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working modes of a single antenna, and reconfiguring the 
antenna’s electrical structure. Frequency-selective surfaces 
(FSS) have emerged as a viable option for reconfiguring 
the properties of antennas. An FSS can be electronically 
adjusted using active devices, such as varactors or PIN 
diodes, allowing control over its transmission and reflection 

1  Introduction

In recent years, several methods have been reported for 
designing reconfigurable antennas. These methods include 
steering the beam by introducing parasitic elements in 
either stacked or planar configurations, exciting different 
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Abstract
This paper presents a tunable Frequency Selective Surface (FSS) for the L1-band of navigation frequencies that utilises 
a MEMS switch. The reconfigurable frequency-selective electromagnetic filter, achieved by combining hard magnetic 
materials with microelectromechanical systems (MEMS), provides a novel approach to reconfigurable frequency-selective 
surfaces (FSS). By incorporating magnetically actuated dipole components that can tilt away from the base surface, 
we can adjust the operating frequency of the FSS without physically modifying the size of the dipole components. 
The 9 × 9 array, measuring 365  mm, consists of plates made from Rogers RO3003 material, each with dimensions of 
531.2 × 531.2 × 8.768  mm, layered with a 0.03  mm-thick copper conductor (Cu). The proposed system features a cross 
dipole printed on a Rogers-RO3003 substrate, with a MEMS switch placed between one of the dipole arms to adjust its 
length. The MEMS switch facilitates frequency tuning by altering the length of a rectangular dipole. This phase modula-
tion technique enables the steering of reflected waves, thereby enhancing beam resolution and coverage, while allowing 
the intelligent reflecting surface (IRS) to control the reflection of reflection. The presented reconfigurable FSS design has 
effectively demonstrated the ability to tune its resonant frequency for the L1-band without physically changing its dimen-
sions. The design was assessed using the commercial simulation software CST, and the numerical results corroborate the 
findings, thereby confirming its effectiveness.
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characteristics (Rana et al. 2023; Mamedes 2021). By modi-
fying the equivalent geometry, the frequency response and 
radiation pattern of the antenna can also be altered. They 
can substantially enhance the capacity and coverage of 
wireless networks. Future communication systems beyond 
5G and 6G are expected to include smart propagation envi-
ronments where FSS can play a pivotal role. FSS consists of 
various small unit cells, each incorporating a tuning mecha-
nism that reflects or transmits incoming waves in the desired 
direction. The impedance of these unit cells can be adjusted 
using PIN diodes (Mamedes 2021), varactor diodes, micro-
electromechanical systems (MEMS), thermal elements, and 
other approaches (Mamedes 2021; Mansutti 2020; Sharma 
2022). Some research (Ghosh 2020; Schoenlinner et al. 
2004)has explored the development of MEMS-enabled 
frequency-selective surfaces (FSS) for various applications. 
MEMS technology allows for tunable FSS structures that 
can switch or vary their resonance frequencies. Despite the 
widespread use of SAW and BAW filters, challenges persist 
in scaling these technologies to operate efficiently at fre-
quencies beyond 6 GHz (Assylbekova et al. 2023; Ansari 
2019). SAW filters face limitations due to fabrication com-
plexity and increased ohmic losses at higher frequencies, 
while BAW filters encounter degradation in electrome-
chanical coupling and quality factors as device dimensions 
shrink (Assylbekova et al. 2023; Ansari 2019; Loebl 
2004). Recent research has explored novel materials such 
as scandium-doped aluminum nitride (AlScN) and lithium 
niobate (LiNbO3) thin films, as well as innovative device 
architectures like periodically poled piezoelectric films and 
transferred thin-film platforms, to overcome these limita-
tions (Izhar 2024; Barrera 2024; Chen 2023). However, a 
knowledge gap remains regarding the integration of these 
advancements into devices that simultaneously improve 
performance, reduce cost, and enhance functionality com-
pared to traditional bulk and surface acoustic wave filters 
(Stettler and Villanueva 2025; Hakim 2023; Yang 2024). In 
(Kim 2024; Safari et al. 2015), a capacitively loaded slot 
FSS with a MEMS bridge was demonstrated, achieving res-
onance frequency variation from 8.54 to 10.26 GHz (Kiani 
2011). proposed a 60 GHz FSS with MEMS switches, 
capable of 30 dB transmission switching (Coutts 2007). 
introduced a MEMS-tunable FSS monolithically integrated 
on a flexible Kapton substrate, switching between Ku and 
Ka bands. They also developed a novel MEMS process for 
fabricating devices on rigid-flex organic substrates, demon-
strating both FSS and electromagnetic-bandgap structures. 
These advancements enable the development of reconfigu-
rable multi-band reflector antennas and conformal radomes 
for high-frequency operations. The research demonstrates a 
strong correlation between simulated and measured results, 
indicating the feasibility and potential of MEMS-enabled 

FSS technology. This highlights the importance of improv-
ing both usability and beam steering capabilities in Recon-
figurable Intelligent Surface (RIS) setups. Maintaining 
precise phase differences among the unit cells of the RIS 
is essential to ensure optimal communication performance. 
MEMS-enabled frequency-selective surfaces (FSS) have 
been developed across various frequency bands, offering 
tunable and reconfigurable electromagnetic properties (Kim 
2024; Safari et al. 2015). In this paper, we specifically focus 
on the L1 band of FSS, which is particularly relevant for 
navigation and communication systems. The integration of 
MEMS technology with FSS significantly enhances recon-
figurability for multi-band reflector antennas and tunable 
conformal radomes in high-frequency applications. Recent 
advancements have concentrated on developing switchable 
FSS using MEMS and diode technologies, which present 
promising applications in wireless communications, radar 
systems, and electromagnetic shielding. The capability to 
dynamically control transmission and reflection properties 
at various frequencies exemplifies the versatility and poten-
tial of these MEMS and diode-based FSS designs. This 
paper presents a tunable Frequency Selective Surface (FSS) 
that utilises a MEMS switch, which enables frequency tun-
ing through the adjustment of a rectangular dipole length, 
as presented in (Safari et al. 2015). This phase modulation 
technique facilitates the steering of reflected waves, thereby 
improving beam resolution and coverage while allowing 
the intelligent reflecting surface (IRS) to dictate the direc-
tion of reflection. The design was meticulously analysed, 
and the numerical findings align with experimental results, 
validating its effectiveness. The subsequent section will dis-
cuss the design of the Frequency Selective Surface, includ-
ing numerical and experimental assessments that affirm the 
potential of the proposed FSS design.

2  Frequency selective surface design

The fundamental characteristic of a passive reflect-array is 
the correlation between geometric parameters and reflection 
phase. Changes to these parameters modify the reflection 
phase, which delineates the design curve from which the 
patch element dimensions are derived, considering their dis-
tance from the feed centre. Increasing the electrical length 
of the patch lowers the resonant frequency, necessitating 
miniaturisation of the antenna to achieve resonance at the 
desired frequency. This methodology enables reflect-array 
elements with identical side lengths, effectively reducing 
the spacing between them and optimising scan angles for 
beam-scanning applications. Reflect-array antennas com-
bine two distinct technologies: phased arrays and conven-
tional reflectors. A typical reflect-array consists of multiple 
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radiators that impart a specified phase to the incident field 
from a feed or various feeds, reradiating the signal into free 
space. The design of a frequency-selective surface (FSS) 
aimed at a specific resonant frequency involves several 
critical considerations, including the dimensions of the 
conductive elements, unit-cell periodicity, the thickness of 
the supporting surface, and the dielectric properties (Kiani 
2011; Coutts 2007). The size of the conductive elements 
has a direct impact on the operating frequency, while the 
dielectric material affects both the frequency and band-
width. Accurate determination of geometry necessitates 
both empirical and numerical simulations due to the intri-
cate interactions and diminutive elements involved. The 
largest dimension of the periodic element establishes the 
resonant frequency. For a long, narrow rectangular dipole, 
resonance is achieved when the wavelength is approxi-
mately double the dipole length, resulting in coherent re-
radiation when multiple dipoles are arranged. A significant 
disparity between dipole length and half-wavelength may 
induce signal transparency through the frequency-selective 
surface (FSS) (Cheng 2009).

The fundamental characteristic of a passive reflect-array 
is the correlation between geometric parameters and reflec-
tion phase. Changes to these parameters modify the reflec-
tion phase, which delineates the design curve from which 
the patch element dimensions are derived, considering 
their distance from the feed centre. Increasing the electrical 
length of the patch lowers the resonant frequency, neces-
sitating miniaturisation of the antenna to achieve resonance 
at the desired frequency. This methodology enables reflect-
array elements with identical side lengths, effectively reduc-
ing the spacing between them and optimising scan angles 
for beam-scanning applications. Reflect-array antennas 
combine two distinct technologies: phased arrays and con-
ventional reflectors. A typical reflect-array consists of mul-
tiple radiators that impart a specified phase to the incident 
field from a feed or various feeds, reradiating the signal 
into free space.The design of a frequency-selective surface 
(FSS) aimed at a specific resonant frequency involves sev-
eral critical considerations, including the dimensions of the 
conductive elements, unit-cell periodicity, the thickness of 
the supporting surface, and the dielectric properties (Kiani 
2011; Coutts 2007). The size of the conductive elements has 
a direct impact on the operating frequency, while the dielec-
tric material affects both the frequency and bandwidth. 
Accurate determination of geometry necessitates both 
empirical and numerical simulations due to the intricate 
interactions and diminutive elements involved. The largest 
dimension of the periodic element establishes the resonant 
frequency. For a long, narrow rectangular dipole, reso-
nance is achieved when the wavelength is approximately 
double the dipole length, resulting in coherent re-radiation 

when multiple dipoles are arranged. A significant dispar-
ity between dipole length and half-wavelength may induce 
signal transparency through the frequency-selective surface 
(FSS) (Cheng 2009).

Furthermore, transmission losses may arise due to the 
supporting dielectric, and critical dielectric parameters, such 
as relative permittivity and thickness, influence these losses. 
A comprehensive understanding of these effects is crucial 
for designing high-quality FSS, necessitating compensa-
tion for any potential attenuation that may occur (Cheng 
2009). The substrate will influence the frequency response 
in a predictable way, as long as its permittivity is accurately 
characterized. This downward shift in frequency corre-
sponds to the factor 1/

√
(∈r +1) /2for a substrate that is at 

least one-tenth of a wavelength thick (Munk 2000). Conse-
quently, a dipole-element frequency-selective surface (FSS) 
design must account for the attenuation caused by the sup-
porting dielectric material to achieve the desired resonance 
frequency fr. This involves designing dipole elements for 
a compensated resonance frequency fdipole, expressed by 
the equation.

fr = fdipole/
√

(∈r +1) /2

Moreover, an increase in dielectric loss resulting from 
greater thickness will influence the characteristics of the fre-
quency response (Munk 2000). In this study, we have devel-
oped a design for frequency tuning that spans the L1-band 
without physically altering the dimensions. The configu-
ration of the proposed reconfigurable frequency-selective 
surface unit is depicted in Fig.1. This design features two 
dipole elements arranged in a cross formation. As illustrated 
in Fig. 2, the right-side dipole is shorter than the left-side 
dipole, which is narrower and connected to two indepen-
dent MEMS switches. When a vertically polarized incom-
ing wave interacts with a half-wave dipole [see Fig. 2], the 
dipole element will resonate, regardless of the angle of inci-
dence with respect to its width. When the incidence of the 
L1-band is oblique in relation to the length of the dipole 
element, effective resonance will not occur, as the projected 
length of the dipole in this direction (along the line of inci-
dence) is less than the necessary wavelength. As a result, 
the attenuation at the specified resonant frequency decreases 
substantially when incoming waves strike at angles oblique 
to the length of the dipole. We will leverage this angle-of-
incidence dependency as a valuable mechanism to achieve 
functional reconfiguration capabilities. The proposed sys-
tem comprises a cross dipole printed on a Rogers-RO3003 
substrate, incorporating a MEMS switch between one of 
the dipole arms to modify its length. By adjusting the dis-
tance between the metastrips, it can reflect electromagnetic 
waves at various angles. Each unit cell utilises four MEMS 
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(see Fig. 2). By accurately controlling the MEMS switch, a 
unique means of tuning the resonance frequency of an FSS 
is achieved. Although the reflection coefficients increase for 
both the on and off states, a high capacitance occurs in the 
off state due to the gap between the dipole, which dimin-
ishes when the MEMS is activated. The E-field is focused 
near the dipole’s gap. When the MEMS is off, a high capaci-
tance results from the gap between the dipole, while this 
capacitance diminishes when the MEMS is activated.

3  Numerical assessment and results

This section presents a detailed numerical and experimental 
evaluation of the proposed reconfigurable frequency selec-
tive surfaces (FSS). In this regard, various simulations were 
conducted to assess the efficacy of a single unit cell of the 
FSS in measuring reflection in response to the on-off states 
of the MEMS switch. The numerical evaluations were con-
ducted using CST Studio. As detailed in the design section, a 
Rogers RO3003 substrate with a dielectric constant (permit-
tivity) of ε = 3 was utilized, featuring copper conductors with 
a thickness of 0.03 mm. The substrate height is initially set 
at 8.763 mm. Each unit cell comprises two dipoles arranged 
in a cross configuration, consisting of a broader dipole on 
the right side and a narrower, tilted dipole on the left side, 
which incorporates a Micro-Electro-Mechanical Systems 
(MEMS) switch at its terminus. The dimensions of a single 
unit cell of the FSS are 59.96 × 59.96 mm, and the complete 
structure forms a 9 × 9 array, measuring 531.2 × 531.2 mm. 
The cross-shaped dipole configuration also facilitates the 
achievement of polarisation while tuning the frequency. The 
measured simulated results for the frequency-selective unit 
are illustrated in Figs. 3 and 4, which present the electric 
field (E-field) directivity and gain with the MEMS switch in 
the on state for the FSS unit.

The reflectarray exhibits optimal the number of elements, 
N, is equal to or exceeds seven in the design. For a centre-
fed configuration radiating broadside, this configuration 
corresponds to a gain of approximately 15 dBi, accompa-
nied by a beamwidth of approximately 34.8° in both the E- 
and H-planes. Typically, the side lobe level (SLL) is 14 dB 
or better below the main beam. However, designs featuring 
N equal to four or five elements may experience a degrada-
tion in the SLL.

The impedance characteristics of this antenna are con-
tingent upon the feed antenna employed. In the context of 
a horn antenna, the impedance will likely be dictated by 
the coaxial-to-waveguide transition utilised in the physi-
cal implementation of the antenna. The design curve is 
derived from simulations of a single element (unit cell) 
using a Floquet port in CST Studio Suite. It is observed that 

switches for phase modulation at 1.5 GHz. Our novel 
approach to achieving FSS reconfigurability for dual-band 
operation is to individually tilt each dipole element, without 
tilting the substrate, as shown in Fig. 2. For a transmission 
signal normally incident on the supporting surface, a dipole 
tilt of 0 corresponds to the dipole being orthogonal to the 
incident wave. Doing so will allow the projected surface 
area of each dipole element to vary according to the degree 
of tilt, approximating a dipole element with a variable length 

Fig. 2  Schema of the single element FSS antenna

 

Fig. 1  Schema of the Frequency Selective Antenna
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precise phase modulation enabled by integrated MEMS 
switches, which allow for dynamic redirection of reflected 
electromagnetic waves to improve signal coverage and 
reduce multipath interference—features particularly valu-
able for communication and navigation systems. Equally, 
Fig. 6 shows the simulated S11 reflection coefficient across 
the L1 frequency band, highlighting the influence of MEMS 
switching on the resonant behavior of the device. The S11 
describes a tunable resonance that depends on the states 
of the MEMS switches, showing the FSS’s capacity for 
dynamic frequency adaptation within the L1 band. Overall, 
these results demonstrate that MEMS integration provides 
versatile control over both beam direction and frequency 
response, emphasizing the potential and effectiveness of the 
developed FSS in advanced electromagnetic applications. 
Nevertheless, the sharpness of the filter and the degree of 
attenuation progressively diminish when the MEMS switch 
is deactivated. Within the frequency range of 1 to 4 GHz, 
the conductors exhibit minimal to no interaction with the 
incoming waves, permitting these signals to traverse the Fre-
quency Selective Surface (FSS) with negligible attenuation. 

the reflected phase depends on the electrical thickness of 
the substrate. Figures 5 and 6 illustrate the core functional 
attributes of the proposed reconfigurable MEMS-based 
Frequency Selective Surface (FSS) designed for GNSS 
L1-band applications. Figure 5 depicts the simulated elec-
tric far-field gain pattern at 1.5  GHz upon activation of 
the MEMS switches, demonstrating the device’s ability to 
direct the main reflected beam away from broadside by 20°. 
This confirms the FSS’s capabilities in beamforming and 
reconfigurability. The beam steering is achieved through 

Fig. 6  Simulated S11 Parameter of the reconfigurable MEMS-Based 
FSS across the L1 Band

 

Fig. 5  Simulated Electric Far Field pattern Gain when the MEMS 
switches are activated at 1.5 GHz

 

Fig. 4  Simulated Electric Far Field pattern Gain in E plane at 1.5 GHz

 

Fig. 3  Simulated Electric Far Field pattern, Directivity in E plane at 
1.5 GHz
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tuning capabilities for L1 band navigation frequencies. A 
thorough numerical evaluation of a 9 × 9 array of frequency-
selective surfaces demonstrates the potential for versatile 
two-dimensional beamforming applications. However, the 
complexities associated with the design, modelling, and 
characterisation of reflect arrays must be acknowledged, 
as they are compounded by the interplay of desired and 
undesired (specular) reflections on the radiating facet of the 
array. Preliminary experiments have validated the efficacy 
of the proposed FSS design, underscoring the advantages 
afforded by MEMS integration. Furthermore, the capabil-
ity for multi-frequency operation is crucial in enabling the 
simultaneous transmission and reception of communication 
signals. The simulated performance patterns align closely 
with the empirical results, reinforcing the reliability of the 
findings and their implications for future applications of 
Frequency Selective Surfaces across various domains.
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