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Abstract— A novel low profile frequency selective surfaces
(FSS) with wide stop band characteristics suitable for UWB
applications consists of square loops screen printed on both sides
of a thin flexible polycarbonate substrate with a lateral offset in
both directions. The design provides a -10dB insertion bandwidth
of 4.55 - 12.77GHz. The design delivers stop band for angular
incidence in both single sided and double sided configurations up
to 60° degrees. The symmetrical nature ensures identical
response for TE and TM modes of polarization within 30°
incidence. A comprehensive iterative analysis was made to
enhance the ultra-wide bandwidth.
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I.  INTRODUCTION

Frequency selective surfaces are planar periodic structures
arranged in a one or two dimensional lattice printed on a
dielectric substrate. The frequency selective surface can filter
electromagnetic energy i.e. transparent to electromagnetic
waves at certain frequencies and reflective/absorptive at
others. Frequency selective surfaces have found enormous
applications in microwave and optical systems. These periodic
structures have been used as polarizers, filters, sub reflectors,
radomes in order to control the radar cross section of the
antenna configuration [1]. Some FSSs also offer the
advantages of flexibility, optical transparency, thinness and
enhanced bandwidth [2]. Different element geometries and
dielectric substrates can enhance the bandwidth of an antenna
system. The gain of the ultra-wideband antenna can be
improved using a multilayer FSS [3] and in [4] the authors
have introduced a wideband FSS by combining different
resonating elements. However the stacked multilayers make
the structure thicker, less mechanically flexible and less
transparent. Fractals known for unit cell size reduction have
been used for multiband FSS [5]. Comparatively large
bandwidths have been achieved in intricate fractal designs,
maintaining the compact FSS unit cell size [6]. From a design
perspective, many other complex structures with different
specifications have been used to improve the bandwidth
including magnetic absorbers [7], space filling curves [8] and
high impedance surfaces [9]. In all cases, the filtering capacity
is improved whereas the shielding bandwidth is narrow. In
order to address the issue of design complexity, a simple
compact size FSS is desired which can ensure the performance
with varying angles of incidence and can provide an ultra-
wide stop band.
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This paper presents a double sided FSS that exhibits a -
10 dB stop bandwidth of 8.22GHz ranging from 4.55 -
12.77GHz. We propose a single layer FSS printed on each
side of a thin flexible dielectric substrate. The FSS elements
are an array of square loops on the top side and an
identical array displaced on the bottom side of the
dielectric substrate. The displacement changes the resonant
frequency of the metallic loops and the bandwidth can be
increased two fold. The dimensions of the FSS elements are
much smaller (4,/5) than the operating wavelength. Section
IT represents the FSS geometry, design specifications and the
various offset techniques used for bandwidth enhancement.
The transmission response and angular stability of the FSS
structure are discussed in section III. Various parameters and
their effect on the FSS performance are dealt with in section
IV. The FSS design has the advantages of a less complex
structure, enhanced bandwidth due to half period
displacements in the two directions, angular stability,
polarization insensitivity and easy mass production in sheets.

II. FSS DESIGN AND SPECIFICATIONS

Fig. 1. shows the layout and the respective cross
section of the basic model. The FSS structure consists of
two printed metallic layers on both sides of the dielectric
substrate. The pattern consists of a regular array of square
loops and the supporting dielectric substrate is a flexible
thin transparent film of polycarbonate, with relative
permittivity 3.2, loss tangent 0.0025 and thickness, & =
0.21mm.
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Fig. 1. Double sided Square Loop Stop band FSS unit cell. (a) FSS- Top
side. (b) FSS- Bottom side. ¢) Equivalent circuit showing inductance and
capacitance associated with the double sided square loop. (d) Cross-sectional
side view from x-z plane.
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In modelling investigation the FSS structure is assumed to
be an infinite periodic structure. The FSS is illuminated by a
plane wave, with electric field vector E oriented in y
direction and the magnetic field vector H oriented in x-
direction. The FSS structure behaves like a series LC
resonator where the loop contributes to inductance and the
gap in between the two adjacent elements provides the
capacitance [2]. The mutual coupling between the two sides
is modelled as mutual inductance and capacitance. Since
the thickness of the substrate is small, its equivalent
transmission line length can be neglected. Therefore, the
equivalent circuit is simplified as a parallel circuit of top
series (FSS1) and bottom series (FSS2) LC resonators
(Fig.1). The values of mutual capacitance, M. and mutual
inductance, M; depend on the overlap of the metallic tracks
and will vary in different configurations. The transmission
is blocked by this FSS structure at its resonant frequency,
therefore behaving as a stop band filter. The performance of
the FSS was calculated using CST microwave studio, which
uses full wave methods of simulation. The unit cell
boundary conditions are set in the directions of periodicity.

A. FSS Layer Offset

The enhancement of bandwidth is achieved due to
lateral displacement of the bottom side relative to the top.
The relative lateral displacement is important in the
electromagnetic design as it involves a change in the
mutual inductance and capacitance of the conducting
elements. In this paper, various offset techniques were used
to implement shifts in the stopband frequency while
maintaining the compactness of the wunit cell. In the
numerical model the top side was fixed and the bottom was
shifted in x and y direction as shown in Fig. 2 and 3.
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Fig. 2. Double sided square loop stop band FSS unit cell with half period
displacement in x- or y- axis. (a) FSS top side. (b) FSS bottom side.-
displaced in x-direction. (c) FSS bottom side.- displaced in y-direction. (d)
Cross sectional view from x-z plane, 3, = 0.5L,. (¢) Cross sectional side view
from y-z plane, &, = 0.5L;.

Shifting the square loop on the bottom side of the dielectric
by a half cell in x-axis (dx = 0.5L;) or in y-axis (dy = 0.5L)
does not affect the centre frequency of the stop band.
However, the displacement parallel to incident E field (Y)
leads to a slightly broader bandwidth as compared to the
displacement parallel to the magnetic field (X). The half
period offset was made in both x and y axes simultaneously,
i.e. ox =dy =0.5L; as shown in Fig. 3. Such an offset showed
a wider bandwidth due to the increase in mutual inductance
M; and the mutual capacitance, M. as compared to the other
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FSS configurations. The reason being that the Iumped
inductor and capacitor are placed in a way that they can
have maximum coupling to the electric and magnetic field of
the incident plane wave.
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Fig. 3. Double sided square loop stop band FSS unit cell with half period
displacement in x and y axis. (a) FSS top side. (b) FSS bottom side-
displaced in x-and y- direction (d) Cross sectional side view from y-z plane, 6, =
0.5L; and 3,=0.5L,.

The dimensions of the structure used in this investigation
are given in the Table 1.

Table 1. Physical dimensions of FSS square loop (see Fig. 2 and 3

Parameters Description Dimensions(mm)
L, Unit cell size 8.00
L, Outer Sq. loop length 7.20
t Thickness of track 0.01
s Spacing in between loops 0.80
w Width of Track 0.30
h Thickness of Substrate 0.21

I. TRANSMISSION CHARACTERISTICS

A. Normallncidence

The transmission response of the double sided FSS
structure with the layer offset at normal incidence was
analyzed (see Fig 4). The conductive tracks on both sides
form the capacitive and inductive surfaces. As the FSS
element was displaced on one side, opposite currents flow in
the loop tracks increasing the mutual inductance and
capacitance of the structure thereby shifting the stop band.
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Fig. 4. Transmission and Reflection response of double sided square loop FSS
The Red line (--) and Green line (solid) represent the transmission and
reflection response for the displacement of dx = dy = OL; .The response is for
normal plane wave incidence with L;=8mm, L,=7.2 mm, p =8 mm, w=0.3
mm, ¢=0.01 mm, 2= 0.21mm.



Such displacements increase the bandwidth of the FSS.
The simulated results show the maximum bandwidth was
obtained by positioning the FSS such that the individual
element sides of a bottom side lie at one half-cell apart in x
and y direction to those of the top side when viewed from
the normal angle of incidence. The results are given in Table 2.

Table 2: Transmission response of the double sided FSS with various
configurations at normal wave incidence.

Substrate Displacement fi(GHz) | - 10dB
thickness, h BW(GHz)
Ax Ay
0.2mm 0 0 9.14 4.27
0.2mm 0.5L; 0 14.18 9.00
0.2mm 0 0.5L; 14.18 8.96
0.2mm 0.5L; 0.5L; 7.60 8.12

B. Angularsensitivity:

It is important that the FSS provides stable performance for
various incident angles and different polarizations within its
operating frequencies. In order to check the impact of
incident angle, various incident angles (0°, 15°, 30°, 45°, 60°)
were carried out for TE and TM polarizations. The results are
given in Fig.5.
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Fig. 5. Transmission coefficients as a function of frequency for various
incident angles. (a) TE polarization (b) TM polarization.
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The double sided square loop FSS has a very small (less
than 2%) change in resonant frequency for TE polarization
compared to the TM polarization response. The general
features of the stop band remains the same as that of the
normal incidence for TE polarization. Fig. 5(a) shows a well-
defined stop-band at 7.60GHz and the higher order
resonances  corresponding to higher angles appears
unchanged. Fig. 5(b) shows the TM mode shifts by 6%
(7.60GHz to 7.15GHz) within the 30° angle of incidence. For
TM polarization, at higher angles (e.g. 45°, 60°) apart from the
resonant frequency which is 7.13GHz and 6.90GHz
respectively (Fig 6), the grating lobes also appear at 10.80
GHz and 11 GHz. This explains that for higher angle of
incidence the FSS shows angularsensitivity.
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Fig. 6. The resonant frequency is a function of angle of incidence for TE and
TM response. The grating lobes start to appear for angles greater than 30°
for TM polarization.

Iv. BANDWIDTH

A. Substrate thickness:

The fundamental resonant frequency of the FSS is
altered by changing the thickness of its supporting dielectric.
With the increase in the thickness of the dielectric, the layer
offset configurations show an initial decline of the resonant
frequency from the free space value. The air/dielectric
boundary is close to the conducting elements in this region.
At the boundary, the low order evanescent Floquet modes
decay exponentially with distance from the conducting
elements. This modifies the relative amplitudes and the
resonant frequency of the FSS with respect to the supporting
dielectric layer [10].

For half period displacement in either x or y directions,
the structure resonates at a higher frequency of about
14.18GHz with a bandwidth of nearly 9GHz for 0.21mm
dielectric thickness. For the same thickness and half period
displacement in the x and y directions, the structure resonates
at a slightly lower frequency of 7.60GHz with a bandwidth
of mnearly 820GHz. This means that the half-cell
displacement increases the mutual inductance, M; and
slightly the mutual capacitance, M. (Fig. lc) which lowers
the band stop frequency. Beyond the thickness of 2mm, there
is a periodic wave drop and rise in bandwidth. The peaks in
the bandwidth curve are due to the combined effect of
dielectric loading effect on two sides of the plastic and the
back reflections from the plastic for a given substrate
thickness. This effect causes broadening/narrowing of the curve
near/at the quarter and half wavelength thicknesses of the
plastic substrate [2].

B. Inter element spacing:

As the inter element spacing is increased, the mutual
coupling decreases and this leads to grating lobes in the
transmission curve which reduces the angular stability of
the response. The mutual element coupling is unaffected
by the change in the angle of incidence. Only the
phase associated with the induced currents in the FSS
elements change with angle of incidence [11].
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Fig. 7. Simulated transmission response for the double sided square loop
FSS with x and y offset bottom side, for different values of spacing s, £=3.2,
L= 8mm, L,=7.2mm, p=8mm, w=0.3mm, =0.01lmm, #=0.21mm, §,=0.05L,
and 0,=0.05L;.

The square lattice eclements were placed following the
general formula given in [12]. For normal incidence, L4, is
less than 1. The plot in Fig. 7 shows that if the spacing is
decreased to 0.2mm without changing the other parameters,
the bandwidth is further enhanced by 2.3%. However, the
printing tolerances need to be considered when designing any
FSS structure. No grating lobes appear up to an inter element
spacing of 2mm.

C. Track Width

Another geometrical parameter found to regulate the
bandwidth of the FSS was the track width of the square
loop(Fig. 8) where the circumference of the inner square loop
changes, when all other parameters were unchanged. This is
because the circumference for the flow of current is limited as
the track width increases which lowers the inductance and
shifts the frequency higher.
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Fig. 8. Simulated transmission response for the double sided square loop
FSS with x and y offset bottom side, for different values of track width ‘w’.
As the loop size decrease the inductance increases, narrowing the
bandwidth seen for a track width of 0.1mm the bandwidth is 6.61GHz.
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V. CONCLUSION

In this paper, we have presented a novel low profile
double sided FSS screen printed on a single layer of thin
flexible and transparent substrate with lateral displacements
on one of the sides. The -10dB bandwidth (4.55GHz to
12.77GHz) was found for a unit cell periodicity of 4,/5. The
transmission coefficient for different incident angles shows
that the FSS is independent of small incident angles. The
bandwidth can be reduced or enhanced by optimizing the three
parameters of the structure: substrate thickness, inter element
spacing and track width. Apart from the promising future
applications in radomes, curved surfaces and other antenna
applications, the FSS can provide frequency shielding over
ultra-wide bands in hospitals where there is potential risk
of interference between various operating systems like
medical equipment and mobile phones existing in close
proximity. Also the simple printed FSS geometry on a
transparent substrate retains the optical and RF transparency
for required applications.
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