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ith the increase in the usage of electromagnetic devices, electromagnetic interference also 
increases. Frequency Selective surface (FSS) provide effective shielding from unwanted 
frequency ranges. A thin, conformal band-stop frequency selective surface (FSS) is 

presented. The proposed FSS provides effective electromagnetic shielding properties in X-band. 
The FSS acts as a band stop filter at 10 GHz. The proposed FSS has 54.7% fractional bandwidth. 

The design is of the dimensions 6.79 x 6.79 x 0.127 𝑚𝑚3, employing Rogers RT 5880 substrate 
with 0.0009 dielectric constant. It has an attenuation of at least -57.97 dB. The proposed FSS shows 
oblique incidence angle independence for both TE and TM modes, up to 60o scan angle. The 
incidence angle independence makes the FSS response stable for both normal and varying angles 
of the incident waves. The design has a copper cladding of 0.018 mm, making the overall FSS 
thickness of 0.145 mm. The thin substrate makes the design flexible and easily bendable for curved 
surfaces. Its thin structure makes it easily applicable on buildings, vehicles and military aircrafts for 
electromagnetic shielding purposes. The conformability and shielding properties make the design 
suitable for various other applications.  
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Introduction  
Rapid technological enhancements and the invention of smart devices have connected 

several devices with each other. This device-to-device connectivity and various other technologies 
like the Internet of Things (IoT), space communication and radars have increased the 
electromagnetic interference. 5G also aims to provide a huge data rate with less latency, [1,2] 
increasing the electromagnetic interference. X-Band (8-12 GHz) is one of the major contributors 
to increasing electromagnetic interference [3]. X-Band frequency ranges are immune to 
atmospheric attenuation which makes them ideal for weather monitoring and space 
communication. It has a shorter wavelength and higher image resolution for radar applications, 
maritime traffic control and vehicle detection [4]. Electromagnetic interference causes serious 
threats to sensitive electronic systems, healthcare and military devices. The electromagnetic 
interference can be minimized by using effective shielding, for example metallic shields can be used 
for isolation from electromagnetic signals. But they block the desired electromagnetic radiations as 
well [5]. 

Frequency selective surfaces (FSS) provide effective shielding properties. Frequency 
Selective Surfaces (FSS) can be used for shielding against the electromagnetic radiations owing to 
their selective filtering properties. FSS are periodic surfaces having identical elements in an infinite 
array arranged in one or two dimensions [6]. FSS has the capability of passing and blocking 
frequencies of desired range [7]. An array of periodic metallic patches or apertures on a dielectric 
substrate forms a frequency selective surface. The metallic apertures act as band pass filters, and 
the metallic patches act as band stop filters at resonance frequency [8]. 

FSS can be used as polarizers, sub reflectors, filters, beam multiplexers in optical and 
microwave applications. Dual-band FSS for GSM shielding based on the paper substrate is 
presented to ensure effective shielding, having a low profile at affordable cost. A dual layer 
absorptive/transmissive FSS is proposed absorbing WLAN signals and transmitting GSM signals 
with reduced multipath fading [9]. FSS can be made electronically switchable by making it switch 
from transparent and reflection state. This makes it a spatial filter for reconfiguring building 
architecture [10]. FSS is known as spatial filters as they are different from classical filters. FSS deals 
with signals having different polarizations and angles of incidence [6]. Its capability to show a stable 
response for various incident angles for TM and TE modes makes it an excellent candidate for use 
in electromagnetic compatible (EMC) applications, where polarization modes and angles are usually 
unknown [11]. A spiral slot frequency selective surface filter for shielding from undesired 
electromagnetic noise produced by wireless charging batteries is proposed in [12]. Spiral slot with 
seven to ten windings is cut on the metallic ground plane. The helical antenna is composed of five 
wire windings and the FSS is placed in between two helical antennas. FSS and Substrate Integrated 
Waveguide (SIW) technology is used for airborne radome applications [13,14]. 

The electromagnetic band gap (EBG) structures can be used to suppress waves in the 
desired stop band. A hybrid of FSS and electromagnetic band gap (EBG) is used to suppress surface 
waves [15]. Previously, multi-layer FSS was presented for shielding purposes in applications. Two 
FSS were cascaded using Koch fractal elements for shielding, and providing 20 dB attenuation with 
a wide stopband [16]. Multi-layer FSS structures needed to be carefully aligned and more FSS layers 
might cause processing errors [17]. Extremely high frequency (EHF) ranges are used in transmitters 
of satellites, which increases the electromagnetic interferences and it can damage sensitive external 
transceivers. Due to a large number of transmitters and receivers outside the satellite, satellites can 
get interference from nearby transmitters. 2D cross-dipole FSS structure with specific stop band 
property can be used for shielding against out-of-band signals [18]. Miniaturized FSS for shielding 
in the millimeter wave region (40 – 70 GHz) is presented in [19]. The structure is single layered 
having Jerusalem cross and Fan shape etched on both sides of the substrate. It has a shielding 
effectiveness of more than 16 dB and can be used for mutual coupling reduction. FSS is analyzed 
in terms of its S-Parameters, polarization independence and shielding effectiveness. Various 
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methods have been used for calculating the shielding effectiveness of an enclosure. The 
transmission line approach for calculating the shielding effectiveness of a double layer frequency 
selective surface enclosure, with different angles of incidence is much faster than other numerical 
methods [20].  

FSS can be made flexible by using flexible substrate; it can provide conformal shielding by 
using it on curved surfaces. Stretchable FSS embedded with silicone elastomers are able to be 
wrapped on doubly curved surfaces [21]. FSS shielding for X band by using miniature ring shaped 
elements was proposed in [22]. Effective shielding in X and Ka band simultaneously was achieved 
by a single layer ultra-wide band (UWB) polarization stable FSS [23]. Shielding in X-band is of 
immense importance as it is used for communication and radar engineering. Gas plasma 
encapsulated in FSS with switchable attenuation from 24dB to 44dB is used for electromagnetic 
shielding in X-band. This low loss device has three orders of structure and a large area that makes 
it useful for beam steering and RCS control as well [24]. Compact FSS structure consisting of eight 
segment polygon having an attenuation of 35dB is used and presented for effective shielding in X-
band. The structure shows polarization independence in TE and TM modes [25]. A convoluted 
ring loop FSS structure having a low profile is developed for X-band shielding. For miniaturization, 
four stubs are added at a 90o angle to each other. The structure has an attenuation of 37 dB for a 
oblique angle of incidence up to 45o [26].  A sub-wavelength polarization independent FSS for X-
band shielding is proposed in [27].  It shows attenuation of greater than 25 dB for the shielding 
band. A FSS for shielding X-band SATCOMS is proposed in [28]. It shows band stop 
characteristics with attenuation of up to 32 dB in the shielding band. An FSS consisting of a 
convoluted circular loop for electromagnetic shielding applications is proposed in [29]. Its effective 
shielding is centered at 9.7 GHz with an attenuation of at least 47 dB. 

The proposed design consists of a thin FSS layer printed on Rogers’s 5880 substrate having 
a thickness of 0.127 mm. The thin dielectric substrate makes the structure flexible, making it easier 
to employ on curved surfaces. The design stops the frequency at 10 GHz (X-band) and transmits 
the rest of the frequency ranges. It has an attenuation of at least -57.97 dB. The proposed design 
shows oblique incidence angle independence in terms of both TE and TM modes for up to scan 
angle of 60o. The design consists of a compact unit cell to provide stability for various incidence 
angles. It employs an extremely thin substrate that is highly flexible and easily applicable on curved 
surfaces. It can be used in antennas for enhancing the gain and directivity of antenna. 
Material and methods.  

The proposed design is simulated on Rogers 5880 substrate in Figure. 1 and 2. The substrate 
has a dielectric loss tangent of 0.0009 and relative permittivity of 2.2. The thickness of substrate is 

0.127 mm that makes the FSS flexible. The overall unit cell has dimensions of 6.79 x 6.79 𝑚𝑚2. 
The design consists of an X-shaped metallic loop placed on the substrate. The proposed design is 

printed on one side of the dielectric substrate. The thickness of copper cladding is 18 𝜇 m.  
The parameter ‘P’ represents the length and width of the substrate and ‘L’ represents the 

length and width of the metallic X-shaped square loop. The design consists of V-shaped inward 
stubs on all sides of the square loop. The design parameters are given in Table 1. The positioning 
and size of these stubs provide the incidence angle independent in terms of TE and TM modes. 
Result and discussion. 

Ansoft HFSS is used for simulation and optimization of the proposed design. The 
proposed FSS is designed in order to shield against frequencies in the X-band (8-12 GHz). S11 and 
S21 parameters are calculated for the normal angle of incidence in Figure 3. Shielding effectiveness 
(SE) of the proposed design is calculated for checking shielding against X-band shown in Figure 4. 
The design shows good shielding properties for X-band with its resonance frequency at 10 GHz. 
It has an attenuation of at least -57.97 dB. 
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Figure 1. Proposed FSS Unit Cell Front View 

 
Figure 2. Proposed FSS Unit Cell Perspective View 

Table 1. Parameter List 
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Oblique Incidence Angle Independence 
The design shows independence for oblique angles of incidence for both TE and TM 

modes. Figure 5 shows SE of TE and TM modes, for the angle of incidence up to 60o. The 
polarization independence is provided with the help of V-shaped stubs pointed inwards in the 
square loop. The widths of these stubs affect the response of FSS, for different incident angles.  
The fractional bandwidth increases slightly with the increase in the angle of incidence for TE modes 
in Figure 5. The fractional bandwidth decreases with the increase in the angle of incidence for TM 
modes in Figure 6.  

The change in the resonant frequency is not significant for the change in angle of incidence 
for both TE and TM modes. The resonant frequency remains in the allowable limits for both TE 
and TM modes, by changing the angles of incidence up to 60o. A few abnormalities are observed 
from 15.1 GHz to 18 GHz in case of TE modes because of the varying angle of the incident wave. 
The angles greater than 30o interferes with the higher frequency range of X-band. It shows minor 
shielding effects for attenuation up to 27 dB for scan angle of 30o and up to 45 dB for the scan 
angle of 60o. 

Effects of Varying Length i.e a A frequency shift is observed in the resonance frequency 
by varying the length of the inner copper loop ‘L’ in Figure 7. By increasing ‘L’ from 6.6 mm to 6.7 
mm, the resonant frequency shifts to the lower frequency range, from 10 GHz to 8.36 GHz. By 
decreasing ‘L’ from 6.6 mm to 6.4 mm, the resonant frequency shifts to a higher frequency range 
of 10 GHz to 11.52 GHz. In this case the frequency shift is indirectly proportional to varying ‘L’. 
The frequency shift can also be observed by varying the thickness of the hexagonal stubs ‘G’ in 
Figure 8. 

By increasing ‘G’ from 1.08 mm to 1.12 mm, the resonant frequency shifts to a lower 
frequency range, from 10 GHz to 9.57 GHz. In this case, the frequency shift is directly proportional 
to ‘G’. However, the frequency shift is slightly smaller for varying ‘G’ than ‘L’. 

 

Figure 3. S11 and S21 Parameter 
Loss Tangent 

The loss tangent of the employed substrate affects the SE of the proposed FSS in Figure 9 

by varying loss tangent ’𝛿’, due to which the SE value also varies. When 𝛿=0 the SE reaches to the 

maximum value of -57.97 dB. By increasing 𝛿 from 0 to 1 the SE starts decreasing until it reaches 

to the minimum value of 𝛿 =1. For the proposed design 𝛿=0.0009 for Rogers 5880 substrate. 
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Figure 4. Shielding Effectiveness 

 
Figure 5 Effects of Varying Angles of Incidence on Proposed FSS for TE Modes. 

 
Figure 6 Effects of Varying Angles of Incidence on Proposed FSS for TM Modes 
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Relative Permittivity 
The relative permittivity used for the proposed design is 2.2. By increasing the relative 

permittivity, the resonant frequency is shifted to the lower frequency range as shown in Figure 10. 
For the increase in the relative permittivity, from 2.2 to 6.2, the resonant frequency shifts from 10 
GHz to 7.5 GHz. For the decrease in the relative permittivity from 2.2 to 1.2, the frequency shift 
to the higher frequency range at 10.78 GHz. The frequency shift is indirectly proportional to the 
relative permittivity. 

 
Figure 7. Varying length of square loop ‘L’ 

 

Figure 8. Varying Length of hexagonal stub ‘G’ 
Fss Prototype Fabrication 

The proposed FSS design is fabricated on a Rogers RT 5880 substrate sheet of 9 x 12 

inches. The copper patch on the substrate is 18 𝜇m in thickness. The FSS prototype is fabricated 
by etching the metallic patch on the substrate. The FSS unit cells are of the order 33 x 44 across 
the sheet as shown in Figure 11.  

The proposed design is compared with other studies in the relevant field in Table. II. The 
results shows that the proposed FSS is thinnest among others, making it extremely flexible and 
applicable on curved surfaces. 
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Figure 9. SE by varying loss tangent 

 

Figure 10. Frequency shift by varying permittivity 

 

Figure 11. Fabricated FSS Prototype 
Table 2. Comparison 

Reference Substrate Size (mm3) FSS Sheet 
Thickness (mm) 

Oblique Incidence 
Angle Independence 

Flexible 

30 FR4 12x12x3.2 3.235 Up to 450 No 

31 Arlon Di880 8.8x8.8x0.762 0.762 Up to 600 No 

32 FR4 10x10x0.7 0.797 No No 

33 Rogers 5880 6.8x6.8x0.127 0.162 Up to 600 Yes 

25 FR4 5.3x5.3x1.6 1.635 Up to 600 No 

22 FR4 7.1x7.1x1.6 1.635 Up to 450 No 

Proposed Work Rogers 5880 6.79x6.79x0.127 0.145 Up to 600 Yes 
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Conclusion.  

An FSS for X-band shielding is proposed. The design is of 6.79 x 6.79 x 0.127 𝑚𝑚3 

dimensions. The proposed FSS show attenuation of at least -57.97 dB with a fractional bandwidth 
of 54.7 %. The FSS absorbs the frequency at 10 GHz and transmits the rest of the frequency ranges. 
The design is oblique incident angle independent in terms of TE and TM modes up to a scan angle 
of 60o. The proposed design is extremely thin and flexible which makes it easily applicable on 
curved surfaces. It can be used in antennas to gain enhancement due to its reflective properties. It 
can be used in radomes, aircrafts and buildings for shielding purposes. 
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