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Article 

Abstract— This paper introduces a novel reconfigurable superstrate 

using a band-stop frequency selective surface (FSS) based on four 

arms star geometry. The proposed reconfigurable superstrate is 

applied to a dipole antenna for use in 5G NR technology with a 

frequency of 3.545 GHz. The study includes both simulated and 

experimental results which confirm the redirection of the antenna 

radiation pattern. The developed structure exhibits radiation in only 

one half-space, high polarization isolation, and a redirection of the 

radiation pattern up to ±55°. The ideal cases were considered, where 

the ON and OFF states of the diodes were replaced by short circuits 

and gaps, respectively. Overall, the results demonstrate the 

effectiveness of the proposed FSS as a promising solution for 5G NR 

technology applications. 

 
Index Terms— Antenna, four arms star, reconfigurable frequency selective 

surface, 5G NR. 

I. INTRODUCTION 

The 5th generation mobile network is intended to significantly reduce communication latency, have 

wider network coverage depending on frequency, and enable high data transmission rates. In this 

context, the following stand out: Enhanced Mobile Broadband (eMBB); Massive Machine-type 

Communications (mMTC); Ultra-reliable Low Latency Communications (URLL); and long-range 

access networks, including rural applications. Regarding broader network coverage, the optimization 

of the radiation beam with the beamforming technique has shown promise. The 5th generation network 

will use a large number of antennas with multiple inputs and multiple outputs, Massive MIMO, to 

control the direction of propagation of the emitted radio frequency waves, which allows for better 

performance in connectivity and speed between the antenna and the end use [1]-[6]. 

In 2017, the 3rd Generation Partnership Project (3GPP), launched the 5G New Radio (NR), a new 

radio interface and access technology for cellular networks. The 5G NR uses two frequency bands: 

frequency band 1 which includes frequency bands up to 6 GHz and frequency band 2 which includes 

the 20-60 GHz bands. The main benefits of 5G NR will include increased capacity for wireless users, 

better links between users with less latency and network loss, and faster data rates [7], [8]. 
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In Brazil, on November 23, 2021, the National Telecommunications Agency (Anatel), approved the 

result of the frequency auction that determined the distribution of the 5G signal, in the 700 MHz, 2.3 

GHz, 3.5 GHz, and 26 GHz bands [9].  Due to the implementation of 5G networks, several researchers 

have been motivated to develop more efficient antennas that can improve the transmission capacity of 

systems by directing the electromagnetic signal, favoring better use of the spectrum, and preventing the 

signal from being radiated in unwanted directions [10]-[12]. 

In 1986, McGrath [13] was the first to introduce a microwave lens with focus and scan capabilities, 

connecting two patch antennas using pathways on both sides of the flat structure, forming a spatial 

array, called a transmitarray. Since then, the transmitarray has been the focus of several studies. It is 

worth mentioning that the term “transmitarray” is the conventional name given to structures that can 

modify the original radiation pattern of a directional antenna, such as a horn antenna, when placed at a 

distance sufficiently far from its aperture. The combination of the structure and the radiating source is 

referred to as a transmitarray antenna [14]-[17].  

Pirhadi, Keshmiri, and Hakkak [18] presented a dual-band antenna using a passive FSS as a 

superstrate. It was possible to obtain a gain of 18 dBi at 11.25 GHz and 13.15 GHz, compared to a patch 

antenna, with 6 dBi. Sazegar et al. [19] used a reconfigurable FSS with beamforming steering capability. 

The FSS works as a band-pass filter, with a frequency centered at 12 GHz. The novelty of the work is 

based on the design of the FSS, composed of capacitive and inductive structures printed on a thick-film 

ceramic of barium strontium titanate (BST). Experiments performed report a maximum phase 

difference of 121° at 12 GHz when the bias voltage ranges from 0 V to 120 V. 

Oliveira et al. [20] developed a project to control the gain and directivity of a circular patch UWB 

antenna. The cross-dipole RFSS has a PIN diode attached to each edge of the cross-dipole. When the 

diodes are in the OFF state, there is no current flowing between the elements. Thus, the RFSS will 

behave as a cross-dipole array with a band-stop response. When the diodes are in the ON state, current 

flows through the elements and the RFSS will behave as square loops with a bandpass response. 

Bouslama et al. [21] developed a simple dipole antenna with beam switching. The project consists of 

an active cylindrical FSS containing PIN diodes, divided into 10 equal columns. Antenna beam 

scanning is produced by toggling the PIN diodes between ON and OFF states. The antenna operates at 

1.8 GHz with a maximum measured gain of 9.1 dBi. Reis et al. [22] presented a structure designed to 

operate at 3.6 GHz (5G New Radio (NR) frequency band 1 (FR1) band n78), with low visual impact in 

dense 5G scenarios. The transmitarray used is composed of square slit resonant unit cells loaded with 

varactors. The antenna has the ability to direct the beam in a defined range of 0◦ and 20◦, both in the 

azimuth plane and in the elevation plane. The proposed antenna features 13.9 dBi of gain and 100 MHz 

of bandwidth. 

In this scenario, this paper presents an FSS as a reconfigurable superstrate applied to a dipole antenna 

for 5G NR, specifically in the 3.5 GHz frequency band, allowing the radiation pattern to be 

electronically redirected, which is confirmed by simulated and experimental results. It is worth noting 
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that ideal cases were considered, in which the ON and OFF states of the diodes were replaced by short 

circuits and gaps, respectively. After this Introduction, the FSS is described in Section II.  The four arms 

star geometry is resented in Section III.  In Section IV numerical and measured results are shown, 

including a detailed description of the manufacturing and measurement processes. Furthermore, the 

results are analyzed, verifying the redirection of the radiation pattern. Conclusions are commented in 

Section V. 

II. FREQUENCY SELECTIVE SURFACES (FSS) 

The Frequency Selective Surfaces (FSS) are generally defined as planar structures that exhibit similar 

behavior to electromagnetic filters. These structures are designed to reflect or be transparent to 

electromagnetic waves. This behavior is determined according to the type of element used in the array, 

either patch (band-stop) or aperture (band-pass). In addition to the type of element, parameters such as 

thickness (h), relative permittivity (ɛr) of the substrate, structure dimensions, element geometry, and its 

periodicity also influence the frequency response of the FSS [23]-[25], as shown in Fig.1. 

 
Fig. 1. Parameters that affect the FSS frequency response [26]. 

The FSSs have been a relevant topic of study in the last six decades due to their wide applications in 

microwave engineering [25]. FSS designs have been used in reflector antennas. [27], radomes [28],[29], 

radar cross section (RCS) reduction [30],[31], smart walls [32],[33], reconfigurable antennas [34],[35], 

electromagnetic interference protection [36], and absorber FSS [37]-[39], among others. 

The factors that have sparked the interest of researchers in using FSS projects are the low 

manufacturing cost, reduced weight and volume, flexibility in the design of its unit cell, high capacity 

for integration with other circuit parts, and operation in several frequency bands, ranging from 

microwave to terahertz. This makes it possible to implement FSS in several telecommunications 

systems [25]. 

The disadvantages associated with FSS designs are few. Among them, the versatility in the design of 

the basic element geometry has a large electrical length, leading to an infinite variety of combinations. 

However, certain geometries do not have angular stability affecting the performance of the FSS. 

Fabrication of some FSS designs can be more complicated and the implementation of multiple layers 

can lead to an increase in volume and fabrication cost to achieve the desired result. Researchers are 

always looking for new methodologies to miniaturize and reduce the structural complexity to facilitate 

the fabrication and manufacture of FSSs [40].  
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One of the FSS applications that has drawn the attention of scholars is the development of more 

efficient antennas that can improve the transmission capacity of systems, directing the electromagnetic 

signal, favoring better use of the spectrum, and preventing the signal from being radiated in unwanted 

directions [10]-[12]. One way to direct the radiation pattern is to use the FSS as a superstrate, aiming to 

achieve the desired radiation characteristics [41]-[44]. In this context, the FSS can be electronically 

reconfigured, allowing one or more antenna operation characteristics to be changed (resonance 

frequency, radiation pattern, bandwidth, and polarization), making telecommunications systems more 

efficient, both from an energy point of view, as well as in terms of communication quality [45], [46]. 

Thus, the reduced cost, ease of implementation, and integration make the use of FSS as a reconfigurable 

superstrate an interesting feature for 5G NR networks [13]. 

III. FOUR ARMS STAR GEOMETRY 

The FSS based on the four arms star geometry was introduced in [47], [48] and presents attractive 

characteristics for several applications, including reconfiguration [26], [49]. The project starts with a 

unit cell with dimensions 𝑊𝑥 and 𝑊𝑦, as shown in Fig. 2 (a). After it is added a conventional 

rectangular patch, with dimensions 𝐿𝑥 and 𝐿𝑦, and a switching area with dimensions Sx and Sy, located 

in the center of the patch. The dimensions of the star's arms are defined by 𝐿𝑥, 𝐿𝑦 (same patch 

dimensions), 𝑑𝑥, 𝑑𝑦 (spacing from triangular gap to vertex of rectangular patch), and subsequently, 

diagonals are drawn from the ends of the star arms to the opposite corner of the switching point 

Fig. 2 (b). Finally, the part of the metallization layer that does not constitute the four arms star is 

removed and the desired structure is obtained, Fig. 2 (c). To insert a switching element, such as a PIN 

diode, a gap is introduced at the switching point, separating the lower and upper arms, Fig. 2 (d) [43]-

[45]. As ideal cases were used, the bias lines were not used. 

 
 

(a) (b) 

 

 

 
  

(c) (d) 
Fig. 2. Four arms star geometry step by step [26]. (a) Geometry dimensions, without gap; (b) Geometry with gap; (c) Gap details; (d) 

Geometry with gap and bias lines. 

Without the gap, the FSS resonant frequency can be approximately determined by (1), with good 
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results, principally for h ≪ λ0, [29], [30]. 

𝑓𝑟𝑒𝑠(𝐺𝐻𝑧) =  
0.3

2𝐿𝑒𝑓𝑓
 (1) 

In which 𝐿𝑒𝑓𝑓 = 𝐿𝑥 + 𝐿𝑦, with 𝐿𝑒𝑓𝑓 in meters. Considering the 𝑦 polarization, with the gap and the 

bias lines, the resonant frequency, 𝑓𝑟𝑒𝑠−𝑔𝑏,  can be estimated by (2), [27].    

1.5𝑓𝑟𝑒𝑠  ≤  𝑓𝑟𝑒𝑠−𝑔(𝐺𝐻𝑧) ≤ 2.0𝑓𝑟𝑒𝑠 (2) 

IV. NUMERICAL AND MEASURED RESULTS 

Simulations were performed using ANSYS Electronics Desktop, specifically HFSS for 3D modeling 

of structures with the finite element method. The software was used for the simulations of the antenna, 

the unit cell, and the structure formed by the antenna and FSS acting as a superstrate. In all simulations, 

used low-cost substrate FR–4 with 휀𝑟 =  4.4, ℎ =  1.6 𝑚𝑚 and loss tangent (𝑡𝑎𝑛(𝛿)) equal to 0.02. 

The prototypes were fabricated using printed circuit techniques on an adhesive and it is attached to the 

substrate surface. Then, the metallic surface that is not part of the FSS is removed by corrosion in iron 

perchloride. The aforementioned measurements were conducted at the GTEMA-IFPB Microwave 

Laboratory using a VNA Agilent E5071C in combination with a double ridge guide A. H. Systems, 

model SAS-571 (ranging from 700 MHz to 18 GHz) [50], as depicted in Fig. 3. Although the 

measurements were not carried out in an anechoic chamber, it was possible to verify the redirection of 

the antenna radiation pattern. 

 
 Fig. 3. Measurement setup. 

The Fig. 4 provides the dimensions of the geometry used in the experiment. The utilized FSS is a 

band-reject type, where the metal is represented in orange and the dielectric is represented in beige. 

Note that ideal cases were considered, where the ON, Fig. 4 (a), and OFF states of the diodes were 

replaced by short circuits and gaps, Fig. 4(b), respectively. 
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(a) (b) 

Fig. 4. Proposed structure. (a) Cell ON, (b) Cell OFF. 

The resonant frequency calculated using equation (1) for the ideal PIN diode ON state is 3.41 GHz, 

which is in good agreement with the simulated resonant frequency of 3.54 GHz. In Fig. 5 (a), the 

frequency response for the ideal FSS with the PIN diode ON state is shown. Since the structure is 

symmetric, only the result for 𝑥 polarization is presented. Fig. 5 (b) illustrates the frequency response 

of the unit cell for the OFF state, where the PIN diode is represented by a gap, for both 𝑥 and 𝑦 

polarizations. It is worth noting that the presence of the gap does not seem to significantly impact the 

frequency response for the y polarization. However, for 𝑥 polarization at 3.545 GHz, the unit cell 

frequency response experiences a variation of at least 30 dB, ranging from -31 dB to -1 dB. This 

variation is leveraged to reconfigure the antenna, making it a useful feature to have. 

 
 

 

(a) (b) 

Fig. 5. Frequency response, FSS. (a) Ideal ON state, (b) Ideal OFF state. 

A. Dipole antenna  

The antenna was fabricated using a semi-rigid cable from the brand Huber-Suhner, model EZ141TP 

[51], of 30 cm, with SMA connectors at the ends. The cable was split for the fabrication of the poles, 

one of the poles being formed by the central conductor and the other formed by removing a part of the 

central conductor, soldered to the outer conductor, with a total length of 42 mm. The symmetry of the 

dipole is not ideal, which is evident from Fig. 6 displaying the frequency response of the fabricated 

dipole. However, it is worth noting that the simulation predicted a resonance frequency of 3.47 GHz, 

which is a good approximation when compared to the measured value of 3.51 GHz. 
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Fig. 6. Frequency response, isolated dipole. 

B. Proposed Structure 

The structure that has been developed is depicted in Fig. 7. The superstrate is made up of 7 rows of 

unit cells, each numbered from 1 to 7. It is possible to control each row independently by switching the 

unit cells from an ON state to an OFF state and vice versa. 

 
Fig. 7. Line identification. 

The proposed antenna is shown in Figs. 8 (a), simulated antenna, and 8 (b), fabricated antenna. When 

there is a gap, the OFF state, the dipole, and therefore the electric field is perpendicular to it, which 

allows taking advantage of the variation of its frequency response when compared to the ON state.  

 

 

 

 

 

 

 

 

 

 

 
(a) (b) 

Fig. 8. Proposed antenna. (a) Simulated antenna, (b) Fabricated antenna. 
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The radiation pattern measurements were performed in the 𝑥𝑧 plane, with the dipole in the 𝑦 direction, 

Fig. 9, with 𝜙 =  0° and 𝜃 ranging from 0° to 360°, at intervals of  5°.  For co-polarization, the 

receiving antenna is polarized in the same direction as the dipole.  For the cross-polarization 

measurement, the receiving antenna is polarized in the x direction. 

The experimental setup initially involves measuring the value of S21 in dB for each angular position, 

which results in a radiation pattern as shown in Fig. 10 (a). These measured results are then normalized 

with respect to the maximum value obtained during the measurement, specifically for the co-

polarization - VV. This normalized value is then equated to the maximum gain obtained during the 

simulation. The resulting normalized diagram is presented in Fig. 10 (b), where the values from Fig. 

10 (a) are normalized to a maximum gain of 9.93 dBi.  

 
Fig. 9. Measuring plan for fabricated prototype. 

 
 

 

(a) (b) 

Fig. 10. Radiation pattern. (a) Measured, without normalization; (b) Measured, normalized 

Table I shows the values of S11, the maximum values of S21 for co-polarization, and for the same 

angular position, the value corresponds to cross-polarization, for all three analyzed configurations. 

These values give an idea of the isolation between polarizations. 

TABLE I. SUMMARY OF PROPOSED CONFIGURATIONS.  

Configuration S11 (dB) S21 (dB) VV S21 (dB) VH Gain (dBi) 

All lines OFF -9.61 -36.50 -59.07 4.79 

All lines ON -11.00 -36.50 -63.98 -1.67 

Lines 1 and 2 OFF -15.47 -31.06 -46.89 9.93 

Lines 6 and 7 OFF -9.00 -32.19 -53.46 10.16 
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The upcoming analysis will take each case into account individually. In Figs. 11 (a) and (b), the 

simulation and measurement outcomes, respectively, are presented for the configuration with all lines 

switched OFF. In this scenario, the FSS is allowing the signal to pass through, as illustrated in Fig. 5 

(b). The outcomes of the measurements were normalized with -36.5 dB and 4.79 dBi, as shown in Table 

I.  

The Fig. 12 (a) displays the 3D radiation pattern for realized gain, where the maximum gain value is 

7.7 dBi. In Fig. 12 (b) the diagram is plotted over the structure, and it can be observed that the maximum 

gain value exceeds the value of 4.79 dBi. This is due to the plane used for the cut in the 3D diagram. 

  
(a) (b) 

Fig. 11. Radiation pattern, all lines OFF. (a) Simulated, (b) Measured. 

  
(a) (b) 

Fig. 12. Radiation pattern, 3D, all lines OFF. (a) Gain realized, (b) Side view. 

In Fig. 13, it can be observed that when all lines are turned ON, the FSS effectively blocks the entire 

signal. The results of simulations, Fig. 13 (a), and measurements, Fig. 13 (b), are presented, with the 

measured results being normalized using values of -36.5 dB and -1.67 dBi as shown in Table I. 

Additionally, Fig. 14 depicts the 3D radiation pattern for realized gain, with a maximum value of 1.6 

dBi, Fig. 14 (a), as well as the diagram plotted on the structure, Fig. 14 (b). 
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(a) (b) 

Fig. 13 – Radiation pattern, all lines ON. (a) Simulated, (b) Measured. 

   
(a) (b) 

Fig. 14. Radiation pattern, 3D, all lines ON. (a) Gain realized, (b) Side view. 

Fig. 15 (a) shows the simulated results for the configuration with lines 1, 2 OFF. The measured 

results, presented in Fig. 15 (b), were normalized with -31.06 dB and 9.93 dBi, as shown in Table I. 

  
(a) (b) 

Fig. 15. Radiation pattern, lines 1,2 OFF. (a) Simulated, (b) Measured. 

Fig. 16 (a) shows the 3D radiation pattern, for realized gain, with a maximum value of 9.4 dBi. In 

Fig.16 (b) the diagram is plotted over the structure. 
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(a) (b) 

Fig. 16. Radiation pattern, 3D, lines 1,2 OFF. (a) Realized gain total, (b) Side view. 

In Figs. 17 (a) and 17 (b), simulated and measured results, respectively, are presented for the 

configuration with lines 6, 7 OFF. The measured results were normalized with -32.19 dB and 10.16 

dBi, as shown in Table I. 

  
(a) (b) 

Fig. 17. Radiation pattern, lines 6,7 OFF. (a) Simulated, (b) Measured. 

Fig. 18 (a) shows the 3D radiation pattern, for realized gain, with a maximum value of 9.5 dBi.  

Fig. 18 (b) the diagram is plotted over the structure. 

  
(a) (b) 

Fig. 18. Radiation pattern, 3D, lines 6,7 OFF. (a) Gain realized, (b) Side view. 

In Figs. 19 (a) and 19 (b), simulated and measured results, respectively, the radiation patterns for 

different configurations are compared: all lines OFF, lines 1 and 2 OFF, and lines 6 and 7 OFF. It can 

be verified that for lines 6 and 7 in the OFF configuration, the antenna with the superstrate redirects the 
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radiation diagram, with a maximum gain for 𝜃 = −60°. Note that this configuration is symmetric to 

the configuration with lines 1 and 2 OFF, with a maximum gain for 𝜃 = 60 . 

  
(a) (b) 

Fig. 19. Radiation pattern comparison, 1, 2 OFF, 6.7 OFF and all lines OFF. (a) Simulated, (b) Measured. 

Table II summarizes the results obtained with all lines OFF, lines 1 and 2 OFF, and lines 6 and 7 

OFF. The maximum total gain, maximum realized gain, and maximum gain for 𝜙 = 0°, and the 

respective  𝜃 value, are shown.  

TABLE II - SUMMARY OF RESULTS FOR ALL LINES OFF, LINES 1 AND 2 OFF, LINES 6 AND 7 OFF. 

Configuration 
Gain max. 

total (dBi)) 

Gain max. 

realiz. (dBi) 

Gain max. 

(dBi), ϕ=0° 

Max. sim. 

value, θ 

Max. meas. 

value,  θ 

Lines 1 and 2 OFF 10.2 9.4 9.93 60° 55° 

Lines 6 and 7 OFF 10.27 9.5 10.16 -65° -60° 

All lines OFF 8.1 7.7 4.79 0° 0° 

Aiming to illustrate other possibilities for reconfiguration, Fig. 20 (a) presents numerical results for 

lines 2, 3 and 4 OFF, and lines 4,5 and 6 OFF. In Fig. 20 (b), results are also presented for lines 2 and 

3 OFF, and lines 5 and 6 OFF. With these results it is possible to see that the proposed structure allows 

different intermediate angles for directing the radiation diagram. 

  
(a) (b) 

Fig. 20. Numerical results for intermediate angles for directing the radiation diagram. (a) Lines 2, 3 and 4 OFF (red), lines 

4,5 and 6 OFF (blue); (b) Lines 2 and 3 OFF (red), lines 5 and 6 OFF (blue). 
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V. CONCLUSION 

In this paper, a band-stop FSS was used as reconfigurable superstrate and applied to a dipole antenna.  

The FSS was designed based on the four arms star geometry. The antenna plus FSS intended for use in 

5G NR technology. The simulation and fabrication of the dipole antenna were carried out successfully. 

The frequency response of the reconfigurable FSS showed a variation of approximately 30 dB when 

switching between the OFF and ON states. This variation was used to reconfigure the antenna for the 

analyzed frequency, 3.545 GHz.  The developed structure was analyzed in three different 

configurations. In all lines OFF configuration, when the FSS allows the signal to pass through, it was 

observed that the antenna with the superstrate achieved maximum gain for 𝜙 = 0°, 𝜃 = 0°. As 

expected, for the all ON configuration, when the FSS blocks the signal, the radiation for the same 

angular position was significantly lower. For lines 1 and 2 in the OFF configuration, it was found that 

the antenna with the superstrate redirected the radiation pattern, and it had a maximum gain at 𝜃 = 60°,  

for 𝜙 = 0°. On the other hand, for lines 6 and 7 in the OFF configuration, it was observed that the 

redirection of the radiation pattern occurred with a maximum gain at 𝜃 = −55°, for 𝜙 = 0°. When 

comparing the last two configurations, it was noticed that the redirection of the radiation pattern was up 

to ±55° for the frequency, a very attractive result for 5G NR technology. 
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