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A Miniaturized Band-Stop FSS Based on Pixelated Unitcell

Abedin Karimi and Morteza Nadi*

Abstract—As wireless devices become increasingly compact, portable, and accessible anywhere, there
is a need to increase isolation between them and reduce frequency interference. The purpose of this paper
is to suppress interference by using pixelated patterns on a single layer in a miniaturized unitcell. To
miniaturize of unitcell, the surface was pixelated into 50×50 pixels with a resolution of 0.2mm×0.2mm.
The proposed unitcell occupies a small area of 0.06λ0 × 0.06λ0 at GSM frequency (f = 1.8GHz).
The pixelation of the surface allows the surface current to follow a long path. Therefore, unlike the
previous works, the miniaturized structure is obtained using a 1D layer without any vias and lumped
elements. A significant advantage of this structure is that it is significantly more miniaturized than the
current state-of-the-art unitcells and allows for a wider range of applications. Full-wave simulation and
measurement results are in good agreement with each other and show stopband at operation frequency.
As a result, both simulation and measurement results show that the proposed structure has a dual-
polarized characteristic with good angular stability under a variety of incidence angles.

1. INTRODUCTION

Over the past decades, metasurfaces, or 2D-dimensional metamaterials, have attracted significant
attention from researchers due to their ability to modify permittivity and permeability beyond natural
material composites. Metasurfaces have been extensively used in various microwave applications,
such as metasurface antenna [1–3], radar cross-section (RCS) reduction [4], reflectarray antenna [5],
electromagnetic shielding enclosure [6], and spatial filters [7–22]. Typically, metasurfaces consist of
scattering arrays of metallic patches exhibiting one or more passbands or stopbands.

Recently, multi-frequency systems and multiple input-multiple output (MIMO) systems have been
studied widely in order to improve the quality of wireless communication and satisfy users. If there is
a small frequency interval between two operating bands, interference suppuration increases for multiple
antenna systems. A spatial filter such as a frequency selective surface (FSS) can suppress interference
on a particular frequency range.

Traditional spatial filters are constructed by periodic metallic patches and slot arrays that are placed
on dielectric layers. There is low cost and easy manufacturing associated with these planar structures.
A unitcell can be designed using a number of parameters, including dimension, shape, dielectric
permittivity, number of layers, thickness, etc., to achieve similar performance at different oblique
incident angles, whether transverse electric (TE) or transverse magnetic (TM). Several types of research
have proposed different configurations of unitcells to develop a high-performance spatial filter. For
instance, [7] proposes a new reconfigurable four-arms star frequency selective surface by appropriately
embedding PIN diode to realize reconfigurable FSS with two distinct resonance frequencies. In [8],
a new analytical method is introduced based on equivalent circuits of square and hexagonal patches
for designing a first-order bandpass FSS. In another study, [9], an angular independent higher order
band-stop frequency was designed using curved arms of a conventional cross dipole. The structure
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in [10] was implemented using via holes and multilayer printed circuits board substrate to proposed
3D-FSS. A novel FSS with quasi-elliptical bandpass filtering response is proposed in [11] with hollow
metal pipe arrays and metal disk arrays printed on thin substrate layers. There is a flat transmission
in the passband and a fast roll-off in this structure. A new structure for switching from bandstop
to bandpass operation is proposed in [12] without the requirement to integrate active devices. This
structure is composed of helical resonators that can adjust the height of a mechanical spring in order
to tune the frequency of resonance and switch between bandstop and bandpass modes [13], and the
authors used supervised machine learning (ML) with the decision tree (DT) algorithm to synthesize
multiband frequency selective surfaces (FSSs). In [14] unlike the traditional FSSs, which make use of a
resonant metallic or slot structure, bandpass is made up of metallic patches separated by thin air-gaps
backed by a wire mesh.

Many efforts have been made to achieve miniaturization of unitcell, which is often required at
lower frequencies. The miniaturized unitcell is achieved by the fractal elements, vertical holes, multi-
layer structures, etc. A miniaturized bandpass FSS based on a fractal array is presented in [15]. To
minimize the size of unitcells, the authors used the Minkowski island-shaped patches which exhibit
a lower frequency against profile than conventional FSSs. In [16], instead of a 2D planar FSS, a
miniaturized dual-band and dual-polarized bandpass FSS was proposed by adding vertical metalized
holes (vias) to the substrate which act as additional capacitive elements. In [17], The miniaturized
two-band band-stop filter was obtained by a 2.5D structure composed of a meandering-line connecting
vertical via arrays on a dielectric layer.An approach to further miniaturizing convoluted bandpass FSS
unitcells involves loading capacitive structures is proposed in [18]. In this approach, convoluted bandpass
elements are cascaded with convoluted slot grids (CSGs), which function as parallel LC circuits and
parallel capacitors, reducing the size of unitcells. Another miniaturized FSS is proposed in [19], and the
dual stopband characteristic is achieved by printing meander lines on a single-layer dielectric substrate.
A miniaturized dual-band FSS with anchor-shaped loops for WLAN frequency was presented in [20].

This paper proposes miniaturized element frequency selective surfaces (MEFSSs) with band-
reject characteristics for both transverse electric (TE) and transverse magnetic (TM) polarizations.
The surface was pixelated into 50 × 50 pixels with a resolution of 0.2mm × 0.2mm to achieve high
miniaturization at lower frequencies under normal and oblique incidents with both TE and TM
polarizations. The performance of the proposed spatial filter is demonstrated under normal and oblique
incidences with full-wave simulations and measurements. In addition, the proposed spatial filter is more
compact than previously published ones.

2. DESIGN AND SIMULATION

FSS band-reject is fundamentally based on LC resonance, implying that the resonance frequency and
resonator length can be determined analytically by [21]. The proposed structure is symmetrical with
regard to the normal axis of unitcell in order to reduce the sensitivity of this structure to the polarization
of the incident wave. Hence, the equivalent circuits of the structure are the same for both the vertical
and horizontal polarizations. The stopband filter is obtained by the LC series network, in which the
capacitance and inductance of the unitcell can determine the resonant frequency of this network. Our
goal is to minimize the dimension of the unitcell for a desired resonance frequency by adjusting the
capacitance and inductance values of the unitcell. In general, the effective capacitance of a unitcell can
be approximated by the following closed-form expression [21].
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where p is the period of unitcell, s the gap between two adjacent patches, and h the dielectric constant
of the medium that the resonator layer is printed on. However, the inductance value is only determined
by the length and width of the metallic strip, p and w [21].
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Figure 1. Schematic of proposed pixelated unitcell.

Therefore, our approach in this paper is to miniaturize the unitcell against wavelength. For this
purpose, the surface of the symmetric unitcell was pixelated into 50 × 50 pixels with a resolution of
0.2mm× 0.2mm, as shown in Fig. 1. It is worth noting that, unlike the previous works, the proposed
structure is 1D and has a simple design. It should be noted that the proposed FSS is implemented on
an FR-4 laminated substrate with a dielectric constant of 4.4, a loss tangent of 0.027, and a thickness of
h = 0.5mm. Its geometry is shown in Fig. 1, where the periodicity of the unitcell is p = 10mm, while
the wavelength of the resonance frequency is 166mm. Thus, the terms of the figure-of-merit (λ0/p) are
around 16. In fact, the resonant frequency of the FSS would become lower because the total conductor
length is three times longer than the planar square loop; the conventional band-stop spatial filters are
on the same substrate when the thickness is 0.5mm.

The transmission and reflection coefficients of the proposed structure are shown in Fig. 2. The
commercial software CST Microwave Studio is employed, where periodic boundary conditions are
applied along with the lateral directions, while Floquet ports are assigned to the z-direction. As
observed from the simulation results obtained, Fig. 2, the resonance frequency of this structure located
at 1800MHz in contrast to the resonance frequency of the planar square loop is 4430MHz at the same
condition.

A variation in substrate thickness will change the resonance frequency of the FSS since the thickness

Figure 2. Reflection and transmission coefficients of the proposed pixelated unitcell.
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Figure 3. The surface current distribution of the band stop structure at f = 1.8GHz.

will affect the capacitance of unitcell. Due to this fact, the thickness of the substrate is set to 0.5mm
to study only the behavior of metal layer and reduce the effect of substrate on resonance frequency.

Figure 3 illustrates the resonance mechanism of the pixelated unitcell by showing the surface current
distribution under normal incident waves. This figure indicates that the pixelation of the surface allows
a long path to be selected for the surface current pass. Fig. 4 depicts the frequency response of the
proposed structure in different oblique incident angles at both TE and TM polarizations up to 80◦,
respectively. It can be observed that the resonant frequency is quite stable up to 50◦. the bandwidth of
resonance becomes wider for TE mode with increasing the incident angle while it tends to decrease in
the TM mode. In addition, the simulation and measurement results exhibit that the FSS offers almost
total reflection at the resonant frequencies.

For the real-world application, the proposed structure with 20× 20 elements was fabricated on an
FR-4 substrate, as shown in Fig. 5(a), by using standard printing board (PCB) process technology.
Structural parameters of the fabricated structure are the same as the simulated ones mentioned above.
A free-space measuring system is used for measuring the transmission coefficients of the fabricated FSS,
as shown in Fig. 5(b). Regarding Fig. 5(b), the measurement setup is mainly composed of transmitting
and receiving standard-gain horn antennas, and a frame that was covered by electromagnetic absorber
material to reduce reflected rays back to the antennas and a vector network analyzer. The fabricated FSS
structure is placed on the center of the frame and in the middle of transmitting and receiving antennas
with a distance of 3m and 0.5m, respectively. To ensure measurement accuracy, transmission coefficients
were measured without the FSS prototype. The transmission coefficients of the FSS prototype were
calibrated based on these measured results.

The measured transmission coefficient of the fabricated structure under a normal incident wave is
shown in Fig. 2. It can be observed that full-wave simulation and measurement results are in good
agreement with each other. As expected, the proposed structure has a stopband frequency at the
GSM band (f = 1.8GHz). There are slight discrepancies between the simulation and measurement
results, including unexpected ripples in the measured transmission curves. The unexpected ripples in
the experimental data could be attributed to the errors in the measuring system, such as the edge
diffraction of the fabricated structure.

Table 1 shows the comparison between the proposed FSS structure and the structures reported
previously; the table shows the advantage of specification rather than the other references. In more
detail, the proposed structure has more miniaturized dimension than the previous works. Moreover,
this structure exhibits a band-stop spatial filter by using a simple and low-cost structure.
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Figure 4. Simulated and measured transmission coefficient at different incidence angles for (a) TE
polarization, (b) TM polarization.

Table 1. Comparison of the proposed miniaturize unitcell with state of the art references.

Refrence Metal layer
Resonant

frequency (GHz)

Uintcell

size λ0 × λ0

Substrate

thickness (mm)

Ref. [16] 1-layer, 2.5D 2.4, 5 0.067× 0.067 FR-4, 1.6

Ref. [17] 1-layer, 2.5D 2.4, 5 0.05× 0.05 FR-4, 1.6

Ref. [20] 1-layer, 2D 2.4, 5 0.65× 0.65 FRB-2, 1.5

Ref. [22] 1-layer, 2.5D 2.1 0.064× 0.064 FR-4, 1.6

This

Study
1-layer, 2D 1.8 0.06× 0.06 FR-4, 0.5
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Figure 5. (a) Fabricated prototype of the pixelated band-stop FSS. (b) Measurement setup.

3. CONCLUSION

In summary, this paper proposes a miniaturized unitcell for a stopband spatial filter. In this method,
the surface of the unitcell is pixelated to create a long path for the surface current to pass. The total
conductor of this structure is three times longer than the planar square loop at the same frequency
band. Therefore, unlike the previous works, the miniaturized structure is obtained using a 1D layer
without any lumped element. Moreover, the proposed structure provides the stable frequency response
at different oblique incident angles in both TE and TM polarizations up to 50◦, respectively. As a proof
of a concept, the proposed structure with 20 × 20 elements was fabricated on an FR-4 substrate and
tested. The measurement result corroborated well with full-wave simulation at operation frequency.
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