. Parametric studies are
undergone for the substrate thickness to demonstrate the
possibility of shifting the stop bands.

The paper is organized as follows. In the next section, the
design of the FSS is presented and its filtering properties are
assessed. In Section Ill, it is shown how the resonances of the
surface can be combined by modifying the geometrical
parameters to obtain a large stop-band. The last section is
dedicated to conclusions.

Il. PROPOSED STRUCTURE

A. Initial structure with one notch

The starting point for the design of the unit cell of the FSS
is presented in Fig.1 (a) - side view and (b) - front view). It
consists of one square ring made from copper on one side of an
FR4 substrate (£=4.3, tan §=0.025). The dimensions are as
follows: substrate thickness - 3.2 mm, dimensions of the unit
cell: dy=dy= 15 mm (with respect to the reference frame in Fig.
1), trace width - 0.5 mm, square edge - 14.8 mm. The FSS
results by 2D repetition of the unit cell in the dx and dy
directions.

The transmission coefficient of the structure with one
simple square ring on only one side of the substrate has been
assessed first by using [10]. Such a design resonates at a single
notch frequency determined by the perimeter of the square ring

[1]
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Fig. 1 Initial square ring structure: a) side view; b) front view

In Fig. 2 the magnitude of the transmission coefficient Sy
of a linearly polarized plane wave in normal incidence is
reported. The square ring, with different geometric dimensions,
entered as a part of the structure introduced by the authors in
[9], [11]. In this particular case, one notch frequency (2.1 GHz)
has been obtained (Fig. 2), for a 10 dB stop-band in the range
(1.43 — 2.89 GHz), i.e. a bandwidth of 1.46 GHz (69.52%),
which covers the Wi-Fi and Bluetooth bands.
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Fig. 2 Result for Fig. 1 (1 notch)

B. Modified structure with multiple notches

A modification allowing to obtain two notch frequencies is
reported in Fig. 3 (a) - side view, (b) - front view): increasing
the number of resonant elements by placing one extra square
ring. The new parameter is: second square edge length = 7.55
mm with the same trace width as the initial square. In Fig. 4 the
transmissions properties of this new structure are reported. The
first 10 dB notch band extends from 1.54 GHz to 2.82 GHz (a
band of 1.28 GHz with a notch centered on 2.18 GHz, i.e.
58.72% relative bandwidth) and the second one from 7.36 GHz
to 8.32 GHz (a band of 0.96 GHz with the second notch being
centered on 7.88GHz, i.e. 12.18%). The first notch is inherited
from the outer square ring and the other ring determines the
second notch. However, notch frequencies and bandwidths are
also influenced by the interaction between the rings. [1].

b)

Fig. 3 Two square rings structure: a) side view; b) front side
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Fig. 4 Result for Fig. 2 (2 notches)

Next, in Fig. 5, the unit cell with modified dimensions and
shape, based on a square ring is reported. The trace width w has
been increased from 0.5 mm to 2 mm, the square ring has been
squeezed, and four metal patches have been added in order to
increase the number of resonances and enrich the frequency
response. The side of the patches is pl=5.5 mm, leaving the
total length of the structure, in the x and y directions
unmodified. The metal from the intersection regions of the
patches with the interior of the square ring have been trimmed.

In Fig. 6 the transmission coefficient in TE polarization,
between 0 and 20 GHz of the structure from Fig. 5, obtained
using [10] is reported. A wide stop-band and also the
occurrence of the two extra notches are visible. The first band,
determined mainly by the square ring is displaced towards
higher frequencies in Fig. 6 with respect to its position in Fig. 2
mainly due to the increase of the trace width and the decrease
of the edge of the square.

The first stop-band starts at 2.83 GHz and stops at 7.36
GHz, thus we obtained a 10 dB stop-band of 4.53 GHz for
(centered on 5.47 GHz, i.e. 82.81%). Although the absolute
bandwidth of the stop-band is larger for the modified structure
(Fig. 5) than for the initial one (Fig. 1), the relative bandwidth
is similar in this case, indicating similar properties as filters.
The next notch is obtained at 13.19 GHz, but with a small
attenuation at the center frequency and a small 10 dB band-
width; the third notch is centered at 16.49 GHz and it presents a
10 dB stop-band between 15.6 GHz and 17.8 GHz, i.e.
2.2 GHz bandwidth (13.34%).

The stop-band structure of the transmission coefficient is
determined by the dimensions of the resonators and by their
mutual coupling. The proposed metal pattern of the unit cell
has a number of geometrical degrees of liberty that can be
modified to obtain special cases with convenient filtering
properties, fit for various applications. Various parametric
studies have been performed in order to assess the flexibility of
the proposed FSS. Some examples are presented next.



Fig. 5 Modified square ring structure
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Fig. 6 Results for Fig. 3 (3 notches)

In Fig. 7, the shape of the unit cell obtained by performing
modifications to the structure in Fig. 5, is presented. The
modifications are as follows: the side of the patches have been
reduced pl=4.75 mm, and the interior square ring has been
brought closer to the center. (NU SE INTELEGE! CU CAT?)

In Fig. 8, the magnitude of the transmissions coefficient of
this new structure is reported. When compared to Fig. 6, an
extra notch appears, giving a total of 4 notches. The first wide
stop-band extends from 3.4 GHz to 7.7 GHz (band of 4.3 GHz,
centered with a notch on 6 GHz, 71.66%). The second notch is
obtained at 12.79 GHz with a small stop-band around, however
the attenuation at the central frequency is better than in the
previous case for the second notch. The third notch occurs at
16.35 GHz, with a small stop-band between 15.8 GHz and 17.1
GHz (1.3 GHz bandwidth i.e. 7.95%), and the last one is
centered at 20.17 GHz with a 10 dB band between 19.7 GHz
and 20.5 GHz (0.8 GHz — 3.96%). Like in the preceding case,
the first stop-band is inherited from the outer square ring
(reported in Fig. 2 for different dimensions), while the metal
patches and the interaction in between the elements determine
the other notches.

Fig. 7 Unit cell from Fig. 5 with modified parameters
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Fig. 8 Results for the structure in Fig.7 (4 notches)

C. Parametric study

A parametric study was done first for the structure from
Fig. 5: variation of the FR4 substrate thickness. The
modification of the substrate thickness changes the length of
the wave path within the structure and impacts the frequency
response [9].

As reported in Fig. 9, by changing this parameter from 3.2
to 1.6 mm (in steps of 0.4 mm) for the FSS with the unit cell
represented in Fig. 5, the wide-band and the notches can be
shifted in frequency.
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Fig. 9 Parametric study st for Fig. 5
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Fig. 10 Parametric study st for Fig. 7

By decreasing the substrate thickness the notches are
shifted towards higher frequencies. The modification for the
wide-band is not so visible, the central frequency covering a
range of about 0.5 GHz. However, the second notch covers a
range of about 1.5 GHz, while the third notch covers a range of
about 3 GHz.

The same parametric study was repeated for the structure
with the unit cell represented in Fig. 7: variation of the
substrate thickness of the FR4 substrate by changing again this
parameter from 3.2 to 1.6 mm (in steps of 0.4 mm). By
decreasing substrate thickness we obtain in Fig. 10 a behavior
similar to the one in Fig. 9. However, the third notch covers a
range of about 5 GHz in this case.

— SZmin(1).Zmax(1) (st=2)

I1l. PROPOSED STRUCTURE WITH WIDE-BAND PROPERTIES

It is well known that duplicating a pattern on the other side
of the substrate has a great impact on the transmission
coefficient due to coupling [1]. Although the patterns are



similar, the interaction of the incoming electromagnetic wave
with the two sides of the board is not identical due to the
different paths it takes to reach the two metal patterns.

In Fig. 11, the unit cell with two patterns (one on each side
of the FR4 substrate) is represented. The structure is
symmetrical; it consists of exact repetition of the structure from
Fig. 7. In Fig. 12, the band-stop properties between 0 and
12 GHz of the structure from Fig. 11, obtained using [10] are
reported for TE polarization.

A much wider stop-band than the one obtained by using a
square ring on only one side is visible. It starts at 3.49 GHz and
stops at 10.44 GHz, thus we obtained a stop-band of 6.95 GHz
(99.78% with respect to the center of the interval). For TM
case (Fig. 13) a remarkably similar behavior has been
demonstrated.

Fig. 11 Structure on both sides

The stop-band enlargement is motivated by the coupling
between the square resonant structures on the two sides of the
PCB. This case intersects the X band (frequency range 8-12
GHz), so this structure can be used for filtering in this area. By
modifying geometrical parameters, the position of the stop-
band can be shifted in frequency. In conclusion, by placing a
square on both sides, a wide-band spatial filter is obtained.

To assess the sensitivity with respect to the angle of
incidence of the electromagnetic plane wave, a parametric
study on the structure in Fig. 11 has been performed. Due to
symmetry of the structure, only variation of transmission
coefficient with the colatitude angle has been considered. In
Fig. 14 results of parametric variation of the colatitude angle
(theta) have been reported. This parameter has been varied
between 0 and 45° in 4 steps. Consistency for the wide-band
can be seen in TE mode up to 45°.
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Fig. 12 Result for fig. 11 (wide-band) for TE polarization
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Fig. 13 Result for fig. 11 (wide-band) for TM polarization
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Fig. 14 Results of the parametric study for incidence angle (TE case)

IV. CONCLUSIONS

In this paper, FSS's built on an FR4 substrate, with unit
cells consisting of metal patterns based on square rings and
patches on one and both sides of the substrate have been
proposed. The potential for applications of the proposed FSS's
has been demonstrated by simulation with an electromagnetic
CAD software package. It has been established that the
proposed structure can work as Wi-Fi, Bluetooth and X band
spatial filter for Automotive applications. The structures
provide two or three stop-bands in the case of a single sided
PCB, or it provides a large stop-band when the metal pattern is
duplicated on the opposing side of the PCB.
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