
Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 19, No. 3, September 2020 

DOI: http://dx.doi.org/10.1590/2179-10742020v19i38                                                                                                                 

   309 

  

 
Brazilian Microwave and Optoelectronics Society-SBMO received 22 March 2020; for review 26 March 2020; accepted 18 June 2020 

Brazilian Society of Electromagnetism-SBMag © 2020 SBMO/SBMag               ISSN 2179-1074 

 

Abstract— This paper describes the analysis of the effects of a 

frequency selective surface (FSS) on the characteristics of a microstrip 

line fed antenna with a bow-tie slot in the ground plane for operation in 

the frequency range 1 to 10 GHz. The use of the FSS is proposed to 

miniaturize the antenna structure and increase the number of resonance 

frequencies and the gain. Air gaps can be inserted between the antenna 

and the FSS to allow for the adjustment of the resonance frequencies and 

increase the bandwidth. To prove the concept, antenna prototypes 

printed on a 30×30 mm2 FR4 low-cost substrate are designed, fabricated 

and tested. Good agreement is obtained between numerical simulations 

and experimental results, thus validating the proposed design procedure. 

The obtained miniaturization and multiband effects can be most 

convenient for multiservice wireless system applications such as WLAN, 

WiMAX, 4G, and 5G mobile communication systems. 

  

Index Terms— Frequency-selective surface, FSS, Microstrip antennas, Mobile 

communication systems, Planar antennas, Slot antennas.  

 

I. INTRODUCTION 

 

The development of wireless systems and the generalization of their employment in recent years have 

made the use of compact multiband and broadband antennas a major attraction, particularly important for 

commercial and military applications. The most common examples are encountered in a variety of portable 

wireless communication devices such as cell phones, handsets, palmtops, and laptops. The emergence of 

different wireless technologies such as global system for mobile communications (GSM), radio frequency 

identification (RFID), Bluetooth, Wi-Fi, Worldwide Interoperability for Microwave Access (WiMAX), and 

lately 4G, 5G and the Internet of Things (IoT), has served as motivation to boost research seeking lighter, 

more compact, and more cost effective devices, using planar microstrip antennas. The design of antennas 

with these characteristics, possibly without loss of performance, is still a challenge for researchers [1]-[3]. 
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Ground-plane slot microstrip antennas are known for their advantages, such as large bandwidth, good 

impedance matching and the ability to fully integrate active or passive components [4]. Moreover, the 

combination of antennas with FSS structures can enhance certain antenna characteristics. Combination of 

many different type of microstrip antennas and FSSs have been proposed in the literature [5]-[9]. In [5] a 

FSS is used to increase the broadside gain of a patch antenna almost 7 dB, at the X band. In [6] a FSS 

superstrate layer is used to increase both the impedance bandwidth and the gain of an aperture coupled 

microstrip patch antenna. An EBG structure is proposed in [7] to reduce mutual coupling between meander-

line MIMO antennas. In [8] a conformal metamaterial lens-based radome is used to suppress surface waves 

which resulted in gain enhancement and reduction of side-lobes. A compact FSS multilayer structure 

composed of reactive impedance surfaces is used in [9] to convert linear into circular polarization. 

This paper proposes the combination of a microstrip line fed bow-tie slot in the ground plane antenna 

with an FSS superstrate to miniaturize the structure and increase the number of resonance frequencies and 

the gain. Moreover, the use of an FR4 substrate promotes a low cost solution. The insertion of an air layer 

between the antenna and the FSS structure introduces an additional degree of freedom that provides fine 

adjustment of the resonance frequencies. Such characteristics are very attractive for application in the new 

multi-standard terminals of 4G and 5G wireless mobile communication systems. 

The paper is divided into 7 sections. After this section I, the introduction, section II deals with a 

rectangular slot that is analyzed to serve as reference for the bow-tie slot antenna described in section III. 

The analysis and design of the proposed bow-tie slot antenna combined with the FSS is carried out in section 

IV. Section V contains the comparison of simulation and experimental results and the insertion of an air gap 

between the FSS and the slot is outlined in section VI. Finally the main conclusions are drawn in section 

VII. 

II. RECTANGULAR SLOT ANTENNA 

Microstrip line fed ground plane slot antennas became a subject of great interest to engineers in the field 

of integrated antennas many years ago [10]-[12]. More recently, some studies moved from increasing the 

bandwidth and miniaturizing this type of antennas [13], [14] towards increasing the gain provided by 

combination with FSS structures [14], [15].  

The simple rectangular slot is introduced here to be used as a reference for the other slot antennas. The 

corresponding geometry is shown in Fig. 1. The truncated ground plane and slot dimensions play an 

important role in the characteristics of the antenna because they can adjust the effects of the electromagnetic 

coupling between the feed line and the ground and therefore improve the bandwidth [10]-[12]. 

A low cost FR4 substrate, with relative permittivity 4.4, loss tangent 0.02 and thickness 1.57 mm is used.  
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                                  (a)                                                                                   (b) 

Fig. 1. Microstrip line fed rectangular slot antenna configuration: (a) top view; (b) side view. 

The dimensions of the antenna have been chosen to provide the half-wavelength first resonance 

frequency at 4.8 GHz and a microstrip feed line with characteristic impedance 50 Ω. The transmission line 

model [16] was used initially to estimate the antenna dimensions and the HFSS software tool was then used 

to optimize them. The following dimensions have been obtained: W = L = 30 mm, W1 = W2 = 3 mm, 

L1=L2=16.5 mm. The input reflection coefficient (S11) CST simulation results are shown in Fig. 4 and the 

far-field radiation pattern cut in the YZ plane and 3D radiation pattern are shown in Fig. 2. A broadside gain 

of about 3.82 dBi is obtained. A summary of the antenna characteristics is shown in Table I. 

           

                                  (a)                                                                                 (b) 

Fig. 2. Radiation pattern of the rectangular slot antenna at 4.8 GHz: (a) YZ plane cut, and (b) 3D. 

III. BOW-TIE SLOT ANTENNA 

Different shapes of microstrip line fed slots in the ground plane have been proposed mostly to increase 

impedance bandwidth or provide miniaturization [13], [14], [17]. A very common shape is the bow-tie slot 

antenna shown in Fig. 3. It keeps the simplicity of the rectangular slot and provides a performance 
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enhancement similar to more complex shapes. The geometrical parameters of this slot are the same of the 

rectangular one, plus W3, the width of the slot at the ends. 

                                            
                             (a)                                                      (b)  

Fig. 3. Microstrip line fed bow-tie slot antenna configuration: (a) top view; (b) side view.  

To evaluate the size reduction and other changes in the antenna performance, the S11 and radiation pattern 

were simulated using HFSS and compared to those of the rectangular slot antenna designed in the previous 

section. The width of the bow-tie slot at the ends, W3, was varied from 6 mm to 15 mm in steps of 3 mm. 

The other dimensions were the same of the rectangular slot. The S11 HFSS simulation results are shown in 

Fig. 4. It can be verified that the increase of the slot width leads to a decrease of the resonance frequency 

which corresponds to a miniaturization effect. As expected, a decrease of the impedance bandwidth is also 

obtained. Instead of miniaturization, increase of the bandwidth could have been obtained if the resonance 

frequency were kept constant by changing other antenna parameters, mainly L2. 

 

Fig. 4. Simulated S11 of rectangular and bow-tie slot antennas. 
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Table I compares the resonance frequency, bandwidth, S11 level at resonance, and size reduction rates of 

the proposed bow-tie slot antenna. The size reduction values are calculated from the decrease in resonance 

frequency. It is important to note that the resonance frequency of the proposed bow-tie slot antenna can be 

1.6 GHz lower than that of the rectangular one. These results show that the proposed antenna design 

procedure successfully reduced the size.  

 

TABLE I. COMPARISON OF RECTANGULAR AND BOW-TIE SLOTS HFSS SIMULATED RESULTS 

Slot Shape 
Frequency 

(GHz)  
BW    

(GHz) 
BW          
(%) 

S11      
(dB) 

Size 

Reduction 

(%)  

Gain     
(dBi) 

Rectangular 4.8 0.78 16.25 -22.79 - 3.82 

Bow-tie (W3=6mm) 4.2 0.65 15.48 -24.61 12.50 3.66 

Bow-tie (W3=9mm) 3.8 0.55 14.47 -16.00 20.83 3.50 

Bow-tie (W3=12mm) 3.4 0.40 11.76 -13.11 29.17 3.44 

Bow-tie (W3=15mm) 3.2 0.32 10.00 -12.26 33.33 3.44 

 

Figs. 5 and 6 present a 2D and the 3D radiation patterns, and the current distribution at 4.2 GHz for the 

antenna featured in Fig. 3 (W3 = 6 mm). A gain of 3.66 dBi is observed.  

 

 

                           
                                                        (a)                                                                                    (b)                                             

 

Fig.5. Radiation pattern of the bow-tie slot antenna at 4.2 GHz (W3 = 6 mm): (a) YZ plane cut, and (b) 3D. 
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Fig. 6. Current distribution on microstrip line and ground plane at 4.2 GHz (W3 = 6 mm). 

 

IV. BOW-TIE SLOT ANTENNA WITH FSS 

 

Many different techniques have been proposed to improve the parameters of antennas used in specific 

applications. The FSS is one of them, and has been widely used in modern antenna designs owing to its 

useful properties [14]-[16]. Periodic configurations such as a series of periodically perforated screens or 

conducting strips that are either printed on dielectric substrates or free-standing, exhibit FSS characteristics. 

There are numerous applications of FSSs, including optical and quasi-optical devices, radomes, and dichroic 

surfaces for antenna reflectors [14]-[16]. 

The FSS surface can be used with different purposes, such as minimize the negative effects of the surface 

waves. However, the presence of the FSS near the radiator changes its resonance frequency, which can be 

controlled in the design mostly by adjusting the dimensions of the element [17], [18]. 

The FSS structure shown in Fig. 7 is used to optimize the bandwidth and gain of the bow-tie slot antenna 

(Fig. 3). The methodology used to calculate the slot dimensions and spacing between them is determined 

through a simulation in HFSS using the Finite-Difference Time-Domain (FDTD) method [19]. As the FSS 

structure acts as a filter that only allows certain frequencies to be transmitted, the optimal dimensions to 

obtain the envisaged goal can be found from the observation of the reflection coefficient diagram. 

The FSS structure used in the design consists of a matrix of five rows and five columns of square slots, 

as depicted in Fig. 7. Both the antenna and the FSS have simple structures and are printed on the same 

substrate. Aiming at the best configuration, the width and length of the FSS square slots (WU=LU) were 

varied from 0 to 4.5 mm in steps of 1.5 mm. 
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Fig. 7. FSS structure used in the microstrip antenna presented in Fig. 3 (WFSS = LFSS = 30 mm). 

The FSS is used overlapping the antenna under analysis, as shown in Fig. 8. 

 

  
 

Fig. 8. Profile of the FSS structure used in the microstrip antenna presented in Fig. 3 (h = 1.57 mm). 

 

The proposed slot antenna is fed by a 50-Ω microstrip line to facilitate integration with other circuits and 

devices. 

Initially, we have analyzed the input reflection coefficient of the configurations presented in Fig. 1 and 

Fig. 3. The corresponding results are presented in Fig. 4. It can be noted that, between 1 and 10 GHz, the 

bow-tie slot antenna without FSS has only one resonance (at 4.2 GHz for W3=6 mm). However, from the 

results shown in Fig. 9, for the bow-tie antenna plus FSS, it can be concluded that the use of the FSS provides 

miniaturization (the first resonance decreased to 2 GHz) and introduces additional resonances (at about 5.0, 

7.2, 7.7, and 8.9 GHz). This is the best performance obtained and corresponds to WU = LU = 3 mm. 

The multiband behavior achieved is very important in modern 4G and 5G mobile communication 

systems, where different services use different bands and where large bandwidths associated with high 

transmission rates are required [20]-[28]. 
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Fig. 9. Input reflection coefficient of the bow-tie slot antenna with FSS. 

 

A 2D and the 3D radiation patterns of the antenna plus FSS and the current distribution on the FSS, for 

WU = LU = 3 mm, are shown in Fig. 10, 11, and 12, respectively. An increase of the gain (from 3.66 to 4.20 

dBi) is obtained. 

 

 

                        
                                                               (a)                                                                                               (b) 

Fig. 10. 2D radiation pattern of the bow-tie slot antenna plus FSS at 5.0 GHz: (a) XY plane (φ, θ = 90º) and (b) XZ plane (θ, φ = 0º). 
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Fig. 11. 3D radiation pattern of the bow-tie slot antenna plus FSS at 5.0 GHz. 
 

                                                            

Fig. 12. Current distribution on the FSS structure at 5.0 GHz. 

 

V. EXPERIMENTS RESULTS 

 

The proposed antennas are connected to a 50-Ω subminiature version A (SMA) connector for signal 

transmission, which is considered as a wave port in the vector network analyzer (VNA). This connector is 

suitable for use up to 18 GHz, showing good performance up to approximately 20 GHz. 

Fig. 13 and 14 show the measurement setup and the bow-tie slot antenna prototype. For this antenna, the 

result for the input reflection coefficient obtained in the laboratory was compared with that obtained through 

the HFSS software and is shown in Fig. 15. The agreement between the simulated and measured results is 

very good for the entire frequency band, which goes up to 10 GHz.  
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Fig. 13. Measurement of antenna input reflection coefficient with VNA. 

                                                              
                                                             (a)                                          (b) 

 

Fig. 14. Bow-tie slot antenna prototype: (a) microstrip line and (b) ground plane with slot. 

 
 

Fig. 15. Input reflection coefficient results of the bow-tie slot antenna. 

The measurement of the radiation pattern of the antenna prototype shown in Fig. 14 was carried out in 

an anechoic chamber wherein the antenna was attached to a Styrofoam (expanded polystyrene) structure 

possessing a relative electrical permittivity of about 1.05 (Fig. 16). The presence of the structure did not 
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affect the measurements: it only served to mechanically support the antennas. The horn used as a probe in 

the C band (3.94-5.99 GHz) was a Flann Microwave FMI 12240-15. 

 

 
 

Fig. 16. AUT inside the anechoic chamber. 

Fig. 17 shows the prototype of the bow-tie slot antenna with the FSS. For this antenna, the result for the 

input reflection coefficient obtained in the laboratory was compared with that obtained through the HFSS 

software and can be seen in Fig. 18. The first three resonances are confirmed experimentally with small 

detuning but the fourth and fifth one are not observed.  This lack of agreement is probably caused by 

fabrication inaccuracies and misalignment between the antenna and FSS layers. 

                     
                                                                    (a)                                                                                (b) 

 

Fig. 17. Prototype of the slot antenna with the FSS: (a) microstrip line and FSS structure, and (b) antenna with FSS. 
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Fig. 18. Input reflection coefficient of the slot antenna with the FSS. 

For a better understanding of the simulation and measurement results, Tables II and III summarize the 

simulated and measured results regarding the slot antenna without FSS and with FSS, respectively. 

Some differences in the resonance frequencies between the simulated and measured results can be 

attributed to inaccuracies in the antenna fabrication process as well as non-ideal conditions during the 

measurement setup of the analyzed prototypes. 

Fig. 19 presents results for the measured radiation pattern of the antennas shown in Fig.14 (at 4.22 GHz) 

and Fig. 17 (at 5.00 GHz). Measurements were performed for both E-plane and H-plane and the higher gain 

values happen at angles between 30 and 120, mainly due to the slot in the ground plane. The maximum 

values found for these antennas are 2.59 dBi, in Fig.  19(a), and 5.66 dBi, in Fig. 19(b), confirming that the 

inserted FSS has increased the antenna gain. 

 

TABLE II. SIMULATION AND EXPERIMENTAL RESULTS FOR SLOT ANTENNA WITHOUT FSS 

 SIMULATED MEASURED 

Frequency (GHz)  

BW (GHz) 

BW (%) 

S11 (dB) 

4.20 

0.66 

15.71 

-23.51 

4.22 

0.60 

14.22 

-25.16 
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TABLE III. SIMULATION AND EXPERIMENTAL RESULTS FOR SLOT ANTENNA WITH FSS 
 

 SIMULATED MEASURED 

1st resonance band 

Frequency (GHz)  

BW (GHz) 

BW (%) 

S11 (dB) 

2nd resonance band 

Frequency (GHz)  

BW (GHz) 

BW (%) 

S11 (dB) 

3rd resonance band 

Frequency (GHz)  

BW (GHz) 

BW (%) 

S11 (dB) 

 

2.06 

0.07 

3.40 

-13.81 

 

4.93 

0.53 

10.75 

-12.63 

 

7.44 

0.79 

10.62 

-10.17 

 

2.15 

0.13 

6.05 

-15.16 

 

5.00 

0.26 

5.20 

-20.10 

 

7.34 

0.20 

2.72 

-14.65 

 
 

 
(a)   

 
                                                                                                           (b) 

Fig. 19. E-plane (YZ) and H-plane (XZ) measured radiation pattern results for the antennas shown in: (a) Fig. 14 and (b) Fig. 17. 
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VI. AIR GAP INSERTION 
 

In order to increase the degrees of freedom for the frequency adjustment, air gaps were inserted between 

the antenna and the FSS structure, as can be seen in Fig. 20.  

Fig. 21 presents the results where variations in the resonance frequencies are evident. It is clear that this 

technique is adequate for providing fine tuning of the antenna.  

 

 

Fig. 20. Bow-tie slot antenna plus FSS structure with air gap. 

 

 

 

 

Fig. 21. Input reflection coefficient of the bow-tie slot antenna plus FSS structure with air gap. 

Fig. 22, 23, and 24 present the 2D and 3D radiation patterns and current distribution at 5.09 GHz of the 

antenna presented in Fig. 20, referring to the FSS structure when g = 1.57 mm (FSSN2). A gain close to 

4.65 dBi is observed. 
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                                                            (a)                                                                                                 (b) 

 

Fig. 22. Radiation pattern of bow-tie slot antenna with FSSN2 structure at 5.09 GHz: (a) XY plane (φ, θ = 90º) and (b) XZ plane 

(θ, φ = 0º). 

 

 
 

Fig. 23. 3D radiation pattern of the bow-tie slot antenna with FSSN2 structure at 5.09 GHz. 

                                                       
 

Fig. 24. Current distribution of FSSN2 structure at 5.09 GHz. 
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For the FSS structure presented in Fig. 20 when g = 3.14 mm (FSSN3), the 2D and 3D radiation patterns, 

and current distribution at 5.03 GHz are shown in Fig. 25, 26, and 27, respectively.  

                   
                                                        (a)                                                                                                   (b) 

 

Fig. 25. Radiation pattern of bow-tie slot antenna with FSSN3 structure at 5.03 GHz: (a) XY plane (φ, θ = 90º) and (b) XZ plane 

(θ, φ = 0º) 

 

The characteristics of this configuration are remarkably similar to those of the FSSN2 structure, with a 

small increase in the antenna gain, which is now 4.70 dBi. 

 
 
 

 
 

 

Fig. 26. 3D radiation pattern of the bow-tie slot antenna with FSSN3 structure at 5.03 GHz. 
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Fig. 27. Current distribution of FSSN3 structure at frequency of 5.03 GHz. 

 

VII. CONCLUSION 
 

The use of a simple FSS structure in a microstrip line fed bow-tie slot antenna is proposed, aiming at 

miniaturization, multi-frequency behavior, and gain enhancement. Moreover, the use of an air gap between 

substrates provided fine control of the resonance frequencies. The effects of the FSS structure are illustrated 

using four application examples: antenna without FSS, antenna with FSS but without air gap, and antennas 

with FSS and air gaps of two different thicknesses. Simulation results for the input reflection coefficient, 

current distribution, radiation pattern, and gain are presented and analyzed for the frequency range of 1 to 

10 GHz. Antenna prototypes were designed, fabricated, and tested.  A good agreement is obtained between 

the numerical simulation and experimental results, which validated the proposed design procedure and new 

concept for the antenna. Several potential applications can be anticipated with regard to multi-frequency 

wireless services such as WLAN, WiMAX and 4G and 5G mobile communication systems. 
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