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 ABSTRACT 

  Intentionally disrupting electromagnetic signals, known as jamming, is a major risk to 
communication and navigation systems, especially in the case of Unmanned Aerial 
Vehicles (UAVs). This study examines the effectiveness of Frequency Selective Surface 
(FSS) filters in reducing jamming interference by comparing square and hexagon 
shaped FSS arrangements. The effectiveness of FSS filters require to achieve by 
reducing a 1.6 GHz jamming signal while maintaining continuous communication 
signals at 2.4 GHz between UAVs and remote stations. Both square and hexagonal 
shapes is compared where components are oriented at 90-degree angles in both rows 
and columns, diverging from the conventional 45-degree adjacency pattern. FSS 
structures is analysed at 2.4 GHz using Ansys HFSS software to attenuation at 1.6 GHz. 
The main results show that the square loop FSS has better attenuation performance, 
reaching -0.4 dB at 1.6 GHz and -49.0 dB (simulated) at 2.4 GHz, compared to the 
hexagon loop FSS. This study highlights the capability of FSS filters to effectively 
combat jamming threats in GPS systems, with potential benefits for improving 
communication security in national defence and civilian industries. 
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1. Introduction 
 

The expansion of wireless technology has sparked significant interest in its security implications. 
Electromagnetic interference is defined as an unregulated electromagnetic wave can lead to the 
malfunction of electrical devices in vulnerable settings as conducted by Jin et al., [1]. Many 
researchers have studied the Frequency Selective Surface (FSS) filter because of its extensive use in 
filtering certain frequency [2]. Jamming is the deliberate use of electromagnetic energy to interfere 
with signal transmission and reception in a communication or navigation system [3,4] by sending a 
powerful signal to disrupt the communication of Unmanned Aerial Vehicles (UAVs) and force them 
to land [5,6]. This prevents the operator from accessing data from the UAVs, resulting in a loss of 
control over the UAV. Jamming actions present a substantial risk to the communication security of 
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the country, affecting both national and civilian sectors. An FSS filter is an alternative method used 
to minimize interference [7]. FSS filters are engineered surfaces that selectively manage the 
transmission as proclaimed by Jang et al., [8] or reflection as enunciated by Pieper et al., [9] of 
electromagnetic waves according to their frequency.  

The FSS filter can be classified into various types of filters, including low pass, high pass, band 
stop, and band pass, as illustrated in Figure 1. A low pass FSS filter permits frequencies below a 
specific cutoff frequency and suppresses higher frequencies as affirmed by Fallahi et al., [10]. A high 
pass filter allows frequencies above a specific cutoff frequency while reducing the amplitudes of 
lower frequencies as mentioned by Amin et al., [11]. It permits signals over a set threshold frequency 
while inhibiting lower frequencies. A band stop filter known as a notch filter, suppresses signals 
within a particular frequency range but permits frequencies outside of this range [12]. As conducted 
by Kapoor et al., [13] a band pass filter is a permits signals within a specific frequency range with 
minimal attenuation, while reducing the strength of frequencies outside this range. 
 

 
 Fig. 1. The illustration of types of filters (a) Band  
pass filter (b) Band stop filter (c) Low pass filter  
(d) High pass filter 

 
The bandpass has been designed to meet the criteria for S11 and S21 parameters to attenuate 

signals at 1.6 GHz while permitting only signals at 2.4 GHz to pass through. The bandpass filter is 
chosen for designing the FSS and provides several building methods and components including 
resonant circuits, waveguides, or transmission lines as conducted by Al-Joumayly and Behdad [14]. 
An aperture element FSS act as a high-pass filter as asserted by Debarros et al., [15] means that it 
exhibits low-frequency reflection and high-frequency transmission. On the other hand, a patch-
element FSS, resembling a low-pass filter, predominantly permits lower frequencies to transmit while 
reflecting higher frequencies as conducted by Campos et al., [16] and Anwar et al., [17]. Several 
factors in FSS design influence the frequency response, including substrate thickness, substrate 
dielectric, geometry, element spacing, slot size, and others as mentioned by Luo et al., [18] and 
Hussin et al., [19]. 

FSS filters design have evolved from a fundamental configuration to encompass designs 
characterized by circles, Jerusalem crosses, and hexagons. These configurations are categorized 
according to their respective functionalities and the elicited responses such Group-1 (centrally 
connected or N-poles), Group-2 (looped shapes), Group-3 (solid interiors or patch shapes), and 
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Group-4 (combinations of the Group 1 and Group-2) [16]. Bandpass FSS filters are available in several 
forms including square and hexagon. The square FSS design is known for its simplicity, ease of 
production [20] and cost-effectiveness and reproducibility as mentioned by Ghezzo et al., [21]. 
Square FSS structures might experience elevated sidelobe levels, which can potentially degrade filter 
effectiveness, especially in suppressing unwanted frequency components. Hexagonal FSS 
arrangements offer distinct advantages by reducing sidelobes and improving filter selectivity [22-24]. 
Hexagonal structures' intrinsic symmetry enhances spectral performance by minimising spurious 
responses and improving the filter's ability to isolate certain frequency bands as conducted by H. Bin 
Wang and Cheng [25]. However, fabricate hexagonal FSS filters may be more sophisticated than 
square ones, which could lead to higher manufacturing intricacies and expenses. 

This paper investigates the efficacy of square loop and hexagon loop bandpass FSS at frequencies 
of 1.6 GHz and 2.4 GHz. This paper will examine the comparative characteristics of square and 
hexagonal shapes, where components are oriented at 90-degree angles in both rows and columns, 
diverging from the conventional 45-degree adjacency pattern. Numerous factors contribute to the 
final configuration when utilizing a 90-degree orientation as mentioned by [22,26,27]. Section 1 
provides contextual background for FSS filter design solutions to address drawbacks in UAV systems. 
The second chapter offers methodology encompasses a detailed exposition of Ansys simulation for 
square and hexagon shaped FSS configurations. In third section, results and analysis presents a 
thorough examination of the comparative efficacy of square and hexagon shaped FSS arrangements. 
At last section provide potential shape bandpass FSS filters to enhance communication security 
within UAV systems are explored. 
 
2. Methodology  
2.1 Simulation Using ANSYS Software 
 

The performance of the square and hexagon band pass FSS filters was modelled using the ANSYS 
HFSS simulation to design and simulate the return loss (S11) and insertion loss (S21). Floquet-mode 
ports were utilised, assuming an infinite array of square and hexagonal unit cell loops. The bandpass 
filter is designed for approximately 5 cm x 5 cm in size. A comparative analysis was conducted on the 
performance of bandpass FSS utilizing identical ideal dielectric substrates [17]. Square shape 
bandpass filter, depicted in Figure 2(a), is selected for their resonance at lower frequencies, ease of 
production, optimal use of space, and ability to accommodate longer wavelengths whilst hexagon-
shaped filters Figure 2(b), are being studied for their natural symmetry resulting in consistent 
behaviour throughout the structure and uniform filtering characteristics.  
 

   
(a)         (b)  

Fig. 2. (a) Square bandpass filter and its parameters (b) Hexagon bandpass filter and its parameters 
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Optimising symmetry enhances the coverage of the FSS by reducing wasted space, which is 
essential for efficient use in large-scale applications or strict size limitations. Hexagonal structures 
may sustain several resonant modes, allowing for complex filtering abilities. Arranging hexagonal 
elements in precise configurations reduces interference and crosstalk among adjacent elements, 
improving the overall filter's effectiveness including factors of periodic size (p), length of edge of each 
element (l), and aperture width (w) are crucial aspects to consider during the design phase, as 
outlined in Table 1. 

Square and hexagon filters have insulating substrates with openings mainly dielectric, that 
maintains a stable material value. The square filter uses copper for its conductor patch and plastic 
for the aperture, and the same material for hexagon filter. Number of arrays for both shapes are 
typically specified in dimensions such as 2x2, 2x3, or 4x4 to guarantee the optimum filter 
performance. The filters' dimensions are 240 mm as shown in Figure 3 due to the practicality of 
experimental testing in an anechoic room considering the compatibility with the size of transmitting 
and receiving antennas. The filter arrays' dimensions, represented as an a and b, where both are 
equal in value as number of arrays selected in this study is 4x4 due to its dimension fit to cover bottom 
of GPS module size should be proportional to the antennas utilized for signal transmission and 
reception. 
 

Table 1 
Parameters depicted in each shape designation 
Parameter Indicator Description 
a l Length of edge (array size) 
b 

c 
w 
p 

Aperture width 
Periodic length 

 

 
Fig. 3. Size of array = 2x2, where a=b=240mm 

 
2.2 Impact of Parameters on Bandpass FSS filter 
 

Changing the periodic size (p), length of edge of each element (l), and aperture width (w) 
significantly influences the performance of square and hexagon-shaped FSS filters. In FSS resonance, 
the circumference of the elements must be aligned with the wavelength, which is determined by the 
effective permittivity and inter-element spacing. Narrowing the gap between shapes usually results 
in a wider bandwidth. Yet, this decrease also elevates inter-element capacitance, causing the 
resonant frequency to shift towards the lower range. To counteract this affect and uphold the 
intended resonance frequency, modifications to the elements' radius may be required. The size of 
the array, determined by adjusting the periodic length (p), has a substantial impact on the filter's 
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resonance frequency and overall performance. This will affect multiple parameter such as frequency 
response, bandwidth, transmission, and reflection qualities. It is crucial to thoroughly evaluate these 
aspects when modifying the periodic length to achieve the optimum filter performance for square 
and hexagon shaped FSS setups. 
 
3. Results  
3.1 Simulation of Length of Edge on Each Element  
 

The design simulations for square shape involve varying the period (p) from 10 mm to 50 mm in 
increments of 10mm, a constant aperture width (w) = 2 mm. The ideal length of 30 mm is established 
according to the simulated S11 and S21 values. Square and hexagonal FSS filters operate using 
transmission and reflection coefficients, known as S11 and S21. S11 describes how incident 
electromagnetic waves are reflected by the FSS structure, indicating the filter's capability to block 
specific frequencies. S21 quantifies the transmission of electromagnetic waves through the FSS, 
showing the filter's passband properties. The hexagon-shaped filter with the radius length also known 
as length of edge of each element (l), varies incrementally from 10 mm to 20 mm in intervals of 10 
mm. The simulations are fixed on period (p) of 50 mm and aperture width (w) of 2 mm. The ideal 
radius length is achieved at 20 mm. Figure 4 shows resonant frequencies corresponding to transient 
zeroes for circumference values at 20 mm, suggesting effective transmission at these frequencies. 
The perimeter of the hexagon can be calculated by multiplying the length of one side by 6. This 
calculation is based on placeholder values of a 20 mm side length and aperture width (w) of 2 mm.  
 

   
(a)               (b)  

Fig. 4. (a) Reflection coefficient S11 of hexagon (p = 50 mm, w = 2 mm) with varying lengths (b) 
Transmission coefficient S21 of hexagon (p = 50 mm, w = 2 mm) with varying lengths 

 
Figure 5 below shows a comparison of square and hexagon bandpass filters on (a) reflection 

coefficient and (b) transmission coefficient when adjusting the length of edge of each element. The 
square and hexagon-shaped filters demonstrate stability and nearly optimum performance with 
certain parameter settings. For the square design, when the outputs stabilise and approach optimal 
values between 30 mm and 40 mm, the measurement interval then is decreased from 10 mm to 2 
mm within this range. Stability and near-optimal performance are attained with a radius length of 20 
mm for the hexagon-shaped filter. The measuring interval has been decreased from 10 mm to 2 mm 
for each measurement taken within the range of 20 mm to 30 mm. When the radius is larger than 26 
mm the element shapes clash with neighbouring cells, as shown in the red box in the Figure 6. 
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(a)                                               (b)  

Fig. 5. (a) Comparisons of reflection coefficient S11 between square and hexagon with varying lengths 
(interval: 10 mm) (b) Comparisons of transmission coefficient S21 between square and hexagon with 
varying lengths (interval: 10 mm) 
 

 
Fig. 6.  Investigation of hexagonal cell interactions  
within a cellular array 

 
The square filter with length of 38 mm improving to reduce 1.6 GHz interference signals while 

enabling smooth transmission around 2.4 GHz as shown in Figure 7. For the transient pole to shift to 
right, 2.4 GHz, adjustments in the aperture width size are required to accurately resonate S11 and S21 
values at 2.4 GHz. The square's size should be roughly proportional to the wavelength of the chosen 
frequency range, with larger squares maybe needed for lower frequencies. The hexagon-shaped 
filter, depicted in Figure 7(b), delivers the desired effect with length 24 mm. The hexagon's size 
should match the wavelength of the chosen frequency range, maybe necessitating larger hexagons 
for lower frequencies. Square shape with length of 38 mm for each element, and hexagon with length 
of 24 mm are then selected on other parameters such as aperture width (w) and periodic size (p) as 
shown in Figure 8. 
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(a)                              (b)  

Fig. 7. (a) Comparison of reflection coefficient S11 between square (30-40 mm) and hexagon (20 
-24 mm) with varying lengths (interval: 2 mm) (b) Comparison of transmission coefficient S21  
between square (30-40 mm) and hexagon (20-24 mm) with varying lengths (Interval: 2 mm) 

 

 
Fig. 8. Comparison of square = 38 mm and hexagon  
= 24 mm at fixed Lengths 

 
3.2 Effect of Width Aperture (w) on the Filter Performance  
 

The aperture width (w) is varied from 1 mm to 10 mm with a 0.1 mm increment. The analysis 
shows that widths of 2.5 mm and 3.0 mm have S21 values closest to 0 at 2.4 GHz, and S11 approaches 
1 at 1.6 GHz. The hexagon shape has a fixed radius of 24 mm and a period of 50 mm, selected to 
potentially provide the best results while yet permitting modifications in other factors such as 
aperture width and period size. The w ranges are varied similar with square shape. The transmission 
frequency with the lowest S11 value at 2.4 GHz corresponds to an aperture width between 2.8 to 3.0 
mm, consistent with the results for S21. This indicates that there is uniformity in performance for both 
parameters to ensure the filter operates at its optimum. Both square and hexagon-shaped filters 
show comparable behaviour when the aperture width (w) increases. When increasing the aperture 
width (w) for both square and hexagon, the transient poles at the S11 port to shift to the right, leading 
to a fall in the S11 value at 2.4 GHz from infinity to 0. As a result, there is a decrease in the transmission 
of 2.4 GHz through the filter. As the aperture width (w) lowers, the transient poles of both geometries 
align with the resonance frequency of 2.4 GHz. Transient poles align with the resonance frequency 
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of 2.4 GHz within the aperture width range of 2.0 mm to 3.0 mm for the hexagon shape, as shown in 
the Figure 9. 
 

 
Fig. 9. Comparison of square and hexagon shapes  
with a period=50 mm and width = 2.9 mm 

 
The hexagon shape requires more simulations with narrower intervals for the aperture width (w) 

to achieve value near or resonate value of frequency of 2.4 GHz. The resonance frequency of 2.4 GHz 
occurs when w is between 2.9 mm and 3.0 mm, with a gap width of 0.02 mm. Table 2 shows the 
hexagon-shaped filter's aperture width of 2.92 mm resonates at 2.4 GHz, resulting in the greatest 
transmission coefficient (S21) values. This width size does not result in the maximum reflection 
coefficient value for the 1.6 GHz signal in which far more significant as the main objective to protect 
UAV from jamming signal. The square shape reaches resonance at 2.4 GHz with a 2.9 mm aperture 
width and shows the maximum reflection coefficient for the 1.6 GHz jamming signal instantly, unlike 
hexagon shape. The square design simplifies FSS filter development compared to the hexagon shape, 
which requires additional parameter adjustments, like periodic size, to align resonance frequencies. 

 
Table 2  
Simulation results for hexagon structures by varying gap widths (2.90-3.00mm) 
                 Frequency  
Length 

1.6 GHz 2.4 GHz 
S11 S21 S11 S11 

2.90 -1.295 -5.900 -26.965 -0.041 
2.92 -1.379 -5.656 -51.226 -0.005 
2.94 -1.362 -5.702 -23.311 -0.182 
2.96 -1.356 -5.718 -39.019 -0.006 
2.98 -1.317 -5.827 -29.152 -0.311 
3.00 -1.345 -5.735 -30.347 -0.006 

 
3.3 Effect of Periodic Size (p) on the Filter Performance 
 

Comparison on square and hexagon filters are evaluated for performance on changing period size 
(p) as shown in Figures 10(a) and 10(b). Period size between 50 mm and 70 mm are tested for the 
square configuration, with a fixed length (c) of 28 mm and gap width (w) of 2.9 mm. The hexagon 
design is being evaluated with period changes ranging from 50 mm to 70 mm. The length of edge of 
each element (l) is fixed at 24 mm and the gap width (w) at 2.9 mm. The 40 mm period is omitted 
from hexagon testing due to possible collisions between shapes.  
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(a)  (b) 

Fig. 10. (a) Variation of S11 for square (length: 38 mm, width: 2.9 mm) with different periods (50 mm, 
60 mm, 70 mm) (b) Variation of R S11 for hexagon (r = 24 mm, width = 2.9 mm) with different periods  
(50 mm, 60 mm, 70 mm) 

 
To simplify, with a fixed gap of aperture of 2.9 mm and increasing period, the transient poles at 

S11 port shift to right and the bandwidth becomes narrower for hexagon shape as can be seen in 
Figure 11. The resonance frequency allow transmission of 2.4 GHz is now jeopardized. As the size of 
period increase, the strength of resonance frequency of S11 at 1.6 GHz decreases reaching near 0 dB. 
Attenuating jamming signal at 1.6 GHz is crucial as it serves the main purpose of this paper. Hence, 
the most optimum value generated is period at 60 mm to balance and serve objectives mainly to 
attenuate 1.6G Hz and allow transmission signal at 2.4 GHz. 
 

 
 Fig. 11. Comparison of square and hexagon structures  
with a period = 60 mm 

 
4. Conclusions 
 

In conclusion, the resonance frequency and transmission parameters in the square configuration 
are influenced by the array size (l), period length (p), and aperture width (w). The hexagon-shaped 
filter shows that variations in array size affect resonance frequency, and aperture width affects 
resonance frequency stability at 1.6 GHz and 2.4 GHz. The period length affects signal bandwidth, as 
larger periods cause transient poles to shift and weaken the signal transmission of 2.4 GHz. The 



Journal of Advanced Research in Applied Sciences and Engineering Technology 
Article in Press 

 

141 
 

resonant filter designed for the hexagon shape functions at a frequency of 2.4 GHz based on certain 
specifications. The advantage of square shapes are its simplicity and ease of manufacturing, 
consistently shows resonance behaviour across many parameters, easier to calibrate and optimise 
filter performance precisely. The square filter has steady resonance frequencies at 1.6 GHz and 2.4 
GHz, which are important for efficient frequency selectivity. Although the hexagon shape is 
symmetrical, it may need complex changes to ensure stable resonance across many frequencies. The 
hexagon structure shows more intricate resonance behaviour, especially in terms of transient pole 
shifting and weakening, which could complicate the tuning process and result in less predictable filter 
performance. Therefore, the square shape able to provide better performance in terms of clarity, 
stability, and predictability for frequency-selective surface bandpass filters. Future research will 
entail comparing the square and hexagon shapes at identical frequencies, while also examining 
additional factors like angles and layers. Examining simulation findings thoroughly provides useful 
insights for improving resistance to jamming signals. 
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