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ABSTRACT: The various perturbing structures for generation of circular polarization (CP) in a hexagonal shaped 

microstrip antenna (HMSA) with patch side length of 20 mm is used to resonate in the Mobile Satellite Service (MSS) 

band at a centre frequency of 2 GHz. The hexagonal geometry to achieve CP is perturbed in four different ways: first 

with a rectangular slot at centre, second with two narrow slits at opposite vertices, third with double conducting stub at 

opposite vertices and fourth with a single conducting stub at a vertex. With any of these perturbing structures 

embedded in the hexagonal geometry and single probe feeding the antenna along the diagonal line of the square 

substrate of dimension 60 mm x 60 mm, the antenna radiates left hand circularly polarized waves. Four such hexagonal 

antenna configurations are analyzed to determine the resonant frequency, impedance BW, axial ratio, gain and radiation 

patterns in the E-plane and H-plane. The performance of all antenna parameters in their single layer structure is 

enhanced further by means of stacking the driven antenna with the similar parasitic patch element. Due to stacking the 

antenna observes an overall increase in 10 dB impedance bandwidth (BW), 3 dB axial ratio BW (ARBW) and antenna 

gain by 2.58 %, 1.71 % and 0.1615 dB respectively. 
 

 Keywords: centre rectangular slot, hexagonal shaped microstrip antenna, left hand and right hand circular polarization, 

narrow slits, tuning conducting stubs 

 

I. INTRODUCTION 

A standard geometrical shaped patch with a single feed point generally radiate linearly polarized (LP) waves. The 

CP operation has the distinct advantage over LP of being insensitive to the orientation between the transmitter and 

receiver, and is therefore widely used in wireless communication systems.  In order to radiate CP, it is necessary for 

two orthogonal patch modes with equal amplitude and in phase quadrature to be excited. A single patch antenna can be 

made to radiate CP if two orthogonal patch modes are simultaneously excited with equal amplitude and ± 90 out of 

phase with the sign determining the sense of rotation. Single feed CP antennas allows a reduction in the feeding circuit 

complexity, weight, size and is desirable in situations, where it is difficult to accommodate dual orthogonal feeds with a 

power divider network [1]-[4]. This can be accomplished by introducing slight perturbation in any regular shaped 

patches at appropriate locations with respect to the co-axial feed. There are various methods of patch perturbation used 

to achieve CP viz. embedded slits, slots, matching stubs and defected ground plane. Many single feed patches, using 

few perturbation methods, have been reported in regular shapes of rectangular [5], circular, square [6] and triangular 

microstrip antennas [7]. Some gain enhanced antennas have also been studied, but most require increasing antenna‟s 

height, such as with parasitic patch [8].  

The mentioned perturbation methods can be implemented in HMSA to generate CP and is not reported in literature. 

A hexagonal geometry has area almost equal to that of a circular configuration; the circularly polarized HMSA is 

expected to have a higher directivity, improved impedance and ARBWs as compared to that of corresponding 

rectangular or triangular configurations with minor changes in the far field radiation pattern [9], [10]. The previous 

studies have reported a 4 to 6% [11] impedance BW is achievable with one-layer patch antennas using a thin FR4 

dielectric substrate with thickness 1.6 mm and relative permittivity 4.4. Single fed HMSA with various perturbations in 

the structure can produce circularly polarized waves [12], [13]; despite a drawback of conventional HMSA is a 

narrowband characteristic and lower antenna gain. To overcome these disadvantages HMSA is used in a stacking 

configuration. The proposed stacked structure constitutes a driven and a parasitic HMSA with perturbing elements and 

placed over each other. There are no articles discussed in detail on the stacked HMSA.  

This paper is devoted for the study of various circularly polarized HMSAs with and without stacking for achieving 

gain and BW enhancement with single coaxial feed. The HMSA are designed and tested experimentally. 
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II. CIRCULARLY POLARIZED HMSA CONFIGURATIONS  

CP radiations can be achieved by inserting slits, matching stubs along the vertex, and slot at centre of the hexagonal 

patch. In this section analysis of HMSA with various perturbation techniques for generating CP radiation are designed 

and studied for antenna parameters like resonant frequency, impedance BW, ARBW, and antenna gain. Figures 1 (a) to 

(d) depicts the four different configurations of HMSA with single feed to obtain CP using various perturbations. In 

these configurations the CP radiations can be achieved, when the feed point location and the perturbation length 

introduced in the patch are optimized, and are finely tuned using simulation tool HFSS –V.11. The feed point location 

arrangement provides, right hand CP (RHCP) or left hand CP (LHCP). If feed point is located along the diagonal line 

of the square substrate in the first quadrant with optimized perturbation lengths, then in every configuration of HMSA, 

LHCP is obtained. The configurations showed in Fig. 1 (a) – (d), yield LHCP waves. The side length, S = 20 mm for all 

of the HMSA configurations are determined for the MSS band (1990 MHz to 2200 MHz) to resonate at the centre 

frequency of 2 GHz [14]. The HMSA configurations are etched on a FR4 substrate with dimensions 60 mm x 60 mm, 

thickness h = 1.59 mm and dielectric constant r = 4.3, with below side to have a finite ground plane and is fed co-

axially by means of a SMA connector. 

 

 
 
Fig. 1 Layout for various configurations of the LHCP HMSA. (a) HMSA with centre slot, (b) HMSA with narrow slits at opposite vertex, (c) HMSA 

with double stub at opposite vertex, (d) HMSA with single stub at vertex. 

 

A. HMSA with Centre Slot (Antenna 1) 

This is one of the techniques for achieving CP, in which at the centre of HMSA a narrow rectangular slot is 

embedded in the hexagonal geometry along the x-axis and feeding point is along the diagonal line of the square 

substrate as shown in Fig. 1(a). Here the electrical length of hexagonal patch remains undisturbed and is equal to that of 

a simple hexagonal patch, hence its resonating frequency is matching to that of the linearly polarized patch. In this 

configuration due to the embedded rectangular slot at the centre and by optimizing the feed position along the diagonal 

line, the HMSA observes an unequal current distribution along the x- and y-axis. Fig. 2 (a) and (b) compares the 

simulated and measured variations in S11 characteristics with frequency for the HMSA. The embedded rectangular slot 

has dimensions l x w = 9 mm x 2 mm and is positioned at the centre of the patch. It is due to the centre slot 

perturbation; the hexagonal patch generates two orthogonal modes of same magnitude but in phase quadrature with 

each other to resonate at the fundamental centre frequency of 2.16 GHz. The feed position is optimized at the location 

of (5.2 mm, 5.3 mm) with respect to origin as centre of HMSA. From Fig. 2, the HMSA with centre rectangular slot 

depicts 10 dB impedance BW of 120 MHz. The 3 dB axial ratio BW for this configuration is measured to be 30 MHz 

as shown in Fig. 6, and Fig. 7 shows the simulated E-plane and H-plane radiation patterns at 2.15 GHz giving antenna 

gain of 2.88 dB. 

 

B. HMSA with two narrow slits at vertex (Antenna 2) 

In this configuration a simple hexagonal patch has two embedded slits of length l and width w, inserted at opposite 

vertex along x-axis as shown in Fig. 1 (b). The slits create asymmetry in geometry and due to feeding along diagonal 

line; CP is achieved when proper optimization of the feed point location is performed. Fig. 3 (a) and (b) shows the 

simulated and measured variation in reflection coefficient with frequency for the case of inserting narrow slits of length 

l = 9.711 mm and width w = 0.35 mm along x-axis at opposite vertex of HMSA. The ratio of perturbation length to the 

side length of the HMSA is (l/S) = 0.485. This ratio finds useful at other resonance frequencies for HMSA to obtain CP. 

With the use of this dimension of the perturbation, a feed location is optimized at a coordinate of (7.5 mm, 7.5 mm) 

from the centre of the patch along the diagonal line to achieve the two degenerate modes for LHCP and maximum 3 dB 

ARBW. The CP radiations are observed at the centre resonating frequency of 2.12 GHz, that gives 10 dB impedance 

BW of 120 MHz, 3 dB ARBW of 31.2 MHz, and gain of 2.74 dB. 
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Fig. 2 (a) Simulated and (b) Measured Reflection coefficient variation with frequency of HMSA with centre slot (Antenna 1) 

 

 
Fig. 3 (a) Simulated and (b) Measured Reflection coefficient variation with frequency of HMSA with two narrow slits at vertex (Antenna 2) 

 

C. HMSA with double stub at vertex (Antenna 3) 

In this case, HMSA geometry constitute of matching conducting stubs along x-axis at both vertex of equal length l, 

width w and is fed along diagonal line as shown in Fig. 1(c). These stubs create asymmetry in geometry. The stub width 

is fixed for w = 2 mm where as its length l is varied for impedance matching at the resonating frequency. For the stub 

length of l = 4.57 mm the CP is achieved at the centre resonating frequency of 2.15 GHz, where the fundamental mode 

of resonance is degenerated into two orthogonal modes of equal magnitude as shown in Fig. 4 (a) and (b). The feed 

position is optimized along the diagonal line of the square substrate at the coordinates of (7.6 mm, 7.6 mm) from the 

centre of HMSA. Here the 10 dB impedance BW of 110 MHz, 3dB AR BW of 20 MHz and antenna gain of 2.646dB 

are determined. This HMSA also resonates at higher frequency of 3.5 GHz and 4.3 GHz as depicted from the Fig. 4 (a) 

and (b). 
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Fig. 4 (a) Simulated and (b) Measured Reflection coefficient variation with frequency of HMSA with double stub at vertex (Antenna 3) 

 

D. HMSA with single stub at vertex (Antenna 4) 

Likewise the double stub geometry, the single stub geometry is similar as only in this geometry asymmetry is created 

by the single stub matching at one of the vertex of the hexagonal patch as shown in Fig. 1(d). This type of structure 

provides additional manufacturing tolerance due to necessity of tuning only one stub at once, than tuning both the stubs 

simultaneously as discussed in section 2.3. The structure with single stub matching requires a larger stub length than 

the structure with double stub to achieve CP. Fig. 5(a) and (b) shows the simulated and measured variation in S11 

characteristics for the HMSA with single stub matching of length l = 5.57 mm and width w = 2 mm embedded at the 

vertex along x-axis. The HMSA resonates at the centre frequency of 2.13 GHz giving 10 dB impedance BW of 120 

MHz, 3 dB ARBW of 94 MHz, antenna gain of 2.61 dB, when fed along diagonal at the coordinates of (7.15 mm, 5.15 

mm) away from the centre of HMSA. 

 

 
Fig. 5 (a) Simulated and (b) Measured Reflection coefficient variation with frequency of HMSA with single stub at vertex (Antenna 4) 

 

III.  RESULTS AND DISCUSSION ON VARIOUS CONFIGURATIONS OF HMSA 

The parametric study for the four types of HMSA is performed in this section with stub matching and insertion of 

narrow slits at the opposite vertex and at the centre of patch. Table 1 lists the several HMSA parameters with various 

perturbed geometry for achieving CP. All these four configurations of HMSA are fabricated on a FR4 substrate with 

ground plane dimensions of 60 mm x 60 mm, having height of 1.53 mm and dielectric constant of r = 4.3 and are 

probe fed along the diagonal line of the square substrate. Fig. 6 shows the comparison of the simulated axial ratio 

variation with frequency for the four configurations of HMSA. The 3 dB ARBWs are 30 MHz, 31.2 MHz, 20 MHz and 
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94 MHz for Antenna 1 - 4 respectively. For every HMSA configurations the frequency at minimum axial ratio is 

matching to that of 10 dB impedance centre frequency. 

This indicates that, the 3 dB ARBW fall within the 10 dB impedance BW and assures CP purity in this range of 

frequencies. The percent 10 dB impedance BWs and percent 3 dB ARBWs depicted in Table 1 and Table 2 are 

calculated with respect to the centre frequency of each HMSA configuration. Fig. 7 shows the simulated H- plane and 

E- plane radiation patterns measured at the centre resonant frequency for all configuration of HMSA. The efficiency of 

HMSA is 73% for the FR4 substrate which can be improved by using the stacking structure. The Antenna 1 - 4 gives a 

LHCP radiation pattern providing a total gain of 2.88 dB, 2.74 dB, 2.646 dB and 2.615 dB respectively. The surface 

current distribution on the patch can be used to identify the sense of polarization of the antenna. If the current vector 

moves in a clock wise direction, which indicates that the antenna is LHCP. In order to achieve RHCP, the feed has to 

be shifted by 90 and is located in the third quadrant at the same distance from the centre of the patch [12]. Fig. 8 

shows the simulated surface current distribution for the HMSA Antenna 1, 2, 3 and 4 at the center resonance frequency 

of 2.16 GHz, 2.12 GHz, 2.15 GHz and 2.13 GHz respectively. 

 

 
 

Fig. 6 Comparison for the variation in axial ratio with frequency for four configurations of HMSA 

 
TABLE 1 

PARAMETRIC ANALYSIS OF HEXAGONAL MSA WITH VARIOUS PERTURBED GEOMETRY FOR CP 

 

Parameters Antenna1 

(centre slot)  

Antenna2 

(Slits at vertex) 

Antenna3 

(Double stub) 

Antenna4  

(Single  stub) 

Centre Resonant Frequency 

(GHz) 

2.16 2.12 2.155 2.13 

Gain (dB) 2.88 2.74 2.646 2.61 

10 dB impedance BW (MHz) 120 120 110 120 

% 10 dB BW 5.55 5.66 5.1 5.633 

3 dB ARBW (MHz) 30 31.2 20 94 

% 3 dB AR BW 1.38 1.47 1 4.62 
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Fig. 7 H-plane and E-plane Radiation Patterns of LHCP HMSA for (a) Antenna 1 (b) Antenna 2 (c) Antenna 3 (d) Antenna 4 

 

 
 

Fig. 8 Surface current distribution for Hexagonal shaped Antenna 1, 2, 3 and 4 at the center resonance frequency 
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IV.  STACKED CIRCULARLY POLARIZED HMSA CONFIGURATIONS 

For CP antennas, stacked patch antennas using parasitic elements are a typical configuration to enhance the BW. By 

stacking a parasitic patch over the driven patch, BW and gain enhancement of the original patch takes place [15], [16]. 

The stacked patch antennas have almost same configuration for driven and parasitic patches. Each of the excited and 

parasitic patches radiates CP waves because the polarization of the parasitic patch depends on that of the driven patch. 

Single probe fed HMSAs can produce circularly polarized waves by embedding perturbations in the hexagonal 

structure. A drawback of conventional HMSA is narrowband characteristics of axial ratio. The antenna performance is 

studied for all configurations of CP HMSA, by stacking it with similar parasitic elements. The side view of the 

proposed circularly polarized stacked HMSA is shown in Fig. 9. The proposed stacked antenna consists of a hexagonal 

shaped driven element and a similar hexagonal shaped parasitic element. The driven element is coaxially fed by a 50  

SMA connector. Generally, for CP, the two degenerate mode currents are distributed on the metal surface flowing at 

the centre of the driven patch. The amplitudes of the two mode currents at each resonant frequency are almost same so 

that the currents flowing perpendicular to each other ideally would not affect each other. However, the amplitudes for 

the two current at the same frequency, for example at first degenerate mode, they are not same and the phase difference 

is not 90. Hence, the driven patch itself does not radiate circularly polarized waves. The equivalent network of the 

stacked configuration composes of two resonators and one reactance. The reactance is divided by two orthogonal 

currents, which represent resonant phenomenon to each orthogonal direction. The two resonators represent the 

resonance caused by the driven and parasitic element, and the reactance represents the coupling between the elements 

[17]. In this section a study is performed by the use of stacked HMSA to determine the antenna parameters after 

stacking it with a similar parasitic patch. In this analysis, all configurations of HMSA as discussed in section 2 are 

stacked with the same type of driven patch of similar side length dimensions (S = 20 mm) and their results are 

compared. The investigation of these parameters is detailed in Table 2 for comparison with the parameters of Table 1. 

From Table 2 for Antenna1 the HMSA with centre slot when stacked with the same type of HMSA; this antenna 

observes the 10 dB impedance BW of 8.7 %, the 3 dB ARBW of 3 % and gain of 2.986 dB. The stacked HMSA 

antenna observes an increment in these parameters by 3.15 %, 1.62 % and 0.106 dB respectively; in comparison to 

HMSA before stacking with same parasitic element. In the Antenna2 for HMSA embedded with narrow slits at 

opposite vertex when stacked with the same type of HMSA; the stacked antenna observes the 10 dB impedance BW of 

7.59 %, the 3 dB ARBW of 2.82 % and gain of 2.89 dB.  After stacking with the same type of parasitic element, the 

single layer HMSA observes an increment of 1.93 %, 1.35 % and 0.15 dB respectively. In the Antenna 3 the 10 dB 

impedance BW before stacking parasitic element was 5.1 % and BW after stacking with same parasitic element is 7.66 

% so a 2.56 % BW enhancement takes place due to stacking. The 3 dB ARBW and gain of Antenna 3 are also getting 

improved by 3.46 % and 0.244 dB respectively. Similar characteristics are found for Antenna 4 for the stacked HMSA 

with single stub; the 10 dB impedance BW enhancement of 2.69 %, 3 dB ARBW improvement of 0.41 % and gain 

increases by 0.146 dB in comparison with its corresponding unstacked HMSA. 
 

TABLE 2 

PARAMETRIC ANALYSIS OF STACKED HEXAGONAL MSA WITH VARIOUS PERTURBED GEOMETRY FOR CP 

Stacking the HMSA with same parasitic patch 

Parameters HMSA with 

centre slot 

Antenna 1 

HMSA with slits at 

opposite vertex  

Antenna 2 

HMSA with 

double stub 

Antenna 3 

HMSA with 

single stub 

Antenna 4 

Resonant Freq. 

(GHz) 

2.175 2.002 2.089 1.996 

Gain (dB) 2.9857 2.89 2.89 2.756 

10 dB impedance 

BW (MHz) 

190.1 152 

 

160 166 

% 10 dB BW 8.7 7.59 7.66 8.32 

3 dB ARBW (MHz) 67 56.5 93.22 100.47 

% 3 dB ARBW 3 2.82 4.46 5.03 
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Fig. 9 Side view of the HMSA configuration stacked with parasitic patch 

 

V. CONCLUSION 

Four structures for generation of CP in a HMSA of side length 20 mm is studied so that the hexagonal shaped patch 

resonates at centre frequency of 2 GHz in the MSS band. In these structures the antenna is probe fed along its diagonal 

and the perturbations either are in the form of a rectangular slot at centre, with two narrow slits at opposite vertices, 

double conducting stub at opposite vertices and with a single conducting stub at one of the vertex. Four such hexagonal 

antenna configurations are designed, fabricated and measured to find that the antenna radiates LHCP waves. To 

enhance the antenna parameters in their single layer structure, stacking the driven antenna by the similar parasitic patch 

element finds useful. On an average the overall improvement in the 10 dB impedance BW, 3 dB ARBW and gain for 

the HMSA configurations due to stacking with the similar type of parasitic elements is found to be 2.58%, 1.71 % and 

0.1615 dB respectively. Theoretical results for the reflection coefficient have been validated with experiments. 
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