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An ultra-wideband vertically polarized monopole antenna having excellent omnidirectional radiation pattern is proposed. It consists of a four-sector monopole, dual metal loops and a metal reflector. The four-sector monopole is employed as radiator and excited by a 50 Ω coaxial cable to realize vertical-polarized omnidirectional radiation pattern and good impedance matching. Then two metal loops surrounding the monopole are used to further enhance the impedance matching and improve the gain variation. The antenna has an ultrawide bandwidth of 103% (1.63–5.1 GHz) for return loss > 15 dB. It also obtains a steady gain of 3.25 ± 1.35 dBi and a very small gain variation of less than 0.9 dBi within the ultrawide band. These performances indicate that the proposed antenna is competitive for 2G/3G/4G/5G indoor mobile communications.
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INTRODUCTION
Vertically polarized omnidirectional antennas have been extensively used for indoor base stations due to the 360° full coverage in the azimuth plane [1, 2]. To achieve good 360° full coverage for indoor mobile communication, an omnidirectional antenna with low gain variation is a key component. With the development of mobile communication, the frequency band from 1.71 to 2.69 GHz has been allocated for 2G/3G/4G communications, while the frequency bands of 2.515–2.675 GHz, 3.4–3.8 GHz and 4.8–5 GHz have been recommended for 5G communications [3]. In general, good impedance matching with RL > 14 dB (VSWR <1.5) of an omnidirectional antenna is required for practical use in indoor base stations [4]. Therefore, vertically polarized omnidirectional antennas that cover 1.71–5 GHz band and have good impedance matching and small gain variation are urgently required.
Vertically polarized radiation can be achieved by patch antennas [5, 6], slot antennas [7, 8], loop antennas [9, 10] and dipole antennas [11, 12]. A center-fed patch-ring antenna [5] and a circular patch antenna with a coupled ring are studied to generate monopole like radiation. These antennas have advantage of low profile, but they suffer from limited bandwidths of less than 28%. A vertically polarized U-shaped slot antenna [7] is proposed to provide a bandwidth of 15%, while a top-loading metasurface is used to improve the bandwidth of a crossed-slot antenna [8] to reach 54.5%. To enhance the bandwidth to 120%, a diamond-shaped loop antenna with a capacitive top hat is presented in [9]. However, its impedance matching with VSWR <3 is unable to meet the requirement for practical application in indoor base stations. In [12], a cylinder dipole antenna is proposed to obtain an extremely wide band from 1.8 to 28 GHz with S11 < −10 dB, but it has relatively big ripples in the radiation pattern at high frequencies and suffers from high profile.
Monopole antennas [13, 14] are also widely used to introduce vertical polarized omnidirectional pattern due to the natural omnidirectional radiation, stable pattern and wideband operation. An inverted-cone monopole antenna [15] and a torus knot monopole antenna [16] are designed to provide bandwidths of 41 and 66% respectively. To improve the bandwidth, a monocone antenna with shorting pins and parasitic patches [17] and a conical monopole with metallic cylinders and a capacitive disk [18] are proposed. They obtain broad bandwidths of 81 and 97.4% respectively, but they have relatively high gain variation.
An ultra-wideband vertically polarized monopole antenna with excellent impedance matching and very small gain variation is proposed in this letter. To obtain good impedance and small gain variation within an ultrawide band, a four-sector monopole is employed as radiator. Then a metal loop is used and located upon a metal reflector to improve the impedance matching. Another metal loop is finally combined around the top of the monopole to generate four resonant modes for achieving RL > 15 dB and reduce the gain variation to smaller than 0.9 dBi over an ultrawide bandwidth of 103%. As far as we know, our antenna introduces a better impedance matching and a smaller gain variation than any ultra-wideband vertically polarized antennas in open literatures.
ANTENNA DESIGN
Antenna Geometry
Figure 1 plots the configuration of the monopole antenna. The antenna is formed by a four-sector monopole, two metal loops, and two 1.6 mm-thick FR4 substrates, four square strips and a metal circular reflector. To generate good omnidirectional radiation with small gain variation, the four-sector monopole formed by two orthogonally identical metal plates with 2 mm thickness is employed as radiator. The metal plate has a triangular ring at the bottom and a stepped plate at the top. Dual metal loops are employed to improve the impedance matching and gain variation. Loop 1 is fixed on the upper surface of the metal reflector, while loop 2 is located around the top of the monopole. Each loop consists of four identical L-shaped metal baffles. Substrate 1 is located upon the reflector to support the monopole, while substrate 2 is used to support and fix metal loop 2. Four square strips are printed on the top of substrate 2, and they are soldered with the four-sector monopole to enhance structural stability. In order to stabilize the gain over an ultra-wide bandwidth, a large metal disc is used as a reflector. A 50 Ω coaxial cable is used to feed the antenna. Its outer conductor is soldered with the reflector, while the inner conductor is soldered with the monopole.
[image: Figure 1]FIGURE 1 | Geometry of the proposed antenna: (A) perspective view, (B) side view, (C) top view, and (D) metal loop 1.
Based on the geometry described above, an ultra-wideband monopole antenna covering 1.63–5.10 GHz is successfully designed, and its parameters are summarized as in Table 1.
TABLE 1 | Dimensions of the proposed antenna.
[image: Table 1]Comparison of Monopoles With Different Sector Number N
The sector number N of the monopole plays an important role in the impedance matching and gain variation, and it should be carefully determined. For clarity, the simulations of monopoles with sector number N = 2, 3, 4 are conducted here. The geometries of the monopoles with N = 2, 3, 4 are given in Figure 2A, Figure 2B and Figure 2C respectively. It should be mentioned that the metal loops are removed and each sector has the same parameters with those in Table 1 in all the monopole models. The simulated reflection coefficient for different sector number N is plotted in Figure 3A. As observed, the impedance matching is improved over almost the whole frequency band as N increased from 2 to 4. Furthermore, it is seen from Figures 3B–D that the current is more evenly distributed on the radiator with the increase of the number of the sectors, resulting in gain variation improvement. For validation, Figure 3E illustrates the simulated gain variation for different sector number. As plotted, the gain variation is significantly reduced from 5 dBi to 1.8 dBi as N increased from 2 to 4. The omnidirectional-radiation performance is improved with the increasing number N of the sectors. Therefore, the sector number N is selected as 4 to obtain good impedance matching and small gain variation in this design.
[image: Figure 2]FIGURE 2 | Monopoles with different sector number N: (A) N = 2, (B) N = 3, and (C) N = 4.
[image: Figure 3]FIGURE 3 | Simulated results of different monopoles: (A) reflection coefficient, current distribution at 5.1 GHz of monopoles with different sector number N (B) N = 2, (D) N = 3, and (D) N = 4, (E) gain variation.
Design Process
The evolutionary process of our antenna is demonstrated in Figure 4. Ant 1 is an original four-sector monopole antenna with a metal reflector. When metal loop 1 is added to Ant 1, Ant 2 is introduced. After employing metal loop 2 to Ant 2, our antenna, named Ant 3, is finally obtained.
[image: Figure 4]FIGURE 4 | Evolution steps of the proposed antenna: (A) Ant1, (B) Ant2, (C) Ant3.
To further understand the design process of our antenna, the input impedances and the reflection coefficients of Ant 1–3 are illustrated in Figure 5 and Figure 6, respectively. For Ant 1, the resistance is near 50 Ω and the reactance is near 0 Ω at the frequencies of around 1.85 and 5.13 GHz, resulting in two resonant modes at the two frequencies, and good impedance matching are achieved at the lower and higher frequency bands. However, a low resistance of around 30 Ω and a high reactance of around 25 Ω are observed at 3.6 GHz, leading to impedance mismatch at the center frequency band. As metal loop 1 is added in Ant 2, the lower-frequency resonance almost remains the same but the high-frequency resonance removes to 3.7 GHz. This results in good impedance matching at the lower and center frequency bands. Meanwhile, Ant 2 has small resistance and large reactance at around 5 GHz, which causes impedance mismatch at the higher band. When the dual loops are added in Ant 3, stable resistance of around 50 Ω and reactance of around 0 Ω are realized over the whole frequency band, and four resonant modes at 1.83, 2.84, 4.13 and 4.90 GHz are successfully generated. This results is excellent impedance matching at 1.7–5.1 GHz (RL < −17 dB). These results prove the effectiveness of the metal loops on the impedance matching for the proposed antenna.
[image: Figure 5]FIGURE 5 | Input impedances of Ant 1, Ant 2, and Ant 3.
[image: Figure 6]FIGURE 6 | Reflection coefficients of Ant 1, Ant 2, and Ant 3.
It should be mentioned that loop 2 is also used to enhance the omnidirectional radiation performance. Figure 7A illustrates the current distribution on the proposed antenna at 5.1 GHz. As observed, strong current distributes on the monopole and metal loop 2. In this way, both the monopole and loop 2 generate radiation. Therefore, the ripples of the radiation pattern in the xy-plane can be reduced due to the simultaneous radiation of the monopole and loop 2. Figure 7B plots the simulated gain variation for Ant 1–3. It is plotted that the gain variation remains almost the same for Ant 1 and Ant 2 over the operating band, but it drops to 1.3 dBi at 5.1 GHz in the attendance of loop 2 for Ant 3.
[image: Figure 7]FIGURE 7 | (A) Current distribution of proposed antenna at 5.1 GHz, and (B) gain variations of Ant 1, Ant 2, and Ant 3.
According to the description above, the design process of our antenna is provided below.
Step 1; design a four-sector monopole antenna with a FR4 substrate and a metal reflector to obtain omnidirectional radiation with small gain variation and good impedance matching at the lower and higher frequency bands.
Step 2; insert metal loop 1 upon the reflector to enhance the impedance matching at the center band.
Step 3; introduce metal loop 2 around the top of the monopole to achieve excellent impedance matching and improve the omnidirectional radiation performance within an ultrawide frequency band of 1.7–5.1 GHz.
MEASURED RESULTS AND DISCUSSION
A prototype of our antenna based on the parameters in Table 1 is fabricated and measured. Its photograph and measured reflection coefficient are plotted in Figure 8A and Figure 8B respectively. As observed, the measured RL is more than 15 dB over an ultrawide bandwidth of 103% (1.63–5.10 GHz).
[image: Figure 8]FIGURE 8 | (A) Photograph and (B) measured reflection coefficients of the proposed antenna.
The measured radiation patterns at the frequencies of 1.7, 3.5 and 5 GHz are depicted in Figure 9A, Figure 9B and Figure 9C respectively. The elevation plane (E-plane) and the azimuth plane (H-plane) are defined as x-z plane and x-y plane respectively. As plotted, the measured patterns match the simulations well. The antenna achieves excellent omnidirectional radiation patterns in the H-plane and bi-directional radiation patterns in the E-plane. The measured gain and gain variation in the H-plane are shown in Figure 10. The measured gain is 3.25 ± 1.35 dBi and the gain variation is lower than 0.9 dBi over the operating band. The measured radiation efficiency is better than 76% over the operating band, as plotted in Figure 11.
[image: Figure 9]FIGURE 9 | Measured radiation patterns of the proposed antenna for E-plane (x-z plane) and H-plane (x-y plane) at (A) 1.7 GHz, (B) 3.5 GHz, and (C) 5 GHz.
[image: Figure 10]FIGURE 10 | Measured gain and gain variation of the proposed antenna.
[image: Figure 11]FIGURE 11 | Measured efficiency of the proposed antenna.
A comparison of our antenna with other counterparts in the open literature is provided in Table 2. Compared with the wideband patch antenna in [6], slot antenna in [8], and monopole antennas in [14–16], our antenna has advantages of better impedance matching, much lower gain variation over a wider frequency band with moderate gain, efficiency and size. Compared with the UBW loop antenna in [9], the proposed antenna achieves much better impedance matching and much lower gain variation. The good performances make this design promisingly for indoor base station applications.
TABLE 2 | Performance comparison of vertically polarized antennas.
[image: Table 2]CONCLUSION
An ultra-wideband vertically polarized omnidirectional antenna has been designed. Four resonant modes are generated by combining dual metal loops around a four-sector monopole to introduce excellent impedance matching. In addition, excellent omnidirectional radiation pattern with very small ripple in the azimuth plane is obtained over the ultrawide bandwidth. These performances enable the proposed antenna to apply in 2G/3G/4G/5G indoor communications.
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