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ABSTRACT 

One of the major sources of radar cross section (RCS) in the frontal sector of the Aircraft 

is the Radome section. Radome is made of dielectric material which contributes to the 

RCS by the antenna used for surveillance and communication purposes. To counter this 

effect, a band-pass filter of frequency selective surface (FSS) is proposed with the 

dielectric substrate affecting the performance of a filter in the context of the resonant 

frequency. First influence of the dielectric layer on FSS element is analyzed then the 

insertion effect of planar, conformal FSS on antenna performance followed by proposed 

design of dual band-pass and band-stop FSS for wireless communication through CEM 

software is done. 

Initially effect of dielectric layer insertion on frequency selective surface element as 

band-pass filter is analyzed keeping resonant frequency stable. As seen that the real-time 

structures are not always found to be planar, structures may be conformal with a different 

angle. To meet the real-time scenario both planar and conformal structures are presented. 

The past researches have some advantages but face some challenges too like maintenance 

and application in the conformal airborne platform. To meet this requirement simple unit 

cell FSS element is taken and the simulation is performed with a horn antenna in CST 

software. The material used is FR-4 with a dielectric constant of 4.3. The size of designed 

unit cell FSS both Square slot and Cross dipole slot are 0.32λ0×0.32λ0 and thickness of 

0.0256λ0, where λ0 is the resonant frequency. The results obtained is a single 

transmission pole with a band-width of 2.38 GHz and 0.86 GHz for Square slot and Cross 

dipole slot respectively at various incidence angles. The frequency selective surface 

element is replicated on the planar and conformal structure as a 3×3 FSS element array to 

observe the gain of the antenna with FSS. For observing the effectiveness of the filter 

throughout the frequency band of interest, the Insertion loss and gain of the antenna with 

FSS are analyzed. Maintaining the stable gain the performance of the antenna is analyzed 
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when frequency selective surfaces are inserted as a band-pass filter, for both planar and 

conformal structures.  

Finally using two FSS elements .i.e. two square slots with a center square patch and two 

cross dipole patches diagonally arranged is designed in a two-dimensional unit cell for 

wireless application. The designed unit cell is used to obtain two transmission poles and 

one transmission zero for good isolation. This design is a single layer tri-band frequency 

selective surface. Two band-pass filters is at resonant frequency 6.04 GHz and 9.60 GHz 

with a band-width of 0.89 GHz and 0.87 GHz respectively. One stop band filter at 

resonant frequency 7.6 GHz in between the C-band and X-band plays an important role 

in good isolation for wireless communication. The size of unit cell FSS is 0.40λ0×0.40λ0 

and the thickness of 0.016λ0, where λ0 is the first lower resonant frequency. Both pass-

band resonant frequencies are spaced with a good shielding providing the frequency ratio 

of 1.57. 

Frequency selective surface element and dielectric material are examined through unit 

cell using floquet boundaries analysis method with the help of 3D EM Computational 

software. In view of this, in this project optimization of the insertion effect of dielectric 

substrate and designed FSS element is realized at an oblique incidence angle for both TE 

and TM polarization. 
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1 INTRODUCTION  

Frequency Selective Surface (FSS) is an array of repeated metallic elements with a 

dielectric substrate for mechanical support. From various surveys and research done 

earlier, it is evident that the study related to frequency selective surface [1] plays a 

vital role in the ease of development of various possibilities in the application area of 

filters, absorbers, radar cross section reduction, shielding, etc. FSS is typically a 

periodic element structure and can be used as filters [1] or absorbers [1], as used in 

traditional methods in circuit theory [2]. There are two main applications for the FSS 

structure. FSS can be used as spatial frequency filters in radome etc. or absorbing 

material in application area of a stealth platform [3, 4]. To make the aircraft stealthy 

frontal area .i.e. radome plays an important role which is made up of dielectric 

material [3, 4].  

Dielectric Insertion effect on Frequency Selective Surfaces for Band Pass Filter design 

is observed as it not only provides mechanical support but also effect the shifting of 

the resonant frequency. Radome is made up of dielectric material which contributes to 

the RCS by the antenna and thus is highly visible to enemy radar (surface to air mode) 

or other enemy aircraft (air to air mode). It allows all EM energy to enter the dielectric 

radome raising the RCS of aircraft to a high level. To counter this effect, a band-pass 

filter of frequency selective surface is proposed with a dielectric substrate affecting 

the performance of a filter in the context of the resonant frequency. Simulation with a 

resonant frequency between 8 GHz to 12 GHz is examined. Effect of dielectric layer 

on frequency selective surface element is analyzed keeping stable resonant frequency. 

To meet the real-time scenario both planar and conformal structures are presented. 

The real-time structures are not always found to be planar, structures may be 

conformal with different angles. To meet this requirement simple unit cell FSS 

element is taken and the simulation is performed with a horn antenna in CST software. 

The past researches have some advantages but face some challenges too like 

maintenance and application area in conformal airborne platform. With the increase of 

complexity in the design of the structure related to the airborne platform it is best to 



2 

 

opt for the simple solution. Thus, the performance of the antenna maintaining the 

stable gain is analyzed when frequency selective surfaces are used as a band-pass 

filter, both for planar and conformal structure. The results obtained are a single 

transmission pole with a band-width of 2.38 GHz and 0.86 GHz for the two designed 

unit cell FSS .i.e. Square slot and Cross dipole slot at various incidence angles. The 

material used is FR-4 with a dielectric constant of 4.3. The size of both designed unit 

cell FSS is 0.32λ0×0.32λ0 and the thickness of 0.0256λ0, where λ0 is the resonant 

frequency. The unit cell FSS element is replicated on the planar and conformal 

structure as a 3×3 FSS element array to observe the gain of the antenna with FSS as a 

performance parameter. For observing the effectiveness of the filter throughout the 

frequency band of interest, the Insertion loss and gain of the antenna with FSS are 

analyzed. 

Finally using two square slots with a center square patch and two cross dipole patches 

diagonally arranged is designed as a two-dimensional unit cell. Two transmission 

poles and one transmission zero are observed with designed unit cell, thus behaving as 

good isolation between two transmission bands .i.e. C and X-band. The material used 

is FR-4 with a dielectric constant of 4.3 and a thickness of 0.8 mm. The size of unit 

cell FSS is 0.40λ0×0.40λ0 and the thickness of 0.016λ0, where λ0 is the first lower 

resonant frequency. This design is a single layer tri-band frequency selective surface. 

Two band-pass filters at resonant frequency 6.04 GHz and 9.60 GHz with band-width 

of 0.89 GHz and 0.87 GHz respectively are obtained. One stop band filter at resonant 

frequency 7.6 GHz in between C and X-band play an important role in good isolation 

for wireless communication. Both pass band resonant frequencies are spaced with a 

good shielding providing the frequency ratio of 1.57. Efficient optimization is done to 

get both TE and TM polarization.  

The design solves the important issues which wireless communication faces. The 

important points related to the issues encountered in the previous research are focused 

and the needful solutions done are as follows: 

 As per the past researches, the dielectric material and its thickness are present 

but not shown the effect as an individual, while in this project simulation  
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related to the variation of dielectric material property and thickness of a 

substrate keeping unit cell FSS element constant is done and optimized as per 

desired resonant frequency. 

 The complex FSS design is an issue for a conformal airborne platform which is 

resolved by opting simple design of square slot and cross dipole slot FSS 

element with FR-4 material of thickness 0.8 mm. 

 The effect of insertion of FSS structure in the conformal transmitarray results 

in the insertion loss which reduces the gain of an antenna which is resolved in 

this design. The designed FSS has negligible insertion loss with good angular 

stability and is polarization independent.  

 Cylindrical conformal structure of designed unit cell FSS works as an effective 

band-pass filter for X-band antenna and thus can be an option for real-time 

radome application with negligible effect on the performance of the antenna. 

 In previous research dual-band FSS, resonance frequencies are closely spaced 

[5], [6], in which proper isolation between the pass-band is the issue, which is 

resolved in this project. 

 A stop-band filter is designed in between the two band-pass filters to get high 

isolation between the two pass-band for wireless communication applications. 

 A simple design is evolved with a single layer providing shielding for C and X 

bands. 

Dielectric Insertion effect on Frequency Selective Surfaces for Band Pass Filter design 

is analyzed. The effect of various structures like Planar and Conformal along with 

dielectric, FSS element where gain and insertion loss as a performance factor is 

observed through simulation for radome application. Apart from this, shielding of the 

dual band-pass filter is analyzed for wireless application for both TE and TM 

polarization at various incidence angles. Scattering parameter .i.e. the reflection and 

transmission parameter of unit cell FSS along with bandwidth is examined. The unit 

cell FSS is angular stable and polarization independent. The surface current 
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distribution represents unit cell FSS as a band-pass filter. FSS element and dielectric 

material are examined through unit cell using floquet boundary analysis method with 

the help of 3D EM Computational software. 
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2 RELATED WORK 

With the advancement in technology, a lot many Frequency Selective Surface 

elements are proposed as per the application and frequency band of interest. Many 

kinds of research and surveys regarding the filters [1],[6],[7],[8],[9],[10],[11], 

absorbers, and electromagnetic Interference shielding [12], [13] are observed with 

critical and complex design in military applications and commercial purposes which 

requires high maintenance. From basic FSS elements like a cross dipole, square loop, 

patch, circular loop [1], etc., to the complex structure like a square loop with folded 

arms [8], 3D band-pass FSS design in which substrate is folded several times [10], 

sandwiched design [11], convoluted meandered [14], flexible serpentine stripe [15], 

crooked cross geometry convoluted [16] and likewise many more researches are done. 

In paper [3] simulation of the whole computer aided design (CAD) model of the 

stealth bomber B-2 spirit is shown with and without radar absorbing material (RAM) 

showing the effectiveness of the RAM in the reduction of RCS. Apart from wide-band 

filter FSS design, research for narrow band-pass FSS is seen in [6] using the coupled 

method. For wide-band and different band FSS the literature .i.e. [9] find significance 

by choosing the number of layers. In paper [10], a new design method is proposed in 

which the thickness of the 3D band-pass FSS is reduced by folding the substrate, thus 

providing good filtering for conformal structures. Similarly in [5], the 3D FSS are 

developed from 2D FSS stacked by coupling it using air. Keeping in view the various 

conformal FSS structures the paper [17] shows the ultra-thin three layer conformal 

transmit array fed by a horn antenna with various beams of radiation at an oblique 

incident angle. In the area of development of radome, a new hybrid composite 

sandwich radome is proposed in [18] showing the stack of layers of various materials 

.i.e. E-glass/aramid/polyester face sheets with polyvinyl chloride foam are presented 

which shows the enhancement of the transmission loss in out of band of desired 

frequency range and good transmission at resonant frequency. In paper [19], the 

equivalent circuit design method for band-pass FSS and wide-band rejection is 

proposed, while for high angular stability, the composite sandwich structure is 

proposed in [20] for radome application. Likewise, by sandwiching a cross dipole 
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shaped patch slot patch with dielectric, two transmission poles are obtained and are 

presented in [11]. Similarly to get a low RCS characteristic meta surface is proposed 

in [21] composed of a metal layer and a dielectric layer. 

In the previous studies, the basic linear dipole slots and patches as shown in Fig. 1 are 

embedded on single layer dielectric substrate are observed in [22] to understand the 

frequency pulling effect as per the change in thickness of the dielectric material. In 

paper [23] the dielectric material is proposed which has both FSS characteristics for 

achieving the resonant frequency and is ultralight mechanical properties by reducing 

the density of the material. To optimize the resonant frequency and performance, a 

paper [24] is presented on tunable FSS in which the sliding 3D-printed inserted 

dielectric is proposed which behaves as a variable capacitance for tuning the resonant 

frequency. To enhance the gain in patch antenna, ENZ (epsilon near zero) 

metamaterial superstrate is proposed in [25] to observe the effect of thickness of 

multi-layer material .i.e. indium antimonide and silicon dioxide. Moving forward for 

the tri-band pass FSS and miniaturization the paper [14] shows the sandwich dielectric 

layer between two periodic metallic FSS arrays .i.e. convoluted structure on top and 

bottom. Same miniaturized 2.5 D FSS is achieved by printing the rectangular spiral 

FSS elements on both sides of the dielectric are presented in paper [26].  

In recent research work, machine learning tools are also used in FSS design like in the 

synthesis of FSS filters shown in [27] paper for multi-band resonance frequencies. 

Many designs are proposed to get multi-mode transmission poles and band-reject, out 

of which recent technology .i.e. 3D structure attracts a lot [28], [29]. PCB with slot 

lines stacked in normal propagation direction is proposed in [28] to get a multi-mode 

transmission pole. To meet the real-time scenario both planar and conformal structure 

is presented with good angular stability in 3D printed and electroplated [29] while the 

water transfer printed technology is reported in [30]. Many research is observed in the 

conformal structure transmit array antenna, for various elements like three-layer 

square ring slots with beam steering [17], hexagonal element [31] while aperture 

printed on polymide films make it more flexible for any type of conformal structure 

[32]. Filter enhancement is done by using multiple FSS in a circular cylindrical 
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structure is presented in [33]. In many research works, the directional radiation is 

enhanced using the conformal FSS. In paper [34] the hybrid mono-pole dielectric 

resonator antenna is shown where the FSS radiation enhancement occurs in one band 

while working as transparent in another band. For good insertion loss based on SIW 

(substrate integrated waveguide) technique, the ultra-thin planar and conformal 

structure is proposed in [35]. While in [36] the hybrid structure FSS is used to get 

ultra-wide stop-band response and the enhanced antenna gain is observed. The 

antenna performance parameter is observed in [37] that is the gain of the micro strip 

antenna array. For wide band-pass application, FSS with three layers of FSS element 

separated by quarter wavelength air gap is proposed in [38]. Various complex and 

mixed unit cell FSS elements are replicated on planar structure [38] while in paper 

[39] the two layer huygens element is used for efficient transmitarray applications. 

Miniaturized dual-band pass FSS at C and X-bands are presented in [40] with 

meandered monopole aperture element combined with a cross dipole aperture element 

whereas in [41] the dual-band band-pass FSS is designed through classical theory. In 

some designs, ultra-wide band-reject filters printed on two different layers of a 

dielectric substrate with different dielectric constant and thicknesses [42] are 

observed. By using the coupling effect multi-layer multi-stop band FSS is proposed in 

[43]. In paper [44] presents 3D FSS by arranging the 2D arrays in a multi-layer 

fashion to obtain dual-band band-pass filter with an arbitrary band ratio. A 

Combination of complementary patterns in a compact design is reported in [45] for 

tri-band characteristics while in [46] for dual-band. Similarly, in [47] dual-band for 

low frequencies are obtained through two different slot sizes with concentric square 

patch elements. Tri-band FSS based on various designs like a convoluted, cascaded 

array of three-square loops with wire grids and square loops with folded arms is 

proposed respectively in literature [8], [14], [48]. Closely spaced Penta-band FSS is 

proposed using concentric ring slot resonators in [49]. Likewise, in some unit cell, 

four apertures are used having tri-band frequencies which are closely spaced with low 

isolation [50]. In previous research dual-band FSS, resonance frequencies are closely 

spaced [51], in which proper isolation between the pass-band is the issue, which is 

resolved in this work. 



8 

 

3 METHODOLOGY 

Unit cell FSS is simulated using frequency domain solver of CST software. Floquet 

boundary analysis is used for obtaining transmission (S21) and reflection (S11) 

coefficient of FSS.  

 

Fig. 1. Various Geometrical Structures of FSS element. 

As per the FSS element design, it is a metallic array of patches or slots followed by 

the thin dielectric as a substrate for providing mechanical strength and maintaining 

EM transparency. There are various methods to design based on the efficient use of 

time and cost. Simulation and verification of the designed FSS are done by two 

methods: Numerical method [5], [10], [14], [25], [26], [52] and Equivalent Circuit 

Analysis [2], [19], [53], [54], [55], [56]. In this project, various methods like 

numerical analysis which is a cost effective, showing the exact replica of the prototype 

and equivalent circuit analysis which is time efficient are used to obtain the Scattering 

parameter.  

As per the unit cell FSS design, it is a metallic patch and slot with a dielectric layer of 

thickness 0.8 mm of FR-4 material. The dielectric layer which is the substrate of the 

unit cell FSS element not only provides mechanical strength to the structure but is also 

used for the optimization of the resonant frequency keeping the FSS element same. 

FSS element serves as a filter/absorber. Substrate design will have the least effect on 

the performance of the FSS structure [22] but its property shifts the resonant 

frequency. 
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Fig. 2.  Flow Chart for the proposed work. 

 

3.1 Equivalent circuit Analysis 

There are various methods or techniques for the design and analysis of the FSS 

structure, one of which is the equivalent circuit model which results in fast prediction 

of the results [2], [53], [54]. In some papers [2], [53], [54], [55], [56] the FSS behavior 

is replicated in terms of circuit analysis by showing the design in lumped inductor and 

capacitors connected in shunt or parallel to get immediate results instead of waiting 

for full wave simulation results. From paper [57] the equivalent circuit model due to 

the effect of the shifting of design on double sided FSS is shown. While in paper [52] 

FSS model is designed using ECM for electromagnetic interference (EMI) shielding 

application. Initially, an Equivalent circuit model for a single layer is presented  



10 

 

 

Fig. 3. FSS Structure of Square slot with metallic parts in black colour. 

 

 

Fig. 4. Equivalent Circuit Model: Square slot shown as shunt LC Circuit. 

 

with the respective equations. FSS layer depicts the filter structure with a parallel 

connection of inductance and capacitance in a band-pass filter while the dielectric 

substrate is used as a transmission line response.  An Equivalent circuit is the method 

to analyze FSS and can be seen as an LC circuit, which is based on the shape of the 

element. For X-band, square slot band-pass filter the equivalent circuit will be a series 

inductance L1 to capacitor C and is because of the center patch, it is then shunted to 

an inductance L0.  

Equivalent circuit and their respective structures are represented in Fig. 4 and Fig. 3. It 

suggests the designer adopt the way to meet the required and relevant results. The 

square slot represents the ECM circuit with a shunt LC for frequency response in the 

required band. In this square slot, the inner square patch represents the inductance L1 

in (3) with a one side length of m-2t. The square inner patch is in series with the 

capacitance C in (4), while an outer ring of metal which is an inductance L0 in (1) is 

in shunt with the capacitance, because of the effect of the slot. Thus, the equations are 

evolved and the equivalent circuit is formed where m,k,t,v are the various parameters 

of the square slot shown in Fig. 3.  
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3.2 Numerical Analysis 

Numerical analysis frequency response is analyzed through frequency solver as it can 

sweep to oblique incidence angle while time domain solver can do analysis at normal 

incidence only. Before moving to prototype fabrication of the design it is efficient to 

do simulation. Full wave Computer Simulation Software (CST) is used as a 3D EM 

analysis tool to design FSS. S-parameters and Surface current distribution is obtained 

through simulation of unit cell FSS using floquet boundary analysis. Fig. 6 shows, the 

design of the FSS element in CST software while Fig. 5 shows the side view of it. The 

FSS element is designed based on the circumference of the element which should be 

effectively one wavelength.  
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Fig. 5. Geometrical Structure (Side View) with Square slot FSS element and Dielectric Substrate. 

 

 

Fig. 6. Geometrical Structure in CST Software with Square slot FSS element and Dielectric Substrate. 

 

In this work first, the regular Square Slot FSS element is designed for X-band that is 8 

GHz to 12 GHz frequencies. Unit cell FSS is a single layer with a size of 10mm x 

10mm. To stabilize the resonant frequency dielectric substrate is optimized and 

analyzed to get an efficient frequency response in both TE and TM polarization. The 

reflection and transmission parameter of frequency along with bandwidth is examined 

in a unit cell using floquet port analysis. 

After final optimization of the substrate, the dielectric layer of thickness 0.8 mm of 

FR-4 material is used. Further, the unit cell FSS element involved in the design is 

based on the basic square slot and the cross dipole slot and is replicated in the 

proposed planar and conformal structure as shown in Fig. 26, Fig. 27 and Fig. 29, Fig. 

30 respectively to observe the performance of the antenna through the horn antenna in 

CST software. Now the excitation is given through plane wave. Stable gain for the 

antenna is observed after insertion of the planar and conformal FSS structure. 

Further, final design of the proposed unit cell FSS is for wireless application. The 

proposed design consists of two square slots with a concentric square patch and two 

cross dipole patches arranged diagonally as illustrated in Fig. 32. The size of unit cell 

FSS is 0.40λ0×0.40λ0, where λ0 is the first resonant frequency. The elements involved 
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in the design are based on the basic square slot with a center square patch and the 

cross dipole patch FSS element and are combined to form the proposed Unit cell FSS 

shown in Fig. 32. The unit cell FSS uses floquet boundary analysis to examine the S-

parameters and Surface current distribution obtained through simulation results. By 

making the planar and conformal FSS structure as shown in Fig. 33, the proposed 

multi-band FSS can be used for wireless applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



14 

 

4 SIMULATED RESULTS AND DISCUSSIONS 

The parameters to be considered during design are the FSS element size and shape. 

Apart from the FSS element, substrate plays a vital role in design as it changes the 

frequency response of FSS. First Influence of the dielectric layer on FSS element is 

analyzed then the insertion effect of planar, conformal FSS on antenna performance 

followed by proposed design of dual band-pass and band-stop FSS for wireless 

communication through CEM software is done. By utilizing the numerical method, 

accurate data of Scattering parameters that are transmission and reflection coefficients 

are obtained.  

4.1 Dielectric Insertion effect on Frequency Selective Surfaces for 

Band Pass Filter design 

Single layer band-pass FSS results obtained are illustrated from Fig. 7 to Fig. 15 

showing the effect of the dielectric material and thickness. These figures present the 

stability of response with a change in oblique incidence angle for both TE and TM 

polarization. The dielectric material property is epsilon and thickness is varied and is 

presented from Fig. 7 to Fig. 14 showing the shift in the resonant frequency. With 

respect to oblique angle, the resonant nature and bandwidth remain unaffected. The 

designed FSS are polarization independent. 

 

Fig. 7. S-Parameters at Oblique incidence angle, FR-4, thickness=0.50 mm, epsilon=4.3. 
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Fig. 8. S-Parameters at Oblique incidence angle, FR-4, thickness=0.30 mm, epsilon=4.3. 

 

Fig. 9. S-Parameters at Oblique incidence angle, PTFE, thickness=0.50 mm, epsilon=2.1. 

 

Fig. 10. S-Parameters at Oblique incidence angle, PTFE, thickness=0.30 mm, epsilon=2.1. 
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Fig. 11. S-Parameters at Oblique incidence angle, RT5880, thickness=0.50 mm, epsilon=2.0. 

 

Fig. 12. S-Parameters at Oblique incidence angle, RT5880, thickness=0.30 mm, epsilon=2.0. 

 

Fig. 13. S-Parameters at Oblique incidence angle, RT5870, thickness=0.50 mm, epsilon=2.33. 
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Fig. 14. S-Parameters at Oblique incidence angle, RT5870, thickness=0.30 mm, epsilon=2.33. 

As the dielectric constant, that is epsilon decreases towards zero the resonant 

frequency shifts to a higher frequency and the substrate is behaving like a foam 

structure. The FR4 substrate of high epsilon corresponds resonant frequency response 

of 7.9 GHz, while with the same configuration PTFE corresponds to 9.4 GHz and 

RT5880 to 9.5 GHz.  

If consider thickness as a feature in every material, the shift of resonant frequency 

towards high frequency is observed. As the thickness decrease from 0.50 mm to 0.30 

mm FR4 substrate resonant frequency move from 8.26 GHz to 8.96 GHz, PTFE from 

10.12 GHz to 10.57 GHz and RT5880 from 10.00 GHz to 10.48 GHz. CEM 

simulation results are presented in Table I which shows that as the thickness and 

material properties change, the respective behavioural response to resonant frequency 

also changes, with a slight change in bandwidth.  

There are some limitations to an increase in the thickness of the dielectric. As the 

thickness of the dielectric increase beyond λ/10, the losses are introduced which are 

easily visible through the transmission and reflection coefficient plot obtained which 

is shown in Fig. 15. Dielectric thickness of 3 mm with the same unit cell FSS design 

does not show any transmission at the desired resonant frequency and the insertion 

loss is too high with high return loss. 
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Fig. 15. S-Parameters at Normal incidence angle, FR4, thickness=3.0 mm, epsilon=4.3. 

 

TABLE-I 

ANALYSIS OF INFLUENCE OF DIELECTRIC MATERIAL AND THICKNESS FOR BOTH TE AND 

TM POLARIZATION  

Material Thickness(mm) Dielectric 

Constant 

(epsilon) 

Resonant 

Frequency 

(GHz) 

FR4 

FR4 

PTFE 

PTFE 

RT5880 

RT5880 

RT5870 

RT5870 

0.50 

0.30 

0.50 

0.30 

0.50 

0.30 

0.50 

0.30 

4.3 

4.3 

2.1 

2.1 

2.0 

2.0 

2.33 

2.33 

8.26 

8.96 

10.12 

10.57 

10.00 

10.48 

9.90 

10.33 

 

4.2 Stable Gain With Frequency Selective Surface in Planar and 

Conformal Structure: For Radome Application 

After the study and simulation of the dielectric material as an individual effecting the 

design, the combined effect of the FSS element and dielectric layer are examined by 

frequency domain solver in CST software. The unit cell FSS uses floquet boundary 

analysis to examine the S-parameters and surface current distribution obtained through 

simulation. After final optimization of the substrate, the dielectric layer of thickness 

0.8 mm of FR-4 material is used. The size of unit cell FSS is 0.32λ0×0.32λ0, where λ0 

is the resonant frequency. Further, the unit cell FSS element involved in the design is 

based on the basic square slot and the cross dipole slot and is replicated in the 

proposed planar and conformal structure as shown in Fig. 26, Fig. 27 and Fig. 29,  
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Fig. 16. Square Slot with center square patch Unit cell FSS (10 × 10 mm) with metallic part in grey colour. 

 

Fig. 30 respectively to observe the performance of the antenna through the horn 

antenna in CST software. Now the excitation is given through plane wave. Stable gain 

for the antenna is observed after insertion of the planar and conformal FSS structure. 

As per the square slot and the cross dipole slot unit cell FSS design, the metallic part 

of the FSS element is shown in grey color in Fig. 16 and Fig. 17 with a dielectric layer 

of thickness 0.8 mm of FR-4 material.  

Both square slot and cross dipole slot are polarization independent presented in Fig. 

18 and Fig. 22 for the respective unit cell FSS and show excellent angular stability. 

Reflection and Transmission Coefficients are shown in Fig. 19, Fig. 20 and Fig. 23, 

Fig. 24 respectively for square slot and cross dipole slot unit cell FSS. The surface 

current distribution is presented in Fig. 21 and Fig. 25 for the square slot and cross 

dipole slot respectively. The surface current distribution plot obtained shows the 

current flow in the various branches of the FSS element resonating at 9.6 GHz and 

9.57 GHz for square slot and cross dipole slot respectively.  

 

Fig. 17. Cross Dipole Slot FSS Element (10 × 10 mm) with metallic parts in grey colour. 
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Fig. 18. S-parameter for Square Slot FSS for TE and TM polarization at normal incidence angle. 

 

Fig. 19. Reflection Coefficient for Square Slot FSS element for both TE and TM at oblique incident angle. 

 

 

Fig. 20. Transmission Coefficient for Square Slot FSS element at Oblique incident for TE and TM polarization 
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Fig. 21. Surface current distribution of Square Slot FSS element. 

Fig. 19 and Fig. 20 show the reflection and transmission coefficient for square slot 

FSS elements while Fig. 23 and Fig. 24 show the reflection coefficient (s11) and 

transmission coefficient (s21) for cross dipole slot. The s-parameters at normal 

incidence for both TE and TM polarization are presented in Fig. 18 and Fig. 22 for 

square slot and cross dipole slot FSS respectively. 

 

Fig. 22. S-parameter for Cross Dipole Slot FSS for TE and TM polarization at normal incidence angle. 

 

Fig. 23. Reflection Coefficient for Cross Dipole Slot FSS for both TE and TM at oblique incident angle. 
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Fig. 24. Transmission Coefficient for Cross Dipole Slot FSS at Oblique incident for TE and TM polarization. 

 

 

Fig. 25. Surface current distribution of Cross Dipole Slot FSS element 

 

Insertion loss along with gain enhancement is observed through the gain factor in the 

frequency band of interest. The resonant frequency obtained by tuning is 9.6 GHz and 

9.57 GHz respectively for the square slot and cross dipole slot FSS element. The 

band-width observed is 2.38 GHz and 0.86 GHz at -10 dB insertion loss for both 

square slot and cross dipole slot respectively.  

For the evaluation of the performance parameter of the FSS element, it is replicated 

from the unit cell to the planar and conformal FSS structure and is simulated using the 

horn antenna. Simulated results with and without antenna are illustrated in Fig. 28 and 

Fig. 31. A Summary of the s-parameters results of unit cell FSS is shown in Table II. 

Planar and Conformal are simulated with an antenna and the performance is shown in 

Table III.  
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TABLE II 

S-PARAMETER RESULTS OF THE UNIT CELL FSS USING FLOQUET BOUNDARY 

ANALYSIS 

FSS Element Reflection Coefficient 

S11 (dB) 

Transmission 

Coefficient S21 (dB) 

Bandwidth@- 10dB 

Square Slot −27.06 −0.0085 2.38 Ghz 

Cross Dipole Slot −27.14 −0.0088 0.86 Ghz 
 

The structure involved in the design is based on the basic square slot and the cross 

dipole slot FSS element and is replicated in the proposed planar and conformal 

structure as shown in Fig. 26, 27, 29 and Fig. 30. Stable gain with enhancement is 

observed in table form for planar and conformal FSS structure. 

 

Fig. 26. Horn antenna with Planar Square Slot FSS element structure in CST software 

 

Fig. 27. Horn antenna with Conformal Square Slot FSS element structure in CST software
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Fig. 28. Gain (dBi) vs Theta (degree) with and without FSS for Square Slot element structure 

  

 

Fig. 29. Horn antenna with Planar Cross Dipole Slot FSS element structure in CST software 

 

 

Fig. 30. Horn antenna with Conformal Cross Dipole Slot FSS element structure in CST software
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Fig. 31. Gain (dBi) vs Theta (degree) with and without FSS for Cross Dipole Slot element structure 

 

Two simulations are done one with FSS and the other without FSS and the results are 

compared. Compared results and the influence of the FSS structure are presented in 

Table III. From the results obtained it is analyzed that the gain as a performance 

parameter is more or less similar when using FSS as a band-pass filter for planar and 

conformal structure. A comparison with the existing research is shown in Table IV. 

TABLE III  

RESULTS OBTAINED DUE TO THE INFLUENCE OF FSS STRUCTURE (PLANAR AND 

CONFORMAL) WITH ANTENNA TAKING GAIN AS PERFORMANCE PARAMETER 

FSS 

Element 

FSS Structure Gain of Antenna 

Without FSS 

(dB) 

Gain of 

Antenna with 

FSS (dB) 

10 dB 

relative 

BW (%) 

Insertion 

Gain or 

Loss (dB) 

Square 

Slot 

Planar 10.1868 10.0129  2.38 0.17 loss 

Conformal 10.1868 10.2466 2.38 0.06 gain 

Cross 

Dipole 

Slot 

Planar 10.1868 10.8025 0.86 0.62 gain 

Conformal 10.1868 10.8177  0.86 0.63 gain 

 
 

TABLE IV 

 COMPARASION WITH THE EXISTING RESULTS 

Ref. Fabrication 

Complexity of 

design 

Element  

Unit cell Size  Thickness  Substrate 

Epsilon  

Resonant 

frequency  

Insertion Gain 

or Loss(dB) 

[17] 3D FSS 

complex  (mix 

of square slot) 

0.46λ0×0.46λ0  0.04λ0 (stack 

of substrate)  

2.2  25  3.8 loss 

[35] Y shaped slot 0.56λ0×0.56λ0 0.055λ0 2.2 11.2, 11.43 0.3 loss 

[39] huygens  0.28λ0×0.28λ0  0.016λ0  3.55  10 1.67 loss 

This 

Paper 

Simple Square 

Slot  

0.333λ0×0.333λ0  0.026λ0  4.3  9.6  0.06 gain 

This 

Paper 

Simple Cross 

Dipole Slot  

0.319λ0×0.319λ0  0.025λ0  4.3  9.57  0.63 gain 
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4.3 Design of Dual Band Pass and Band Stop Frequency Selective 

Surface: For Wireless Communication 

Finally, both unit cell FSS are further used for the final design of the proposed tri-

band unit cell FSS for wireless application. The proposed design consists of two 

square slots with a concentric square patch and two cross dipole patches arranged 

diagonally as illustrated in Fig. 32. The size of unit cell FSS is 0.40λ0×0.40λ0, where 

λ0 is the first resonant frequency. The structure involved in the design is based on the 

basic square slot with a center square patch and the cross dipole patch FSS element 

and is combined to form the proposed Unit cell FSS shown in Fig. 32. By making the 

planar and conformal FSS structure as shown in Fig. 33, the proposed multi-band FSS 

can be used for wireless applications. 

The single layer Unit cell FSS is simulated in frequency domain solver using floquet 

boundary condition to obtain S-parameters. Influence of two different simple FSS 

 

Fig. 32. Unit cell FSS element in CST Software. 

 

Fig. 33. Planar FSS structure of designed unit cell in CST Software. 
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elements are analyzed through CEM software. By utilizing the numerical methods, 

accurate data of scattering parameters that is transmission and reflection coefficients 

are obtained shown in Fig. 34. Fig. 34 depicts the transmission and reflection 

coefficient in TE and TM polarization at a normal incident angle showing stability at 

the resonant frequencies. As per Fig. 34 two resonance transmission poles .i.e. at 6.04 

GHz and 9.60 GHz are obtained with a loss of 0.0013 and 0.0084 respectively. The 

two pass-band characteristics at 6.04 GHz and 9.60 GHz are achieved with a band-

width of 0.89 GHz and 0.87 GHz respectively at -10dB insertion loss. The frequency 

ratio obtained through this pass-band is 1.57. Apart from this dual pass-band, one 

band-stop in between this dual pass-band is obtained with a resonant frequency of 7.6 

GHz and band-width of 0.67 GHz which work as shielding for these two pass-bands.  

Phase characteristics are also presented for transmission and reflection coefficients in 

Fig. 35. From Fig. 35 it is evident that the phase of reflection coefficient at 6.04 GHz 

and 9.60 GHz is zero thus it behaves as a ground plane for antenna at respective 

frequencies which act as FSS ground and hence contribute to the increase of gain at 

resonant frequencies of the pass-band. Fig. 36 and Fig. 37 shows the reflection and 

transmission coefficient respectively at various incident angle for both TE and TM 

polarization which shows the stability of the resonant frequency in C-band while a 

slight shift in X-band. The design results with an insertion loss of 0.0013 and 0.0084 

at two pass-band transmission poles are obtained.  

 

Fig. 34. Simulated S-Parameters at Normal incidence angle for both TE and TM polarization 
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Fig. 35. Simulated Phase response of Transmission and Reflection Coefficient at normal incidence angle for 

both TE and TM polarization 

 

Fig. 36. Simulated Reflection Coefficient at various incidence angle for both TE and TM polarization. 

 

Fig. 37. Simulated Transmission Coefficient at various incidence angle for both TE and TM polarization 
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Fig. 38. Surface current distribution at 6.04 GHz. 

 

 

Fig. 39. Surface current distribution at 9.60 GHz. 

 

The surface current distribution of the unit cell FSS is investigated in this thesis. As 

per the surface, the current distribution plot obtained in the simulation is shown in Fig. 

38 and Fig. 39 which indicates the current flow direction in the various arms of the 

FSS element. In Fig. 38 the surface current concentration is seen at various branches 

of the unit cell resonators for resonant frequency 6.04 GHz while Fig. 39 represents 

the resonant frequency at 9.60 GHz. 
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The CEM results are depicted in the table form. Table V shows the summary of the 

results obtained. Comparative analysis with the previous work done in research with 

this work is shown in Table VI. 

TABLE V 

 SUMMARY OF SIMULATED S-PARAMETERS AT NORMAL INCIDENCE ANGLE 

Band Resonant 

Frequency 

(GHz) 

Band 

Ratio 

S11 (dB) Loss (dB) at 

transmission 

zero 

Bandwidth @ 

-10dB 

C 6.04 1.57  −35.21 −0.0013 0.89 Ghz 

X 9.60 1.57  −27.09 −0.0084 0.87 Ghz 

 

TABLE VI 

COMPARATIVE ANALYSIS WITH THE EXISTING RESEARCH PAPERS 

Ref Resonant 

Frequency 

(GHz) 

Unit cell Size  Thick-

ness  

No. of 

Layer 

Frequency 

Ratio 

Dielectric 

constant 

(ϵ) 

Band width 

(GHz) 

[13] 2.40, 5.00 0.076λ0×0.076λ0 0.012λ0 1  2.08 2.65 0.23, 0.30@ 

−20dB 

[16] 2.54, 3.54 0.088λ0×0.088λ0 0.013λ0 1  1.39 4.3 0.315, 0.178@ 

 − 15dB 

[46] 2.4, 5.2 0.086λ0×0.086λ0 0.008λ0 1  2.17 4.4 1.75, 2.20@ 

 − 10dB 

[47] 1.73, 2.64 0.115λ0×0.115λ0 0.058λ0 1 1.53 2.65 0.31, 0.26@ 

 − 1dB 

[50] 8.1, 9.8, 11 0.55λ0×0.55λ0 0.022λ0 1 1.2, 1.12 3.38 _ 

This 

Paper 

6.04, 9.60 0.40λ0×0.40λ0 0.016λ0 1  1.57 4.3 0.89, 0.87@ 

 − 10dB 
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5 CONCLUSION 

In this project FSS element and dielectric material are examined through frequency 

domain solver using floquet boundary analysis method with the help of 3D EM 

Computational software. Various analysis are done step by step for FSS based Band 

Pass Filter design. Firstly Dielectric Insertion effect on Frequency Selective Surfaces 

for Band Pass Filter design is analyzed, then the effect of various structures like 

Planar and Conformal with dielectric as a substrate is observed, where gain and 

insertion loss as a performance factor is observed through simulation for radome 

application. Apart from this finally, the design of dual band-pass and band-stop FSS 

providing shielding for the filter is analyzed for wireless application for both TE and 

TM polarization at various incidence angles. Thus, tri-band frequency selective 

surfaces are designed that is two transmission poles and one transmission zero to 

obtain good isolation between C and X-band for wireless communication. 

Scattering parameter .i.e. the reflection and transmission parameter of unit cell FSS 

along with bandwidth is examined. The unit cell FSS is angular stable and polarization 

independent. The surface current distribution represents unit cell FSS as a band-pass 

filter.  

It is found through the results that apart from the FSS element shape, the dielectric 

layer thickness and material provide aid for tuning the resonant frequency. EM 

simulation is carried out and the results presented the stable response with a change in 

oblique incidence angle which analyse that the shift in resonant frequency is not only 

due to FSS element shape but also due to the dielectric thickness and material 

property. There are some limitations to an increase in the thickness of the dielectric. 

As the thickness of the dielectric increases beyond λ/10, the losses are introduced 

which are easily visible through the scattering parameter. Dielectric thickness of 3 mm 

with the same unit cell FSS design is not showing any transmission at the desired 

resonant frequency and the Insertion loss is too high with high return loss. 

Afterward, the simple FSS element that is a square slot and cross dipole slot is 

designed as a filter and simulated on conformal structure form for airborne platform 
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application with negligible insertion loss. The reflection and transmission coefficients 

are the characteristics of the designed filter which shows significant band-width in 

both C and X-Band at -10 dB insertion loss. Some insertion loss of antenna for a 

conformal airborne platform is resolved in this work by opting simple design by 

maintaining the stable gain of the antenna as a performance parameter of FSS. Good 

angular stability is observed for both square slot and cross dipole slot. Performance of 

antenna with FSS and without FSS in planar and conformal structure is observed by 

simulating through horn antenna. Thus, summarizes the performances of the two 

different FSS elements in X-Band in terms of s-parameters, gain and band-width 

while the results show the influence of the planar and conformal FSS on antenna 

performance. It is concluded that conformal structure gives gain enhancement more 

than the planar while cross slot shows enhanced gain with respect to the square slot. 

This work highlights the possibility to use a simple FSS element by presenting a good 

performance of FSS in terms of the gain of an antenna. Therefore, a simple FSS 

element can be used as an option for real-time application use with no effect on the 

performance of the antenna when FSS is used and on the other hand achieves RCS 

reduction. 

While for wireless communication, both unit cell FSS are further used for the final 

design of the proposed tri-band frequency selective surface .i.e. two transmission 

poles and one transmission zero. It is concluded by showing the dual band-pass FSS 

resonating at 6.04 GHz and 9.60 GHz isolated with stop-band FSS at 7.6 GHz 

resonating frequency presenting the performance parameter in terms of band ratio, 

reflection coefficient, loss and bandwidth. This provides good isolation between the 

two pass-band FSS at C and X-band. With low FSS thickness .i.e. 0.8 mm a good 

frequency ratio that is 1.57 is obtained. It is concluded that a combination of two basic 

FSS elements results in the dual band-pass FSS with good isolation and can be used in 

the field of wireless communication.  

 While for further future work, optimization on the same final designed unit cell 

FSS element can be used to simulate complete radome structure to see the feasibility 

and effect on the performance of the antenna.  
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