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Abstract

:

In this paper, a monopole UWB broadband antenna is designed, fabricated, and measured for wireless communication networks. The initial radiator model of the proposed antenna has a short-sleeve shape, and to expand the impedance bandwidth, the right and left angles are subtracted symmetrically from the lower half of the radiator. The impedance matching is improved by etching slots in the feed line and adding L-shaped patches symmetrically on both sides of the feed line. The results show that the proposed miniaturized antenna system can cover WiFi 7(2.4–2.484 GHz, 5.15–5.35 GHz, 5.725–5.825 GHz, 5.925–7.125 GHz), 4G LTE (2.3–2.39 GHz, 2.555–2.655 GHz), 5G (4.8–5.0 GHz), X-band (7–12.4 GHz), Ku-band (10.7–14.59 GHz), and C-band uplink bands (5.925–6.425 GHz). Moreover, the antenna is found to be omnidirectional at low frequencies, with a maximum peak gain of 5.43 dBi. The antenna can be used for multi-frequency wireless communication applications.
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1. Introduction


Rapid growth in global population in recent years has led to an increase in the number of various mobile devices, and these different devices communicate at different frequency bands [1]. Therefore, it is necessary to design a single terminal device that integrates multi-functional communication [2], and in this regard, a monopole UWB antenna is increasingly becoming the preferred solution [3]. For example, a monopole UWB antenna can cover multiple WiFi communication bands. In addition, other wireless communication bands, such as Bluetooth, 4G/5G, and satellite communication, should also be covered and integrated into a single terminal device. Hence, it is highly critical to study and design monopole UWB broadband antennas, in order to enable efficient modern-age communication networks.



Microstrip patch antennas have been used in many wireless systems and are very popular, due to their low profile, small size, and ease of design and fabrication [4,5,6,7]. In Ref. [8], coverage of 4G-LTE, WiMAX, WLAN, and S/C/X-bands was achieved by adding inverted-T-shaped stubs and E-shaped stubs to the ground of the etched rectangular slot. Moreover, rectangular slots were etched on the feeder to improve the impedance matching. In Refs. [9,10,11,12], microstrip multiband antennas were developed by slotting the radiator or the ground. Particularly, in Ref. [9], dual-band operation was achieved using a radiator with an etched H slot, and coverage of the three bands (2.34–2.43 GHz, 3.4–4.2 GHz, 5.09–5.6 GHz) was achieved by adding a circular ground structure on the lower surface, which had a radius of 7.9 mm and a distance of 2.8 mm from the rectangular ground. In Ref. [10], the desired frequency band was obtained by increasing the total path length, by cutting two horizontal rectangular slots at the two diagonally opposite edges of the radiator. Subsequently, in Ref. [12], a novel common ground root structure was proposed to achieve high-isolation and high-gain characteristics. In addition, single-frequency to dual-frequency transition was achieved by etching L-shaped and inverted-L-shaped slots, and the bandwidth and gain were enhanced by using an etched annular ring with a leaf-like structure. Ref. [13] designed a dual circularly polarized broadband U-slit antenna to achieve a bandwidth of 1.8–6.61 GHz and a peak gain of 3.8 dBi. In Refs. [14,15], ground slotting was utilized to achieve multi-frequency coverage, through L-shaped radiating patches on the surface. The performance of the circular polarization was improved by adding L-shaped branches in the square slot, allowing coverage for GPS, 5G, and WiFi 6E bands [14]. In [15], circularly polarized waves with different biases were generated by arranging the rectangular patches diagonally in the square slot. Ref. [16] proposed an omni-directional microstrip antenna, consisting of four shackles with different sizes and positions that were combined on the radiator, where different shackles were used to achieve different frequency bands. Ref. [17] presents a five-trap ultra-wideband antenna with WLAN and X-band suppression achieved by etching a C slot and an inverted-U slot in the Y-radiator and three symmetric C slots in the truncated floor to suppress ITU-8 bands, RN bands and WiMAX bands, ultimately achieving a bandwidth of 2–13 GHz with antenna gain of 2.1–4.51 dBi and omnidirectional co-polarized radiation in XOZ and YOZ. Ref. [18] proposed an ultra-wideband monopole antenna with three notches, and the antenna successfully isolates the WiMAX and WLAN bands by etching multiple rectangular slots in the middle of the initial radiator. In the upper part of the radiator, symmetrical three rectangles arranged at equal angles are connected by a centrally extended rectangular branch, and the notch is realized in the DSS frequency band. Ref. [19] proposed a circular microstrip patch antenna, increasing the bandwidth of the antenna by etching a crescent-shaped slot and a circular slot on the radiator and two I-shaped slots on the truncated floor. They used the embedded microstrip feeder structure to make the radiation patch perfectly match the load impedance. In Ref. [20], a J-slot-based radiator was proposed for WiFi, Wi-MAX, LTE, and C/X/Ku-band coverage, through an embedded feeder structure. Ref. [21] proposed a metamaterial-based radiator model that generated two resonance modes, achieved by etching an L-shaped slot in the radiator. In addition, branches were added on the ground to form a coupling with the radiator, which then generated a new resonance at 2.4 GHz. Refs. [22,23] realized a frequency-reconfigurable multi-frequency broadband antenna by using the diodes. Specifically, Ref. [22] studied a linear dual-polarized slot ring array antenna, where four of the diodes were arranged at equal angles for efficient switchable multi-band UWB antennas. Ref. [23] used Roger 3006 as the substrate and then used three diodes to connect five metamaterial units with the radiator to realize a dual-band broad-band antenna with low VSWR. Ref. [24] proposed a new combined Koch and Sierpinski fractal antenna, which achieved 2G/3G/4G/5G/WLAN and navigation band coverage by etching multiple triangular slots on the radiator. However, its structure was very complex and difficult to process. Ref. [25] used a carbon nanotube composite material to realize the application of a broadband millimeter wave antenna at 24–34 GHz. The antenna used a T-shaped structure as a feed network, analyzed the binary carbon nanotube antenna array, and demonstrated that the composite material outperformed copper in terms of S-parameters and efficiency. In Ref. [26], a composite material of EVA polymer and carbon mixture was used instead of a copper layer, and by optimizing the thickness of EVA and the state of carbon particles, the results showed that the radiator material used in the UWB band had better return loss performance than using copper. However, its production steps are cumbersome and require precise control of the mixture ratio.



In this paper, we propose a simple tri-band high-gain monopole UWB antenna based on an FR-4 substrate. The antenna consists of a rectangular ground, a feeder line, a modified short-sleeve-shaped patch, and a symmetrical L-shaped patch. To cover multiple frequency bands, slots were cut in the short-sleeve, and the edges were cut off. The introduced gradient structure at the strong current effectively stimulates the required working radiation mode, so that the resonant mode of the antenna transitions relatively smoothly from a resonance point to another resonance point; opening a U-shaped slot on the feeder and adding symmetrical L-shaped patches on both sides of the feeder can extend the radiation current path, thereby reducing the return loss and improving the impedance-matching performance of the antenna. The antenna proposed in this paper is small in size and low in production cost. The simulation results using HFSS software show that the antenna with a symmetrical structure can cover WiFi 7, Bluetooth, 4G/5G, and some satellite communication bands with relatively good gain.



The rest of this paper is organized as follows: Section 2 displays the proposed antenna and discusses the design evolution of the proposed antenna. Section 3 presents a parametric analysis, and Section 4 presents the current distribution of the antenna at resonance modes. Next, Section 5 shows the S-parameter results and far-field characteristics. Finally, the conclusions are given in Section 6.




2. Structure and Analysis


2.1. Antenna Geometry


The antenna structure design is shown in Figure 1. The antenna is feed by a 50 Ω microstrip feed line, the patch is printed on FR-4 substrate (εr = 4.4, tan δ = 0.02) using copper material, tin is sprayed on the copper to facilitate soldering of the SMA interface, and the antenna size is 46 × 42 × 1.6 mm3. The upper surface of the antenna is composed of microstrip lines and improved short-sleeved metal, while the bottom surface is a rectangular metal ground. To expand the bandwidth and improve the impedance-matching capability, this paper modifies the short-sleeve-shaped patch. By etching a semicircular slot on the radiator and subtracting the left and right corners of the lower half of the radiator, the bandwidth of the antenna is effectively improved. At the same time, in order to improve the impedance-matching effect of the antenna at high frequency (11 GHz), two L-shaped metal patches are symmetrically arranged on both sides of the microstrip line. Moreover, the simulated and measured results validate the feasibility of operation. Table 1 lists all the parameters for the proposed antenna.




2.2. Evolution of Multi-Frequency Antennas


The design evolution process of the antenna is illustrated in Figure 2 and Figure 3, showing the S-parameters situation for Ant 1–Ant 4. The initial structure is shown in Figure 2a, which is composed of a rectangular ground, microstrip line, and a short-sleeve-shaped radiator, marked as Ant 1. From Figure 3, it can be seen that the simulated results for this structure achieve the coverage of three frequency bands (2.18–3.01 GHz; 4.68–9.18 GHz; 12.57–13.93 GHz). To expand the bandwidth, we etch a semicircular slot on the upper part of the initially designed short-sleeve-shaped patch for changing the current path or extending the current, add a symmetrical rectangle to the cuffs on both sides to resonate at 5.1 GHz, and subtract the two symmetrical corners from the lower part. The introduced asymptotic structure changes the strong current distribution here, allowing for better excitation of the desired modes and helping to unfold the bandwidth, as shown in Figure 2b. As is evident from the corresponding S-parameter results, the modifications to the initial short-sleeve-shaped patch increase the bandwidth by 1.6 GHz and improve the partial matching effect compared to the case of Ant 1, but the return loss is still higher than −10 dB in the 10–12 GHz range. By loading the symmetrical L-shaped patch method on both sides of the feeder, the radiation current path is extended, thereby reducing the return loss and expanding the working bandwidth. In addition, a rectangular slot is carved under the semicircular slot, again blocking the partial current and advancing the resonance frequency point from 6.8 GHz to 6.2 GHz, as shown in Figure 2c. The structure is marked as Ant 3. It can be deduced from the S-parameters of Ant2 and Ant3 that the impedance-matching performance can be improved by using symmetrical L-shaped patches on both sides of the feeder. Furthermore, cutting slots in the antenna feeder can change the current path, which can generate resonance. In this case, we inserted an inverted-U-shaped slot to block the current flow in that area, thus further improving matching around 10–13.2 GHz to make the antenna reach the standard of S11 < −10 dB in the coverage frequency band, as shown in Figure 2d. For Ant 4, adding a U-shaped slot not only improves the matching effect, but also partially increases the high-frequency bandwidth. The final antenna structure covers wide frequency bands of 2.09–2.72 GHz, 4.79–5.35 GHz, and 5.6–14.59 GHz.





3. Parametric Study


To examine the effect of different parameters of an antenna on its performance, a systematic study is carried out. The goal of this study is to identify the fabrication tolerance and, more importantly, to pinpoint the effects of antenna parameters on the bandwidth. We studied four parameters, i.e., width W2 of the middle rectangle, length L9 of the ground, base side of the triangle W3, and distance S from the L shape to the mid-point. The first two parameters are chosen because they lay the framework of the antenna structure, while the latter two parameters correspond to the evolutionary design process of the antenna.



Figure 4a demonstrates the effect of width W2 of the short-sleeve-shaped radiator on the bandwidth. It can be seen that at W2 = 6 mm, four bands are generated, but only some of them correspond to the required bands. When W2 is further widened, the covered bands tend to be the same, and for a better matching effect, W2 = 7 mm is finally chosen. As shown in Figure 4b, the length of the ground L9 has a great influence on the high-frequency band, and when L9 = 11.6 mm, the S11 in the high-frequency band of 10–12.5 GHz is higher than −10 dB, and the matching effect is not very good. Although there are more resonance points at L9 = 13.6 mm, L9 = 12.6 mm has a better matching effect, thus indicating a better choice.



Additionally, Figure 5a shows the effect of width W3 of cropping angle on the antenna bandwidth. When W3 changes from 1.4 mm to 2.4 mm, the return loss goes higher than the standard requirement of −10 dB at some high frequencies, and the bandwidth in-creases by 2.3 GHz. However, as the width continues to increase, the matching performance degrades. As displayed in Figure 5b, when the L-shaped patch moves away from the feed line, S increases, causing the bandwidth of the antenna to deteriorate significantly. Therefore, the final dimensions are selected as W3 = 2.4 mm and S = 2 mm.




4. Surface Current Distributions


Figure 6 shows the surface current distribution of the antenna in resonant modes. It can be seen from Figure 6a,c that the surface currents at 2.4 GHz and 6 GHz are uniformly distributed, indicating that the antenna has good radiation characteristics at this frequency point. The etched semi-circular slot resonates with the added rectangular patch at 5.1 GHz, creating a current distribution at the junction of the semi-circular and rectangular, with some currents also distributed at the edges of the feeder. At 10 GHz and 13.2 GHz, the currents are mainly distributed near the U slot and the inner L patch of the feed line, from which it can be inferred that slotting on the feed line can generate resonance and adding L patches on both sides of the feed line can improve the impedance-matching performance of the antenna.




5. Measurement and Discussion


5.1. S-parameter Results


The fabricated prototype is shown in Figure 7, and the test environment for the antenna is shown in Figure 7b–c. The S-parameters were measured by AV3629D vector network analyzer.



In Figure 8, the actual measurement results show that the fabricated antenna can cover 2.12–2.55 GHz, 4.67–5.38 GHz, and 5.7–14.56 GHz bands. Notably, the small differences between the simulated and measured results are mainly due to the fabrication and welding errors, and in general, the results are very consistent. It is worthwhile to note that the proposed antenna can effectively cover newly released WiFi 7 standard, Bluetooth, 4G/5G bands, and C/X/Ku-bands.




5.2. Far-Field Characteristics


The antenna was tested for its radiation patterns in an anechoic chamber, as shown in Figure 9a–e, which shows the simulated and measured xoz and yoz planes of the antenna at 2.4 GHz, 5.1 GHz, 6 GHz, 10 GHz, and 13.2 GHz. From Figure 9a–c, the antenna on the yoz surface is basically in omnidirectional radiation state for 4G/5G, Bluetooth, and WiFi 7. In addition, it can be seen from Figure 9d that the energy is mainly concentrated between 15°–60°, 120°–240° and 300°–350° of the yoz plane, while Figure 9e illustrates that the energy is mainly concentrated between 60°–110° and 240°–300° of the yoz plane, which is suitable for satellite directional communication. On the xoz surface, it can be seen from Figure 9a,b that the pattern of the antenna is “8”, and the two-way radiation effect is obvious; for Figure 9c–e, the pattern of the antenna is basically in full radiation mode.



Moreover, as shown in Figure 10, the antenna gain is between 2 and 6 dBi, with a maximum peak gain of 5.43 dBi at 13.2 GHz and a lower peak gain at 5.5–5.7 GHz. Due to the existence of the test environment and actual errors, the measured gain is lower than the simulated value. Although some of the range gain is unstable, the gain is relatively stable over the frequency band in which it operates, which can be suitable for wireless applications.



The comparison of this work in terms of size, bandwidth, and application with the designs reported in references is provided in Table 2. Although the size of the monopole UWB antenna proposed in this paper is moderate among the reported antennas, it has certain advantages in terms of band coverage and gain and will be valuable in wireless communication networks. UWB has the characteristics of high data rate, strong anti-multipath effect, and low power consumption, and it can be applied to several applications in communication. In addition, the proposed design covers all WiFi bands and can achieve omnidirectional radiation with higher gain compared to other references, which can also be applied for 4G/5G communication. Meanwhile, the last ultra-wideband can be used for satellite communication in C/X/Ku-bands. Thus, this antenna with miniaturized size allows operation at various communication bands of wireless communication networks.





6. Conclusions


In this paper, a novel, miniaturized, and easily fabricated monopole UWB antenna is proposed, which essentially has an omnidirectional radiation at low frequencies. Based on the short-sleeve-shaped patch, the antenna structure has been modified. Furthermore, by utilizing L-shaped patches on both sides of the feed line, multi-functional applications are achieved. The −10 dB bandwidths of proposed antenna are 18.42% (2.12–2.55 GHz), 14.13% (4.67–5.38 GHz), and 87.46% (5.7–14.56 GHz). The measured results show that the antenna can work in 4G/5G, WiFi (2.4G, 5G, 6G) bands, Bluetooth, X/Ku-bands, and up-stream bands of C-bands, where the peak gain in the working frequency bands is between 1.74 and 5.43 dBi. From these findings, it can be concluded that the proposed antenna can be effectively used for multi-frequency wireless communication applications.
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Figure 1. Geometry and parameters of the proposed antenna. 
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Figure 2. Evolution of the proposed antenna: (a) Ant 1, (b) Ant 2, (c) Ant 3, (d) Ant 4. 
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Figure 3. Simulated results for Ant 1–Ant 4. 
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Figure 4. The effects of tuning W2 and L9 on antenna performance: (a) W2, (b) L9. 
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Figure 5. The effects of tuning W3 and S on the impedance−matching performance: (a) W3, (b) S. 
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Figure 6. Current distribution at resonance point: (a) 2.4 GHz, (b) 5.1 GHz, (c) 6 GHz, (d) 10 GHz, (e) 13.2 GHz. 
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Figure 7. Fabrication and measurement: (a) front and back view of the proposed antenna; (b,c) far-field measurement in an anechoic chamber. 
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Figure 8. Simulated and measured S−Parameters. 
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Figure 9. Simulated and measured far-field patterns on XOZ and YOZ planes at: (a) 2.4 GHz, (b) 5.1 GHz, (c) 6 GHz, (d) 10 GHz, (e) 13.2 GHz. 
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Figure 10. Simulated and measured peak gain of the proposed antenna. 
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Table 1. Recommended design dimensions for antenna.
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	Parameter
	Value/mm
	Parameter
	Value/mm





	W
	42
	W5
	1.1



	L
	46
	L5
	8



	W1
	2.9
	W6
	1



	L1
	14.5
	L6
	6.1



	W2
	14
	W7
	0.4



	L2
	16.5
	L7
	1.2



	W3
	2.4
	L8
	3



	L3
	6.3
	L9
	12.6



	W4
	0.5
	R1
	10



	L4
	6
	R2
	6










[image: Table] 





Table 2. Antenna parameter comparison.






Table 2. Antenna parameter comparison.





	Ref.
	Size

(mm2)
	Peak Gain

(dBi)
	Bandwidth

(GHz)
	Applications





	2
	25 × 15
	4.1
	4–7.8, 3.3–4.2,

5.8–7.2, 3.3–4.2
	WiMAX, WAVE



	4
	20 × 35
	3.52
	5.5356–7.0449
	WiFi (6G)



	8
	56 × 54
	6.4
	2.12–2.90, 4.07–4.31,

5.08–5.40, 7.90–10.19
	LTE, WiMAX, WLAN (2.4G, 5G), S/C/X-band



	14
	80 × 80
	4.56
	0.95–2.11, 3.05–5.39,

5.84–8.19,9.14–10.68
	GNSS, 5G, WIFI-6E



	16
	32 × 18
	4.5
	1.7–2.1, 2.4–2.7,

3.3–3.6, 5.0–5.7
	GSM (1.8G, 1.9G), Bluetooth, WLAN (2.4G, 5.2G), WiMAX



	17
	36 × 38
	4.51
	2.86–13.3
	Quintuple Band-Notched

(WiMAX, WLAN, ITU-8,

X-band, RN band)



	18
	20 × 28
	4.98
	2.34–20
	Bluetooth, LTE2600, UWB

X/Ku-Band



	19
	36 × 32
	/
	2.35–12.9
	Bluetooth, WiFi (2.4G, 5G),

UWB, X-Band



	20
	57.3 × 46.9
	/
	5.0848–5.8534, 7.7244–8.9496,

10.0453–10.6162, 11.6128–12.3012,

12.7174–15.58019
	WiFi (5.8G), LTE, WiMAX,

C/X/Ku-Band



	21
	6.5 × 12.9
	3.2
	2.3–4.0, 5–6.6
	WiFi (2.4G, 5.2G), WiMAX



	23
	46 × 44
	1.76
	5.8–7.2
	WiFi (5.8G), Sub-6 5G



	24
	80 × 54
	4.64
	0.85–0.96, 1.22–1.54,

1.86–2.12, 2.4–3.22,

3.69–3.97, 4.84–5.98
	2G/3G/4G/5G,

WLAN (2.4G, 5G),

navigation



	26
	41 × 41
	/
	0.609–9.105
	UHF/L/S/C/X band



	This work
	46 × 42
	5.43
	2.12–2.55, 4.67–5.38,

5.7–14.56
	WiFi 7 (2.4G, 5G, 6G), Bluetooth, 4G/5G, C/X/Ku-Band
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