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A B S T R A C T

This study presents a novel single layer Frequency Selective Surface (FSS) for fifth generation 
(5G) applications with a polarization independent closely spaced dual band response. The pro
posed design consists of four split ring apertures etched on a square patch printed on a RT5880 
dielectric substrate. The FSS has two stop-bands at 24.78 GHz and 28 GHz center frequencies with 
attenuations around 55 dB. The S21<− 10 dB bandwidths (BW) of these bands are 14.48 % and 
9.25 %, respectively and these closely spaced bands succeed 1.13 frequency ratio. It shows a 
stable frequency response for both TE and TM polarizations. Furthermore, the FSS represents a 
single layered and quite thin (thickness 0.042λl) structure with its unit cell size (0.70λl × 0.70λl, 
where λl is the free-space wavelength at lower frequency). The novelty of the presented FSS is not 
only achieving a small closely spaced band ratio in the mmWave band and exhibiting polarization 
insensitivity but also providing these features with a simple geometry and, uncomplicated single 
layer structure. The simulation results were confirmed by well accordant measurement results. All 
these results make the presented FSS a good candidate for 5G electromagnetic interference (EMI) 
shielding applications.

1. Introduction

WIRELESS communication technologies have evolved at an inconceivable speed until today and the developments still continue 
unabated. These innovations bring to wireless networks advanced requirements such as massive data volumes, huge data transfer 
rates, spectacular coverage, and ultra-dense parallel communications. To fulfill these demands, advancing to 5th generation (5G) 
wireless systems is inevitable. This circumstance accelerates the research about 5G technologies and applications on one hand, it also 
commenced the frequency band deployment for future wireless networks on the other hand [1]. 5G NR (New Radio) is the new radio 
access technology proposed by the 3rd Generation Partnership Project (3GPP) and designed to establish a standard for a more capable 
5G wireless air-interface [2–4]. 5G NR frequency bands are involved in the 3GPP TS 38.101 [5]. 5G NR frequency bands use two 
frequency ranges in general; Frequency Range 1 (FR1) and Frequency Range 2 (FR2). FR1 includes sub-6 GHz frequency bands 
whereas FR2 includes frequency bands in the millimeter wave (mmWave) range. Even if the use of FR1 seems more practical it should 
be rearranged for 5 G as this region is already in use for previous standards, while the mmWave region offers empty bands suitable for 
use. mmWaves, interjacent between microwaves and infrared waves, are accepted to be an important spectrum region for the 5G. 
Although the 26, 28, 38, and 60 GHz bands are widely studied [6], most of the current research and pioneer 5G applications are 
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concentrated on the 24.25–29.5 GHz mmWave frequency range. This region covers the n257 (26.5–29.5 GHz), n258 
(24.25–27.5 GHz), and n261 (27.5–28.35 GHz) bands of 5 G NR. However, the mmWave spectrum has some critical issues that must 
be overcome for efficient mobile communications.

Frequency Selective Surfaces (FSSs) are periodically engineered structures to generate bandpass or bandstop frequency response [7, 
8]. FSSs, which are often used in conjunction with antennas, are started to design for 5G frequency bands recently [9]. Dual-band or 
multi-band communication applications constitute a significant part of recent wireless communication devices. Some recent works on 
dual-band FSS designs for 5G bands are present [10–13]. Further, the FSSs functioning properly in dual or multi bands with good band 
isolation in 5G frequency bands are another important requirement. There are also several studies that closely located dual or triple 
band FSSs have been reported in the literature [14–19]. But in most designs, proposed frequency bands are in the sub-6 GHz regions. 
The designs in [20] and [21] present dual band responses in different band regions, one is at mmWave region and the other is at lower 
frequencies. The authors of the [22] have presented a miniaturized FSS with four narrow pass bands in the 0–30 GHz range, but only 
one of these bands exists above the 20 GHz region. Ref. [23], proposed a closely settled dual band FSS operating at mmWave bands. In 
the study, the band ratio of the proposed multi-layered FSS has been stated as 1.16. In ref. [24] a closely spaced tri band FSS was 
proposed resonating at 19.52 GHz, 23.6 GHz, and 31.2 GHz frequencies. Although the FSSs in the last two mentioned studies presented 
closely located bands in the mmWave region, they were able to achieve this with multilayer structures that are relatively thick for most 
applications. This discussion shows that designing a single-layer, dual-band or multiple-band transmission block FSS with a very small 
band ratio and simple geometry is still a challenging task. Band-stop FSSs, which block certain frequency regions and provide high 
Shielding Effectiveness (SE), are good options for EMI shielding applications as they allow out-of-band frequencies to propagate 
instead of blocking the entire EM waves like metal shields. In this study, a novel, single-layer, polarization independent transmission 
block FSS is proposed with simple geometry. The presented FSS has stop bands at 24.78 GHz and 28 GHz. The band ratio of these 
closely spaced bands is only 1.13. The proposed structure is the one in the literature to the best of our knowledge, with its band ratio in 
the 24.25–29.5 GHz mmWave frequency range.

2. Unit cell design and simulation results

Closely spaced frequency band allocations in wireless communication systems can lead to electromagnetic interference. Dual-band 
FSSs with closely spaced transmission bands can provide adequate band isolation to prevent interference between systems operating in 
nearby frequency bands. To achieve close resonances in the frequency response of the FSSs, multilayer structures or fractal geometries 
are generally used in the designs. However, complex geometries may require more sensitive manufacturing techniques. The resonant 
frequency band ratio is defined as the ratio of the higher to the lower one (f2/f1) of two consecutive resonant frequencies in the FSS 
frequency response and generally, is used as a figure of merit to indicate closely spaced bands for dual or multi-band FSSs. In this study, 
a single layer FSS with closely spaced and polarization stable frequency response is designed. The geometry of the proposed FSS is 
intended to work in the 5 G frequency band between 24.25–29.5 GHz. The designed unit cell with the dimensions is depicted in Fig. 1. 
It consists of a square patch, and four split rings aperture to achieve desired frequency coverage in a closely spaced dual band.

The final dimensions, optimized to obtain the desired operational frequency band of the transmission coefficient, being less sen
sitive to manufacturing tolerances, are D=8.5 mm, g=0.38 mm, k=5.57 mm, Ri=0.58 mm, Ro=0.96 mm. There is a distance of 
1.63 mm between the center of each split ring aperture and the center of the unit cell/square patch.

The presented unit cell structure is designed on a RT5880 dielectric substrate with a dielectric constant of 2.2 and a thickness of 
0.508 mm. The overall size of the proposed unit cell is 8.50 mm × 8.50 mm (0.70λl × 0.70λl, where λl is the free-space wavelength at 
the lower frequency of 24.78 GHz).

The designed FSS has a simple geometry that is printed on a single-layer substrate. The simple structure of the proposed FSS ensures 
an easier manufacturing process and lower cost, and thus preferability for practical applications. The highlight of the designed FSS is 
exhibiting close located dual stopbands at 24.78 and 28 GHz frequencies with a high transmission blocking feature. Additionally, the 
symmetrical structure of the unit cell supports the stable frequency response for both TE and TM polarizations.

Fig. 1. Schematic of the designed unit cell with dimensions.
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The design procedure of the proposed unit cell structure consists of 4 steps which are illustrated in Fig. 2. The first step is a simple 
square patch that has a frequency response at 29.72 GHz. The frequency response of the FSS is shifted towards the targeted frequency 
region by adding ring apertures to the structure with the 2nd and 3rd steps. Finally, a metallic split is adopted to each ring aperture and 
the proposed FSS is attained. Dual-band band-stop response is obtained by implementing metallic splits to ring apertures at the final 
evolution step. The transmission characteristics of the four evolution step of the unit cells (a, b, c, and the proposed unit cell) are 
depicted comparatively in Fig. 3.

One of the most important parameters affecting the frequency response is the width of the ring apertures (Ro-Ri). This value has 
been controlled by the inner radius of the ring apertures in the design process. As the ring apertures are broaden both transmission 
zeros shift slightly to the higher frequencies, but this change causes more noticeable frequency shift in the first band than in the second 
one. The presented band ratio is optimized with the width of the ring apertures. A parameter analysis for different values of (Ro-Ri) is 
shown in Fig. 4. Obtained band ratio according to this parameter analysis are 1.19 (Ro-Ri=0.2), 1.17 (Ro-Ri=0.3), 1.13 (Ro-Ri=0.4), 
and 1.13 (Ro-Ri=0.5).

The transmission blocking mechanism of the proposed FSS can be explained by the equivalent circuit model (ECM). In ref [25] an 
ECM has been proposed for four circular loop apertures with reporting good results. The presented FSS will have a similar equivalent 
circuit as it includes four circular loop apertures. But it requires a small arrangement due to the implemented metallic splits to ring 
apertures. The patch of the resonator acts as an inductance (L1) and the included apertures behave like a parallel capacitance (C1) with 
(L1). Thus the frequency of transmission zeros can be expressed with the well-known expression 1/2√L1C1. But an additional 
inductance (L2) series to (C1) have to be introduced because of the constituted metallic splits in the apertures. The metallic splits 
included in the apertures cause also the existence of the new capacitive parts (C2). This gives rise to splitting the resonance band and 
the transition of single band to dual band response. Since the width of the ring apertures is effective on both the values of C1 and C2, it 
is a key parameter for tuning the close located bands. As a result, a dual-band response is achieved at 24.78 GHz and 28 GHz with the 
S21<− 10 dB BWs of 14.48 % and 9.25 %, respectively, and well transmission-blocking feature. Besides, a narrow passband comprises 
with a fractional BW of 5.12 % between these closely located stopbands. Fig. 5.(a) illustrates the inductive and capacitive parts for the 
proposed FSS for the TE polarization along the y-axis and Fig. 5.(b) depicts the adopted equivalent circuit model for the inductive and 
capacitive components belonging to the constituent parts of the unit cell.

Fig. 6 shows the surface current distributions on the FSS under TE and TM polarized EM wave incidence at both transmission zeros. 
For TE polarization, a higher surface current density exists along the vertical split ring apertures and vertical edges of the resonator, 
while the surface currents are concentrated on the horizontal elements of the resonator in TM polarization. Current flows along the 
outer perimeter of the ring apertures for the transmission zero at 24.78 GHz, whereas current flow occurs along the inner perimeter of 
the ring apertures with a shorter path at 28 GHz. Moreover, the current flow in opposite directions around the circular ring apertures 
points out the capacitive effect illustrated in Fig. 6. A 90ο phase difference on surface current distributions for both polarizations can be 
seen clearly from Fig. 6.

Fig. 7 shows the simulation results of the reflection and transmission coefficients of the proposed design for TE and TM polari
zations under normal incidence. For the two stop bands of the presented FSS, the band ratio was obtained as a very low value of 1.13. 
The transmission and reflection characteristics of the designed FSS exhibit a passband with 26.5 GHz center frequency and − 0.24 dB 
insertion loss (IL) between the two transmission blocks. The structure realizes a reflection to transmission band ratio (fr /ft) of 0.94, 
which is also very less. As seen in Fig. 7, stable frequency response is achieved in both polarizations. The identical filter response for 
both TE and TM polarizations is provided by the symmetrical geometry of the presented unit cell with respect to the 90◦ rotations 
around the axis passing through its center.

3. Fabrication and measurement

The presented structure is fabricated and measured for validation of the obtained simulation results. The fabricated FSS prototype 
with a square patch and four split rings aperture is built on a Rogers RT5880 substrate with the dielectric constant of εr=2.20 and a 
thickness of 0.508 mm. The designed FSS is fabricated as a 26 × 17 array on a 228.6 mm × 152.4 mm dielectric panel. In Fig. 8(a), a 
fabricated prototype of the designed FSS is illustrated with an enlarged view.

Fig. 2. Schematic Design steps (a) square patch, (b) square path and a ring aperture, (c) square path and four rings aperture, (d) square patch and 
four split rings aperture (proposed design).
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The frequency responses of the fabricated prototype are measured using the Agilent E8363B Network Analyzer and two horn 
antennas. The excitation port of the VNA is connected to the transmitting (Tx) horn antenna by a coaxial cable and the receiving (Rx) 
horn antenna is connected to the other port of the VNA. Then the FSS is placed between them by fixing with a foam fixture and putting 
to an aperture with the same size as the prototype. The distance between the horn antenna and FSS is adjusted as >2D2 /λ, where λ is 
the operation frequency and D is the FSS periodicity so that the plane wave incidence on the FSS is assured. The measurement set up to 
determine the transmission coefficient of the FSS is shown in Fig. 8(b). The measurement process of the FSS has two steps. The first step 
is the calibration, comprising measurement of the transmission coefficient of the test environment without the fabricated prototype 
and the second step includes measurement of the fabricated prototype and evaluation of the results with considering the difference 
between the two measured values.

The comparison of the simulation and measurement data of the designed FSS under normal incidence is depicted in Fig. 9. The 
simulation and experimental results exhibit satisfying agreement. The measured transmission zeros are obtained at 24.64 GHz and 
28.21 GHz, whereas the simulated ones are at 24.78 GHz and 28 GHz, respectively. The boundaries for the − 10 dB limit of the 
stopbands are occurred between 22.24 GHz-26.24 GHz and 27.50 GHz - 29.83 GHz frequencies with a small deviation respect to the 
simulation results. The edge diffraction due to the finite unit cell number of the prototype, fabrication imperfections and measurement 
tolerance can give rise to this slight shift. Also, it supports that the designed geometry provides polarization independence.

Fig. 3. Simulation results for the transmission coefficients of each design steps.

Fig. 4. Simulation results of the transmission coefficients for different (Ro-Ri) values.

S. Ünaldı and N.B. Teşneli̇ Optik 315 (2024) 172040 

4 



Fig. 5. (a) The inductive and capacitive parts of the proposed FSS, (b) The ECM of the proposed FSS.

Fig. 6. Surface current distributions of the FSS for TE mode at (a) 24.78 GHz, (b) 28 GHz; for TM mode at (c) 24.78 GHz, and (d) 28 GHz.
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The developments and enhancements in wireless communication systems have rapidly increased the interest in smaller and 
multifunctional devices. Multi-functionality often brings the need for multi-frequency. Thus, electromagnetic isolation becomes more 
important. At the point of providing these requirements, closely spaced, dual band, band stop FSSs come into significance. The FSS 
presented in this study was designed in accordance with these features with dual band-stop response appearing in close locations. In 
the last few years, the number of studies reporting new FSS designs for 5G mmWave applications have been increased in the literature, 
but they are either single band or multiband designs with large band ratios [27,28,30]. The rotation symmetrical geometry of the 
design in [29] demonstrates a single band stop response at 27.84 GHz and leads to reveal identical stopband features for both po
larizations. Finally, the outstanding aspects of the presented design will be given in comparison with some previous presented designs 
having similar features. Table 1 introduces a comparison of the FSS proposed in this study with recently published similar works in the 
mmWave region. But, only a few closely located dual band FSSs have been reported in 5 G mmWave frequencies. The FSS presented in 
[28] is designed using two back-to-back resonator layers and provides a band stop response with the band ratio of 1.44. When 
compared with similar studies, it can be seen that the proposed FSS has other prominent features besides having the smallest band 

Fig. 7. Simulation results of the transmission and reflection coefficients of the proposed design for both TE and TM polarizations.

Fig. 8. (a) Fabricated prototype of the presented structure, (b) Measurement set up.
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ratio. One of these is the − 10 dB stopband fractional BWs with the values of 14.48 % (22.21 GHz-25.80 GHz) and 9.25 % 
(27.155 GHz-29.746 GHz) and the other is its thin profile. Moreover, having a single layered simple structure is another advantageous 
feature. It is evident that higher processing technology and manufacturing costs will be required for the fabrication of complex 
structures. The design in Ref [27] has also a single layer but this FSS provides triple pass bands and has a higher frequency ratio for its 
transmission blocking bands. The presented FSS owns a simple structure with four split ring apertures loaded square resonator on a 
single dielectric layer. This makes the designed FSS a viable option for low profile 5G devices.

Fig. 9. Simulation and measurement results of the transmission coefficients of the proposed design for both TE and TM polarizations.

Table 1 
Comparison of the presented FSS with recent published related FSS designs.

Ref. 
Year

RESONANT 

FREQUENCIES 

(GHZ) 
& 
FILTER TYPE

Frequency Ratio 
(f2/f1)

Periodicity 
(λl)

Substrate 
Thickness 
(λl)

BW% 
(-10 dB)

# of Metal 
Layer

Resonator Approaches

[23]
2017

28 
32.6 
Stopband

1.16 0.37 0.077 - 4 Metallic slot layers with four Y-shaped slots 
in 90◦ rotation symmetry

[24]
2018

19.52 
23.6 
31.2 
Stopband

1.2 (second/first) 
1.36 (third/ 
second)

0.45 0.228 8.8 
16.02 
6.61

2 Patches with circular loop

[26]
2022

27.2 
33.1 
Stopband

1.22 0.39 0.092 8.3 
13.8

3 Cross loop loaded spiral resonators with 
wire grid

[27]
2023

24.2 
27.7 
39.2 
Passband

1.14 (second/ 
first) 
1.41 (third/ 
second)

0.43 0.040 4.54 
5.41 
8.93

1 Three slots (circular, octagonal, and 
sectional square) on a square patch

[28]
2023

27.3 
39.2 
Stopband

1.44 0.26 0.024 42.8 
24.2

2 Back to back resonators

[30]
2023

28 
39 
Stopband

1.39 0.37 0.070 3.35 
2.82

1 Two square rings, with 
modified T-shaped stubs

This 
study

24.78 
28 
Stopband

1.13 0.70 0.042 14.48 
9.25

1 Four split ring apertures on square patch

where λl is the wavelength of the lower operational frequency.
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4. Conclusion

In this study, a novel, single-layer FSS is designed to achieve a closely spaced dual band response for 5G application in the FR2 
frequency spectrum. The proposed unit cell is designed with the help of four split ring apertures etched on a square patch, offering 
stable frequency response in dual polarization due to its rotational symmetry. Under normal incidence, the presented FSS exhibits a 
dual band, band-stop frequency response at 24.78 GHz and 28 GHz. The resonant frequency ratio of the proposed unit cell is only 1.13. 
The performance of the fabricated prototype is experimentally validated. Good agreements are obtained between simulated and 
measured data. Also, the designed structure has the advantages of low cost, simple structure, and ease of fabrication. The proposed 
design can be applicable in practice such as performance enhancement of antennas, spatial filters, and EMI shielders for the 5G 
technology.
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