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Abstract: This article presents a novel modified chuck wagon dinner bell shaped millimeter wave (mm-wave) antenna at 28 GHz. The proposed design has ultra-thin Rogers 5880 substrate with relative permittivity of 2.2. The design consists of T shaped resonating elements and two open ended side stubs. The desired 28 GHz frequency response is achieved by careful parametric modeling of the proposed structure. The maximum achieved single element gain at the desired resonance frequency is 3.45 dBi. The efficiency of the proposed design over the operating band is more than 88%. The impedance bandwidth achieved for −10 dB reference value is nearly 2.9 GHz. The proposed antenna is transformed into four element linear array which increases the gain up to 10.5 dBi. The fabricated prototype is tested for the measured results. It is observed that measured results closely match the simulated results. By considering its simple structure and focused radiation patterns, the proposed design is well suited for IoT (Internet of Things), mmWave microwave sensing, 5G and future RF (Radio Frequency) front-ends.
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1  Introduction

In the modern communication era, 5th Generation (5G) networks are of great interest due to their high speed and reliability over the communication link [1,2]. The millimeter-wave 5G technology delivers low latency and higher data rates than its predecessor 3rd Generation (3G), 4th Generation (4G) wireless communication technology [3]. This helps to easily entertain the number of increased user mobile terminals. Due to the high utilization of sub 6 GHz spectrum, the millimeter-wave spectrum due to its availability and tendency to support the massive data rates has achieved a prominent position for future RF technology [4]. However, as the wavelength in the millimeter-wave range becomes critically small, the atmospheric changes become crucial for millimeter-wave spectrum [5,6]. In order to overcome the impact of the atmospheric conditions, a millimeter-wave antenna with focused radiation patterns and higher gain is strongly recommended [7]. The target 5G requirements such as high gain, directivity and beam steering are achieved through the array configuration.

Recently, researchers have shown great interest in millimeter-wave 5G antennas and therefore, several antennas have been proposed for millimeter-wave 5G spectrum. They include planar and substrate integrated waveguide (SIW) fed structures. The SIW based design offer better bandwidth characteristics [7,8]. A SIW fed antenna array is presented in [7] for mmWave 28 GHz applications. The array has achieved a good gain of 12 dBi with 34.5% impedance bandwidth with overall physical dimensions of 45 × 20 mm2. The problem with this design is the large size and complex structure. A four-element SIW fed antenna array with dual polarization response has been reported in [9]. The antenna array has shown some good results but presence of the metallic via has made the design complex and difficult for real time application. Similarly, in [10] an Air field SIW fed antenna array is presented and discussed in detail. The reported structure has three layers namely radiating, cavity and lastly a fed layer through which an antenna is excited. The antenna array is compact in size but the bonding films nature between the layers minimize its usefulness in practical applications.

In mmWave communication systems, the bulky and complex nature of the SIW based designs are not considered the ideal candidates for its practical use. Simple planar antennas on the other hand are simpler, easy in fabrication and cost effective [11–16]. In [11] a snowflake shape simple planar antenna for mmWave applications is discussed in detail. The proposed structure has shown a good gain of 2.3 dBi with dual beam response for single element, while a 10 dBi gain is achieved for four element linear array. Although the proposed design has good performance but the large size highly reduces its usefulness for the target wireless applications. A four elements array is presented in [12]. The proposed design has shown a dual beam radiation patterns with high gain of 11.5 dBi. The size of the antenna is compact but the complex nature of the design makes it difficult of its use in mmWave applications. In [13] a SIW antenna is presented with size of 33 mm × 27 mm. Although the antenna exhibits a peak gain of 11.1 dBi at 27.6 GHz resonance but the proposed design has relatively narrow bandwidth. Similarly, in [14], the proposed design has a compact and simple design but the bandwidth response is only 1.2%. The proposed array design in [15] has shown promising results. The overall size of the proposed design is 28.8 mm × 60 mm which is quite large for mmWave applications. In [16] a cavity based multilayered antenna with array configuration is discussed in detail. The design has 13.97 dBi peak gain and 2.3 GHz operating bandwidth. The design has 70 × 63.5 mm2 size. This size is very large for mm-wave wireless applications. In [17] a simple phased array of series-fed patches for 28 GHz mm-wave application is presented. The design has a smaller size with the good gain. However, the operating band is very narrow for 5G applications.

Based on the above literature, a compact array design with compact size, wide impedance bandwidth and high gain was highly demanded. This work presents a simple and novel four element modified chuck wagon dinner bell shaped mmWave antenna array. The novelty of the proposed design is it compact and simple structure. The proposed work consists of open stubs which help to tune the antenna at desired frequency response. Additionally, the proposed work has focused radiation patterns with high gain for the four element feed network. A strong agreement between the simulated and measured results makes the proposed work a potential candidate for the 5G communication systems. Moreover, it can also be useful in sensing, tracking, and internet of things (IoT) wireless applications.

2  Antenna Design

The proposed antenna is designed on an ultra-thin Roger (RO5880) substrate with 0.254 mm and 2.2 relative permittivity and 0.0027 loss tangent. The top and bottom view of the proposed antenna design single unit is shown in Fig. 1. The antenna has an overall 10 mm × 12 mm compact size. At the top of feed line, a T shaped resonator is introduced which is accompanied by two bended open stubs. These stubs help in resonating the design at the desired resonance frequency. The proposed antenna design has a partial ground plane. As shown in Fig. 1, a small square notch on the top middle of the ground plane is also introduced. A simple microstrip line excites the antenna. The detail of the optimized parameters of the proposed structure is shown in Tab. 1. As shown in Tab. 1, the width of all the resonating strips is set to 0.25 mm. This highly reduces the involvement of the metallic structure at high frequencies which improves the radiation efficiencies and gain of the design at operating bandwidth.
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Figure 1: (a) Proposed antenna front view (b) proposed design bottom view
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The evolution steps of the proposed design are shown in Fig. 2. The proposed design is finalized in three steps. Initially a vertical thin strip line is added to the feedline. At this stage, the design has a very poor impedance matching. No specific resonance frequency is achieved at this stage. In step two, a thin horizontal strip line is added to the top of the vertical strip line. This slightly improve the impedance matching but still the design is not resonating at the desired resonance frequency. Finally, in the third step, two semi triangles are added to the both sides of the vertical strip line. This step not only improve the impedance matching but also help in achieving the desired resonance frequency. At this step, the design resonates at 28 GHz. The proposed design final shape resembles a modified form of chuck wagon dinner bell. The semi triangles on both sides of the vertical strip line are bent to certain at 30°. This specific pattern helps to achieve the desired resonance frequency.
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Figure 2: Different evolution steps of the proposed design

2.1 Parametric Analysis

The proposed antenna parameters are carefully analyzed. The important parameters are the bending angles of the triangular open stubs, changing the rectangular ground plane notch width and length, changing the ground plane length and width. The open-ended strips at the right and left sides of the design are gradually changed with 10° bend angle. This bend changes the current pattern flow in the strips and different resonance responses are achieved as shown in Fig. 3. At 0° bend, the strip line vertically oriented, this arrangement generates the higher order modes in the antenna. The higher order modes resonate the design at 30 GHz. By increasing the bending angles, lower order modes are generated in the design which shift the resonance to left. At 30° bending angle, the antenna resonates at 28 GHz with 2.9 GHz operating bandwidth from 26.4 to 29.3 GHz. At this stage, the design has a good impedance matching with −23 dB return loss value. Similarly, the small square cut at the top of partial ground plane is optimized for enhancing the performance of the design. This analysis is shown in Figs. 4 and 5. The cut has an important role in tuning the resonance response. The square slot value is optimized with a step size of 0.25 mm. At 1.5 mm slot width, the design offers better impedance matching.
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Figure 3: Shows the effect of orientation angle of the open ended strips
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Figure 4: Shows the effect of the ground cut width on the reflection coefficients

Fig. 5 shows the impact of increasing and decreasing the ground cut length on the reflection coefficients. From the parametric analysis graph, it is clear that increasing the length of the ground plane cut effect both the impedance matching and resonance frequency. Initially a gradual decrease in the ground cut width shift right the resonance frequency. The maximum impedance matching is achieved at 1.75 mm ground cut length. To achieve 28 GHz target resonance frequency, the ground cut is further decreased to 1.5 mm. Any further decrease in the ground length not only degrade the impedance matching but also highly degrade the impedance matching. Thus 1.5 mm is the final ground cut length.
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Figure 5: Shows the effect of the ground cut length on the reflection coefficients

Fig. 6 shows the impact of the ground length on the reflection coefficients. It is clear that increasing the ground length shifts the operating band to right and also reduces the impedance matching. With the ground length of 5 mm, the target resonance frequency of 28 GHz with −24 dB value of the reflection coefficient is achieved. Further increase in the ground length further reduces the impedance matching and shift right the resonance frequency.
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Figure 6: Shows the effect of the ground length on the reflection coefficients

Fig. 7 shows the effect of ground plane width on the return loss. Any decrease in the ground plane does not significantly change the impedance matching. A minor left shift in the resonance frequency is noticed with the decrease in the ground plane. Thus, to keep the operating band at the required resonance frequency, the ground plane is kept with its maximum value as that of the substrate.
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Figure 7: Shows the effect of the ground width on the reflection coefficients

2.2 Surface Current Distribution on Single Unit

Surface current distribution gives a good idea of electric field intensity on different parts of the design. Fig. 8 shows the current distribution on different part of the proposed design. It is clear from the figure that at resonance frequency current is highly focused on the feed line and radiator. While a low current activity is witnessed on the ground plane. This shows that altering the feedline length and different dimensions of the patches will alter the resonance frequencies and operating bandwidth.
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Figure 8: Surface current distribution of the proposed design at 28 GHz frequency

2.3 Array Transformation

High gain is the requirement of modern wireless communication systems. This helps to overcome the atmospheric losses and fading during communication. For 5G wireless communication technology a gain of 10 dBi is the minimum requirement [1]. To meet the gain requirement, proposed antenna is transformed in to four element linear array system. As shown in Fig. 9, the array is designed by using a simple feeding network. A 50 Ω feedline with 0.9 mm width is splitted into two feedlines of 100 Ω. The width of 100 Ω line is kept 0.3 mm. In order to feed four elements of the design, the feedline is further divided into four feedlines of 70.7 Ω with 0.54 mm thickness. This arrangement of the feed network ensures equal power distribution to all radiating elements. On the bottom side of the design a rectangular ground notch also supports each radiating element. Fig. 10 shows the current distribution on the four element linear array. From the figure it is clear that when the design is excited, the current is focused on the feedlines and radiating elements. Some current activity is also noticed on the rectangular notches of the ground plane. These notches are made symmetrically beneath the each feedline.
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Figure 9: Proposed antenna array configuration with overall dimensions
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Figure 10: Surface current distribution of array configuration

3  Results and Discussion

The proposed antenna is fabricated and tested for the validation of the simulated results. Fig. 11 shows the simulated and measured reflection coefficient of the proposed four elements linear antenna array. From the figure, it is obvious that the simulated results closely resemble with the measured results. The measured impedance bandwidth for −10 dB reference value is 2.93 GHz. The achieved bandwidth is enough to cover the 5G mmWave wireless applications. The radiation patterns in terms of E-field and H-field are also measured. As shown in Fig. 13, the radiation pattern of the proposed design is measured in an anechoic chamber. Fig. 13 shows the simulated and measured radiation patterns at 28 GHz. At Phi 90° plane the main beam of the far field pattern is broadside and is focused towards −29° with the angular width of 33°. In Phi 0° plane, the main beam is pointed towards 0° and 180°, producing dual beam response with narrow angular beam width of 22.6°. Fig. 14 shows the antenna efficiency response and gain at the selected frequency points. The measured efficiency of the proposed design at the resonance frequency is 96%. The overall value of efficiencies is greater than 84% throughout the desired the operating band. The peak measured array gain at 28 GHz is 10.1 dBi. The Voltage Standing Wave Ratio (VSWR) value in the entire operational bandwidth is below 2. The directivity is 10.7 dBi at the central frequency which is shown in Fig. 15. The far field radiation pattern setup is shown in Fig. 12.

In Tab. 2, the proposed design is compared with the state of the art published literature. The comparison is based on the achieved operational bandwidth, gain, the antenna size and efficiency. From the table it is clear that the proposed array is compact since the dimensions in terms of length and width are less than the reported literature. The achieved bandwidth for the proposed design is 2.9 GHz which sufficient for the 5G applications. Moreover, the bandwidth of the proposed design is also lager than the designs in the comparison table. In [10] a SIW based phased array has reasonable efficiency and operating bandwidth. The drawback of this design is complex architecture, low gain and relatively larger volume. In [11] a compact fractal snowflake design has a good operating band and gain. However the bandwidth of the antenna is very low. From the table it is evident that proposed antenna design is well suited and a better candidate for future mmWave RF front-ends.
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Figure 11: Measured and simulated reflection co-efficient of the proposed antenna array
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Figure 12: Far field radiation pattern set-up at 28 GHz
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Figure 13: Simulated and measured radiation pattern at 28 GHz (a) Phi-90 (b) Phi-0
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Figure 14: Simulated and measured gain and radiation efficiencies of the proposed antenna system
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Figure 15: Directivity 3D view of proposed antenna array
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4  Conclusion

This work presented a compact four element linear array or 5G wireless communication. The single unit of four element array is very simple with two open stubs and a top horizontal strip. The open end stubs are bent at 30°. This arrangement helps to achieve the desired resonance frequency and operating band with good impedance matching. The achieved impedance bandwidth for −10 dB criteria is 2.9 GHz. With the simple feeding structure, the proposed single element antenna design was transformed into four element linear array system. The proposed design has a high array gain of 10.1 dBi. The E-field radiation pattern of the proposed design is narrow. The design has 97% radiation efficiency at resonance frequency. The fabricated prototype has shown a good agreement with the simulated results. Based on the achieved results, the proposed antenna will prove a potential candidate for future mmWave, IoT and RF front-ends.
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Table 1: The optimized parameters of the final proposed design

Parameter Value (mm) Parameter Value (mm)
A 10 B 12

C 7.65 D 0.78

E 1.65 F 2.75

G 4 Gy 10

Gy 5 Dy 1.5

Dy 1.5 H 2

ArX 18.85 ArY 24
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Table 2: Comparison of proposed antenna with published literature

Ref. Dimension (L Bandwidth Single unit gain Array gain Efficiency (%)
x W) mm* (GHz) (dBi) (dBi)

[10] 30 x 27.7 1.3 2.4 8.14 82

[11] 12 x 32 1.41 3.12 10.12 80

[18] 37.4 x 14.6 2.3 2.3 10.71 83

[13] 33 x 27 1.4 N/A 11.1 N/A

[14] 70 x 63.5 2.3 2.3 13.97 N/A

Proposed 18.85 x 24 2.9 3.45 10.5 96
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