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Wideband Back Cover Microstrip Antenna With Multiple
Shorting Vias for Mobile 5G MIMO Applications

Mingzhe Hu™ and Yue Li

Abstract— This communication proposes a wideband and low-profile
microstrip antenna for multiple-input multiple-output (MIMO) applica-
tions. By loading two sets of shorting vias and cutting two symmetrical
slots on a rectangular patch, triple modes, including the monopole mode,
the TM;9, and TMy; modes, are excited simultaneously to achieve the
wideband radiation in a relatively low profile. Four elements of the
proposed antenna are placed in a sequentially rotated configuration for
mobile MIMO applications with a small volume of 59.2 x 59.2 x 2.5 mm>
(0.82 19 x 0.82 Ay x 0.034 Ay, where Ay is the free-space wavelength
at the center frequency). A cross-line fence is placed in the center to
improve the isolation between adjacent elements. A prototype of the
proposed MIMO antenna is fabricated and tested, with the measured
—6-dB impedance bandwidth of 3.3-5.0 GHz, covering the N77/N78/N79
bands of fifth-generation (5G) requirements. The proposed four-elements
MIMO antenna has the advantages of low profile, compact size, and wide
bandwidth, providing a feasible solution of 5G mobile MIMO antennas
on the back cover of the device.

Index Terms— Fifth generation (5G), microstrip antennas, multiple-
input multiple-output (MIMO), sequentially rotated array, wideband
antennas.

I. INTRODUCTION

With the development and widespread application of fifth gen-
eration (5G), the number of antennas in a typical mobile phone
increases obviously and so does the challenge for antenna design.
Multiple-input multiple-output (MIMO) is an important technology
in mobile 5G applications, and a typical 5G mobile phone consists
of at least four antennas. Traditional mobile phones mostly employ
antennas at the bezel zone, which has a clearance of several millime-
ters for MIMO antennas [1], [2], [3], [4], [5], [6], [7]. However,
with the increased antenna number and the configuration of full-
screen display, the bezel zone is crowded for MIMO antennas.
Therefore, antennas on the back cover are an alternative for antenna
engineers [8], [9], [10], [11], [12], [13], [14], [15]. In [9], four
shorted patches function as the radiator of an antenna pair to
cover the N79 band. Half-mode patch [10], [11], planar inverted-F
antenna [12], [13], and slot antenna [14] are also utilized to realize
multiple narrow bands or wideband radiation. Apart from traditional
modes and their varieties, characteristic mode analysis is applied
in [15] to design a back cover MIMO antenna with high isolation.

To be integrated with the back cover of the mobile phone, the
antenna needs a low profile with a complete ground plane to avoid
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breaking the mainboard. Among all the antennas, the microstrip
antennas are suitable candidates. However, traditional microstrip
antennas suffer from narrow bandwidth due to the low profile
and high quality factor. Recently, a lot of methods for bandwidth
enhancement of microstrip antennas have been reported. The first type
uses single-mode perturbation. Two E-shaped patches are proposed
to achieve a bandwidth of 9% [16] and 24% [17] with different
profiles. The structure is simple, though the design freedom is limited.
The second type is widely known as the multiple modes coupling
theory [18], [19], [20], [21]. Parasitic stubs, slots, or vias are used
to tune multiple modes closer to obtain a wider bandwidth. In [18],
shorting vias are employed to couple TM g and TM |, modes. With a
central slot to provide an additional slot mode, the antenna realizes a
bandwidth of 55%. A set of concentric conductive vias are loaded on
a circular patch to excite the TMg; and TMg, modes with a conical
radiation pattern in [20] and [21]. However, simultaneously exciting
multiple modes at designated frequencies may result in intricate struc-
tures and difficulty of independent tuning. The third type is inspired
by recent advances in metamaterials [22], [23], [24], [25], [26].
By periodically arranging a square mushroom array in [22] or loading
gridded slots on a rectangular patch in [23], [24], and [25], the TM o
and antiphase TM»p modes are excited and coupled to achieve a
rather wide bandwidth of up to 41% with a low profile of less than
0.06 Ay (Ag is the free-space wavelength at the center frequency).
Besides, the concept of composite right-/left-handed transmission
line is used in [26] to excite a negative-order resonance. Despite
the excellent performance, the metamaterial-inspired antennas suffer
from a large footprint and complicated structure.

In this communication, a wideband back cover microstrip antenna
is proposed for mobile 5G MIMO applications. Starting from a rect-
angular microstrip antenna, by loading two sets of shorting vias and
cutting two symmetrical slots, the monopole mode, the TM1(, and
TMp; modes are simultaneously excited to cover the N77/N78/N79
bands of 3.3-5.0 GHz. The design process with parametric studies
is provided to explicate the working mechanism. Four elements are
arranged in a sequentially rotated configuration with a small volume
0f 59.2 x 59.2 x 2.5 mm? (0.82 Ay x 0.82 Ay x 0.034 Ag). A cross-
line fence is used to improve the isolation between adjacent elements.
A prototype of the MIMO antenna is fabricated and tested. The
measured results are in agreement with the simulations. Integration
with a full cover and user’s hand is also studied to validate the
compatibility with mobile phones, exhibiting its potential applications
for mobile 5G terminals.

II. ANTENNA CONFIGURATION AND WORKING MECHANISM
A. Antenna Configuration

The structural configuration of the proposed four-elements MIMO
antenna is illustrated in Fig. 1, which shows the exploded, top, and
side views. The proposed MIMO antenna consists of two layers:
an FR-4 substrate with height s{ and an air layer with height
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Fig. 1. Configuration of the proposed four-elements MIMO antenna.
(a) Exploded view. (b) Top view. (c) Side view.

hy. A ground plane is at the bottom. The FR-4 substrate has a
relative permittivity of 4.4 and a loss tangent of 0.02. The air layer
corresponds to the space between the back cover and the mainboard,
imitating the typical configuration of mobile phones.

As shown in Fig. 1(b), both the substrate and the ground are in
a square shape of I; x Ig. On the top surface of the substrate are
the four same antenna elements arranged in a sequentially rotated
configuration, forming an envelope of [, x [p,. Each antenna consists
of a rectangular patch with two symmetric slots etched on the long
side and loaded with multiple shorting vias. The dimension of the
rectangular patch is /1 X Ip, and the slots all have a length of s; and
a width of sp. For each element, the shorting vias can be divided
into two sets. Set 1 consists of three outer vias with their distances
to the wide side d; and the long side dp. Set 2 consists of four inner
vias at the center of the patch, forming a square of 2dy. All the vias
with a radius of r connect the patch and the ground plane. Fig. 1(c)
only shows part of the shorting vias for simplicity. The feed point is
approximately symmetric with the first set of vias but has distances
f1 and f> instead. Apart from the four elements, a slightly bent
cross-line fence is located in the center. Its shape can be thought
of as a cross with its four branches slightly bent clockwise. The
dimensions of the fence are marked in Fig. 1(b). The detailed values
of each parameter are listed in Table I. The commercial software
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TABLE I
DETAILED DIMENSIONS (UNIT: MILLIMETERS)

Parameter Value Parameter Value Parameter Value
h; 0.5 Iy 70.0 d; 9.0
h; 2.0 1, 59.2 d, 8.7
X7 6.0 I 28.7 N 1.3
Xz 3.0 15 25.7 fi 9.15
X3 8.0 s; 32 1 5.85
Wy 1.0 S2 1.0 r 0.5
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Fig. 2. Antenna element and its working mechanism. (a) Antenna element
configuration (top view). (b) Simulated reflection coefficient of the proposed
antenna element. (c) Surface current distributions on the patch at three
resonant frequencies.

Ansoft high-frequency structure simulator (HFSS) is used for antenna
design and optimization.

B. Working Mechanism

Fig. 2 illustrates the details of the proposed antenna element and
its working mechanism. Fig. 2(a) shows the top view of a single
antenna element, comprising a rectangular patch with two slots, seven
shorting vias, and one feed point. The detailed optimized values of its
geometry parameters are slightly different from the ones in Table I.
For the antenna element, di = 8.85 mm, d» = 8.35 mm, s; =
4.0 mm, and the others remain the same. The simulated reflection
coefficient is given in Fig. 2(b). It shows that the antenna has
three resonance frequencies at 3.5, 4.5, and 4.9 GHz, providing a
—6-dB impedance bandwidth from 3.26 to 5.16 GHz. Fig. 2(c) plots
the surface current distributions on the patch at the three resonant
frequencies. At 3.5 GHz, it is observed that currents flow outward
from the three outer vias and the feed point. The two currents on
the same diagonal are opposite, thus resulting in a radiation null
at the broadside, which means a monopole mode is obtained. For
4.5 and 4.9 GHz, currents mostly flow along the long or wide side of
the patch, showing a typical TM1g or TMp; mode. According to the
microstrip cavity theory, at the working frequency of TMy mode, the
length of the long side approximately equals half of the wavelength,
whereas TM(; mode corresponds to the wide side. For a rectangular
patch, the frequency of TM g mode is naturally lower than that of
TMg; mode. By etching two symmetric slots on the long sides, the
current path is extended, as shown in Fig. 2(c), further lowering the
frequency of TM 1o mode.
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Fig. 3. Design process of the proposed antenna element: structures and
reflection coefficients. (a) Ant A: traditional rectangular patch with two
symmetric slots etched on the long side. (b) Ant B: add shorting vias 1.
(c) Ant C: add shorting vias 2.

To explain the working mechanism of the antenna, a design process
concerning the two sets of shorting vias is shown in Fig. 3. Ant
A consists of a rectangular patch with two slots and its dual-band
mechanism has been explained above. The simulated result shows its
two resonant frequencies at 3.8 and 4.5 GHz. By loading the first set
of shorting vias, the monopole mode of Ant B is excited at about
3.3 GHz. Meanwhile, the TM g and TM(; modes are shifted higher,
which can be explained by the equivalent circuit model. The patch
can be seen as a parallel RLC resonant circuit. The multiple shorting
vias are modeled as parallel inductance, reducing the total equivalent
inductance in the circuit. Thus, the resonant frequencies are shifted
higher.

Next, we add the second set of shorting vias to get Ant C. Since
the vias are at the center where the E-field is close to zero for the
TM|g and TMg; modes, their resonant frequencies are unaffected.
Actually, we can see from Fig. 3(c) that these four vias mainly
improve the impedance matching of the monopole mode and slightly
shift the resonant frequency from 3.3 to 3.5 GHz, closer to the
other two modes. The number of the second set of vias is chosen
on the compromise of impedance matching and structure simplicity.
Therefore, by exciting the monopole mode, the TM( mode, and the
TMp; mode, we obtain a wideband microstrip antenna covering the
frequency band from 3.3 to 5.0 GHz.

To further show how to tune the three modes, some critical
parameters of the shoring vias are further studied. Fig. 4 lists two
groups of parametric studies with the simulated reflection coefficients.
The distances to the two sides are studied carefully for the first set of
shorting vias. From Fig. 4(a), the distance d| mainly influences the
monopole mode and TM g mode. When d; gets smaller, the shorting
vias are closer to the side. According to the E-field distribution of
TM1o9 mode, its strength gets stronger, and hence, the influence of
the shorting vias, i.e., shifting the resonant frequencies of the two
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Fig. 4. Reflection coefficients for the proposed antenna element with different
values of (a) di and (b) d».

Fig. 5. Photograph of the fabricated four-elements MIMO antenna prototype.

modes higher, gets more obvious. The same reason applies to d»,
too. Combining d| and d» together, we can tune the three modes and
achieve wideband radiation characteristics.

III. FABRICATION AND MEASUREMENT

A prototype of the proposed four-elements MIMO antenna has
been fabricated and tested to validate our design. Fig. 5 shows the
photograph of the fabricated prototype. The FR-4 substrate board
floats above the copper board (ground plane), held by the multiple
shorting vias soldered with the patch and the ground plane. For
the feed points, the ground plane is etched with four holes and
soldered with four subminiature A (SMA) cable connectors. The outer
conductor is connected to the ground plane. The inner conductor
extends through the air layer and the FR-4 layer and is soldered with
the metallic patch. The S-parameters are measured with a vector
network analyzer (Agilent N9917A), and the radiation properties
are measured in an anechoic chamber. The simulated and measured
results of S-parameters are shown in Fig. 6. For simulation, the
reflection coefficients are below —6 dB from 3.24 to 5.00 GHz,
covering the N77/N78/N79 band of 3.3-5.0 GHz. Adjacent elements
have an isolation of over 11 dB within the operating band, and over
14 dB is achieved between the diagonal ones. For measurement, the
—6-dB impedance bandwidth of all four elements is from 3.19 to
4.95 GHz, which covers the three 5G bands. The isolations between
two elements are over 12 dB. Fig. 7 plots the total efficiency and
the envelope correlation coefficients (ECCs). The simulated total
efficiency is over 57% (—2.44 dB) across the band and has a peak of
86% (—0.66 dB). Due to structural symmetry, only the total efficiency
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Fig. 6. S-parameters of the four-elements MIMO antenna. (a) Simulated
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Fig. 7. Total efficiency and the ECCs of the four-elements MIMO antenna.

of Ant 1 is measured, which is from 55% (—2.60 dB) to 82%
(—0.86 dB). The ECCs are less than 0.05, which is considerably
small for mobile MIMO antennas.

Fig. 8 shows the radiation patterns of the proposed MIMO antenna
at three typical working frequencies. At 3.4 GHz, the antenna element
works in the monopole mode, but the pattern at 3.4 GHz of the
proposed MIMO antenna does not show an obvious radiation null,
mainly due to the out-of-center position on the whole substrate and
the interaction with the cross-line fence, which is advantageous in
mobile communication. The patterns at 4.4 and 4.9 GHz show a
broadside property and correspond well to the TMg and TMy
modes. The realized gains at three frequencies are 5.19, 8.82, and
8.08 dBi and range from 4.43 to 8.87 dBi across the band. The
measurement results are basically in accord with the simulations.

IV. Di1scUSssION

For the proposed MIMO antenna, a cross-line fence is added
among the four antenna elements. Many decoupling methods have
been proposed in previous works. For example, shorting vias or metal
walls are used in [27] and [28] to create a physical blockage for
decoupling. Besides, slots or metal rings are placed between antennas
to create a new resonant current, which cancels out the original
coupling [29], [30]. Recently, orthogonal modes [31] and the method
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Ant 1 is excited).

of common and differential modes cancellation [32], [33] are used
to achieve high isolation with simple structures.

In our design, by arranging the adjacent elements vertically, i.e.,
the long side of Ant 1 is parallel to the wide side of Ant 2, the
coupling decreases compared with a parallel arrangement. Further-
more, we add a cross-line fence mainly to improve the isolation of
adjacent elements at higher frequencies. It consists of four rotationally
symmetric branches, which are placed between two patches. Fig. 9
shows the S-parameters and surface currents in two cases, i.e., with
and without the cross-line fence. It can be seen that with identical
total dimensions and working frequencies, the isolation (S71) between
adjacent elements is improved by 5 dB from 4.1 to 5.0 GHz, while the
fence has a limited influence at lower frequencies. Besides, Fig. 9(b)
shows a resonant current on the fence and an obvious cancellation
of the currents on the adjacent elements. Actually, by adjusting the
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TABLE II
PERFORMANCE COMPARISON
Ref. -6 dB Bandwidth | Profile (\) | Area (M?) | AreaPercentage | Efficiency | Isolation (dB) | Gain (dBi)
[8] 4.4-5.0 GHz 0.012 0.59 x0.30 100% 42%-86% > 18 3.1-7.2
[9] 4.4-5.0 GHz 0.018 1.06 x 1.06 48% 40%-50% >22 1.9-3.7
[11] 3.3-4.2 GHz 0.026 0.44 x 0.44 13.8% 42%-61% > 10 N.A.
[13] 3.3-4.2 GHz 0.022 7 x0.17 6.3% 38%7* >97 N.A.
[14] 3.3-4.2 GHz 0.011 0.46 x 0.46 16.8% 40%-58% >9.5 N.A.
[27] 3.3-5.0 GHz 0.110 nx 0312 N.A. 84%-90% >13 5.2-6.8
Proposed 3.3-5.0 GHz 0.028 0.65 x 0.65 30.1% 55%-82% >12 4.4-8.9

Area Percentage: antenna area divided by the whole area of the back cover.

*: only average total efficiency in the operating band is given.

Av: free-space wavelength at the lowest frequency in the band.

@ the back cover. Antennas in [8] and [9] achieve a narrower bandwidth
with a larger area. Although antennas in [11], [13], and [14] are
more compact, they are with a narrower bandwidth and also lower
efficiency. The antenna in [27] is proposed for access point applica-
tions and has a relatively high profile (10 mm, 0.110 Ay ), which is
unable to place on the back cover of the device. Apart from the works
in Table II, back cover antennas in [10] and [12] can only cover
several narrow bands, whereas Sun et al. [34] and Hei et al. [35]
have proposed MIMO antennas with a comparable bandwidth but
not based on back cover configurations. In conclusion, compared

m) with previous works, our design shows superiority in bandwidth over
previous back cover antennas maintaining a comparable dimension.
00 Besides, it achieves the same bandwidth as the antenna in [27] with
- s a 75% reduction in the profile, thus providing a feasible solution for
=) & . . .
2 P i mobile applications.
] £ 60
; ) EE 40
[ ) x V. CONCLUSION
: ‘g 20 ¥—0— Antl —O—Ant2 & Ant3 . . ) )
2l = [ —v—Ant4 —-—-wio Hand A wideband and low-profile microstrip antenna is proposed for
30 3335 40 45 50 55 30 3335 40 45 50 555G MIMO applications in this communication. By loading two sets
Frequency (GHz) Frequency (GHz) . . . .
of shorting vias and cutting two symmetrical slots on a rectangular
Fig. 10.  Analysis of the proposed antenna with a single-hand model.  patch, triple modes, including the monopole mode, the TM; mode,

(a) Configuration. (b) S-parameters and total efficiencies.

width of the cross line (wy), the length of the outer part (x3), and the
whole dimension (/p), we can obtain a balance between impedance
matching and isolation. Finally, isolations over 12 dB are obtained,
which fulfills the demand for mobile antennas.

Next, to prove the practicability of the proposed MIMO antenna
in real applications, we consider the user’s case, where the user
holds the mobile phone in one hand. We assume that the MIMO
antenna is placed on the top half of the complete back cover of
140 x 70 mm?. The hand model is provided by HFSS, and the
results are given in Fig. 10. The S-parameters are basically the
same as the original ones showing similar operating bandwidth and
isolations. For the top two elements, the efficiencies are close to the
ones in the free-space scenario, which also proves the capability of
integration with a full back cover. The other two show a decrease
of 20%-40% in efficiency. Nevertheless, the results indicate that
the performance of the whole MIMO antenna is robust in real
applications.

To better show the novelty of the proposed antenna, Table II gives
a comparison between the proposed one and some of the reported
literature. It is worth noting that few works have covered all the
N77/N78/N79 bands using low-profile planar-type antennas placed on

and the TM(); modes, are simultaneously excited to realize wideband
radiation. Four antennas are placed in a sequentially rotated configu-
ration with a cross-line fence to improve isolation. The antenna has
a total volume of 59.2 x 59.2 x 2.5 mm> (0.82 Ay x 0.82 Ay x
0.034 Ag). The proposed MIMO antenna covers N77/N78/N79 bands
from 3.3 to 5.0 GHz with measured total efficiencies from 55% to
82%. The isolations are over 12 dB and the ECCs are less than 0.05.
The proposed four-elements MIMO antenna has the advantages of
low profile, compact size, and wideband radiation. It can be placed
on the back cover of the device, exhibiting its potential applications
in mobile 5G terminals.
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