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Abstract: This paper presents a novel low-profile microstrip antenna with an omnidirectional 

radiation pattern for an artillery-launched observation round. The proposed antenna consists of one 

centered hexagonal patch for a feeding network and six periodic arrays of a trapezoid patch for a 

radiator. The trapezoid patch is equal to a half-sized hexagonal patch based on geometrical 

symmetry. A gap-coupled one-hexagonal patch and six trapezoid patches are supported on a 

nonfundamental TM02 mode for vertically polarized omnidirectional radiation patterns. In addition, 

a meshed ground structure for the proposed antenna is employed to improve the impedance 

bandwidth. The thin metal wires that are formed by the meshed ground structure yield six trapezoid 

slot arrays for the feeding network and three triangular slot arrays for the radiator on the ground 

plane. To verify the feasibility of the meshed ground structure, the mesh width, denoted by w, was 

investigated theoretically and optimized carefully to enlarge the impedance bandwidth of the 

proposed antenna. Finally, the proposed antenna, with a mesh width of 0.2 mm, successfully 

demonstrated excellent monopolar radiation at a resonant frequency of 5.84 GHz, a realized gain of 

5.27 dBi, and an impedance bandwidth of 452 MHz from 5.583 GHz to 6.035 GHz with respect to 

7.78% at a center frequency of 5.809 GHz. 

Keywords: hexagonal microstrip antenna; monopolar radiation; omnidirectional pattern; gap-

coupling resonator array; mesh ground 

 

1. Introduction 

With the rapid development of recent wireless systems, such as radio frequency identification 

(RFID), Bluetooth, and WLAN, microstrip antennas have been mainly utilized as key components 

because of their many advantages, such as their light weight, low manufacturing cost, relatively small 

size, and ease of system integration [1–3]. In particular, the microstrip-inspired monopole antenna 

for ultrawideband (UWB) application is very useful for stationary communication networking due 

to its omnidirectional radiation pattern and boresight direction radiation with about 120° of half-

power beam width (HPBW) [4–9]. The microstrip-based monopole antenna, however, shows a 

disadvantage in that it increases the surface drag yield from a terminal moving at high speed because 

of its mounting direction being perpendicular to the ground surface. 

For this reason, a monopolar microstrip antenna, that is, a low-profile antenna placed 

horizontally to the ground surface with an omnidirectional radiation pattern, has been spotlighted as 

a suitable candidate for wireless access in vehicular environments (WAVE) or in cooperative 

unmanned aerial vehicle (UAV) networks because no additional radome structures are needed and 
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because surface drag yield from fast-moving objects can be minimized [10,11]. Since the introduction 

of monopolar microstrip antennas in 1994 [12], various monopolar microstrip antennas have been 

presented based on the design method of a center-fed circular microstrip patch antenna to realize a 

nonfundamental resonant mode using more than one wavelength-sized radiator [13–15] and zeroth-

order resonant antennas with an infinite wavelength resonant mode [16–19]. 

In this work, we propose a new monopolar hexagonal microstrip antenna with a mesh ground 

structure for mounting a deployable wing of an artillery-lunched observation round. To overcome 

the large electrical radiator size of the center-fed microstrip antenna and the narrow bandwidth of 

the zeroth-order resonant antenna, the proposed antenna utilizes a regular hexagonal radiator with 

a trapezoidal patch resonator arranged on a mesh ground structure. Unlike conventional honeycomb 

or mushroom structures [19], the nonfundamental TM02 mode was realized by cutting the mesh-

grounded hexagonal patch without a thru-hole via fabrication. Accordingly, the proposed antenna 

can show a relatively wide bandwidth and an electrically small size at the same time (compared to 

previously presented technologies of center-fed microstrip antennas and zeroth-order resonant 

antennas). In addition, a parametric study of the thin line width caused by the mesh ground structure 

was carried out to verify the feasibility of the proposed antenna. Details on the configuration and an 

analysis of the reflection coefficients, resonant frequencies, 3-dB fractional bandwidths, electric field 

distribution, radiation patterns, realized antenna gain, and quality factors (Q-factors) of the proposed 

antenna are dealt with in the following sections. 

2. Antenna Design and Analysis 

2.1. Configuration 

Figure 1 shows the configuration of the proposed antenna. The proposed antenna employed 

seven patch resonators. The proposed antenna structure consists of one centered hexagonal patch for 

a feeding network (indicated by the blue dotted line) and six periodic arrays of a trapezoid patch for 

a radiator (indicated by the red dotted line). In the feeding network, the hexagonal patch is utilized 

to excite equivalent gap couplings to six radiating resonators and is connected through a 50-ohm 

coaxial cable from the ground plane. To provide soldering space in the ground plane, six ground slots 

with a trapezoidal shape were formed at the bottom of the hexagonal feeding patch. The radiating 

trapezoid patches were constructed in a half-cut using the geometrical symmetry of the feeding 

hexagonal patch. 

 

Figure 1. The proposed antenna with a cross-sectional view, an enlarged top radiator, and a bottom 

mesh ground view. 
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It can be seen that the shape of the ground slot forms an equilateral triangle, since the radiating 

trapezoid patch does not need soldering space. The thin metal wires that are formed by the meshed 

ground structure yield six trapezoid slot arrays for the feeding network and three triangular slot 

arrays for the radiator on the ground plane. The width of the thin ground wires (denoted by w) 

between slots decreases gradually when the size of the ground slot increases. The coupling gap 

between patches is denoted by g. The thin metal line w (in three directions) is connected to the outer 

ground, so that three equilateral triangular slots with length LS are created at the bottom of the patch. 

Finally, by quasi-circularly arranging six radiator trapezoidal patches, the final geometry is the gap-

coupled hexagonal microstrip antenna. A 70-mm-diameter (D) and 1.6-mm-thick (h) FR4 circular 

substrate is used, and it also has a dielectric constant of 4.25 and a loss tangent of 0.018. The substrate 

of the proposed antenna was determined by considering mechanical limiting factors and the cost 

factors for the observation round-system requirement. All dimensions of the gaps and the minimum 

widths between the resonators are 0.2 mm to ensure process reliability. In addition, the inside of each 

radiating patch has an isolation area the same size as the wire width. The final parameters of the 

proposed antenna were optimized using an FEM(finite element method)-based full-wave EM 

(electromagnetic) simulator and are summarized in Table 1. 

Table 1. Optimized dimensions of the proposed antenna. 

Parameters Size (mm) Parameters Size (mm) 

Feed patch length (PF) 13 GND(Ground) gap mesh width (wg) 0.6 

Radiator upper length (PTS) 7.5 GND slot length (LS) 7.0 

Radiator lower length (PTL) 15 GND pad length (LF) 4.5 

Gap between patches (g) 0.2 GND feed slot upper length (LTS) 2.4 

GND mesh width (w) 0.2 GND feed slot lower length (LTL) 4.5 

Substrate diameter (D) 70 Substrate thickness (h) 1.6 

2.2. Design Principle and Field Distribution 

Figure 2 illustrates the simulated electric field distributions for an understanding of the design 

procedure and operation principles of the proposed antenna. The conventional hexagonal mushroom 

structure that is commonly utilized for electromagnetic metamaterial applications [16] or high 

impedance planes [20] provides dual-band operation for the zeroth-order resonant (ZOR) and TM02 

modes (shown in the left side of Figure 2). 

 

Figure 2. Concept with simulated electric field distributions for the TM02 mode and their electric field 

vector magnitudes in a cut-plane of A–B. 

As expected, the ZOR mode yields parallel resonance from the shunt inductance (caused by the 

thru-via hole) and the shunt capacitance between the patch metal and mesh ground metal [19]. In 
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addition, the hexagonal patch also supports the fundamental mode, that is, the half-wavelength 

resonant mode of the TM01 mode, and thus the linearly arranged three hexagonal patches can make 

an over-wavelength TM02 mode for omnidirectional radiation. As shown in the middle of Figure 2, 

the via-removed hexagonal mushroom resonator only gives a TM02 mode. As shown on the right side 

of Figure 2, we finally reduced the hexagonal radiating patch to the trapezoidal radiating patch, that 

is, the linearly tapered radiating patch. This cutting design using geometrical symmetry provides the 

advantages of an enlarged bandwidth and a miniaturized size of the radiating patches compared to 

the conventional hexagonal patches. The simulated results for the comparisons in Figure 2 are shown 

in Figure 3. Accordingly, the proposed antenna can accomplish a successful TM02 mode for 

omnidirectional radiation. 

 

Figure 3. Reflection coefficient comparison of the three kinds of antenna design in Figure 2. 

3. Measurement Results 

To verify the design feasibility, a proposed antenna prototype was fabricated, as shown in Figure 

4. The fabricated prototype had the dimensions in Table 1 for the meshed ground structure. The 

meshed ground structure was successfully implemented as shown in Figure 4b. After etching the 

proposed antenna, a commercial semirigid standard coaxial cable with a length of 7 mm was 

mounted. 

 

(a) 

 

(b) 

Figure 4. The fabricated antenna prototype: (a) front view and (b) rear view. 
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simulation, the results were observed at 533 MHz from 5.573 GHz to 6.106 GHz with respect to about 

9.13% at a center frequency of 5.840 GHz. The measurements were taken according to the 10-dB 

impedance bandwidths of 452 MHz from 5.583 GHz to 6.035 GHz with respect to about 7.78% at a 

center frequency of 5.809 GHz for the TM02 mode. The slight gap between the simulations and 

measurements was the result of inexact alignment between the top patch plane and the bottom mesh 

ground surfaces during the process. 

 

Figure 5. Coefficients of the proposed antenna. 

Figure 6 exhibits the far-field radiation patterns of the proposed antenna. The radiation patterns 

were measured at test frequencies of 5.84 GHz supported by maximum antenna-realized gains. The 

radiation patterns were measured in a well-defined and calibrated electromagnetic anechoic chamber 

consisting of room space 5.5 m in width, 5.5 m in length, and 5 m in height. The anechoic chamber 

guaranteed the capability to directly measure far-field conditions from 800 MHz to 8 GHz. The 

measurements demonstrated omnidirectional (i.e., monopolar) radiation with copolarization of the 

vertical linear polarization in the TM02 mode, as shown in Figure 6. As expected, the proposed 

antenna was identical to a monopole antenna mounted vertically with a radiation pattern and 

polarization. The measured peak gains were observed at θ = 30°, as shown in Figure 6b. 

 

(a) 

 

(b) 

Figure 6. Radiation patterns of the proposed antenna at a resonant frequency of 5.84 GHz: the (a) H-

plane (x–o–y plane) and (b) E-plane (z–o–x plane). 

At a test frequency of 5.84 GHz, the directivity of the proposed antenna was different from that 

of an ideal monopole (that is, an electrically small antenna) due to the radiator at a wavelength of 1.5. 

At θ = 30° in Figure 6b, the horizontal polarization(E), that is, the cross-polarization of the proposed 

antenna, was observed at -20.64 dB with a normalized radiation pattern.  
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Figure 7 shows the realized antenna gains and radiation efficiencies of the proposed antenna. 

The realized antenna gains were measured at 5.27 dBi and 5.84 GHz in 1.5-wavelength resonant TM02 

mode. For the simulations, the realized antenna gain was 4.53 dBi at 5.88 GHz. As expected, the 

measurement antenna gains were almost identical to the simulations for the TM02 mode. The reason 

for the difference between the simulation and measurement experiments of the antenna gain around 

6 GHz seemed to be due to the additional losses of the 50-ohm coaxial cable used as the feed line. As 

shown in Figure 2b, it can be seen that the simulation results of the radiation efficiency remained 

constant at 85.47%. On the other hand, the measurement results of the radiation efficiency showed 

variation between the maximum value of 90.61% and the minimum value of 75.69% (according to the 

frequency). The deviation between the simulation and measurement results was a reasonable value 

within the calibration error range that occurs in the anechoic chamber. 

 

(a) 

 

(b) 

Figure 7. Measurement results of the proposed antenna: the (a) realized antenna gain and the (b) 

radiation efficiency. 

As seen in the results in Figures 5–7, the proposed antenna successfully demonstrated 

omnidirectional radiation in the simulation results. A detailed consideration of the performance of 

the proposed antenna will be given in the following section. 

4. Discussion 

Figure 8 shows the simulation results from the parametric study of the reflection coefficient 

change for various parameters of the proposed antenna. As can be seen in Figure 8a, as the size of the 

hexagonal patch used for the feeding network increased, the resonant frequency of the proposed 

antenna decreased. The cause of this result was that the length of one side of the hexagonal feeding 

patch was equivalent to the top of the trapezoidal radiator patch. In other words, as the size of the 

trapezoidal radiator increased, the guided wavelength increased electrically due to the TM02 mode of 

the boundary condition (which is determined by the trapezoidal radiator patch) increasing. 

Figure 8b exhibits the change in the reflection coefficients of the proposed antenna when the gap 

size of g between each patch varied from 0.2 mm to 0.6 mm. Since the gap g generates coupling 

between patches, it can be seen that the amount of electrical coupling varied with the gap size of g. 

Therefore, if the operating frequency is determined through the proposed antenna radiator and 

feeding patch of PF, the gap g should be optimized to generate the maximum coupling coefficient. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 8. Reflection coefficients of the proposed antenna from the parametric study: (a) the feeding 

patch size, (b) gaps between the feeding patch and radiator patch, (c) the ground feed pad space, and 

(d) the width of the meshed ground. 

Figure 8c displays the results from analyzing the effect of the feeding space for the coaxial 

connection on the bottom ground plane. As can be inferred from the results, it can be seen that LF, the 

size of the feeding pad, affected the impedance of the proposed antenna and consequently served as 

a matching network of the proposed antenna. Therefore, LF could determine the optimal impedance 

of the proposed antenna to expand the 10-dB impedance bandwidth based on the size of the space 

beyond the 50-ohm coaxial line. Finally, Figure 8d shows the variation of the reflection coefficients 

for the width change of the thin metal wire caused by the mesh ground structure of the proposed 

antenna. As the size of the triangular and trapezoidal slots (LS, LTS, and LTL) on the bottom ground 

plane of the radiator and feeding patch increased, the mesh ground widths, w and wG, became thinner. 

The thinner mesh width could reduce the resonant frequency and increase the impedance bandwidth 

of the proposed antenna. 

Figure 9 shows a quantitative analysis of the electrical properties to verify the feasibility of the 

mesh ground structure at w variation from 0.2 mm to 3.3 mm. The limitation of w = 0.2 mm was the 

minimum width to ensure process reliability, and w = 3.3 mm was the maximum width to make the 

mesh ground structure equivalent to the normal ground of the proposed antenna. As w became 

thinner from 3.3 mm to 0.2 mm, the resonance frequency decreased by 1657 MHz from 7.546 GHz to 

5.889 GHz, as shown in Figure 9a. This resulted in the same effect as the size reduction rate of about 

22%. For a w of 3.3 mm, the 3-dB impedance bandwidth was 949 MHz from 7.071 GHz to 8.020 GHz, 

with a 3-dB fractional bandwidth of about 12.58% based on the center frequency. In addition, for a w 

of 0.2 mm, the 3-dB impedance bandwidth was 1613 MHz from 5.082 GHz to 6.695 GHz, with a 3-dB 

fractional bandwidth of 27.39% at the center frequency. 
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(a) 

 

(b) 

 

(c) 

Figure 9. Characteristics of the proposed antenna with w variation from 0.2 mm to 3.3 mm: (a) 

resonant frequencies, (b) 3-dB fractional bandwidth, and (c) quality factors (Q-factors). 

Accordingly, when w changed from 3.3 mm to 0.2 mm, the Q-factor calculated by the ratio of 

increased 3-dB fractional impedance bandwidth and reduced resonant frequency went from 7.95 to 

3.65. In other words, the Q-factor of the proposed antenna with the mesh ground structure was 

reduced by 54% compared to normal ground, and an effect of about 2.67 dB was obtained, as shown 

in Figure 9c. As a result, the Q-factor of the proposed antenna was reduced by the decreasing w, and 

the electrical performance (such as the 10-dB impedance bandwidth) of the proposed antenna was 

greatly improved due to the meshed ground structure. 

The result of this discussion is that, unlike the conventional monopole antenna, the Q-factor of 

the proposed antenna can be reduced by optimizing the meshed ground structure due to the shape 

of the structurally low-profile omnidirectional antenna. 

Several reported microstrip-based omnidirectional antennas and the presented designs are 

summarized in Table 2 for comparison. The ultrawideband microstrip or CPW-based monopole 

antennas in References [21–23] showed omnidirectional radiation patterns at a lower frequency of 

around 3 GHz due to electrically small antennas in those bands and large impedance bandwidths of 

over 100%. Since the omnidirectional radiation pattern of microstrip-based monopole antennas 

proceeds in the boresight direction, the radiator should be positioned perpendicularly to the common 

earth ground surface. Thus, an omnidirectional radiation pattern cannot be provided at the antenna 

mounting position parallel to the earth's surface, such as with the proposed antenna. The monopolar 

patch antennas recently reported in References [10, 24–26] were based on a center-fed TM02 mode 

operation; thus, the omnidirectional radiation patterns were given in an end-fire direction with the 

radiator positioned horizontally to the earth ground surfaces. However, the antennas presented 

earlier showed a relatively thick substrate thickness compared to the proposed antenna. Finally, 

monopolar radiation based on the electromagnetic metamaterials in Reference [19] has a 
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disadvantage in that it operates only in a narrow bandwidth under conditions of size and thickness 

of the substrate that are similar to the proposed antenna. Accordingly, the proposed antenna is novel 

for its reasonable operation bandwidth and relatively thin substrate thickness. These advantages are 

due to the generation of a TM02 mode in an isotropic array of via-less mushroom structures with 

meshed GND(Ground) structures. 

Table 2. Performance comparisons between state-of-the-art omnidirectional microstrip antennas. 

Ref., 

Year 

Antenna Size, mm2 

(/min1) 

Height, mm 

(/min1) 
Bandwidth (%) Antenna Type 

[21], 

2011 
22 (0.227) × 28 (0.289)  1 (0.010) 117% 

Ultrawideband 

monopole 

[22], 

2014 
19 (0.190) × 19 (0.190) 1 (0.010) 

133% (VSWR < 

2) 

Ultrawideband 

monopole 

[23], 

2015 
25 (0.263) × 25 (0.263) 1.6 (0.017) 

143% (VSWR < 

2) 

Ultrawideband 

monopole 

[10], 

2016 

π× 32 (0.514) × 32 

(0.514) 
3 (0.048) 32.2% Monopolar microstrip 

[24], 

2016 

π× 30.8 (0.572) × 30.8 

(0.572) 
6.3 (0.117) 15.4% Monopolar microstrip 

[25], 

2016 
80 (0.213) × 80 (0.213) 26 (0.069) 96.8% Monopolar microstrip 

[26], 

2019 

π× 80 (0.987) × 80 

(0.987) 
10 (0.123) 12.7% Monopolar microstrip 

[19], 

2009 
35 (0.502) × 35 (0.502) 0.76 (0.011) 0.7% Zeroth-order resonant 

This 

Work 

π× 35 (0.651) × 35 

(0.651) 
1.6 (0.030) 7.78% Monopolar microstrip 

1 min is the free-space wavelength at the lowest operating frequency of the overlapped bandwidth. 

Figure 10 illustrates the 10-dB impedance bandwidths and realized gains of the proposed 

antenna when changing the substrate diameter of D from 50 mm to 80 mm. The total antenna size 

calculated from π(0.5D)2 mainly impacts the impedance bandwidths and realized antenna gains of 

the proposed antenna. In the parametric study about the D of the proposed antenna, there was a large 

impedance mismatch below 50 mm of the D, and the 10-dB impedance bandwidths were only 

considered for over 50 mm of D. As the D changed, the 10-dB impedance bandwidth and realized 

antenna gain varied with the maximum values. The 10-dB impedance bandwidth was at a maximum 

when the D = 65 mm, and the realized antenna gain was at a maximum when the D = 75 mm. 

Accordingly, it can be seen that the proposed antenna prototype was fabricated at the optimal point 

(D = 70 mm) for both the antenna gain and impedance bandwidth. This is the finite ground effect: 

traditional monopole antennas are affected by antenna gain and reflection coefficients depending on 

the finite ground plane size. This is due to the identical directions of the electric fields and operation 

mechanisms of both monopolar microstrips and conventional monopole antennas. 
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Figure 10. 10-dB impedance bandwidth and realized antenna gains of the proposed antenna with a 

substrate diameter of D variation from 50 mm to 80 mm. 

5. Conclusions 

In this paper, a novel low-profile monopolar microstrip antenna was uniquely designed, 

analyzed carefully, tested, and demonstrated successfully. The proposed antenna design is 

comprised of a center-fed and gap-coupled hexagonal microstrip antenna on the bottom-meshed 

ground structure of a circular dielectric substrate. Through control of the Q-factor of the proposed 

antenna diodes (by optimizing a meshed ground structure), the impedance bandwidth in TM02 mode 

operation is effectively improved by up to 452 MHz (7.78%) for measurement and 533 MHz (9.13%) 

for simulation. The Q-factor was also investigated based on a parametric study of the line width w of 

the meshed ground changing from 3.3 mm to 0.2 mm. The measured results showed good agreement 

with the simulated responses, thereby validating the proposed design concept and the feasibility of 

the meshed ground. The geometry can be further exploited to enhance the electrical characteristics of 

the low-profile monopolar radiating antenna element. Finally, the proposed antenna may be a 

suitable future military application for observation rounds of fast-moving objects without increasing 

surface drag. 
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