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Abstract

:

This paper presents an S-shape four-port Multiple Input Multiple Output (MIMO) wideband mmWave antenna with bandwidth of 25 GHz to 39 GHz. The antenna is designed on 0.254 mm ultra-thin RO5880 with permittivity of 2.3. The dimensions of proposed S-shape antenna are 10 × 12 mm for single element and 24 × 24 mm for four-port MIMO configuration. A decoupling network is introduced to further compress mutual coupling among MIMO elements. The peak gain achieved is 7.1 dBi and MIMO assembly delivers diversity scheme. The proposed MIMO antenna is fabricated, and simulated results are found to be in excellent agreement with simulations. Through the results obtained, the proposed MIMO antenna system can be considered as a potential candidate for future mmWave devices.
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1. Introduction


The new era of communication technology has enabled 5th Generation (5G)-driven systems that allow for high-speed data rates with enhanced bandwidth and low latencies. Compared to its predecessor, 4th Generation (4G) systems framework, 5G technology standards offer higher data rates of up to 1 Giga bit/s. Furthermore, 5G systems can be divided into two categories, namely, Sub GHz and mmWave regions, where mmWave is more promising for high-data-rate transmission and to support future cellular devices. The mmWave band of 5G offers a starting frequency of 24 GHz and above, offering much potential. Within the mmWave band, antenna designers have created novel shapes and assemblies. In addition, 28 GHz, 33 GHz and 37 GHz are the bands in mmWave which have drawn antenna designers’ attention and have been introduced with these novel shapes and assemblies [1,2]. MIMO antennas have given a new direction to wireless communication and have become very attractive for 5G applications [3,4]. A MIMO Antenna offers pattern and spatial diversity characteristics, hence enabling better signal reception and data transmission. Designing a compact 5G MIMO antenna is still a challenging task in the current scenario, since accommodating a higher number of antenna elements together gives rise to coupling effects, which affect antenna performance characteristics. As today’s cellular providers attempt to deliver high-quality, low-latency video and multimedia applications for wireless devices, they are limited to a carrier frequency spectrum ranging between 700 MHz and 2.6 GHz [5].



In open literature, a lot of MIMO antennas have been proposed in the mmWave spectrum, targeting different licensed and unlicensed frequencies [6,7,8,9,10,11,12]. In [6], a Substrate-Integrated Waveguide (SIW) antenna is presented, covering a frequency from 57 to 71 GHz for mmWave 5G and short-range radar applications. Although the presented antenna is well-designed, with small size of 28 × 28 mm, the compact design is difficult to manufacture due to multilayer assembly and bonding films. Planar antennas are simple and easy to design compared to SIW antenna systems. In [7], a simple planar infinity shell-shape antenna is presented in four-port MIMO configuration; the proposed antenna delivers a bandwidth of 8 GHz, approximately. Similarly, in [8], a nature-inspired four-port MIMO antenna is presented with a bandwidth ranging to 7 GHz with central frequency of 28 GHz. The size of the antenna is 30 × 30 mm, and it provides pattern and spatial diversity characteristics. In [9], a tree-shaped four-port MIMO antenna is presented. The antenna provides wideband characteristics of 23–40 GHz while providing peak isolation of 22 dB. The size of the proposed MIMO antenna is 80 × 80 mm, which is large enough to be embedded in mmWave circuits. A four-port Dielectric Resonator Antenna (DRA) in [10] provides the bandwidth of 2.23 GHz, ranging from 26.7 to 28.1 GHz. The size of the antenna is 20 × 40 mm and antenna isolation has been improved up to a peak value of 22 dB by inserting metamaterial, but introducing metamaterial overall increased the complexity of antenna systems. In [11], an E-Shape H slotted dual-band four-port MIMO antenna is reported. The antenna offers good compact dimensions of 24 × 24 mm but the reported bandwidth is too low. In [12], a four-port MIMO antenna system is reported providing bandwidth characteristics of 36.83–40.0 GHz. The antenna is simple in structure but provides low bandwidth.



Therefore, this work was intended to design an MIMO antenna that is small in size, covers a wide bandwidth and offers high isolation characteristics throughout the desired resonance bandwidth. The proposed antenna is simple in shape and provides wideband characteristics of almost 15 GHz, with a better isolation value of −26 dB. The isolation level has been improved by inserting a line resonator.



This paper’s layout is as follows: Section 1 covers the literature on MIMO antenna systems presented in open literature. Section 2 covers the antenna’s design characteristics step-by-step and its MIMO configuration. Section 3 discusses the results obtained from the fabricated prototype with simulated results. Concluding remarks are given at the end.




2. Antenna Design


2.1. Single Element


The proposed antenna is designed based on an ultra-thin 0.254 mm RO5880 substrate with relative permittivity of 2.3. The antenna has an overall length and width of 12 × 10 mm. The antenna comprises three strips closely connected to each other with 0.35 mm strips at top-right and bottom-left sides. Figure 1 shows the proposed S-shape antenna design, front and back, in detail. The ground plane consists of a square-shape slot incorporated at the top-middle side. Figure 2 explains the evolution of design through three different steps. To attain the anticipated resonance, the proposed single-monopole antenna element is attained with insertion of stubs. These stubs are then parametrically optimized for achieving optimum response.



In stage 1, a simple l-shape resonator was introduced that showed the resonance response from 36 to 42 GHz with central frequency of 39 GHz. This was further modified with the insertion of an inverted L-shape stub on the right hand side of the l-shape strip. The stub enhanced the bandwidth response to dual-band characteristics, which in stage 3 was modified to a wide bandwidth with the insertion of L-shape stub on left side of the resonating structure.



The proposed MIMO antenna has been evolved in number of parametric steps. Parametrical studies are conducted to see the antenna’s resonance response by altering different paths of currents. Figure 3 shows the wideband response achieved through different parametrical studies conducted. The parameters optimized were Z, Y, K and XX. At the start, parameter Z was parametrically optimized. The starting value was kept at 2 mm and was analyzed up to 4 mm. Five different values in this range were analyzed, each with a difference of 0.5 mm. It was observed that with every increment in value, the design response changed rapidly. It was observed that the resonance value increases with every increment in parameter Z. At 2 mm, a resonance of nearly 7 GHz was achieved from 31 to 38 GHz. At 2.5 mm, the resonance starts at 27 GHz and ends at 38 GHz, giving an approximately 11 GHz bandwidth. The optimal response was achieved at 3 mm, from 25 to 39 GHz. After this optimum value, any further increase resulted in effecting the resonance response. From Figure 3a, it can be seen that the resonances become abrupt. Similarly, in Figure 3b, parameter Y, which is feed length, was analyzed with five samples from 6.25 to 7.25 mm. The optimum response was achieved at 6.25 mm. With further increases in length, the resonance response shifted backwards. The K parameter in Figure 3c showed the optimal response at 3.5 mm. Any further increases and decreases showed that although the resonance bandwidth remains uncertain, the reflection co-efficient value becomes abrupt. The trunked ground-plane square slot was optimized from 1.3 to 1.7 mm. The length and width of the square slot was kept same, and Figure 3d shows resonance behavior with antenna parameter XX. Figure 4 shows the single-element radiation patterns and gain over frequency. The gain ranges between 3.9 and 5.2 and efficiency ranges between 85 and 98%.




2.2. MIMO Antenna Configuration


The S-shape antenna was extended to four-element MIMO configuration. The total size of the antenna was kept at 24 mm × 24 mm. The MIMO antennas are arranged orthogonal to each other. Additionally, as in MIMO antennas, the isolation values play vital role.



Therefore, in order to enhance isolation and decrease the mutual coupling among radiating elements, an isolating structure is introduced in between four radiating elements. The proposed isolating structure consists of a tilted square small patch with extended arms at each side. Figure 5 shows the MIMO antenna design with isolating structure.





3. Experimental Results


The proposed MIMO antenna was fabricated using a Leiterplatten-Kopierfrasen, LPFK, machine, and was tested in anechoic chamber. Due to symmetricity of the design, only one side of the proposed antenna is tested. Figure 6 shows the proposed antenna structure’s copper layer with 2.4 mm end launch connectors. The antenna has been set with a scale to show the physical length of the proposed prototype.



Figure 7 shows the isolation of the proposed antenna with and without the isolating structure. It can clearly be seen that with the insertion of a line resonator at the center, the resonator acts as a decoupling structure for MIMO antennas as the line resonator effectively cancels the constructive interference of currents among radiating elements, and thus the isolation levels are improved.



Furthermore, the simulated and measured S-parameters are show, in Figure 8. The reflection co-efficient in Figure 8a shows the resonance from 22 to 40 GHz, while the isolation value of antenna 1 and antenna 3 is found to be in between −15 dB and −19 dB without the presence of decoupling structure. The lowest isolation without decoupling structure is found to be −19 dB at 29 GHz frequency. As with the insertion of decoupling structure, the isolation value improved from −22 dB to −27 dB. The isolation value with decoupling structure showed improvement up to 5 dB for antenna 1 and antenna 3. The isolation value between adjacent radiating elements, antenna 1 and antenna 2 was also improved. The measured results achieved after measurements are shown to be in excellent agreement with the simulations. A few minor alterations can be seen but can be attributed to errors during measurement set up.



Figure 9 shows the antenna efficiency and simulated and measured gain of the proposed MIMO system. The efficiency of the MIMO antenna ranges in between 85% and 94%, while at 28 GHz, the efficiency is found to be almost 92 to 92.5% for all radiating elements. The range of the antenna gain is found to be 5.9 to 7 dB.



The radiation patterns both in the 2D and 3D plane are shown in Figure 10. The patterns of antenna 1 and antenna 2 are shown and discussed. The 28 GHz frequency patterns are shown at Phi = 90, Phi = 0 and Theta = 90 Plane. As seen from the figure, the proposed antenna system shows pattern and spatial diversity characteristics. The 3D patterns at 28 GHz are also shown in Figure 10. The gain ranges from 6.4 to 7.1 dB for all four radiating elements.



MIMO Parameters


MMO parameters are important to discuss while designing an MIMO antenna system. These MIMO parameters include Envelope Correlation co-efficient (ECC) and Mean Effective Gain (MEG). ECC is the measure of how well the antennas are isolated. Ranging from 0 to 1, an ECC of less than 0.5 shows that antennas are well-isolated. Figure 11 shows the ECC of the proposed MIMO system. The ECC obtained has been calculated using far-field results from the MIMO system. The equations used for calculating ECC and MEG have been derived from [13,14,15]. From the figure, it can clearly be seen that the ECC of the proposed MIMO system is less than <0.01 throughout the band of interest.



The mean effective gain (MEG) is an ability of an antenna in a multipath environment to receive electromagnetic power. The MEG of the proposed MIMO antenna is given in Table 1. Through Table 1, the MEG of the proposed antenna system satisfies the MIMO performance, exhibiting good channel characteristics.



Table 2 shows a comparison of the proposed MIMO antenna with the proposed MIMO antenna system. The authors in [16,17,18] also present folk-shape structures, however, none of them resonate at the mmwave region and cover UWB characteristics from 3 to 12 GHz. Additionally, one study [16] shows some notching features. From the comparison table, it can be seen that our proposed MIMO system is compact in size compared to those in the published literature, and offers good performance MIMO characteristics.





4. Conclusions


This paper presented a novel, wideband, S-shape MIMO antenna with enhance isolation characteristics. The four-element MIMO antenna system showed isolation of −15 dB, which with the help of an isolator, was improved to −26 dB. The antenna is designed on 0.254 mm ultra-thin RO5880 substrate with relative permittivity of 2.3. The proposed antenna had compact dimensions of 24 × 24 mm and the peak gain achieved was 7 dB, with bandwidth ranging between 25 and 40 GHz. The ECC value among any two radiating elements is less than 0.05, and efficiency is above 85% throughout the whole operating bandwidth. The fabricated prototype showed excellent agreement with simulations. Through valid measurement results, the proposed antenna is a suitable candidate for future mobile phones covering mmwave band and 5G high-data-rate devices.
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Figure 1. Proposed Antenna (a) Front (b) Back. 
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Figure 2. Design Evolution of the proposed Antenna. 
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Figure 3. Parametric Studies conducted (a) Z (b) Y (c) K (d) XX. 
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Figure 4. Single-Element Performance Parameters (a) Radiation Patterns (b) Gain and Efficiency. 
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Figure 5. MIMO Antenna (a) Front (b) Back. 
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Figure 6. Fabricated Prototype. 
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Figure 7. Surface Current Distribution (a) Without Isolating Structure (b) With Isolating Structure. 
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Figure 8. Simulated and Measured S-Parameters. (a) Return loss (b) Ports Isolation. 
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Figure 9. Efficiency and Gain of the MIMO Antenna. 
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Figure 10. Radiation Patterns (a) 2D antenna 1 and antenna 2 Phi90 (b) 2D antenna 3 and antenna 4 Phi90 (c) 2D antenna 1 and antenna 2 Theta 90 (d) 2D antenna 3 and antenna 4 Theta90 (e) 2D antenna 1 and antenna 2 Phi0 (f) 2D antenna 3 and antenna 4 Phi0 (g) 3D antenna 1 (h) 3D antenna 2 (i) 3D antenna 3 (j) 3D antenna 4. 
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Figure 11. ECC derived. 
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Table 1. Mean Effective Gain of the proposed Antenna at 28 and 29 GHz Frequency.
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	Frequency (GHz)
	MEG1
	MEG2
	MEG3
	MEG4





	28
	−3.50
	−3.21
	−3.26
	−3.10



	29
	−2.99
	−3.06
	−3.61
	−3.11
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Table 2. Proposed Four-Element MIMO Antenna comparison with published literature.
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	Refs.
	Ant. Elements
	Single

Element (mm2)
	Array

(mm2)
	Bandwidth
	Isolation

(dB)
	Efficiency

(%)
	ECC





	[7]
	4
	12 × 10
	30 × 30
	27–30
	28
	84
	<0.1



	[8]
	4
	12 × 10
	30 × 30
	26–30
	24
	82
	<0.2



	[9]
	4
	20 × 20
	80 × 80
	23–40
	26
	85
	<0.01



	[12]
	4
	15 × 10
	20 × 20
	27.5–28.5/37.5–38.5
	24
	80
	<0.1



	[16]
	1
	12 × 18
	N/A
	3–12
	N/A
	N/A
	N/A



	[17]
	1
	42 × 24
	N/A
	3–12
	N/A
	N/A
	N/A



	[18]
	2
	N/A
	35 × 52
	3.28–12
	20
	N/A
	N/A



	Proposed
	4
	10 × 12
	24 × 24
	24–39
	26
	92
	<0.05
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