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1  Introduction 

 

The 5G era has already arrived and many ap-

plications are prospering. The MIMO (multiple input, 

multiple output) system is the key to enhancing 

channel capacity whether for 4G or 5G systems. For 

a smartphone, the most challenging task for antenna 

engineers is how to accommodate the numerous 4G 

and 5G multi-port antennas while avoiding mutual 

coupling problems (Li et al., 2009, 2012; Hong, 2017; 

Sharawi et al., 2017). Therefore, implementing mul-

tiple antennas within a small space is a worthwhile 

topic to study, especially for antennas operating at the 

same frequency. 

Recently, several studies have reported how to 

accommodate two co-frequency antennas with good 

mutual coupling performance within the same area 

(Li et al., 2017a, 2017b; Wong et al., 2017a, 2017b, 

2017c; Sun et al., 2018; Chang et al., 2019, 2021). An 

orthogonal polarization method and selection of a 

proper antenna layout can help to mitigate the mutual 

coupling problem (Li et al., 2010, 2011; Chen et al., 

2019). Orthogonal modes are excited in the same 

radiator including a one-wavelength loop and quar-

ter-wave open cavity, and an in-phase loop and slot 

(Li et al., 2017a, 2017b; Sun et al., 2018), whereas 

two orthogonal radiators including a T-shaped 

monopole and a floating dipole are excited separately 

within the same area (Chang et al.,2019). In a recent 

study (Wong et al., 2017a, 2017b, 2017c), although 

the two kinds of antennas in an antenna pair are both 

identical in-phase current antennas/inverted F an-

tennas, coupled feed method and proper antenna 

layout solve the coupling issue. 

ñFull screenò has become an indispensable 

slogan for all the manufacturersô flagship products 

(Han et al., 2019; Huang et al., 2019). Small ground 

clearance is one of the preconditions for full screen 

smartphones. For a modern smartphone, the ground 

clearance is less than 2 mm (Wong et al., 2017a, 

2017b, 2017c; Sun et al., 2018; Chang et al., 2019, 

2021; Deng et al., 2019). Moreover, considering the 

esthetic appearance and mechanical robustness, a 

metal-cased smartphone or one with an all-metal 

identity, such as a smartphone with metallic bezels 
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and back cover, is another fashion trend (Wong and 

Tsai, 2016, 2017). But a metallic back cover can 

deteriorate impedance matching and radiation effi-

ciency for antennas deployed in ground clearance. 

Therefore, antennas without ground clearance are 

important to achieve high-performance in met-

al-cased smartphones. It is important to distinguish 

between our proposed antenna and the one one pro-

posed by L.Chang, (Chang et al., 2019). Although 

these two antennas share the same radiating principle, 

our proposed implementation style prevents the an-

tenna from being the obstacle to creating a 

full -screen and metal-cased smartphone, which is 

especially useful for realistic engineering. 

A co-frequency dual antenna pair with zero 

ground clearance is proposed for the first time. The 

proposed antenna pair is a simple T-shaped slot on 

the metallic bezel. Two orthogonally-polarized 

characteristic modes including the in-phase current 

mode and the slot mode are excited simultaneously in 

the same antenna structure. Simulated results from 

using the proposed dual antenna pair show good 

impedance matching, isolation better than 24.5 dB, 

an envelope correlation coefficient (ECC) of less 

than 0.01, and total efficiency ranges of 50.3~55.2% 

and 50.1~63.1%. Measured results of the fabricated 

four-antenna array have verified its feasibility. 

 

 

2  Operation principle 

 

The physical principle of the proposed dual 

antenna pair is illustrated in Fig. 1. Fig. 1a shows a 

metal-cased phone model consisting of a complete 

metallic back cover and four enclosed metallic bezels. 

The back cover is located at the bottom opening 

plane of the cavity formed by the four bezels. The 

proposed dual antenna pair is actually a T-shaped slot, 

which can be viewed as two symmetrical 

mouth-to-mouth open slots, or a combination of a 

rectangular slot and a split. Importantly, no ground 

clearance is needed. 

The two characteristic modes of the proposed 

structure are illustrated in Fig. 1b. For mode 1, a 180° 

phase difference exists between the two sides of the 

split, and the E-fields are built across the split. A 

quarter-wave field is distributed on each open slot 

and the two open slots have reversed phases. The  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

current flows around the slot in the same direction, 

either clockwise or counterclockwise. This in-phase 

current excites the ground current in the Y direction, 

producing Y-polarized radiation. In mode 2, it is a 

typical slot mode. Unlike mode 1, there is no poten-

tial difference across the split, so the E-fields on the 

slot are have the same phase and orientation, pro-

ducing X-polarized radiation. Therefore, these two 

orthogonal modes make it feasible to design a dual 

antenna pair with a high irrelevance property. On one 

hand, both the in-phase current mode and the slot 

mode operate at the half wave mode, and hence op-

erate at the same frequency. On the other hand, the 

two modes are polarization-orthogonal, which leads 

to high port isolation and antenna irrelevance per-

formance. 

Fig. 1.  (a) The metal-casing phone model. (b) Two 

orthogonal characteristic modes of the proposed dual 

antenna pair: the in-phase current mode and the slot 

mode. 
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If the two modes can be excited properly, a 

co-frequency dual antenna pair with high independ-

ence can be obtained. This novel antenna pair with-

out ground clearance is suitable for use in met-

al-cased smartphones. 

 

 

3  Realization of the dual antenna pair 

 

Fig. 2a shows the realization of the proposed 

dual antenna pair. Several 0.8-mm-thick FR-4 sub-

strates (Ůr=4.4, tanŭ=0.02) are used to imitate the 

metallic back cover and four metallic bezels. For the 

main board in the XY plane, a whole metal pattern on 

the back side acts as the complete metallic back 

cover and no ground clearance needs to be reserved. 

For the side boards in the YZ and the XZ planes, 

whole metal patterns on the outer surfaces act as the 

metallic bezels. The metallic back cover connects 

with the four metallic bezels vertically at the bottom 

opening of the cavity formed by the four bezels, 

constituting the system ground. The dimensions of 

the main board are 155×75 mm2, and the height of 

the side board  is 7 mm, which are the typical size and 

thickness of a modern smartphone. 

The detailed geometry of the realized dual an-

tenna pair is enlarged in the blue dashed rectangle. A 

symmetrical T-shaped slot is etched off from the right 

bezel. Two feeding networks located on the front side 

of the main board and on the inner surface of the side 

board are used to excite the two characteristic modes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ant1, the in-phase current antenna, is excited using 

the odd mode excitation method, which means that a 

180° potential difference is built across the split. An 

end-shorted microstrip line that crosses the split is 

used to excite the in-phase current mode. Ant2, the 

slot antenna, is excited using the even mode excita-

tion method, which indicates that the two sides of the 

split are equipotential. A symmetrical Y-shaped 

network with its shorted ends crossing the slot is used 

to excite the slot mode. Note that the Y-shaped net-

work turns 90° from the main board to the side board. 

The ideal symmetry of Ant2, including the symmet-

rical Y-shaped network and T-shaped slot, is im-

portant for  guaranteeing high port isolation. For both 

antennas, two shunt-series lump components are 

reserved near the port to adjust impedance matching 

(Li et al., 2010). 

A sub-6-GHz dual antenna pair operating at 3.5 

GHz was analyzed. Its detailed dimensions are il-

lustrated in Fig. 2b, which shows the front side of the 

main board and the inner surface of the side board 

(the substrate of the side board is set to transparent). 

The proposed dual antenna pair was simulated using 

the CST version 2017, and the simulation results are 

shown in Figs. 3 and 4. The parasitic parameters and 

intrinsic resistors of the lump components were 

considered in the simulation. The S parameters were 

as shown in Fig. 3a. The reflection coefficients of 

both antennas were better than -10.1 dB and -6.9 dB 

for Ant1 and Ant2, respectively. Owing to orthogonal 

polarization, isolation were better than 24.5 dB  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.  (a) Realization of the proposed dual antenna pair. (b) Dimensions of the realized sub-6 GHz dual antenna pair. 

(Unit: mm).  



 Chang et al. / Front Inform Technol Electron Eng   in press 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

across the pass band. The feeding networks are crit-

ical to guarantee the orthogonality. For Ant1, the 

microstrip line crosses the split and a 180° phase 

difference is established across the split, so all the 

symmetrical points on the two open slots have re-

versed phase. For Ant2, a symmetrical network is 

used to feed the symmetrical antenna structure, so all 

the symmetrical points on the two open slots have the 

same phase. As a result, the power fed into port1 

cannot flow into port2, and vice versa, resulting in 

high port isolation. Fig. 3b shows the ECC. The 

simulated ECC was lower than 0.01 across the op-

eration band, indicating the two antennas had little 

correlation. On the other hand, antenna irrelevance 

can be observed intuitively from radiation patterns. 

The realized gain patterns at 3.5 GHz are shown in 

the insets. Benefiting from orthogonal polarization, 

the main lobes of the two antennas are nearly or-

thogonal. Ant1ôs main lobe points in the -Y direction, 

whereas Ant2ôs main lobe points in the -X direction. 

Good isolation and irrelevance levels indicate that  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the two antennas have good diversity performance. 

Fig. 3c shows the total efficiencies of the two an-

tennas: 50.3~55.2% for Ant1 and 50.1~63.1% for 

Ant2. Fig. 4 shows the vector E-field and current 

distributions on the antenna aperture, and the ground 

current distributions at 3.5 GHz. The field distribu-

tions are consistent with the two modes analyzed in 

Fig. 1. When port1 is excited, a strong E-field is 

established across the split, and two quarter waves 

with reversed phase are distributed in the slot. An 

in-phase current flows around the slot and Y-directed 

ground current is excited. When port2 is excited, the 

classic slot mode is observed and there is no potential 

difference across the split. Because the currents 

along the longitudinal direction flow in opposite 

directions, X-directed ground current is excited.  

 

 

4  Fabricated four-antenna MIMO array 

 

A four-antenna MIMO array consisting of 

Fig. 4.  Field distributions on antenna aperture and ground current distributions at 3.5 GHz. (a) The in-phase current 

antenna, and (b) the slot antenna. 

Fig. 3.  Simulated results of the proposed dual antenna pair. (a) S parameters, (b) ECC (Realized gain patterns at 

3.5 GHz are shown in the insets), and (c) total efficiency. 


