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Abstract— In this work the influence of quasi-periodic distributions 

of air holes with 6, 12 and 6-fold modified symmetries, applied to 

the substrate of a rectangular microstrip patch antenna are 

analyzed. To validate the study, parameters such as S11 parameter, 

bandwidth, total gain, radiation pattern and electric field were 

investigated through computational simulations. The results 

obtained for all the PBG structures were compared to each other 

and to a reference antenna without PBG. In addition, we analyzed 

the resonating modes of each structure and it was observed 

improvements in bandwidth and gain for all modified structures 

when compared with the reference antenna, as well as reduction of 

the dielectric constant that is also recalculated. Some prototypes 

were built to compare the computational results to the measured 

results. It was verified that the measured and simulated results of 

return loss are in agreement and the antenna with 6-fold modified 

symmetry presented better performance than the others analyzed 

PBG structures.  
  

Index Terms— Microstrip Antenna, PBG, Quasi-periodic distributions.  

I. INTRODUCTION 

Due to the advancement of technologies in modern communication systems, which require the 

construction of sophisticated microwave integrated circuits, currently there is a need for reduced size 

and good performance devices. In this context, planar microstrip antennas have been used in many 

different systems, such as space aircraft, satellites, airplanes and mobile communication systems [1]-

[3]. 

However, this type of antenna also presents some drawbacks that can compromise its usage, for 

instance, low efficiency, low directivity and narrow bandwidth [4]-[8]. Because of that, new types of 

antennas have been developed by using prohibited bands in the substrate for which the propagation of 

electromagnetic waves at a certain frequency bands suffer strong attenuation, allowing an 

increasement in the bandwidth and radiation periodicity of the device, but without increasing the 

dimensions of the antenna [9]-[14]. Such structure is known as photonic band gap or just PBG 

structures. 
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A photonic crystal is a structured material such that its dielectric constant varies periodically in 

space and it can be considered, depending on the application, as periodic nanostructures. Also, it is 

designed to affect the motion of photons in a similar manner that the periodicity of a semiconductor 

crystal affects the movement of electrons [15]-[17]. On the other hand, photonic quasi-crystals (PQC) 

are structurally different and it exhibits divergent behaviour of the photonic crystals. They are 

characterized by a very unusual alignment of the atoms and contain aperiodic structures, i.e., which 

have at least two different symmetrical patterns, also forming a structure without gaps, but not 

repeated regularly. Thus, due to these circumstances, it can cause symmetry 6, 8, 10 and 12-fold, 

based on the number of repetitions of the standard PQC cell [18]-[20]. 

In this paper, three quasi-periodic settings for PBG mesh with 6, 12 and 6-fold modified 

symmetries were printed in the substrate of a standard rectangular microstrip antenna and the 

radiations properties were analyzed. Also, the antennas were fed by using a microstrip line and to 

match the impedances we have used inset cut in the patch. The dimensions of the antennas were 

designed to operate in the fundamental mode (TM10) at 5.8 GHz. Simulation software was used to 

analyze the performance of the proposed antennas and the computational results were compared to 

those one obtained through measurements of three prototypes. 

The next section presents the project for the reference antenna and proposed quasi-periodic PBG 

structures. In section III, computational results are showed. Experimental results, obtained from the 

construction of the proposed antennas, are described in section IV. Finally, conclusions are showed in 

section V. 

II. DESIGN OF QUASI-PERIODIC PBG ANTENNAS 

To compare the results provide by the proposed PBG structure was designed a standard rectangular 

patch antenna which was used as reference antenna, being fed by microstrip line with input 

impedance of 50 Ω. That antenna is supposed to resonate at 5.8 GHz, as described in [21]-[22]. As a 

result, we obtained a width (W) of 15.73 mm and length (L) of 11.74 mm for the patch. To the inset 

cut in the patch, we obtained (g) of 0.86 mm and length (y0). The dimensions of the microstrip line 

were 3.28 mm and 6.59 mm for width and length, respectively. The material used for the patch, 

ground plane and microstrip line was copper with 0.05 mm of thickness, as showed in Fig. 1. 

 

Fig. 1. Structure of the standard rectangular patch antenna. 
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Fiberglass (FR4) was used as dielectric substrate, which has relative permittivity (εr) of 4.4, loss 

tangent (δ) of 0.02 and thickness (h) of 1.58 mm. Three settings of PBG structures quasi-periodic 

antennas printed in the substrate were used in this work. The first configuration consists of 101 air 

holes arranged in a 6-fold symmetry, as shown in Fig. 2 (a). The second one is formed by a mesh with 

12-fold symmetry and 150 air holes were printed in the antenna substrate, as shown in Fig. 2 (b). The 

third one consists of 167 air holes distributed in a 6-fold modified symmetry, which is formed 

combining square and triangular elements [18], as shown in Fig. 2 (c). 

 
a) 

 
b) 

         
c) 

Fig. 2. Quasi-periodic PBG antennas with (a) 6-fold symmetry, (b) 12-fold symmetry and (c) 6-fold modified symmetry. 

For all settings, we have fixed the value of 1.0 mm for the diameter (d) of the air holes and 1.5 mm 

for the distance between the center of each one of them (Λ). 

III. COMPUTATIONAL RESULTS 

Simulations were carried out to obtain the behaviour of the reference antenna and of the proposed 

settings of periodic PBG structures. The first analyze was conducted to study how each PBG structure 

affect the S11 parameter in dB (S11) of the analyzed antennas and the results can be seen in Fig. 3. 
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Fig. 3. S11 parameter in function of resonance frequency for all analysed antennas. 

The results show that the antennas with quasi-periodic PBG structure shift the resonance frequency 

from 5.8 GHz to 8.9 GHz (6-fold symmetry), 10.6 GHz (12-fold symmetry) and 10.5 GHz (6-fold 

modified symmetry), considering the reduction of the dielectric constant. According to the study of 

propagation modes, performed for all antennas, it can be observed in Fig. 3 that the analyzed PBG 

structure cause a shift of the propagation modes to the right and no new mode was excited in the 

analyzed range. Thus, it can be seen a higher bandwidth than that one obtained for the reference 

antenna and lower S11 value for the second operating band. In addition, it can be noted that the quasi-

periodic PBG antenna with 6-fold modified symmetry showed better performance than the other 

antennas, once it provided higher bandwidth for the second operating band, approximately 22.5%, and 

lower S11 value of -35.8 dB. All information mentioned previously are exposed in Table I, which 

presents the values of Resonance Frequency (F0), S11 parameter, Fractional Bandwidth (BW) and new 

dieletric constant. It is important to say that only the fractional bandwidth whose S11 parameter values 

were below to -10 dB were considered. 

TABLE I. PARAMETERS OF SIMULATIONS PRESENTED IN FIG.3 

Antennas F0 (GHz) S11 (dB) BW (%) 
Dieletric 

Constant 

Reference 5.8; 8.9; 10.4 -21,5; -16,3; -8.1 2.8; 5.3; -- 4.4 

6-Fold 6.6; 10.2; 11.9 -9.2; -28.3; -15.6 --; 9.8; 7.1 3.18 

6-Fold Modified 6.7; 10.5; 12.1 -9.5; -35.8; -12.3 --; 12.4; 8.1 3.05 

12-Fold 6.8; 10.6; 12.1 -8.9; -25.3; -13.7 --; 12,3; 8.8 2.93 

 

If it is desired that the new structures have a resonant frequency at 5.8 GHz as previously projected, 

the measures are recalculated and presented in Table II. 
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TABLE II. MEASURES OF NEW STRUCTURES FOR 5.8 GHZ 

Antennas 
Dieletric 

Constant 
W (mm) L (mm) 

Reference 4.4 15.73 11.74 

6-Fold 3.18 17.88 13.79 

6-Fold Modified 3.05 18.16 14.08 

12-Fold 2.93 18.44 14.36 

 

The study of the propagation modes is detailed in Figures 4, 5, 6 and 7, which show the electric 

field distribution in the substrate and the total gain for the three operating frequencies, considering 

each analysed antenna and their respective resonance modes, i. e., TM10, TM02 and TM20. 

 
a) 

 
b) 

 
c) 

Fig. 4. Distribution of electric field and total gain for the reference antenna at (a) 5.8 GHz (TM10), (b) 8.9 GHz (TM02) and 

(c) 10.4 GHz (TM20). 
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a) 

 

 

 
b) 

 

 

 
c) 

 

 

Fig. 5. Distribution of electric field and total gain for the antenna with six-fold symmetry at (a) 6.6 GHz (TM10), (b) 10.2 

GHz (TM02) and (c) 11.9 GHz (TM20). 

 



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 19, No. 2, June 2020 

DOI: http://dx.doi.org/10.1590/2179-10742020v19i2821 

Brazilian Microwave and Optoelectronics Society-SBMO received 2 Sept 2019; for review 3 Sept 2019; accepted 9 Dec 2019 

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

 

158 

 

 

 
a) 

 

 

 
b) 

 

 

 
c) 

 

 

Fig. 6. Distribution of electric field and total gain for the antenna with six-fold modified symmetry at (a) 6.7 GHz (TM10), 

(b) 10.5 GHz (TM02) and (c) 12.01 GHz (TM20). 
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a) 

 

 

 
b) 

 

 

 
c) 

 

 

Fig. 7. Distribution of electric field and total gain for the antenna with twelve-fold symmetry at (a) 6.8 GHz (TM10), (b) 10.6 

GHz (TM02) and (c) 12.1 GHz (TM20). 
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As shown in Figs. 4, 5, 6 and 7, the TM10, TM02 and TM20 modes can be visualized in the 

distribution of the electric field in the substrate of the antennas. It can be seen a higher concentration 

of electric field at the edges of the transmission line and around the inset-fed for the reference antenna 

in Fig. 4. Thus, it is possible to affirm that the antennas with quasi-periodic holes in the substrate 

presented a more uniform distribution of electric field along the patch than the reference antenna. In 

addition, the total gain for all configurations of the proposed PBG antennas was bigger than the 

antenna without PBG. 

IV. PRACTICAL RESULTS 

Fig. 8 shows some prototypes that were built and measured for the reference and proposed PBG 

antennas. The data obtained from the measurements of the built antennas were compared to those 

obtained from computational simulation, which were reported previously. Fig. 8 shows, from the left 

to the right, the prototypes for the reference antenna and quasi-periodic PBG antennas with 6, 12, and 

6-fold modified symmetries, respectively. These antennas were built by using a prototype machine, 

model LPKF ProtoMat S42, which provided a very precise physical models regarding to simulated 

structures. 

 

 

 

Fig. 8. Prototypes of the analyzed antennas. 

Fig. 9 shows the comparison between the simulated and measured values for the configuration with 

6-fold symmetry. It can be verified that the measurement of the proposed antenna provided better 

results than those obtained by simulations, presenting lower S11 value for the first and second 

operating band. Thus, it can be seen a good agreement between simulated and measured values. 

The comparison between simulated and measured values for the configuration with 12-fold 

symmetry is showed in Fig. 10. It can be noted a good agreement between the simulated and 

measured values with a small displacement for the first operating band and a lower S11 value, 

considering the measured values for the first and second operating band. 
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Fig. 9. S11 parameter in function of resonance for the quasi-periodic PBG antenna with 6-fold symmetry. 
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Fig. 10. S11 parameter in function of resonance frequency for quasi-periodic PBG antenna with 12-fold 

symmetry. 

Fig. 11 shows the comparison between the simulated and measured values for the configuration 

with 6-fold modified symmetry. From these results, it can be seen a good agreement between the 

simulated and measured values. In addition, it is important to say that the constructed antenna has 

better performance than what was simulated, once it had higher bandwidth for the second operating 

band and S11 value for the first operating band. 
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Fig. 11. S11 parameter in function of resonance frequency for quasi-periodic PBG antenna with 6-fold modified 

symmetry. 

Therefore, it can be affirm that the validation of simulated results from experimental measurements 

was successfully performed. Considering some small variations, observed due to the noise in the 

measurements, it can be see a good agreement between measured and simulated values for all 

manufactured antennas. 

V. CONCLUSIONS 

In this paper, a rectangular microstrip antenna was designed to operate at 5.8 GHz and its 

performance were analysed considering some model of quasi-periodic PBG structure. The analysed 

antennas consisted of rectangular microstrip antennas whose substrates were modified by inserting in 

it arranges of air holes in a quasi-periodic PBG structures with 6, 12 and 6-fold modified symmetries. 

In this study, the values for the diameter (1.0 mm) of the air holes and for distance between the center 

of them (1.5 mm) were kept fixed for all configurations. Therefore, all differences in the performance 

of them come from the arrangement of the air hole, once the physical dimensions of all them are also 

the same. 

The proposed antennas were compared to a reference antenna (without PBG) in term of S11 

parameter value, bandwidth, electric field distribution in the substrate and total gain. The quasi-

periodic PBG antennas showed a significant increasing in the bandwidth, total gain and reduction of 

the S11 parameter for the second operating band regarding to the reference antenna. Besides, an 

important study of propagation modes was also realized for all antennas, from which we can conclude 

that the analyzed PBG structure can cause a shift of the propagation modes to right without exciting 

new modes at least in the analyzed range, having only their resonant frequencies shifted. Also, the 

results point at the possibility of suppressing or at least attenuated undesired resonance modes, as 

showed in Fig. 3. 
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The computational results were compared to those obtain from the measurements of some 

prototypes, which presented good agreement with computational results. According to the analysis, it 

can be conclude that the quasi-periodic PBG antenna with 6-fold modified symmetry showed the best 

performance for the simulated and measured data. Thus, this paper shows that it is possible to 

construct prototype of microstrip antennas with quasi-periodic PBG substrates with very satisfactory 

performance for applications that require thicker bandwidth. Also, it was observed a displacement in 

the desired operating frequency, which varied according to the used symmetry. That comes from the 

fact the insertions of air hole in the substrate reduced the effective dielectric constant of the antennas 

substrate, implying in the reduction of its resonance frequency, as observed. 

Thus, for future work, we have intended to analyse the behaviour of periodic [23] and quasi-periodic 

by using an Artificial Neural Network, which operates as a non-linear interpolation to adjust the main 

parameters of the microstrip antennas with PBG structure in the substrate in order to find the design 

frequency of the antenna, required to obtain the optimal operating frequency. 
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