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Abstract

:

Featured Application


The presented MIMO antenna can be a good choice for 5G NR applications.




Abstract


A wideband multiple-input multiple-output (MIMO) antenna with high isolation for fifth-generation (5G) new-radio (NR) smartphone employment operating at a range from 3.3–5 GHz is presented in the paper. The wideband antenna is comprised of eight identical radiation units and applies defected ground structure (DGS) to offer higher isolation between antenna units. Each of the antenna elements is formed of a C-shaped microstrip line, two triangle-shaped strips and a rectangular strip. The measurement results present that the transmission coefficients of the presented antenna are smaller than −18 dB in the required wideband, and the envelope correlation coefficient (ECC) values are better than 0.005. The realized gain and efficiency of the designed antenna are about 3.5 dBi and higher than 75%, respectively. The volume of this total antenna is 150 × 75 × 7 mm3, and the measurement of each antenna unit is merely 6.8 mm × 7 mm × 0.8 mm (  0.077   λ × 0.08   λ × 0.009   λ  ,  λ  is the wavelength of 3.4 GHz). The presented MIMO antenna is suitable for 5G new-radio (NR) smartphone applications.
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1. Introduction


With the fast growth of fifth-generation (5G) wireless networks and the expectation of higher data transmission rates, increasing challenges have been generated in recent years. To meet these demands, numerous technologies have been studied on the corresponding antenna design [1,2,3]. Multiple-input multiple-output (MIMO) is regarded as an effective technology for increasing spectrum efficiency and channel capacity. However, the antenna units are required to be compact, due to the limited space provided for mobile terminal antennas. Hence, it is difficult to achieve high isolation between antenna elements in the desired frequency bands, which means the aim of improving the isolation MIMO antenna is a herculean technical task [4,5,6].



Recently, a number of MIMO 5G antennas have been provided [7,8,9,10,11,12,13,14,15,16,17,18]. These antennas operate in narrow single-band [7,8], multi-band [9,10,11,12], and wideband [13,14,15,16,17,18]. In [7], a circular-shaped strip with a circular groove and a square-shaped groove at one side is proposed to achieve desired single band. An antenna pair composed of a slot antenna of stepped impedance and a monopole antenna of T-shape is presented in [11] to obtain good impendence matching in triple frequency bands. A modified parasitic strip is employed to achieve wideband for 5G mobile terminal applications [13,15]. In [14], four pairs of compact antenna elements are made of a radiator and two concentric annular slots to make this antenna system operate in a wideband of 3.3–7.1 GHz.



Based on the contrivance, manufacture, and testing of waveguided electric metamaterials (MTM) and the microstrip antenna arrays with weakening coupling [7,8], and to weaken the influence between each antenna unit, many technologies have been put forward, such as self-isolated [9,10,15], asserting neutral line [9], elec and DGS [12,13,17,18,19,20]. Adopting the technique of self-neutralization between the monopole antenna and the co-located loop antenna to contribute to satisfying improving isolation of larger than 16.5 dB is presented in [9]. In [17], the introduction of the DGS can change the ground current to adjust the resonance and reduce the current coupling between antenna ports. In addition, open-ended slots in [18] act as DGS to obtain a compact size and improve the isolation between antenna elements.



As an important development technology of mobile communication, 5G is applied to two spectrum scopes of sub-6 GHz and MMW bands [21,22,23]. It is well known that the 5G NR ranges contain N77, N78, and N79. In addition, N78 is assigned to European Union (EU); China selects N77 and N79. In [15,16], the MIMO antenna with eight elements can operate in a wideband that covers 5G NR N77 and N79.



In this work, the designed eight-element antenna includes the formation of eight same elements and DGS to acquire good performance. Each antenna unit is formed of a C-shaped strip, two triangle-shaped strips and a rectangular strip to attain a wideband of 3.3–5 GHz. Furthermore, the volume of the antenna unit is merely 6.8 × 7 × 0.8 mm3, so the wideband with a compact antenna element is realized innovatively. The results of the measurement show that the presented 5G antenna can contain 5G NR N77 (3.3–4.2 GHz) and N79 (4.4–5 GHz). The mutual coupling and values of ECC are smaller than −18 dB and 0.005 in the desired wideband, respectively. The existence of DGS can skillfully decrease the interaction between antenna units and increase the efficiency of the designed antenna, which is at least 75%.




2. The Design and Simulation of the Presented Antenna


The geometry and measurements of the wideband eight-element antenna are presented in Figure 1. The MIMO antenna system is made up of a mainboard and two sideboards perpendicular to the mainboard. The sizes of the mainboard and the sideboard are 150 × 73.4 × 0.8 mm3 and 150 × 7 × 0.8 mm3, respectively. The metal ground surface is in contact with the back of the mainboard and the outside of two sideboards. Eight antenna units are symmetrically placed on the inside of the same two sideboards. In addition, the motherboard and two sideboards are made of an FR4 substrate with εr of 4.4 and tanδ of 0.02. A microstrip feeder of 50 Ω enables the designed antenna to achieve better impendence matching. Every antenna unit consists of a C-shaped strip and two triangle-shaped strips. The structure of a C-shaped strip with two triangle-shaped strips can realize a wideband of 3.3–5 GHz, and the measurement of the antenna elements is only 6.8 × 7 × 0.8 mm3. On the bottom of the mainboard and the outside of two sideboards, the isolation structure contains a T-shaped trough with two square strips and a T-shaped groove connected to a T-shaped trough with two square strips on the ground.



To understand the theory of the presented wideband antenna, the evolution shapes, reflection coefficients, surface current, optimal parameter analysis, and transmission coefficients of the presented antenna have been analyzed.



The layout of the whole antenna structure and the designed antenna simulation results are acquired with HFSS. The evolution and reflection coefficients of the antenna are displayed in Figure 2. The introduction of the rectangular strip on the top of the rectangular groove of Antenna 2 can reduce return loss in the whole frequency band. The two triangle-shaped strips of Antenna 3 are used for achieving −6 dB S11 at 3.3 GHz. Finally, the introduction of a rectangular strip of Antenna 4 can achieve a wideband −10 dB impedance band which can include 3.3–5 GHz.



Figure 3 shows the simulation result of the surface current distribution of the presented antenna. The surface current distribution is concentrated on the rectangular strip of the top of the rectangular groove and two triangle-shaped strips at 3.4 GHz. When the frequency is 4.9 GHz, the surface current is mostly focused on the C-shaped strip.



In Figure 4, the S11 simulation results of the designed antenna with dissimilar values of W and H are presented. When W is 3.85 mm, Figure 4a demonstrated that S11 of −10 dB bandwidth satisfies the frequency band at 3.22–5.6 GHz, which contains 3.3–5 GHz. As shown in Figure 4b, the −10 dB S11 can meet the requirement of the entire band range when the value of H is 0.8 mm.



The simulated transmission coefficients of the presented antenna with or without the structure reducing the interaction are presented in Figure 5, which demonstrates that the structure of a T-shaped groove can increase isolation between antenna elements. The surface current is retrained and its direction is changed by the T-shaped groove. Accordingly, it expands the gap between each port to attenuate mutual coupling between antenna units. Moreover, as illustrated in Figure 5, the T-shaped groove with two rectangular strips connected to a T-shaped groove forms a parallel structure to achieve better isolation in the lower frequency of 3–4 GHz.



The robustness and usefulness of the designed system of MIMO antenna are proved by a study of an application scene of holding MIMO in dual-hand mode (DHM). In Figure 6 and Figure 7, the S-parameter simulation results in DHM are presented, and it shows that the −10 dB bandwidth of Ant. 1 and Ant. 4 cannot cover 3.3–5 GHz. The simulation results of reflection coefficients less than −10 dB of Ant. 2, Ant. 3, Ant. 5, Ant. 6, Ant. 7, and Ant. 8 can cover the 3.3–5 GHz frequency band. In addition, the simulated transmission coefficients are smaller than −15 dB in 3.3–5 GHz. The simulated three-dimension (3D) radiation patterns are presented in Figure 8 when Ant. 3 and Ant. 4 work at 3.4 GHz and 4.9 GHz, respectively. Figure 9 plots the simulation results of the distribution of specific absorption rate (SAR) when Ant. 5 and 6 are independently operated at two resonate modes with 100 mW input power. In Figure 9, the SAR maximum value of about 1 W/kg is obtained at 3.4 GHz and 4.9 GHz.




3. Measurement Results and Discussion


The photos of the produced antenna and the measurement setup are demonstrated in Figure 10. The S-parameters of the antenna are measured by the PNA N5224A network analyzer. The comparison of the measurement and the simulation is presented in Figure 11 and Figure 12. It shows that the −10 dB impendence band is 3.3–5.45 GHz. There is some deviation between the emulation and measurement results, which is mainly owing to the manufacturing error and the manual welding of the SMA connector. The values of the measurement results of the transmission coefficient surpass −15 dB in 3.3–5 GHz.



As shown in Figure 13, the results of measurement and simulation normalized radiation polarization of the displayed antenna at 3.4 GHz, and 4.9 GHz are proposed. A solid black line and a dotted green line represent the co-polarization and cross-polarization of measurement results, respectively. In addition, a red solid line and a dotted blue line express the co-polarization and cross-polarization of simulated results, respectively. The welding effect of the SMA connector may cause errors in the results of measurement and simulation.



In Figure 14, the measurement and simulation results of peak gain and radiating efficiency of the presented antenna are displayed. The median peak gain is about 3.5 dBi, and it can be seen that the curves of radiation efficiency and peak gain have similar trends. Moreover, the measured and simulated efficiency are higher than 75% in the desired wideband.



Calculated ECC and diversity gain (DG) are indicators to define the coupling effects and diversity of MIMO antenna systems. The calculated ECC can be expressed by far radiation field as Equation (1) [4]:


   ECC =        ∬    4 π         F 1   →     θ ,  ∅      ∗       F 2   →     θ ,  ∅      d Ω        ∬    4 π           F 1   →       θ ,  ∅      2   d Ω      ∬    4 π           F 1   →       θ ,  ∅      2   d Ω     



(1)







The DG is calculated on the basis of Equation (2) [21]:


   DG = 10   ×    1 −    | ECC |   2     



(2)







In Figure 15, the computed ECC and DG are presented, which are lower than 0.005 and higher than 9.99 dB in the desired wideband, respectively.



In the case of an ideal antenna system with a total antenna efficiency of 100% and zero correlation between antennas, the multiplexing efficiency (ME) represents the loss of power in the archetype antenna system when it is related to a specified capacity. The ME is presented in Equation (3) [21]:


   ME =     η 1   η 2    1 −    | ECC |   2       



(3)







Channel capacity loss (CCL) indicates the rate of information transmitted within a communication channel without data loss. The values of CCL can be calculated by Equations (4)–(7) [9]:


   C  loss    =  −   log  2       ψ R     



(4)






   ψ R   =         ρ  ii        ρ  ij          ρ  ji        ρ  jj          



(5)






   ρ  ii    =     1 -         S  ii      2   -         S  ij      2     



(6)






   ρ  ij    = -     S  ii  *   S  ij      + S    ji  *   S  ij        for   i , j = 1   or   2   



(7)







The computed values of ME and CCL of the presented antenna are displayed in Figure 16 and Figure 17, which are better than 70% and smaller than 0.2 in 3.3–5 GHz.



Table 1 provides the operating frequency band, isolation, total efficiency, values of ECC, and measurement of a single antenna compared with other referenced antennas. It demonstrates that the isolation of the designed antenna is better than the antennas which are presented in [5,15,17,19,20], and the efficiency of the presented antenna is larger than that of the published designs illustrated in [1,5,17]. Finally, the designed antenna has lower ECC and is more compact than other published works.




4. Conclusions


A wideband eight-element is presented in this paper. This MIMO antenna includes eight elements made up of a C-shaped strip and two triangle-shaped strips to produce the frequency bands of 5G NR N77 and N79. The measured isolation is larger than 18 dB. The radiation efficiency and ECCs are higher than 75% and lower than 0.005, respectively. The designed eight-element wideband antenna is an agreeable choice for 5G NR smartphone applications.
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Figure 1. Composition and size of the presented wideband MIMO antenna (Unit: millimeters). (a) front view; (b) side view. 
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Figure 2. Design development and S-parameters of antenna unit: (a) the design evolution; (b) simulated S11. 
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Figure 3. Simulated surface current distribution at (a) 3.4 GHz; (b) 4.9 GHz. 
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Figure 4. The simulation results of S11 with unequal values of (a) W; (b) H. 
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Figure 5. The simulated transmission coefficients of the designed antenna with/without isolation structure. 






Figure 5. The simulated transmission coefficients of the designed antenna with/without isolation structure.



[image: Applsci 13 00137 g005]







[image: Applsci 13 00137 g006 550] 





Figure 6. The simulation results of the reflection coefficients of the presented antenna in DHM. 
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Figure 7. The simulated transmission coefficients of the designed antenna in DHM. 
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Figure 8. The simulated 3D radiation pictures of (a) Ant. 3 and Ant. 4 operate at 3.4 GHz; (b) Ant. 3 and Ant. 4 operate at 4.9 GHz. 
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Figure 9. The simulation results of SAR field distribution of (a) Ant. 3; (b) Ant. 4. 
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Figure 10. The portraiture of setup for measurements: (a) fabricated antenna; (b) vector network analyzer; (c) anechoic chamber. 
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Figure 11. The measurement and simulation results of the reflection coefficients of the antenna. 
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Figure 12. The measurement and simulation results of transmission coefficients of the presented antenna. 
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Figure 13. Measured and simulated 2D radiation charts of (a) E-plane at 3.4 GHz; (b) H-plane at 3.4 GHz; (c) E-plane at 4.9 GHz; (d) H-plane at 4.9 GHz. 
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Figure 14. Measured peak gain and total efficiency of the designed antenna. 
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Figure 15. Computed ECC and DG of the designed antenna. 
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Figure 16. Computed ME of the designed antenna. 
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Figure 17. Computed CCL of the designed antenna. 
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Table 1. Performance comparison of the designed antenna with other published antennas.
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	Reference
	Operating Band (GHz)
	Isolation (dB)
	Total Efficiency (%)
	ECC
	Size (mm3)





	[1]
	4.37–5.5
	<−22
	40–50
	<0.068
	15.6 × 15.6 × 1.6



	[5]
	3.25–5.93
	<−10
	41–69
	<0.1
	13.9 × 7 × 0.8



	[15]
	3.3–4.2
	<−10.5
	63.1–85.1
	<0.3
	30 × 7.5 × 2



	[17]
	3.3–5.95
	<−15
	47–78
	<0.11
	17 × 6 × 0.8



	[19]
	3.08–5.15
	<−10
	-
	-
	39.75 × 10.5 × 1



	[20]
	3.3–5
	<−12
	31.6–88.6
	<0.11
	40 × 3 × 7.5



	Pro.
	3.3–5.45
	<−18
	>75
	<0.005
	6.8 × 7 × 0.8
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