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Abstract

:

In this paper, the systematic design of a multiple antenna system for 5G smartphone operating at 3.5 GHz for multiple-input multiple-output (MIMO) operation in smartphones is proposed. The smartphone is preferred to be lightweight, thin, and attractive, and as a result metal casings have become popular. Using conventional antennas, such as a patch antenna, Inverted-F antennas, or monopole, in proximity to metal casing leads to decreasing its total efficiency and bandwidth. Therefore, a slot antenna embedded in the metal casing can be helpful, with good performance regarding bandwidth and total efficiency. The proposed multiple antenna system adopted the unit open-end slot antenna fed by Inverted-L microstrip with tuning stub. The measured S-parameters results agree fairly with the numerical results. It attains 200 MHz bandwidth at 3.5 GHz with ports isolation of (≤−13 dB) for any two antennas of the system. The influence of the customer’s hand for the proposed multiple antenna system is also considered, and the MIMO channel capacity is computed. The maximum achievable MIMO channel capacity based on the measured result is 31.25 bps/Hz and is about 2.7 times of 2 × 2 MIMO operation.
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1. Introduction


With evolving semiconductor technology, the electronic communication components can be easily packed closely to design compact structures with high processing capabilities, such as a smartphones and wireless routers [1]. Hence, multiple antenna structures use high processing capability efficiently and boost data throughput. As such, 2 × 2 multiple-input multiple-output (MIMO) devices are extensively studied and commercialized for modern cellular technology. Moreover, most of the focus of the research was dedicated to the reliability of the link. However, the availability and advancement of computing combined with the upgraded radio propagation system or antenna system will open up the mobile internet of things (IoT) and enhance the data rate. Most recently, Ericsson, Telstra, and Qualcomm Technologies have demonstrated 4 × 4 MIMO operation, an opening step towards download speeds of 1 Gbps in the commercial network [2]. This processing capacity can be further enhanced to 8 × 8 MIMO and 16 × 16 MIMO configuration for a future 5G smartphone. Such configurations will require multiple antenna systems accommodating more than four antenna elements. As a result, most of the reported work in [3,4,5,6] on multiple antenna structure work is limited to the frequency band for 2G/3G/4G. In [3], the two antenna elements are oriented diagonally at the printed circuited board of volume of 110 × 65 × 0.8 mm   3  , and each antenna has dimensions of 24 × 14.5 mm   2  . The two antennas are decoupled by employing ground slots and inverted-L ground branches etched at the bottom layer of the substrate. As the antenna decoupling mechanism required a large space and extended microstrip feeding mechanism, this resulted in limited prospects to be employed for massive MIMO.



In [4], the four-antenna structure is implemented with the main antenna operating for LTE 700/2300/2700 MHz UMTS/GSM 800 MHz /WLAN bands with dimensions of 65 × 9.5 mm   2   and three auxiliary antennas operating at 1800 to 2700 MHz with a dimension of 40 × 6 mm   2  . Also in [5], a multiple antenna system is realized by employing four printed monopoles at the four corners of the printed circuit board for the UMTS frequency band. The printed circuit board dimensions are 95 × 60 × 0.8 mm   3  . The occupied area for each antenna element is comparable to the operating wavelength, and the minimum isolation between antenna elements is less than 11 dB. As a result, the above-reported structure [3,4,5] has an inherent limitation of its size and a complicated antenna isolation structure. An attempt is made to realize a multiple antenna system as discussed in [6,7,8]. In [6], a multiple antenna system is realized on a circuit board of size 115 × 65 × 0.8 mm   3  , with each unit antenna having dimensions of 16 × 7.42 mm   2   and a minimum isolation of greater than 10 dB with the operating frequency band of 2 GHz. In [7], the multiple antenna system is investigated by using an unit antenna element with dimensions of dielectric cube 10 × 10 × 5 mm   3   with the printed circuit board of FR-4 substrate of the dimensions 136 × 68.8 × 1 mm   3  . The antenna element is a three-dimensional inverted-F antenna wrapped around the said cube. The unit antenna operates at frequency bands for GSM1900, LTE2300, 2.4-GHz WLAN, and LTE2500. Small antenna cubic elements were proposed for MIMO operation at LTE bands [9]. As the maximum isolation between the middle and the top antenna element is 10 dB, this results in limited practical application. In summary, the antenna system discussed mainly focused on the GSM/UMTS frequency band of operation in low radio frequency bands [3,4,5,6,7,8,10,11,12,13,14]. Moreover, accommodating multiple antennas at the low-frequency band is a daunting task on a limited footprint area of a smartphone due to the transfer of power among ports.



To counter this difficult task, the World radio conference 2015 (WRC-2015) allocated new frequency bands for 5G cellular technology consisting of sub-6 GHz or below 6 GHz (2.6/3.5 GHz bands [15]. Slot antennas have been proposed for multiband operation below 3GHz [16,17,18,19]. Therefore, it motivates this work to propose new multiple antenna systems for smartphone operating in the radio spectrum Sub-6 GHz band (3.5 GHz). The proposed multiple antenna system is based on a unit slot antenna structure with ease of integration in the modern trend of smartphone and adequate performance measure compared to the inverted-F antenna [20]. The MIMO performance measures, such as envelope correlation coefficient (ECC), mean effective gain (MEG), and MIMO channel capacity, and customer’s hand effect are studied extensively for the proposed multiple antenna system.




2. Antenna Geometry


The detailed design procedure of the six open-end slot antenna system is discussed in this section. The main circuit board or Printed circuit board (PCB) supporting the proposed multiple antenna system consists of FR-4 substrate with relative permittivity of 4.4 and loss tangent of 0.02. The dimensions of PCB are 136 × 68 × 1.6 mm   3  , as shown in Figure 1. To swiftly accommodate (2G/3G/4G) antennas, space reservation is made. The dimensions of each open-end slot antenna are 8.5 × 3 mm   2   fed by microstrip with tuning stub, also referred to as inverted-L microstrip feed. The tuning stub is helpful to effectively couple electromagnetic energy to the antenna.




3. Results and Discussions


The detailed analysis of the proposed multiple antenna system or multiple antenna system is carried out with commercial electromagnetic software, namely Computer Simulation Technology (CST) Microwave Studio. The design of the proposed multiple antenna system evolved from an open-end rectangular shape slot etched at the top edge, called the reference antenna or Ref_Ant, and fed by the inverted-L microstrip printed on the opposite side of the substrate. The fabricated MIMO antenna system is shown in Figure 2 with corresponding simulated scattering parameters are depicted in Figure 3. As evident with the length of 8 mm, the unit slot or the Ref_Ant1 failed to operate for the desired band of 3.5 GHz for Figure 3a.The slot antenna is usually treated as a magnetic dipole, with its first resonating frequency depending on its electric length. The resonating behavior of the unit slot antenna can further be studied by considering the input impedance depicted in Figure 3b. The dominating inductive impedance is effectively subdued by adding a parasitic strip with more capacitive behavior and referred to as Prop_Ant.



Initially, for a unit slot or Ref_Ant, pivotal geometric parameters such as   L  s t r    mm (parasitic strip length) and   F  s t b    (Feeding strip length) are studied extensively. The design process of the multiple antenna system is further studied extensively by considering parameters   F  s t b   ,   L  s t r   , and d mm. The parameter   F  s t b    of the feeding strip plays an important role together with the parasitic strip. Varying the feeding strip length of   F  s t b    = 4.5 mm to 5.5 mm improves the electromagnetic coupling, or more specifically Prop_Ant, which will resonate at 3.5 GHz, as shown in Figure 4a. Also, when the value of   L  s t r    is varied from 5 mm to 5.8 mm the resonating frequency of the unit slot, open-end antenna, decreases as depicted in Figure 4b. The mutual interaction between antenna elements in the system is quantified by studying the parameter d mm for Ant1, Ant3, and Ant5. The scattering parameters of interest,   S 31   and   S 51  , are given in Figure 4c. The other S-parameters are well below −25 dB. Hence, they are not plotted for clarity. With a minimum value of d = 15.25 mm, the   S 31   is more than −9.8 dB. Increasing the distance between two antennas, with d = 43.5 mm or the middle position of the ground plane, can help to increase the dominating   S 31   to −13 dB, as illustrated in Figure 4c. Furthermore, an inter-spacing between antenna elements greater than    λ g  / 2   (  λ g   is guided wavelength at 3.5 GHz) results in better isolation, which is enough to ensure independent behavior of each antenna with less mutual coupling.




4. Measured Results


4.1. S-Parameters


The proposed multiple antenna system for MIMO operation is fabricated as depicted in Figure 2c. The measurement of scattering parameters is acquired with Agilent Network analyzer N5247A, in such a manner that the two antennas under study are connected to a vector network analyzer while the corresponding antennas are connected to an impedance load of 50  Ω . Due to the symmetric configuration of the structure and for clarity, the scattering parameters or (S-parameters) are only discussed for Ant1, Ant3, Ant5, which are shown in Figure 5. Fair agreement between the simulated and measured results can be observed.



The slight difference between measured and simulated results for Ant1 and Ant3 may be attributed to the tolerance of the SMA connector, the termination resistance, and the contribution of hand soldering. The measured impedance bandwidth obtained based on V.S.W.R 3:1 is 200 MHz from 3400 MHz to 3600 MHz. The mutual coupling between unit open-end slot antennas with other antennas is better than 12.5 dB, as shown in Figure 6a.



The measured total efficiencies at Ant1, Ant3, and Ant5 are 58% to 50%, 55% to 48%, and 55% to 49%. The corresponding gains at the Ant1, Ant3 are 3.2 and 4.8 dBi respectively, and for Ant5 it is 3 dBi, as shown in Figure 6b.




4.2. Radiation Pattern


The far-field measurements such as total efficiencies (including the mismatching losses) of the proposed multiple antenna system are carried out in the anechoic Star lab SATIMO chamber. For each total efficiency measurement, the other corresponding antenna elements were connected to a 50  Ω  load. As discussed earlier, due to the symmetric configuration the measured radiation patterns for Ant1, Ant3, and Ant5 are discussed.



The radiation pattern with directive gains is depicted in the x-y plane in Figure 7 for Ant1, Ant3, and Ant5. In the x-y plane for the Ant1 and for Ant5, the radiation pattern is nearly quasi-omnidirectional, with a dip null at  ϕ  = 210 and  ϕ  = 150 respectively. The Ant3 radiation pattern is nearly omnidirectional. The Ant1, Ant3, and Ant5 are directives in the +x-axis. The slot and antennas are planar and by necessity have a pure linear polarization in the plane of the antenna, in this case, the x-y plane. The measured level of the cross polarization is less than −28 dB in the main radiation direction.




4.3. Surface Current and Electric Field Distribution


The study of surface current distribution is helpful to grasp the radiating behavior of the unit antenna and is discussed in this section. The unit slot antenna is excited by the inverted-L shape microstrip feed printed on the back of PCB. As strong current intensity is observed at the parasitic strip, the close and inner end of the slot is shown in Figure 8a.



Also, depicted in Figure 8b, for Port 1 excitation the electric field anti-nodes will be located in the middle of the slot and the field node position is at the end of the slot. Hence, the antenna evolves into the open-end slot monopole, and the antenna size is reduced.




4.4. Customer’s Hand Effect


In this section, the customer’s hand effect on the performance of the multiple antenna system is studied, with a focus on data mode operation. Furthermore, this section will also consider the Envelope Correlation Coefficient (ECC) for the customer hand effect. The study of the customer hand effect is an essential requirement to assess its influence on the performance antenna elements. The main factors affecting the hand are as follows: antenna (design, size, location) and handgrip (position of the fingers concerning antenna, obstructed antenna area, palm-hand distance). The positions or grip style used in this study are by the Cellular Telecommunications Industry Association (CTIA) standards version 3.4 [21].



Accordingly, the electric properties of hand phantom or customer’s hand are modeled as reported in [22] across the desired 3.5 GHz Band. The target value is a real part of permittivity 28 to 32 and the effective conductivity is 0.7 to 0.9 S/m for hand phantom, depicted in Figure 9. However, for this study, we model the customer’s or user’s hand with a constant value interpolated at the center frequency of 3.5 GHz with effective permittivity of 29 and effective conductivity of 0.8 S/m. The two postures considered for this study are Single-Hand Operation (SHO) and Two-Hand Operation (THO), depicted in Figure 9. Two- or dual-hand operation is not yet standardized, hence the posture adopted in this study is inspired by that which is mostly used by customers.



The total efficiency of the proposed multiple antenna system in free space is illustrated in Figure 10 and a comparison of the total efficiency of the single antenna element with reference to a multiple antenna system is presented. The single antenna element total efficiency varies from 60% to 70%. On the other hand, for the antenna elements in the other system the average total efficiency varies on average from 45% to 57%. The corresponding total efficiencies and ECC for the SHO and THO are presented in Figure 11 and Figure 12 respectively. As for the SHO mode, the customer’s palm being near a smartphone resulted in a decrease in total efficiency from Ant3 to Ant6 to below 50%. The customer’s hand will lead to dielectric loading of the antenna system. Thus, it reduces the total efficiency depending on the proximity of the hand to the antenna, with the details reported in [23]. Recently, different techniques have been proposed to mitigate the user hand effect. In [24,25], a thick buffer material with high permittivity or dielectric constant with low loss or low conductivity was used to counter the near-field coupling of the radiating antenna with the hand. This technique needs extra volume.



Furthermore, in [26] the authors dynamically selected the antenna with the best performance metrics in the presence of the user’s hand for a mobile terminal. The simulated Envelope correlation coefficient for the desired scenarios of SHO and THO is depicted in Figure 12b, and is lower than 0.5 as required for MIMO operation. Aside from the above-mentioned techniques, the user hand effect mitigated by using passive circuit components or tuning circuit is classified as adaptive impedance matching (AIM) [27].



AIM with variable impedance is a separate circuit module attached to the antenna to detect the time-varying mismatch. This work studied the direct interaction of the antenna system with the user’s hand and the method discussed in [23,24,26] was applied to reduce the effect of user’s hand dielectric loading of the proposed antenna system.




4.5. Key Performance Metrics Evaluation for MIMO Systems


The performance of a smartphone is significantly affected by different hand postures in rich scattering propagation. The critical performance metrics required in such prorogation scenarios are Envelope correlation coefficient (ECC) and Mean effective gain (MEG). The propagation environment effects are expressed as a statistical distribution function as explained in [28]. As for optimal MIMO operation, the ECC should be less than 0.5 to quantify the independent behavior of each antenna in the multiple antenna system. It is calculated from either S-parameters [29] or 3-D radiation pattern [30,31] for the far-field zone of multiple antenna structure. In this work, the ECC, MEG, and MIMO channel capacities are calculated based on the measured result conducted from the far-field measurements in the starlab anechoic chamber. ECC and MEG are calculated from the measured results according to [28]. Most studies reported in [32] considered  Γ = 0 dB for indoor and  Γ  = 5 dB for outer door fading environment. The ECC as given in (1) and MEG in (2) are calculated from the measured results according to [32], given as:


  E C C =     |      ∫   ∫     4 π    (    F i   ⃗   ( θ , ϕ )  )  ×  (    F j   ⃗   ( θ , ϕ )  )     d Ω |  2        ∫   ∫     4 π    |   (    F i   ⃗   ( θ , ϕ )  )    |  2   d Ω     ∫   ∫     4 π     |  (    F j   ⃗   ( θ , ϕ )  )  |  2   d Ω     



(1)




where      F i   ⃗   ( θ , Φ )    describe the 3D radiation pattern when antenna i is excited and      F j   ⃗   ( θ , Φ )    describe the 3D radiation pattern when antenna j is excited. Solid angle in above Equation (1) is represented as  Ω .


  M E G =  ∫  − π  π   ∫  0  π   [   r  r + 1     G θ   ( θ , ϕ )   P θ   ( θ , ϕ )  +   1  1 + r     G ϕ   ( θ , ϕ )   P ϕ   ( θ , ϕ )  ]  s i n θ d θ d ϕ  



(2)




where    G ϕ   ( θ , ϕ )    and    P θ   ( θ , ϕ )    are angle of arrival and r is the cross polar ratio which can be expressed as Equation (3).


  r = 10 l o  g 10   (    P  v p a    P  h p a     )   



(3)




where the power received by vertically polarized antenna and horizontally polarized antenna are represented as   P  v p a    and   P  h p a   , respectively.



The ECC calculated based on the measured far-field measurement for the proposed multiple antenna system is well below 0.27, as depicted in Figure 13. The MEG calculation accounts for total efficiency, gain, and the wireless propagation environment to measure the antenna–channel mismatch. For good power balance, the quantity of (MEGi/MEGj) or the difference between MEGs should be less than 3 dB for diversity performance. Terms i and j represent antennas. The MEG calculated based on the measured result is well below 3 dB, as shown in Table 1.



The channel capacity is an important parameter to estimate MIMO system performance. The channel capacities for the proposed multiple antenna system to support 6 × 6 MIMO based on measured total efficiency and ECC is 31.25 bps/Hz. The MIMO channel capacity was calculated based on [32,33,34]. The MIMO channel capacity was calculated by averaging the 10,000 Rayleigh fading realization with a reference signal to noise ratio (SNR) of 20 dB. The customer hand effect on the operation of the proposed multiple antenna system with respect to ECC and MIMO channel capacity was tabulated in Table 2, based on the simulated data using CST Microwave Studio.




4.6. Impact of Display Module (Metal Casing and Liquid Crystal Display)


The impact of the display module consists of a metal frame and the Liquid Crystal Display (LCD) is studied in this subsection. The metal frame adheres to the ground and the LCD display is made of glass with reflective permittivity of 7 and loss tangent of 0.02 with overall dimensions 136 mm × 68 mm × 1 mm, as shown in Figure 14. The metal frame section in the display module is extended to the slot radiator due to the fact that it is connected to the ground plane of Printed Circuit board (PCB) can be considered a ground for real phone. As evident from Figure 15, the display module will affect the resonating frequency of the unit antenna or Ant1 and it still meets the required standard of VSWR of 3:1. The ports isolation for the proposed multiple antenna system is greater the 13.5 dB. The tuning parameter of   F  s t b    can be used for adjusting the resonating frequency, as given in Figure 16, for a unit slot antenna. Similarly, the other antenna elements can also be tuned to the center frequency of 3.5 GHz.



Table 3 shows the performance comparison between the proposed works and the previous report. As discussed earlier that the most of reported focused on Long term Evolution (LTE) and Global System of Mobile communication frequency band of 700 MHZ to 1800 MHz and also in 2 GHz bands. Furthermore, the reported structure is large in dimensions has limited applications to be integrated for 5G Mobile terminal. Hence, the proposed multiple antenna system using the ground plane structure of mobile or slot antenna is easily designed and implemented on the longer edges or sided edges. With the modern trend, od smartphone requires a metal frame structure. Thus the proposed multiple antenna system can be easily embedded in it. As for 2G/ LTE, smooth operation space reservation is made at the top and lower short edges of PCB of the smartphone.





5. Conclusions


This work presented a multiple-input multiple-output, six element, open-ended slot antenna system fed by Inverted-L shaped microstrip with tuning stub for 5G mobile terminals operating at a single band of 3.5 GHz. Three identical antenna elements (open-ended slot) were etched across each length of the chassis and investigated. The impedance bandwidth of 200 MHz achieved, base on −6 dB criteria, enough for a future 5G cellular wireless communication system, with good isolation of <−13 dB using a spacing of half a wavelength among any two radiating elements and having an ECC less than 0.15 and a peak gain of 4.8 dBi. Meanwhile, the effects of the user’s hand in both single-hand and two-hand scenarios was studied and showed good results, with ECCs of 0.10 and 0.007 and channel capacities of 27.43 and 23.24 bps/Hz, respectively. The measured results agreed fairly well with the simulated results. The free space ergodic MIMO channel capacity calculated for the proposed antenna system using Matlab was about 31.25 bps/Hz, approximately 2.7 times higher than 2 × 2 MIMO operations with a 20 dB SNR reference level in a Rayleigh fading environment. Due to better performances in bandwidth, isolation, total efficiency, channel capacity and radiation patterns, the proposed six-element MIMO array is a potential applicant for 5G smartphone systems.
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Figure 1. (a) The multiple antenna system for multiple-input multiple-output (MIMO) application in a smartphone. (b) Geometric configuration of unit slot antenna. (c) Inverted-L feeding strip. 
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Figure 2. (a) The unit slot antenna Reference Antenna or Ref. Ant. (b) Proposed Antenna or Prop_Ant (Ant1). (c) Fabricated multiple antenna system. 
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Figure 3. (a) Simulated Scattering S-Parameters for the unit slot antenna. (b) Input impedance curve. 
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Figure 4. The simulated S-parameter as a function of (a)   F  s t b   , (b)   L  s t r   , and (c) d. 
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Figure 5. The S-Parameters; Simulated is denoted by (Sim) and Measured by (Meas). (a) Ant1 and Ant3. (b) Ant5. 
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Figure 6. (a) The measured and simulated S-Parameters for port isolation. (b) Measured gain and total efficiency for Ant1, Ant3, and Ant5. 
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Figure 7. Measured and simulated radiation pattern x-y plane for (a) Ant1, (b) Ant3, and (c) Ant5. 
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Figure 8. The unit antenna element or Ant1 simulated at 3.5 GHz. (a) Current distribution. (b) Electric field distribution. 
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Figure 9. The customer’s hand usage scenarios: (a) Single-Hand Operation (SHO) and (b) Two-hand Operation (THO). 
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Figure 10. The total efficiency of the multiple antenna system free spaces (without the customer’s hand). 
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Figure 11. Single-Hand Operation (SHO) for the proposed multiple antenna system. (a) total efficiency. (b) Envelope correlation coefficient. 
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Figure 12. Two-Hand Operation (THO) for the proposed multiple antenna system. (a) total efficiency. (b) Envelope correlation coefficient. 
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Figure 13. The Envelope Correlation Coefficient (ECC) based on measured far-field results (a) ECC for Ant1 with Ant2,Ant3,Ant4 and Ant5, and (b) ECC for Ant2 with Ant3,Ant4,Ant5,Ant6,Ant7 and Ant8. 
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Figure 14. Simulation model for the proposed multiple antenna system with the display module. 
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Figure 15. Simulated S-Parameters (a) Impedance Bandwidth, (b) Ports Isolation. 
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Figure 16. Comparison of simulated   S 11   of Ant1 by tuning the   F  s t b    parameter. 
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Table 1. Mean Effective Gain (MEG) for Ant1 to Ant6.
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	Frequency (GHz)
	MEG Ant1

(dB)
	MEG Ant2

(dB)
	MEG Ant3

(dB)
	MEG Ant4

(dB)
	MEG Ant5

(dB)
	MEG Ant6

(dB)





	Indoor XPR = 1
	−3.20
	−3.15
	3.20
	−3.18
	−3.22
	−3.13



	Indoor XPR = 5
	−3.40
	−3.50
	−3.64
	−3.48
	−3.50
	−3.70
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Table 2. MIMO channel capacities and ECC for free space (without hand) and customer’s hand scenarios based on simulated results.
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	MIMO Configuration
	Scenario
	ECC
	Channel Capacity (bps/Hz)





	
	Free Space
	0.012
	34.25



	6 × 6
	Single-Hand Mode
	0.10
	27.43



	
	Two-Hand Mode
	0.07
	23.24
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Table 3. Performance comparison with smartphone antenna. Abbreviation: Number of Antenna elements = # Ant, Total Efficiency = T.E%, Peak Channel Capacity (bps/Hz) = PCC, Envelope correlation Coefficient = ECC.






Table 3. Performance comparison with smartphone antenna. Abbreviation: Number of Antenna elements = # Ant, Total Efficiency = T.E%, Peak Channel Capacity (bps/Hz) = PCC, Envelope correlation Coefficient = ECC.





	Ref.
	Bandwidth

(GHz)
	#Ant
	T.E%

(meas)
	PCC
	ECC

(Required < 0.5)





	Proposed
	3.4–3.6
	6
	50 to 60
	32
	0.15



	[3]
	1.67–2.76
	2
	70 to 80
	Not Given
	0.05



	[4]
	1.7–2.2
	4
	83 to 89
	Not Given
	0.02



	[5]
	0.6-0.9/1.6–2.6
	4
	40 to 70
	Not Given
	0.25



	[7]
	1.8–1.9/2.3–2.6
	6
	37 to 79
	Not Given
	0.16



	[8]
	0.73–0.79/2.3–2.4
	4
	∼70
	Not Given
	0.4



	[13]
	0.6–0.9
	4
	40 to 50
	17
	0.3
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