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Abstract

:

In this paper, an antenna with a multiple-input, multiple-output (MIMO) configuration is demonstrated for mm-wave 5G-based Internet of Things (IoT) applications. The two antenna elements are arranged next to each other to form a two-port antenna system such that significant field decorrelation is achieved. Moreover, a dielectric layer is backed by an eventual multiport system to amend and analyze the radiation characteristics. The overall size of the MIMO configuration is 14 mm × 20 mm, and the operation bandwidth achieves ranges from 16.7 to 25.4 GHz, considering the −10 dB criterion with a maximum isolation of more than −30 dB within the operating band. The peak gain offered by the antenna system is nearly 5.48 dB, and incorporating a dielectric layer provides an increase in the gain value to 8.47 dB. Within the operating band, more than 80% total efficiency is observed, and analysis shows several MIMO performance metrics with favorable characteristics. The compactness of the proposed design with high isolation, improved gain, and wideband features make it a suitable candidate for mm-wave-based 5G applications.
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1. Introduction


The increase in annual data use by 40 to 70% has strained capacity requirements, representing an increase by 1000 times with the passage of time. Considering progressing data needs, 5G is a competent candidate adept to offer a data rate of multiple gigabits per second [1,2,3]. To accomplish the required goals, experts have focused on the mostly unoccupied portion of the spectrum, i.e., mm-wave, where high bandwidth achievement is possible, due in part to the limited bandwidth and capacity constraints of the lower portion of the spectrum (sub 6 GHz) [4,5]. Transmission based on 5G technology is not only intended to have high data rates and high quality of service but also to strengthen abilities of developing technologies, such as the Internet of Vehicles, virtual reality, smart cities etc. [6,7]. Frequency bands for communication networks must be carefully allocated, as several challenges arise with a particular band selection [8], which is why several frequency bands are being considered by various telecom regulatory bodies and various countries. Most of the bands that have been allocated for 5G communication are within the ranges of 24–28 GHz, 37–40 GHz, etc. [9]. However, path loss and atmospheric attenuations factors must be considered and solved before considering transmission at these frequency bands [10]. Furthermore, the bandwidth should be wide enough to offer significantly high data rates [11]. Thus, the role of antennas is key in this regard, and they must be carefully designed to realize 5G communication systems and to effectively benefit users [12].



5G systems will likely be built based on the multiantenna concept on both the transmission and receiver sides, making multiple input, multiple output (MIMO) configurations and also arrays are important in this regard [13]. To tackle attenuation-related issues in the case of mm-wave antennas, arrays are usually utilized to offer a narrow-beam radiation pattern [14]. However, these type of structures are focused on a single feed, and complex and simple power dividers are usually involved [15]. Controlling the losses in these type of power dividers is a challenging task, whereas a single feed results in limited capacity. Accommodating multiple antennas in an array structure to increase the gain also causes an increase in the profile [16]. Likewise, antennas incorporating lenses, metamaterials, and cavities are usually helpful to achieve high gain, and some antennas can maintain a low profile instead of high gain. For example, in [17], a DRA was developed with an EBG placed at a distance of 2.6 mm. The performance of the DRA was evaluated with and without an EBG. Overall, a 3 dB improvement in the gain was achieved. The size of the ground plane was 30 mm × 30 mm for the 60 GHz band. In [18], an EBG ground plane and a dielectric superstrate were utilized to improve the gain of the antenna, resulting in a gain of more than 16 dB. The superstrate was placed 5.35 mm above the main antenna array with a complex power divider. The array structure resulted in a larger PCB size, as a 12 mm separation was used between the antenna elements. A 28 GHz operating frequency antenna was proposed in [19], with a peak gain of 15.6 dB. A fractional bandwidth in the range of 26.5–29.4 GHz was attained. A 3D-printed dielectric lens was utilized to attain high gain. Moreover, 50 mm × 50 mm samples of polylactic acid (PLA) were fabricated. A complex structure was implemented in the proposed method to achieve high gain. However, the MIMO characteristic was lacking in the proposed designs, so capacity issues remained a challenge. Moreover, some of the proposed antennas lack a wide bandwidth. Recently, metamaterials with and without a combination of MIMO have been proposed. Antenna gain was improved by utilizing a three-pair metamaterial arrays in [20]. An overall gain of 7.4 dB was achieved, with bandwidth covering the range from 24.25 to 27.5 GHz and an overall size of 30.5 mm × 30 mm. Another antenna with an MIMO configuration was proposed in [21]; an electromagnetic band gap (EBG) configuration was adopted, increasing the gain by only 1.9 dB. Thus, an overall peak gain of 6 dB was achieved, with a bandwidth as high as 1 GHz. The size of the proposed EBG-based design is 27.5 mm × 27.5 mm. A dielectric resonator (DRA)-based MIMO antenna was proposed in [22], with an operating band range from 26.71 to 28.91 GHz. A peak gain of 7 dB was achieved after incorporating a metasurface with a DRA-based MIMO configuration such that the total size was 20 mm × 40 mm. A metamaterial surface was utilized as a reflector in [23] for an MIMO antenna system (two elements), resulting in a peak gain of 11.5 dB. The overall structure had a larger size of 31.7 mm × 53 mm. In [24], an MIMO antenna system (two elements) with a 8.6 dB peak gain was proposed with an operational bandwidth ranging from 29.7 to 31.5 GHz. Furthermore, the proposed structure had a large size of 48 mm × 21 mm. In [25], a MIMO antenna with a size of 95 mm × 80 mm was presented. The proposed design achieved a wide band but with many rapid jumps in the reflection coefficient, indicating that the reflection coefficient response was not smooth with a stable noise level variation at the transmission frequency band. Moreover, the large size represents a further constraint.



Overall, the use of metamaterial-based surfaces to improve the radiation characteristics of antennas is challenging in terms of controlling the capacitance and inductance in order to achieve a satisfactory output. As an alternative to metamaterial-based reflectors, surfaces are required for which capacitance and inductance can be easily controlled to enhance the radiation characteristics of the antennas, which is desirable for mm-wave communication. Moreover, wide bandwidth with a high gain requirement must be achieved in order to offer a high data rate, which is a promising feature of 5G technology. Due to the limitations observed, in this paper, we present a wideband, high-gain, and multiport antenna system (two antennas with two exciting sources). A compact antenna system is also proposed with a dielectric layer to improve the gain. Furthermore, to efficiently benefit from the MIMO system, high decorrelation in the radiation patterns is a desirable feature. Thus, a wideband ranging from 17.27 to 25.53 GHz with a total efficiency of more than 80% is achieved, with a peak gain of 8.47 dB, an isolation level of more than −30 dB, and the benefit of high decorrelation in radiation patterns.




2. Proposed Antenna Design Procedure


2.1. Antenna Element and MIMO Configuration


The geometry of the proposed design is demonstrated in Figure 1. A Rogers family substrate, i.e., RO-4350B with a thickness of 0.168 mm is used in the proposed design. The proposed system was designed and simulated using computer simulation technology (CST) software. A single element is backed by a truncated ground plane with a front side radiating structure modification to attain a wideband operation with optimal gain, efficiency, etc. Table 1 provides the dimensions summary of the proposed antenna element.



The following expression can be utilized to estimate the feedline width [14].




   f w =  w   Z o    = (   377   Z o    ε r      − 2 ) × h   



(1)





The Equation (1) is based on a combination of components, i.e., feed line width (fw), impedance (Zo = 50 ohm), substrate thickness (h), and dielectric constant (εr). The reflection coefficient for the proposed antenna element is analyzed in Figure 2. Based on the −10 dB criterion, the response is well below −10 dB for the desired operational bandwidth. The design evolution steps of the proposed antenna are shown in Figure 2. Initially, a single radiating structure (step 1) provides a narrow bandwidth, whereas introducing a similar radiating structure on the top of the first radiating structure in step 2 yields an improvement in the bandwidth. Finally, in step 3, adding a sharp leaf-type radiating shape on the top of the first two structures results in a wider bandwidth. Thus, the structure achieved in step 3 is selected for subsequent processes, as it operates with a wide bandwidth and a meaningful magnitude of reflection coefficient. The basic antenna element (antenna) is a variation of the well-known circular broadband patch antenna tuned to work in the frequency range of 16.7–25.4 GHz. The mathematical modelling described in [26] was also helpful in determining the final design, including these design evolution steps. The single element is then extended to two-port MIMO configuration, as shown in Figure 3, such that it could be helpful to achieve field decorrelation. The overall dimensions of the proposed MIMO configuration are 14 mm × 20 mm × 0.168 mm.



The reflection coefficient for the proposed MIMO antenna is shown in Figure 4a, which is well below −10 dB. The isolation between the antenna elements is shown in Figure 4b. It is important to analyze the isolation between the MIMO antenna elements because it becomes an issue when more than one antenna element is assembled on a single printed circuit board (PCB) [27,28,29,30]. A maximum isolation level of more than −30 dB is achieved within the operating band. Overall, satisfactory likeness between the measured and simulated results is achieved. In the figures, sim. represents simulated results, whereas mea. represents measured results.




2.2. Antenna System Incorporated with a Dielectric Layer


An MIMO antenna incorporated with a dielectric layer is shown in Figure 5. A dielectric layer with overall dimensions of 20 mm × 26 mm × 2 mm is placed below a proposed MIMO configuration at a distance of 4 mm. Moreover, the dielectric constant is maintained at 12 to ensure that the proposed dielectric layer has a significant beam concentration. The overall aim is to improve the radiation performance of the proposed antenna system. The reflection coefficient of the proposed MIMO antenna after incorporating a dielectric layer is analyzed in Figure 6a, and the isolation is shown in Figure 6b, which is more than −30 dB (maximally) within the operating band. Here, we suggest that after incorporating a dielectric layer, both antennas will still achieve similar results, which will be helpful to attain high data rates, which is among the main features of MIMO-based 5G transmission. Furthermore, a gain comparison is shown in Figure 7 for an antenna with and without a dielectric layer. The peak gain in the case of an antenna without an external layer is 5.48 dB, whereas when a dielectric layer is incorporated, the peak gain increases to 8.47 dB within the operating band due to the highly dielectric nature of the layer incorporated on the back of MIMO antenna. Owing to the highly capacitive nature of the dielectric layer, it serves as a suitable reflective surface, resulting in the focusing of the fringing fields and an overall improvement in the gain. In the future, a dielectric layer with nearly the same dielectric constant value will be utilized to validate the simulated results based on the dielectric layer.



The following expression [31] can be utilized to estimate the distance between the proposed MIMO system and the dielectric layer to achieve a satisfactory output performance.


  φ − 2 β H = 2 n π ; n = …   − 1 ,   0 ,   1  



(2)




The equation is based on a combination of components, i.e., free space propagation constant (β), reflection phase (φ), and distance (H) between the dielectric layer and the antenna configuration (π = 3.1415).




2.3. Radiation Pattern in Terms of Gain


In Figure 8, the simulated polar radiation patterns are compared for an antenna with and without a dielectric layer in the E-plane and H-plane in the 23.5 GHz frequency band. To efficiently benefit from the MIMO system, high decorrelation in the radiation patterns is a desirable feature. As shown in Figure 8, ports 1 and 2, the radiation pattern is well-de-correlated, indicating that one-antenna radiation results in low overlapping with the other one antenna within the same panel. This can be help to achieving sufficiently diverse performance. The total efficiency in the desired frequency band without a dielectric layer is 87.8%, whereas after incorporating a dielectric layer, the total efficiency is 89.6%. The gain measured at multiple frequency points for an antenna without a dielectric layer is compared with the simulated gain in Table 2.




2.4. MIMO Performance Metrics


Several MIMO performance metrics were analyzed for the proposed antenna system incorporated with a dielectric layer, such as envelope correlation coefficient (ECC), channel capacity loss (CCL), and diversity gain (DG). In Figure 9, the ECC is demonstrated using the far-field calculation method [31], which conforms with the standard value (<0.5), whereas in Figure 10, DG is analyzed, which is close to the standard value, i.e., 10 dB. Moreover, in Figure 11, CCL is shown. A CCL value of less than 0.4 bits/s/Hz is achieved across the operating band, which depicts a minimal capacity loss. It is important to analyze this loss because when more than one antenna is incorporated to form an antenna system, the channel capacity is increased, but some losses are encountered due to the correlation between the MIMO links. In [32], a channel capacity of 41 bps/Hz was observed for the sub 6 GHz band, with a low isolation value of −14.8 dB. CCL was not analyzed, and the size of the proposed design was relatively large, i.e., >80 mm. An MIMO antenna with a size of 150 mm × 80 mm was presented in [33]; a channel capacity of 41 bps/Hz was achieved, but no analysis of CCL was presented. The proposed MIMO antenna achieved an isolation of less than −15 dB within the 5150–5925 MHz frequency band, which may result in deterioration of the transmission quality. The same idea was implemented in [34], in which CCL was not taken into account and a relatively larger antenna of more than 80 mm was reported to have a low operating bandwidth, i.e., less than 1 GHz.





3. Conclusions


In this paper, we demonstrated an antenna with a multiple input, multiple output (MIMO) configuration for mm-wave 5G applications. The two antenna elements are sequenced in series to form a two-port antenna system such that significant field decorrelation is achieved. Moreover, a dielectric layer is backed by the proposed MIMO antenna to improve and analyze the radiation characteristics. The overall size of the MIMO configuration is 14 mm × 20 mm, with an operation bandwidth in the range of 16.7–25.4 GHz, considering the −10 dB criteria with a maximum isolation of more than −30 dB within the operating band. The peak gain offered by the proposed antenna system is nearly 5.48 dB, and deploying a dielectric layer increases the gain value to 8.47 dB. A total efficiency of more than 80% is achieved within the operating band, and several MIMO performance metrics were analyzed, revealing satisfactory characteristics, making the proposed design a suitable candidate for mm-wave-based 5G applications. In the future, beam-steering techniques will be incorporated to achieve satisfactory cell transmission coverage.
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Figure 1. Antenna element geometry: (a) front, (b) back. 
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Figure 2. Reflection coefficient comparison of the proposed antenna element design evolution steps. 
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Figure 3. MIMO antenna geometry: (a) front, (b) back. 
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Figure 4. Multiport antenna: (a) S-parameters, (b) isolation. 
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Figure 5. MIMO antenna incorporated with a dielectric layer. 
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Figure 6. S-parameters based on antenna incorporation with a dielectric layer: (a) reflection coefficient, (b) isolation. 
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Figure 7. Proposed MIMO antenna gain comparison with and without a dielectric layer. 
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Figure 8. Antenna polar radiation patterns in: (a) E-plane port 1, (b) E-plane port 2, (c), H-plane port 1, and (d) H-plane port 2. 
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Figure 9. ECC of the proposed antenna system incorporated with a dielectric layer. 
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Figure 10. DG of the proposed antenna system incorporated with a dielectric layer. 
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Figure 11. CCL of the proposed antenna system incorporated with a dielectric layer. 
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Table 1. Dimensions of the proposed antenna element.






Table 1. Dimensions of the proposed antenna element.





	Parameter
	Value (mm)
	Parameter
	Value (mm)





	Al
	14.0
	Aw
	10.0



	fw
	0.5
	cl1
	3.6



	fl
	6.0
	cl
	3.6



	bl
	1.95
	Gl
	5.0



	bw
	2.0
	--
	--
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Table 2. Gain measurement of the proposed antenna.
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	Frequency (GHz)
	Simulated Value (dB)
	Frequency (GHz)
	Measured Value (dB)





	21.5
	4.61
	21.5
	4.45



	22.5
	5.07
	22.5
	4.85



	23.5
	5.48
	23.5
	5.34
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