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1 Introduction 2017¢ Sun et al.2018; Chang et al2019 202]). An
orthogonal polarization method andextion of a
The 5G era has already arrived and mamy  proper antenna layout can help to mitigate the mutual
plications are prosperin@he MIMO (multiple input,  coupling probleml(i et al.,2010,2011;Chen et b,
multiple output) system is the key to enhancing 2019. Orthogonal modes are excited in the same
channel capacity whether for 4G or 5G systems. Foradiator including a onwavelength loop and qua
a smartphone, thmost challenging task for antenna terwave open cavity, and an-phase loop and slot
engineers is how to acconodate the numerous 4G (Li et al., 2017a, 2017b; Sun et a018, whereas
and 5G multiport ant@nas while avoiding mutual two orthogonal radiators including a-shaped
coupling probleméLi et al., 2009, 20124ong, 2017; mongole and a floating dipole are excited separately
Sharawiet al., 201). Therefore, implementing rhu  within the same are@hanget al.,2019. In a recent
tiple antennas witin a small space is a worthwhile study(Wong et al.2017a, 2017b, 201Ycalthough
topic to study, especially for antennas operating at thehe two kinds of antennas in an antenna pair are both
same fequency. identical inphase current antennas/invertedar~
Recently, several studies have reported how taennas, coupled feed method and proper antenna
accommodate two efsequency antennas with good layout solve the coupling issue.
mutual coupling perfanance within the same area fiFull screed has become an indispensable
(Li etal.,2017a, 2017pbWong et al.2017a, 2017b, slogan for all the manufacturéfagship producs
(Han et al., 20194uang et al.2019. Small ground
7 Corresponding author clearance is one of thegqmmditions for full screen
" This work was supported in part by the National Naturaé'se  smartphones. For a modern smartphone, the ground
Founiatiorc‘i OI; Chil”a‘;di't%?r_‘t izlff’ls‘:]”'ni”_ F;” *?rllf ther*l(de@r'Fé clearance is less than 2 mwWgng et al. 2017a,
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and back cover, is another fashion trewéb(igand
Tsai 2016, 2017. But a metallic back cover can
deteriorate impedance matchingdaradiation eff
ciency for antennasefloyed in ground clearance.
Therefore, antennas without ground clearance are
important to achieve higpberformance in nie

Metal-casing smartphone
(metallic back cover and metallic bezels)

al-cased smartphones. Itimportantto distinguish
between our proposed antenna and the onene
posed byl.Chang,(Changet al.,2019. Although
these two antennas share the same radiating principle,
our proposed implementation style prevents the a
tenna from being the obstacle toreating a Metallic hack cover
full-screen and metalsed smartphone, which is (a)
espedilly 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 simpkshkped slot on
the metallic bezel. Two orthogonaibolarized
characteristic modes é¢tuding the inphase current
mode and the slot mode are excited simultaneously in
the same antenna structure. Simulated results from
using the proposed dual antenna psiiow good
impedance matching, isolation better than 24.5 dB,
an envelope correlation oefficient (ECC) ofless
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 lve verified its feasibility. ®

Proposed dual antenna pair

Model: Y polarization

Mode2: X polarization

— Current |

{— E-field

Fig. 1. (a) The metalcasing phone model. (b) Two
orthogonal characteristic modes of the proposed dual
antenna pair: the in-phase current mode and the slot
mode.

The physical principle of the proposed dual
antenngpair is illustrated in Fig. 1. Fig. 1a shoas current flows around the slat the same direction,
metatcased phone model consisting of a completeeither clockwise or counterclockwise. Thisghase
metallic back cover and four enclosed metallic bezelscurrent excites the ground currémthe direction,
The back covelis locatel at the bottom opening producing ¥polarized radiationln mode 2, it is a
plane of the cavity formed by the four bezels. Thetypical slot modeUnlike mode 1, there is no pote
propased dual antenna pair is actually-aiBped slot, tial difference across the split, so thdi&ds on the
which can be viewed as two symmetrical slot arehavethe same phase and orientatiom-pr
mouthto-mouth open slots, or a combination of a ducing Xpolarized radiation. Therefore, these two
rectangular slot and a split. Importantly, no ground orthogonal modes make it feasible to desagtual
cleaance is needed. antenna pair witlahigh irrelevance property. On one

The two characteristic modes of the praggbs hand, both the iphase current mode and the slot
structure are illustrated in Fig. 1b. For mode 1, a 180°mode operate at the half wave mode, and hepee o
phase difference exists between the two sides of therate at the same frequency. On the other hand, the
split, and the Hields are built across the split. A two modes are polarizatiesrthogonal, which leds
quarterwave field is distributed on each open slot to high port isolation and antenna irrelevance pe
and the two open slotavereversegphases. The formance.

2 Operation principle
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If the two modes can be excited properly, a Antl, the inrphase current antenna, is excited using

co-frequency dual antenna pair with high indeghen

the odd mode excitation method, which means that a

ence can be obtained. This novel antenna palir-wit 180°potential difference is built across the sphtn
out ground clearance is suitable for use int-me endshorted microstrip line that crosses the split is

al-caedsmartphong

3 Realization of the dual antenna pair

used to excite the iphase current mode. Ant2, the
slot antenna, is excited using the even mode axcit
tion method, which indicates that the two sides of the
split are equipotential A symmetrical Yshaped
network with its shorted ends crossing the slot is used

Fig. 2a shows the realization of the proposedto excite the st mode.Note that the Yshaped nie
dual antenna pair. Several Sr8n-thick FR-4 sib-

strates

work turns 90%rom the main board to the side board.

(O0Ur=4. 4, t an U =0Th®idenl symmetry ofuAntgndludingdhe symmitet at e

metallic back cover and four metallic bezels. For therical Y-shaped network and-Shaped slotis im-
main board in the XY plane, a whole metal pattern onportant for guarantégg high port isolation. For both
the back side acts as the complete metallic backantennas, two simt-series lump components are
cover and no ground clearanueedgo be resersd.
For the side boards in the YZ and the XZ planes,(Li et al., 2010).

whole metal patterns dheouter surfaces act as the

reserved near the port to adjust impedance matching

A sub6-GHz dual antenna pair operating at 3.5

metallic bezels. The metallic back cover connectsGHz was analyzed Its detailed dimensions aré- i
with the four metallic bezels vertically at the bottom lustrated in Fig. 2b, which shows the front side of the
opening of the cavity formed by the four bég
constituting the system ground. The dimensions of(the substrate of the side board is set to transparent).
the main board are 155%75 nipandthe height of
the side boards 7 mm,which are the typical size and the CST version 201and the simul&n results are
thickness ofimodern smartphone.

The cetailed geometry of the realized dual a
tenna pair is darged in the blue dashed rectangle. A considered irthe simulation. The S parametesgre
symmetrical Tshaped slot is etched off from the right as shown in Fig. 3a. The reflection coefficients of
bezel. Two feeding networks loeaton the front side
of the main board and on the inner surface of the siddor Antl and Ant2, respectively. Owing to ootjonal
board are used to excite the two characteristic modegolarization, isolationverebetter than 24.5 dB

0.8mm-thick FR4 substrate as

0.8mm-thick FR4 substrate as the

b A

metallic back cover and mai d

Dual antenna pair as a building block

the metallic bezel a'r_ld side board

bezel intersect vertically at this point

Slot
(o_uter surface)

Split

Feed network
(inner surface)

(outer surface)

(a)

main board and the inner surface of the side board
The proposed dual antenna paassimulated using
shown in Fig. 3 and 4. The parasitic paramstand

intrinsic resistors of the lump componentgere

both antennaserebetter thar10.1 dB and6.9 dB

Front side of the mainboard Inner surface of the side board

Substrate is se

to transparent

(b)

Fig. 2. (a) Realization of the proposed dual antenna pair. (b) Dimensions of the realized shiliGHz dual antenna pair.

(Unit: mm).
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Fig. 3. Simulated resuls of the proposed dual antenna pair. (a) S parameters, (b) ECC (Realized gain patterns .
3.5 GHz are shown in the insets), and (c) total efficiency.

----- Portl is excited Port2 is excited -
Port2 is terminated to 50 Q Portl is terminated to 50 Q

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

across the pass band. The feeding networks dre crithe two antennabavegood diversity performance.
ical to guarantee the orthogonalifjor Antl, the  Fig. 3c shows théotal efficiencies of the twora
microstrip line crosses the split ard180°phase  tennas: 50.3~55.2% for Antl and 50.1~63.18%
difference is established across the split, so all theAnt2. Fig 4 shows the vector -Eeld and current
symmetrical points on the two open slbisve re- distributions ortheantenna aperturand the ground
versed phaseFor Ant2, a symmetrical network is current distributions at 3.5 GHz. The field distrib
used to feed the symmetrical antenna structure, so ations are consistentith the two modes analyzed in
the symmetrical points on the two open shlagethe  Fig. 1. When portl is excite@ strong Efield is
same phase. As a result, the power fed into portlestablished across the splind two quarter waves
cannot flow into port2and vice versa, resulting in with reversed phase are distributed in the. ot
high port isolation. Fig. 3b shows the ECC. The in-phase current flows around the slot andirécted
simulated ECGwvaslower than 0.01 across th@-0  ground currents excited. When port2 is eiked, the
eration band, indicating the two antentesl little classic slot mode is observed and there is no potential
correlation. On the other hand, antenna irrelevancdlifference across the split. Because the currents
can be observed intuitively from radiation patterns.along the longitudinal direction flovin opposite
The realized gain patterns at 3.5 GHz are shown irdirectiors, X-directed ground current is excited.
the insets. Benefiting from orthogonal polarization,

the main lobes of the two antennas are nearly o

thogonalAnt 1 6 s ma i inthd-Yodbeetiop o i4nFabgicated four-antenna MIMO array
whereas Ant 20 sintmaidirectbnobe poi nts

Good isolation and irrelevance levels indicate that A four-antenna MIMO array consisting of



