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Abstract: A four-element compact dual-band patch antenna having a common ground plane operating at 28/38 GHz is proposed for millimeter-wave communication systems in this paper. The multiple-input-multiple-output (MIMO) antenna geometry consists of a slotted ellipse enclosed within a hollow circle which is orthogonally rotated with a connected partial ground at the back. The overall size of the four elements MIMO antenna is 2.24λ × 2.24λ (at 27.12 GHz). The prototype of four-element MIMO resonator is designed and printed using Rogers RT Duroid 5880 with εr = 2.2 and loss tangent = 0.0009 and having a thickness of 0.8 mm. It covers dual-band having a fractional bandwidth of 15.7% (27.12–31.34 GHz) and 4.2% (37.21–38.81 GHz) for millimeter-wave applications with a gain of more than 4 dBi at both bands. The proposed antenna analysis in terms of MIMO diversity parameters (Envelope Correlation Coefficient (ECC) and Diversity Gain (DG)) is also carried out. The experimental result in terms of reflection coefficient, radiation pattern, gain and MIMO diversity parameter correlates very well with the simulated ones that show the potential of the proposed design for MIMO applications at millimeter-wave frequencies.
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1  Introduction

Nowadays, a modern wireless mobile communication system needs wider bandwidth with large data rates [1–3]. This is due to the increasing number of users and bandwidth demands [4] which creates a challenge for the wireless operator to find an alternate spectrum for meeting the requirements [5,6]. There are mainly four frequency bands allocated to the 5G NR spectrum which are 28, 38, 60, and 73 GHz [7]. Many countries have declared various frequencies for 5G communications for instance 31–35.50 GHz/37–42 GHz, 27.5–28.8 GHz for Japan, 24.25–27.5 GHz/37–43.5 GHz for China, and 28 GHz for Korea [8].

There are several single-band, dual-band, and wideband MIMO antennas proposed in [9–13]. To achieve a wide bandwidth with a compact size, researchers have proposed antennas with partial ground, defected ground structure (DGS), and defected microstrip structure (DMS) [2,3,8]. It is observed from [2,3] that an antenna with partial ground gives better bandwidth compared to other methods. The main challenges of printed antenna design for millimeter wave frequency bands are smaller sizes, fabrication cost, lower gain, and bandwidth augmentation. Moreover, the design of MIMO antennas needs a common ground [14]. Various dual-band MIMO antennas working at millimeter-wave with connected ground are proposed in the literature [8,11,12,15,16]. However, the size of the antennas is more than 13 mm and their lower operating bandwidth. Also, no complex decoupling structures are used in the current design unlike the one used in [17].

In this paper, a compact dual-band patch antenna is proposed for mmWave applications. Integration of a hollow circular ring and slotted ellipse with partial ground helps the antenna to achieve dual-band characteristics resonating at 28 and 38 GHz. The four-port MIMO is realized by orthogonally rotating the single antenna.

2  Proposed Antenna Design and Geometry

In this part, the proposed geometries of a single unit element followed by a four-element MIMO antenna with and without a connected ground profile are discussed. The design and evaluation at every stage have been explained with the help of current distribution and S-parameters. For the design and simulation, Computer Simulation Technology (CST) Microwave Studio software has been used.

2.1 Single Unit Element

The proposed design of a single-element unit-cell is shown in Fig. 1, which is used later to realize the four-element MIMO antenna design. The antenna uses Rogers RT 5880 Duroid as the substrate having a thickness of 0.8 mm and dielectric constant of 2.2 and a loss tangent of 0.0009. The total volume of the proposed antenna is 12 mm3 × 10 mm3 × 0.8 mm3. Fig. 1a shows the top view of the proposed antenna, it is observed that it consists of a hollow circular ring housing the slotted ellipse attached to the feed line. Fig. 1b shows the back view of the antenna, where the ground plane is etched to achieve partial ground for performance improvement in terms of bandwidth.
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Figure 1: Proposed single element unit cell (a) top view (b) back view

The evolution of the antenna is shown in Fig. 2. The stages shown have a partial ground at the back. The corresponding reflection coefficient is illustrated in Fig. 3. In step 1, an ellipse shaped patch is designed along with the feed line. The structure resonated at 26 GHz with a reflection coefficient better than 15 dB.
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Figure 2: Evolution of the antenna

[image: images]

Figure 3: Reflection coefficient comparison at the different stages of the antenna design

To achieve the desired goal for the proposed model, a hollow circle is created housing the ellipse and feed line that leads to dual-band performance (step 2).

From Fig. 3, it is visualized that the proposed antenna resonates at 28 GHz with fractional bandwidth of 15.2% (27.15.12–31.42 GHz) and 38 GHz with fractional bandwidth of 2.7% (37.48–38.51 GHz) having a return loss of 37 and 13 dB, respectively. However, the return loss is very low at 38 GHz. However, the return loss is very low at 38 GHz hence, to improve it, there is a center oval patch truncated by the other small oval as shown in Fig. 3 that generates the capacitive reactance. The creation of an oval slot improves the performance of S11 at 38 GHz which is shown in Fig. 3. It was ensured that performance at 28 GHz does not deteriorate. The proposed antenna now effectively radiates at dual resonant bands with better than 20 dB return loss.

Fig. 4 shows the surface current distribution on the proposed antenna at dual bands. From Figs. 4a and 4b, the current distribution indicates that the proposed geometry effectively radiates at 28 and 38 GHz.
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Figure 4: Surface current distribution at (a) 28 GHz and (b) 38 GHz

2.2 Four-Element MIMO Antenna System (without Common Ground)

To configure the unit element for the MIMO applications, it is desired to keep all the elements of the array in the same plane. Here, a MIMO resonator is attained by orthogonal rotation of the single element in the clockwise direction as illustrated in Fig. 5. The top view and the bottom view of the proposed antenna with separate ground are shown in Figs. 5a and 5b, respectively.

[image: images]

Figure 5: 2 × 2 array antenna (a) top view (b) bottom view

To get minimum coupling between inter-elements, it is recommended to keep a distance between elements of at least λ/2. The current flow on the surface of the array antenna is shown in Fig. 6 for the operating frequencies 28 and 38 GHz where very less coupling is observed amid the elements. The S-parameters of the resonator are shown in Fig. 6. It indicates that the isolation between the elements is better than 15 dB. However, to integrate the devices, it is desired to have a common ground between all the elements [14].
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Figure 6: Surface current distribution on 2 × 2 proposed antenna at (a) 28 GHz and (b) 38 GHz

2.3 Four-Element MIMO Antenna System (Common Ground)

From the previous section, it is observed that separate ground antenna helps in achieving higher isolation however as discussed previously, the connected ground antennas are the more preferred choice for MIMO applications. So, in Fig. 7, the 4-port MIMO antenna system’s front view, bottom view, and perspective view are shown. To give common ground, square-shaped stubs are added to connect the partial ground plane.
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Figure 7: (a) Front view (b) Bottom view (c) Perspective view

Fig. 8 shows the current flow on the proposed antenna at 28 and 38 GHz while exciting port 1. It represents that the proposed antenna effectively radiates the power at both the bands and also the coupling current is very less although the ground is common in the design, which is a prime requirement in several applications.
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Figure 8: The surface current flow of a four-element antenna system with the common ground at (a) 28 GHz and (b) 38 GHz

The transmission parameters for the 4-port antenna system are shown in Fig. 9. It indicates that the isolation amongst the elements at both the operating bands is better than 15 dB while the impedance bandwidth of the antenna is unaffected. Hence, it has strong isolation between the elements, and decent IBW for both the bands and individual elements can operate independently without affecting the performance of each other.
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Figure 9: S-parameters of the proposed 4-element antenna with common ground plane

The proposed 4-element MIMO antenna has been fabricated on the RT duroid 5880 having a thickness of 0.8 mm. The top view and bottom view of the fabricated structure are shown in Figs. 10a and 10b, respectively. ZVA50 Vector network analyzer (VNA) is used to measure the reflection coefficient of the proposed antenna. The experimental results are shown in Fig. 11 which is compared with the simulated ones. A small deviation in the measured result is observed which could be due to fabrication tolerances and the soldering of the connector that may change the impedance since at millimeter wavelength high accuracy is required.
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Figure 10: Fabricated four-element MIMO antenna (a) front view and (b) back view
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Figure 11: Simulated and measured reflection coefficient of the proposed antenna

The co/cross-pol radiation pattern (in E-plane and H-plane) of the proposed antenna is measured using the setup shown in Fig. 12. The single element of a 4-port MIMO is excited with a source and terminating other elements with matched load, the radiation pattern of the antenna has been measured in both planes. From Fig. 13, it is clear that the proposed antenna gives good isolation between Co-pol and Cross-pol components at both bands.
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Figure 12: Set-up for radiation pattern measurement in (a) E-plane and (b) H-plane
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Figure 13: Simulated and measured results of co-pol and cross-pol at (a) 28 GHz and (b) 38 GHz

2.4 MIMO Diversity Parameters

To find the correlation between the elements in the 2 × 2 array antenna, the proposed antenna is evaluated using key factors known as the ECC and DG. The role of ECC is to quantify the channel quality in a wireless medium where lower ECC gives a guarantee for higher isolation. The ECC of the antenna is calculated from the far-field parameter equation referring to Eq. (1) [17,18].

|ρ12|2=ρe(ECC)=|∬4π[E1(θ,ϕ)×E2(θ,ϕ)]dΩ|2∬4π|E1(θ,ϕ)|2dΩ∬4π|E2(θ,ϕ)|2dΩ(1)

In the Eq. (1), E1 and E2 are the radiated field (3D) of antennas. Both the measured and simulated results of the ECC are shown in Fig. 14. It shows that the ECC is well below 0.04, which is desired. Another important factor is DG and it is represented by using the Eq. (2). It is derived from the ECC, therefore it is shown with ECC in the same figure.
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Figure 14: ECC and diversity gain performance over the operating band

DG=10×1−(ECC)210(2)

The diversity gain is greater than 9.5 dB over the dual bands (28 and 38 GHz). Based on both ECC and DG values, it is ensured that the proposed model of a 2 × 2 array antenna can be used in MIMO applications.

Fig. 15 shows the simulated and measured results of the gain with the simulated efficiency of the proposed antenna. The antenna depicted more than 5.6 dBi gain and over 85% radiation efficiency in the desired band proving the utilization of the antenna for MIMO applications.
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Figure 15: Gain and efficiency plot over the frequency band

Here, some of the MIMO antennas [8,11,12,14,15,18–20] based on the physical dimensions and electrical parameters (like area of the antenna, operating bandwidth, gain, isolation, and radiation efficiency) have been chosen for comparison with the proposed antenna which are mentioned in Table 1. From Table 1, it is established that the proposed antenna is smaller in size and has a better operating bandwidth in the bands, with higher gain. The antenna in [20] has a lower size however it is only proposed for 2-element MIMO and a single operating band.
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3  Conclusion

A compact (2.24λ × 2.24λ) 4-port MIMO antenna having a slotted ellipse and feed line enclosed within a hollow circular structure is proposed. The proposed antenna is radiating at 28 and 38 GHz bands with reflection coefficient and gain better than 25 and 6 dB, respectively. Moreover, the isolation between individual elements with the common ground is better than 15 dB. The simulated and measured results matched well with each other except for a small variation due to fabrication tolerance that proves the suitability of the proposed antenna for millimeter-wave 5G applications.
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Table 1: Comparison of MIMO antennas

Ref Size of the Common  Frequency Bandwidth  Gain (dB) Isolation ECC
unit cell ground/no (GHz) (GHz) (dB)
(mm?) of element
[8] 24 x 20 Yes/4 24.10-27.18; 12.01,28.86 3 16 0.1
33-44.13
[11] 19.5 x 8.8 Yes/2 27.3-28.4; 1.4,1.33 6.6,5.8 27.3 0.04
37.3-38.6
[12] 14 x 14 Yes/4 26.6-29.7; 6.8 5 20 0.0005
36.3-39.5
[15] 12x 11.6  No/2 27.5-29.4; 1.9,5.5 52,53 20 0.0001
36.4-41.9
[18] 14.7 x 11.4  Yes/4 27.6-30.3; 2.7,7.1 5.5,5.8 19 0.0001
33.3-40.4
[20] 12 x 14 No/2 26.65-29.2; 1.27,1.83 1.83 20 0.001
36.95-39.05
[21] 26 x 11 No/2 25-29;36-41 4,5 5.7 30 0.005
[22] 11.4 x 5.3 No/2 28.75-29.85 1.1 5 36 0.001
Proposed 12 x 10 Yes/4 27.12-31.34; 4.22,0.93 5.75,5.62 15 0.04

37.21-38.81
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