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Abstract

A linearly polarized wide bandpass frequency selective surface (FSS) for RADAR commu-
nication application has been presented. The proposed FSS is constructed in a single layer
with a size of 0.25 λ0. This FSS utilizes a rhombus slot comprises a head slot and a mean-
der line to provide a single-wideband resonance. The proposed FSS operates in the X-band
communication frequency range from 7.98 to 12.1 GHz (4.12 GHz) and achieves a minimum
insertion loss of 0.1 dB, respectively. The designed FSS is developed on a flexible polyimide
substrate with a thickness of 0.05 mm (εr = 3.5, tan δ = 0.00027). The FSS exhibits stable
angular performance in the scope of incidence angle of 60◦ for both TE and TM modes. An
equivalent circuit model is designed to depict the desired frequency response. Furthermore, a
bending analysis has been carried out to verify the conformal nature of the proposed unit cell.
The prototype is fabricated and the performances are validated with experimental results.
Keywords: Bandpass, Flexible design, frequency selective surface (FSS), X band, Bandwidth

1. Introduction

Owing to their excellent handling of electromagnetic (EM) waves, the FSS has garnered ex-
tensive attention in RADAR-based applications. The FSSs have been employed in the microwave
field to construct spatial filters, Electromagnetic Interference (EMI) reduction, and radome Munk
and Munk; (2000) due to their specific filtering property. The bandpass FSS can be used in the
radome design for the reduction of Radar Cross Section (RCS), and due to its conformal property,
it is also exploited in the military aircraft nozzle for communicating the allied forces in a specific
frequency range which is the primary interest in this work. Thus, the bandpass FSS with wider
bandwidth, low profile, and minimum insertion loss is required to obtain such characteristics. Sev-
eral approaches have been reported to achieve these features Cahill et al. (2001), Vegesna et al.
(2012), Zhou et al. (2016), Sarabandi and Behdad (2007), Al-Joumayly and Behdad (2009), Wang
et al. (2016), Chen et al. (2021), Li et al. (2020), Al-Joumayly and Behdad (2010), Wang et al.
(2022), Liu et al. (2017), Liu et al. (2020), Dong et al. (2021), Zhou et al. (2022), Zhu et al. (2018)
and Zhao et al. (2019). A cascaded number of 2-D FSS with quarter wavelength dielectric spacers
are proposed in Cahill et al. (2001) & Vegesna et al. (2012). The reported FSS is practically un-
desirable especially in low frequencies due to the cascaded periodic structures or high profile. The
design of a substrate- integrated waveguide (SIW)-based FSS is presented in Zhou et al. (2016) to
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Table 1. Comparison With Other Works Regarding Center Frequency Deviation with Incident
Angles

References f0(GHz) Incident
Angle

TE TM

Li et al.
(2020)

10.2 40◦ 7% 10 %

Abadi and
Behdad
(2015)

21 40◦ 2.8% 2.28 %

Yan et al.
(2015)

10 60◦ 18.2% 16%

Hussein
et al.
(2017)

3.8 40◦ 2.6% 2.6%

This
Work

10 60◦ 1%Tp 1%Tp

achieve a quasi-elliptic filtering response by introducing the cross-couplings. A multilayer FSS with
lower insertion loss, and non-resonant subwavelength periodic structures are reported in Sarabandi
and Behdad (2007) & Al-Joumayly and Behdad (2009). Advantages such as low profile, and wider
transmission, are studied in this article. However, the FSS with relatively small dimensions is
less sensitive to the incidence angle. Thus, the radome for miniaturized low-frequency antennas
and antenna arrays are not suitable for this category. The stable angular performance is obtained
by a multiple-layer planar design with cross-coupling Wang et al. (2016). The design method for
obtaining the wider bandwidth using the stacked structures is investigated in Chen et al. (2021)
& Li et al. (2020). The stacked unit cell employs miniaturization and stable oblique incidences.
However, due to their high profile and large unit cells, they are not preferred for many applications
Al-Joumayly and Behdad (2010). The 3-D bandpass FSS is reported in Wang et al. (2022) to
avoid the multiple layers and bulky profile. Although this exhibits fair performances its structure
is usually more complicated for the fabrication process. High selectivity with wide transmission
behaviors is obtained by using multiple layers Li et al. (2020). The bandpass FSS design with feasi-
ble bandwidth compensation and wideband rejection for radome applications in dual and multiple
layers is presented in Liu et al. (2017) & Liu et al. (2020). Based on the equivalent circuit model a
miniaturized quad-stopband FSS is proposed in Dong et al. (2021). A narrow passband is obtained
in Zhou et al. (2022) with high selectivity and angular stability. An FSS with a quasi-elliptical
frequency bandpass filtering response is presented in Zhu et al. (2018) & Zhao et al. (2019). A
miniaturized bandpass FSS with high-order and quasi elliptical bandpass FSS is proposed in Abadi
and Behdad (2015), Yan et al. (2015), Hussein et al. (2017), Jiang et al. (2024) and Afzal et al.
(2023). High profile, multiple layers, cascaded and stacked structures, or dense via arrays are
required to achieve the ideal characteristics of the bandpass FSS.

Thus, to overcome the effects of the aforementioned methods a wider bandpass FSS with a low
profile, minimum insertion loss, and Polarization-insensitive is presented without exploiting the
needed advances from the literature Cahill et al. (2001), Vegesna et al. (2012), Zhou et al. (2016),
Sarabandi and Behdad (2007), Al-Joumayly and Behdad (2009), Wang et al. (2016), Chen et al.
(2021), Li et al. (2020), Al-Joumayly and Behdad (2010), Wang et al. (2022), Liu et al. (2017), Liu
et al. (2020), Dong et al. (2021), Zhou et al. (2022), Zhu et al. (2018) and Zhao et al. (2019). The
proposed FSS is capable of achieving a stable angular performance up to 60◦ for TE and TM mode
polarizations. When compared with similar state-of-the-art works, the designed FSS has a wider
bandwidth, low insertion loss, and better angular stability. Based on the characteristics achieved,
the proposed bandpass FSS is considered a good candidate for RADAR communication application.
The prototype of the bandpass FSS is fabricated and tested using a lab-made experimental setup
using the pyramidal absorbers. This manuscript is organized as follows: Section 2 presents the unit
cell design and characterization. Section 3 presents the performance of the conformal bandpass
FSS. The fabrication and measurement of the FSS are detailed in section 4.
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Figure 1. Geometry of the unit cell, (a) Front view (substrate), (b) Side view, and (c) Rear
view (resistive sheet). P = 9.7mm, w = 0.4mm, l1 = 9.3mm, l2 = 5.2mm, w1 = 0.25mm, and
w2 = 0.7mm, l3 = 1.5mm

Figure 2. Frequency response of the simulated bandpass FSS

2. Design and Analysis of Conformal Bandpass FSS

2.1. Conformal Bandpass FSS design

The bandpass FSS is developed on a flexible polyimide substrate having a dielectric constant
of 3.5 and a loss tangent of 0.027. The overall size of the unit cell is 9.7 × 9.7 × 0.05 mm. The
proposed unit cell achieves wideband resonance by a single resonant structure as described in
Fig. 1. The front and side views of the bandpass FSS are depicted in Fig. 1(a) and Fig. 1(b),
respectively. The FSS characteristics are achieved by designing the unit cell in a single layer with a
low profile. The wider transmission with lower insertion loss is produced by introducing a rhombus
slot incorporated with a meander line in the resistive sheet as shown in Fig. 1(c). The desired
impedance matching is achieved without exploiting the methods reported in Cahill et al. (2001),
Vegesna et al. (2012), Zhou et al. (2016), Sarabandi and Behdad (2007), Al-Joumayly and Behdad
(2009), Wang et al. (2016), Chen et al. (2021), Li et al. (2020), Al-Joumayly and Behdad (2010),
Wang et al. (2022) and Liu et al. (2017). The resonant frequency of the design can be tuned by
adjusting the width (w) and the length (l1) with the optimized parameters shown in Fig. 1(b).
The simulated S-parameter of the bandpass FSS is shown in Fig. 2. The transmission pole (Tp) at
10 GHz is obtained covering the X-band ranging from 7.9 to 12.1 GHz. The maximum insertion
loss (IL) through the passband is less than 0.1 dB, whereas its 3 dB bandwidth reaches 40%.
The unit cell is designed using CST microwave studio. The characteristics of the transmission are
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Figure 3. Evolution of the bandpass FSS characteristics

Figure 4. ECM of the proposed bandpass FSS. The approximate values are Cc (dielectric) =
0.508 pF, L = 1.08nH, C = 2.42pF , and h = 0.05mm

investigated using floquet mode theory. The EM wave is defined along the z-direction, while the
periodic boundary conditions are defined along the x and y directions. The transmission properties
are studied using uniform plane wave excitation. The x and y direction represents the unit cell
and Zmin and Zmax are set to open free space. The evolution of the proposed unit cell is described
in Fig. 3 and the corresponding transmission characteristics are plotted in Fig. 4. The structure
of the unit cell has evolved from a rhombus slot as shown in Stage 1. Here, the length and width
of the rhombus slot are determined by using half wavelength. The fundamental unit cell operates
from 12 to 16 GHz with high roll-off and an insertion loss of 1.5 dB. Therefore, the rhombus slot
is modified with a meander line to reduce the roll-off characteristics in high frequencies Munk and
Munk; (2000) without making the unit cell large. Thus, the unit cell in Stage 2 operates from 9 to
12 GHz and achieves a minimum insertion loss of 1 dB. However, the desired RADAR frequency
is not achieved. To obtain the RADAR communication frequency range, the width of the head
slot increases to 0.7 mm and achieves the desired impedance matching Wang et al. (2016) with the
minimum insertion loss of 0.05 dB as shown in Stage 3.

2.2. Equivalent circuit model

The equivalent circuit model (ECM) of the proposed bandpass FSS is depicted in Fig. 4. Based
on the method reported in Liu et al. (2017) the ECM is developed. As indicated in Fig. 5 the
ECM is composed of a single LC resonator. The resonant frequency (7.98-12.1 GHz) is composed
of a basic parallel LC resonator (L − C). In addition, Z0 and Z1 are the wave impedance of the
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free space and the dielectric substrate, respectively. For the resonant frequency, the transmission
pole can be determined as fp = 1/

√
LC. The single resonator provides a pass band with a high

Q-factor. For the parallel LC resonator, the Q-factor is estimated by Q =
√

C2
1/L

2
1.

To obtain an ideal bandpass, the parallel resonator should have a lower inductance and higher
capacitance to obtain a high Q-factor. The equivalent circuit was modelled and simulated using
ADS software. The values of the LC parameters are calculated Liu et al. (2020) and verified
through the values of ADS software. It is observed that the simulated result obtained from the
ECM is in agreement with that obtained bandpass FSS result, which verifies the validity of the
ECM shown in Fig. 5. The approximate equations of the calculated values are as follows:

C = Cp

(
1−

(
fp
fz

)2
)2

(1)

L =
1− (fp/fz)

2

C(2πfp)2
(2)

In which,
Cp =

εr
2πBWTPZ0

(3)

where, εr is the relative permittivity of the dielectric substrate, BWTP is the bandwidth of the
parallel resonant frequency, L is the inductance, and C is the capacitance. Here, fz will be zero
since there is no rejection band.

3. Performance Analysis of the Bandpass FSS

3.1. Parametric Analysis

The primary reason for the wide bandwidth and minimum insertion loss (<0.1 dB) of the
proposed bandpass unit cell is the incorporation of the meander line in the etched rhombus slot.
Thus, the influence of the length and width of the meander line is studied in this section. The
width of the meander line corresponds to the desired bandwidth, and its effect is plotted in Fig. 6
(a). The value of the wl is fixed as 0.25 mm based on the quarter wavelength calculation. If the
wl is decreased from 0.25 to 0.2 mm, the resonant frequency can be tuned to 10 GHz to 11.5 GHz.
A value of above 0.28 mm results in a frequency shift of 1.2 %, and make the structure bulkier.
Furthermore, by varying w1 the lower and higher frequency at 1 and 22 GHz remains constant
without any change in the roll-off characteristics. The lower frequency is controlled by the length
of the meander line denoted by l3. This parameter induced a variation in the roll-off characteristics
in the higher frequency. The decrease in the l3 leads to a reduction of the desired X-bandwidth.
By increasing l3, the lower frequency is tuned and also produces a slight variation in the roll-
off characteristics. Throughout the variation in the higher frequency, the roll-off in the higher
frequency remains constant. Thus, it is inferred from Fig. 6(b) that the roll-off characteristics in
lower and higher frequencies are independent of each other behaviors.

3.2. Angular Stability

The transmission spectrum of the proposed bandpass FSS under different oblique incidences
was analyzed. The angular stability for incident angles 0◦ to 60◦ for TE and TM mode in steps
of 15◦ is depicted in Fig. 7(a) and Fig. 7(b), respectively. From the figure, it is inferred that
the proposed bandpass FSS is stable up to 60◦. The resonant frequency is 10 GHz for Tp and
the insertion loss is <0.1 dB at the normal incident angle in both TE and TM modes. For Tp,
the center frequency is shifted only by 1% and also maintains a stable insertion loss till 0◦ to
60◦. However, an unavoidable spurious response is induced at 18 GHz. This is mainly due to the
reduced tolerance of the etched slots designed for achieving the required frequencies. Thus, when
the angle of incidence increases the parasitic resonance is created Dong et al. (2021). Overall,
the proposed FSS is stable, especially when the incident angle is as high as 60◦. Owing to the
symmetric structure, the frequency response of the proposed bandpass FSS is independent from
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the polarization angle. These characteristics offer excellent flexibility for the proposed structure
to be exploited in several applications.

A comparison between the proposed FSS with other reported works is illustrated in Table 1. It
is inferred that the proposed FSS has the slightest frequency shift and stable angular performance
when compared with other states of the art.

Figure 5. Comparison of ECM and simulation result

Figure 6. Effect of the meander line width (w1) at Tp and bandwidth, and (b) Effect of the
meander line length l3 at 1 GHz (roll-off)

4. Fabrication and Measurement

The measurement set-up of the bandpass FSS in front and side view is shown in Fig. 8(a), and
Fig. 8(b), respectively. Fig. 8(c) depicts an array of 48 × 48 cells, fabricated on the conformal
polyimide substrate with a profile of 0.05 mm. The bending view of the prototype is shown in
Fig. 8(d). The proposed bandpass FSS is measured using a Vector Network Analyzer (VNA)
with a connected pair of low-frequency horn antennas. Good agreement between the measured
and simulated results is shown in Fig. 9(a). The measured result shows a wider performance
from 7 to 13 GHz with an insertion loss of 0.13 dB. The Simulated bending performance of the
proposed FSS is depicted in Fig. 9(b) to verify the conformal operation. The prototype is fixed
on the foam with a curvature of 120◦. Using the formula in Zargar et al. (2021), r = 80A

πDc the
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radius of the foam is measured. Here, A is the arc length, and DC is the degree of the 180◦. The
prototype is fixed in the foam with a radius of 92.5 mm. The comparison between the simulated
and measured results for the bending analysis is shown in Fig. 9(b). It is inferred that by bending
the prototype into 150◦ and 180◦, there is a slight variation in the performance in the transmission
characteristics which is acceptable. The actual response is achieved till 180◦ curvature that confirms
the enhanced conformality of the proposed FSS. The proposed bandpass FSS exhibits a wider

Figure 7. Simulated transmission coefficients |S21| of the proposed conformal FSS (a) TE mode,
(b) TM mode

Figure 8. Measurement Set-up of the bandpass FSS (a) Front view, (b) Side view, (b) Fabricated
Prototype (Inset: Magnified view), (d) Bending analysis

transmission bandwidth of 4.12 GHz (7.98-12.1 GHz), lower insertion loss of 0.1 dB, and stable
angular performance up to 60◦ without using several advances Li et al. (2020), Al-Joumayly and
Behdad (2010), Wang et al. (2022), Liu et al. (2017), Liu et al. (2020), Dong et al. (2021), Zhou
et al. (2022), Zhu et al. (2018) and Zhao et al. (2019). Thus, the proposed FSS is suitable for
X-band RADAR communication applications. Table 2 compares the quantitative of the proposed
bandpass FSS with other states of the art.

• The FSS has a reduced geometry of above 67%, 60%, 30%, 4%, and 41% as compared to
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Figure 9. (a) Simulated and measured S21 for proposed bandpass FSS, (b) Bending analysis at
different angles

Table 2. Quantitative Comparison With Other Relevant Bandpass FSS

References UCS (λ0×λ0) Profile
(mm)

Freq/BW
(GHz)

IL (dB) θ

Li et al.
(2020)

0.17 1.53 10-10.5/0.5 0.86 40◦

Liu et al.
(2017)

0.762 0.76 2.5-6.5/4 1.2 40◦

Zhu et al.
(2018)

0.63 0.8 6.8-
11.5/4.7

0.6 40◦

Zhao et al.
(2019)

0.29 10 2.9-3.3/0.4 2.1 40◦

Zargar
et al.
(2021)

0.26 1 14-16.2/2.2 1 20◦

Jiang et al.
(2024)

0.43 0.1 9.2-10.2/1 0.5 -

Afzal et al.
(2023)

0.11 10 3.2-3.9/0.7 0.5 60◦

Liu et al. (2017), Zhu et al. (2018), Zhao et al. (2019), Zargar et al. (2021) and Jiang et al.
(2024).

• The reported works in Li et al. (2020), Liu et al. (2017), Zhao et al. (2019) and Zargar et al.
(2021) have obtained lower bandwidth (<4 GHz) even by designing the unit cell in stacked,
double-printed, and cascaded forms. In stacked and cascaded structures, the higher profile is
used to design the unit cell which is not preferred for several applications Liu et al. (2017).
However, the proposed bandpass FSS has achieved 4.12 GHz by developing the simple unit
cell on a conformal substrate.

• The proposed unit cell is developed on a flexible substrate with a thickness of 0.05 mm. The
works reported in Li et al. (2020), Liu et al. (2017), Zhu et al. (2018), Zhao et al. (2019),
Zargar et al. (2021), Jiang et al. (2024) and Afzal et al. (2023) have used higher profiles to
achieve the desired features.

• To obtain the lower insertion loss, the works reported in Li et al. (2020), Liu et al. (2017),
Zhu et al. (2018), Zhao et al. (2019) and Zargar et al. (2021) have used stacked, cascaded
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structures, and double-printed substrates on both sides of the metallic layer. The lower
insertion loss of 0.1 dB is utilized in the proposed FSS without exploiting these methods.

• The FSS reported in Li et al. (2020), Liu et al. (2017), Zhu et al. (2018), Zhao et al. (2019)
and Zargar et al. (2021) provides lower angular stability (<40◦) as compared to the proposed
FSS (60◦).

5. Conclusions

A conformal bandpass FSS is proposed for RADAR applications. The bandpass FSS operates
at a frequency from 7.8 to 12.1 GHz which makes it suitable for X-band Radome applications. The
insertion loss of the bandpass FSS is <0.1 dB without using stacked, and cascading structures. It
provides a wider bandwidth of 4.12 GHz with a stable angular performance of 60◦ that makes it a
good candidate for the Radome wall. The measured performance is estimated with the simulated
results and is suitable for X-band RADAR Communication, and Radome applications.
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