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ABSTRACT In this study, a three-port vertically polarized Quasi-Yagi Multiple-Input-Multiple-Output
(MIMO) antenna system with pattern diversity is proposed for SG N78 band application. All the three ports,
which are sequentially rotated by 120°, are integrated together on a circle patch. Each antenna element is fed
by a probe and an annular slot etched on the patch which works as a capacitor to counteract the inductance
effect introduced by the feeding probe and the nearby shorting posts. A patch-like broadside radiation pattern
is generated for each element. By introducing a novel I"-shaped metal plate for each element, the radiation
beam could be tilted and deviate from the z axis by around +30° to suit the diversity application demand.
Good isolation is achieved by introducing a metal post between every two ports, which well suppresses the
mutual coupling induced by the current between the ports. The working principle of the proposed MIMO
antenna is theoretically illustrated in detail and experimentally verified. The Proposed antenna occupies a
cylindrical volume of 7 x 0.33%x 0.14 )»8, where )¢ represents the free space wavelength at the center
frequency of the operating band. The measured overlapping bandwidth covers the N78 band (3.3-3.8 GHz)
with |S11| < —10 dB for the three antenna elements. The proposed antenna offers attractive features including
a shared radiation aperture, pattern diversity, good isolation (< 20 dB) good gain (> 8.2 dBi), low field
envelope correlation coefficient value (< 0.001), and high radiation efficiency (> 74%).

INDEX TERMS 5G new radio (5G NR), multiple-input- multiple-output (MIMO) antennas, pattern

diversity, quasi-Yagi antenna.

I. INTRODUCTION

The Yagi-Uda antenna, initially proposed by Uda [1], exhibits
the advantages of high front-to-back ratio (FBR), high
gain, and directive radiation pattern. Up to now, many
designs of quasi-Yagi antennas have been proposed, such as
PIFA-driven Yagi [2], helical-driven Yagi [3], patch-driven
Yagi [4]-[7], and dipole-driven Yagi [8], [9]. Although their
structures are different, they all share the same principle: the
parasitic array elements are excited by the active elements by
near-field coupling and manipulate the radiation beam.

In modern communication systems, vertical polarization
is used more widely than the horizontal polarization. When
propagating along the ground, the attenuation of vertically
polarized waves is less than that of horizontally polarized
waves. In addition, when deployed on a horizontal platform,
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the receiver and transmitter which are both vertically polar-
ized will not have polarization mismatch no matter how
they rotate on the horizontal plane [10]. Therefore, the ver-
tically polarized quasi-Yagi antennas have drawn increas-
ing research interest [3], [7], [10], and [11]. A five-element
top-hat monopole Yagi antenna was designed and proposed
in [12], achieving vertically polarized endfire radiation pat-
tern at UHF band.

Owing to the fast development of 4G/5G communication,
the channel capacity of Sub 6 GHz wireless links is limited by
the spectrum resources. Due to the needs to effectively miti-
gate the multipath fading, and to increase the system capacity
and stability, MIMO technology has rapidly become one
of the key technologies of the 4G/5G communication [13].
When applying quasi-Yagi antennas to MIMO systems, mul-
tiple separated elements are required to provide multiple
decoupled transmission signals, which makes the design
of compact quasi-Yagi-based MIMO antenna with good
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isolation quite challenging. For this reason, only few MIMO
antennas based on quasi-Yagi structures have been proposed
so far [14]-[19]. The design in [14] achieved dual-polarized
waves using dipole-based quasi-Yagi antennas for mm-Wave
MIMO terminals. Several loop excited or ring slot excited
quasi-Yagi MIMO antennas are proposed in [15]-[17].

Mutual coupling occurs when multiple antennas are inte-
grated in a small area. In order to reduce the mutual cou-
pling, a variety of methods have been proposed. In general,
metal walls [20] or metal through holes [21] between antenna
elements can reduce the coupling. In addition, the radiator
with orthogonal polarization can significantly reduce the
spatial coupling for adjacent antenna elements [22], [23].
Decoupling networks such as hybrid coupler [24] and neu-
tralization line [25] have been applied to improve the port
isolation in mobile terminals. Moreover, defected ground
structure (DGS) [26], electromagnetic bandgap (EBG) struc-
tures [27], [28], photonic bandgap structures (PBG) [29], and
complementary split-ring resonators (CSRR) [30] have been
widely used to reduce the current on the common ground so
as to improve the isolation. Besides, it is indicated that the
mutual-coupling reduction provided by metamaterial (MTM)
and metasurface (MTS) offers a higher level of isolation [31].

In this work, by introducing novel I"-shaped vertical metal
plates, a new structure of three-element vertically polarized
quasi-Yagi MIMO antenna with driven elements integrated
into one single patch is proposed and successfully developed.
Three metal posts are used to achieve good isolation. For each
port, a directive beam mode is obtained due to the resonance
between the metal plate and driven element. Good pattern
diversity for this proposed antenna has been demonstrated.
The MIMO antenna working at 5G N78 band shows good
efficiency with a compact size.

The paper is organized as follows: the configuration and
the working principle of the proposed antenna is introduced
in Section II. In Section III, the experimental results are
presented and discussed. Section IV concludes this work.

Il. ANTENNA CONFIGURATION AND PERFORMANCE
ANALYSIS

A. ANTENNA DESIGN

Fig. 1 shows the geometry of the proposed compact vertically
polarized quasi-Yagi MIMO antenna. There are three driven
elements integrated into a top patch which is printed on a
single low-cost FABME substrate (¢, = 2.2). The substrate
has a thickness of 0.5 mm. The antenna utilizes an air cavity
(Hgir = 12 mm, 0.132)¢ at 3.3 GHz - starting frequency for
N78 band) above an aluminum ground plane of 0.5 mm thick-
ness. Three shorting posts (M1-M3) are used to obtain good
isolation between the ports in 5G-N78 band. Three coaxial
SMA connectors are used to feed the MIMO antenna. The
interval in terms of rotation angle between every two ports is
120°, which is twice the interval between each port and the
adjacent shorting post. A capacitive gap feeding is used to
compensate the inductive reactance at each port introduced
by the feeding probe and the nearby shorting posts [32].
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FIGURE 1. Diagram of the proposed MIMO antenna structure:
(a) Perspective view; (b) Top view; (c) Bottom view, and (d) Front view.

Three open slots are etched at the edge of the patch to further
improve the impedance matching.

A novel and simple I"-shaped metal plate, which is used as
a director with a height of H; is introduced for each antenna
element. A radiation pattern tilted to the direction of the
metal plate could be obtained by properly adjusting the size
of the metal plate and its distance from the patch. The final
optimized parameter values of the proposed MIMO antenna
are listed in Table 1.

The design process of the proposed MIMO antenna is
divided into the following steps:

1). A circular patch is adopted as a common radiator of the
MIMO antenna system, and the three antenna elements are
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TABLE 1. Optimal antenna parameter list.

Parameter Value(mm) Parameter Value(mm)
R, 18 /4] 6
R, 49 L; 10
Dy 16 D, 4
fe 12 H; 11
a 12 Hey 12
W 4 H, 0.5
R, 1.1 H, 0.5
gap 0.2

fed by three probes from the off-center position symmetri-
cally;

2). Annular slots which works as capacitors are etched
on the top patch at the feeding position to compensate the
inductive reactance introduced by the feeding probes and the
shorting posts;

3). The shorting posts are placed between every two adja-
cent antenna elements to reduce the mutual coupling;

4). Three open slots are cut at the edge of the patch to
improve the impedance matching.

5). Three I'-shaped metal plates are introduced for each
antenna element, which serve as directors to tilt or steer away
the radiation beam, so that the pattern diversity is achieved.
And the coverage of the antenna system is enhanced.

B. QUASI-YAGI ANTENNA ANALYSIS

When a parasitic element is placed very close to the driven
element, an induced electric field with almost equal ampli-
tude and opposite phase would be excited on the parasitic
element. The induced electric field is combined with the
incident field so that the total tangential field on the conductor
is 0 [33], that is:

—~

Eparasite = —Egriver (D

According to the array theory, the combination of these
two elements would lead to a directional endfire radiation
pattern. The direction of the endfire radiation beam could be
adjusted by tuning the length of the parasitic element. When
the electric length of the parasitic element is shorter than
the overall radiator’s length, it presents capacitance charac-
teristic and acts as a director. When the electric length of
the parasitic element is longer than the equivalent resonant
length, it presents inductance characteristic and acts as a
reflector [34].

Based on the three-port MIMO patch antenna with three
shorting posts, a novel I'-shaped metal plate as a director is
designed and introduced for each element, in order to achieve
better spatial pattern diversity and obtain good isolation / low
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FIGURE 2. E-field distributions at 3.55 GHz in different configurations
when Ant. 1 is excited. (a) without three metal plates. (b) with three
upright metal plates. (c) with three I'-shaped metal plates.

envelope correlation coefficient, which is strongly affected by
the radiation pattern and polarization of each unit-cell.

In order to illustrate the radiation characteristic of the
proposed MIMO antenna more clearly on the basis of the
above theory, a detailed analysis is carried out.

First of all, the shape of the director is discussed. The
E-field distribution in three cases is given in Fig. 2, where
Fig. 2(a) shows the original antenna without any parasitic
structure, and Fig. 2(b) shows the antenna loaded with upright
parasitic plates, and Fig. 2(c) shows the antenna loaded with
I'-shaped parasitic plates. It is noted that since the three
elements of the proposed MIMO antenna are exactly the
same, only one element (Port 1) needs to be analyzed here for
brevity. The XOZ plane is selected as the observation plane.

When all the three directors are removed as shown
in Fig. 2(a), the E-field distribution presents the character-
istics of ordinary circular patch antenna (mainly broadside
radiation). When three upright directors are introduced as
shown in Fig. 2(b), it is noticed that strong E-field is produced
at the left side of the patch (In front of Port 1), where the red
color seems to be dark. Thus, the radiation beam is tilted from
the Z axis towards the X direction. When I'-shape is used
instead of upright shape as shown in Fig. 2(c), the parasitic
element can be better excited as a director, which means that
the radiation beam would be more inclined to the intended
direction (Front side of Port 1).

Secondly, the ‘quasi-Yagi’ characteristic is analyzed.
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FIGURE 4. Radiation of the vertical part for the proposed antenna.

Fig. 3 shows the current distribution of the proposed
MIMO antenna when the Antl is working. It can be observed
that the vertical parts have strong current distribution which
should have contribution to the radiation. Considering the
vertical part of the proposed antenna, the three components
that make up the Yagi-Uda antenna can be found, that is,
the feeding probe represents the active feeder, the I"-shaped
plate serves as the director, and the shorting posts (M1 and
M3) and the other non-active antennas can be regarded as the
reflector.

According to the superposition principle of waves, the radi-
ation of the vertical part is the superposition of the field
generated by the feeder, the director and the reflector. The
schematic diagram is shown in Fig. 3. Considering the waves
propagating along the +X axis, the electric field they produce
at the time r = 0 can be approximately expressed as:

Ef+ = Aj cos(kox) = cos(kox) )
E] = Ascos(ko(x — dgf) + af)

= 0.8 cos(ko(x — dgg) — 145°) (3)
E;" = Ascos(ko(x + dif) + ¢yf)

= 0.2 cos(ko(x + d,f) + 50°) )

where E;7, Ef, and E;} represent the electric field generated
by the feeder, the director and the reflector, respectively. The
superscript ‘4’ indicates the propagation along the +X axis.
The kg represents the free space wave number. A1, A and A3
represent the amplitudes of the electric field, and assuming
that A1: A>: A3 = 1: 0.8: 0.2, which is estimated according to
the simulation. The ¢4 and ¢, represent the phase difference
of the director and the reflector with respect to the feeder.
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FIGURE 5. Schematic diagram of wave superposition.

Here ¢4+ = —145° and ¢,y = 50° are extracted from the
simulation, that is, the phase of current on the I"-shaped plate
lags 145° behind the feeding probe, while the phase of the
current on the shorting posts is 50° ahead of the feeding
probe. The dyr represents the distance between the director
and the feeder, and the d,s represents the distance between
the reflector and the feeder in the X direction.

For the wave propagating along the —X axis, it can be
expressed as:

Ef_ = cos(—kox) @)
E; = 0.8 cos(—ko(x — dgp) — 145°) 6)
E = 0.2cos(—ko(x + d;r) + 50°) @)

Fig. 5 shows the numerical calculations according to the
equations (2)-(7). The total field can be derived from the
superposition of the three components including the field
generated by the feeder, the director and the reflector. It can be
seen that in the 4+X direction, the wave increases after super-
position, while in the —X direction, the wave weakens after
superposition. Consequently, a directional radiation pattern
is obtained. Note that the shorting posts has little effect on
the total electric field, thus we do not do not emphasize its
function as a reflector.

Fig. 6 shows a comparison of the 3D gain patterns for the
cases in Fig. 2(a) and Fig. 2(c) at 3.55 GHz when Port 1 is
excited, that is, with or without the I'"-shaped plate. It can
be seen that the I"-shaped plate has obvious impact on the
radiation pattern as expected. Table 2 shows the comparison
of the beam width for the above two cases. It can be concluded
that good pattern diversity is achieved by the utilization of
the ["-shaped plate, and the coverage of the antenna system is
enhanced accordingly.

For the proposed MIMO antenna, when Port 1 is excited,
the 3-D pattern is tilted by around 30° from the broadside
(Z direction). Each element of the MIMO antenna proposed
in this paper achieves vertical polarization and the three
ports are integrated on one radiator to realize the appli-
cation of multi-input and multi-output, which is different
from the horizontally polarized dual-port antenna proposed
in [35].
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(2) (b)

FIGURE 6. Simulated 3-D radiation patterns at 3.55 GHz for different
configurations when Port 1 is excited. (a) without three metal plates.
(b) with three I'-shaped metal plates.

TABLE 2. Comparison of beam width with or without director on X0Z
plane when Ant1 is excited.

Gain -3dB Beam  -6dB Beam
Width Width
Proposed Antenna 7.7dBi (-3°~61°)  (-13°~90°)
Without I -shaped plate 7.3dBi  (-11°~37°)  (-21°~50°)
0
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FIGURE 7. Simulated S-parameters of the proposed antenna when M, is
removed and unremoved.

C. ISOLATION ANALYSIS

For each port in the paper, two symmetrical shorting posts are
placed on both sides to ensure good isolation without increas-
ing the size of the antenna. The simulated S-parameters with
or without M are shown in Fig. 7. In the desired N78 band,
the reflection coefficient is good enough for both cases, while
the isolation between the Port 1 and Port 2 is significantly
improved after adding M. The isolation between port 1 and
port 3 seems better without the shorting post M1, yet the |Sy3|
has deteriorated to an unacceptable level.

To further illustrate the role of shorting posts, Fig. 8 shows
the surface current distribution on the patch in two cases at
a particular phase. It can be found that when only the M| is
removed, most of the surface current will be coupled from
port 1 to port 2. It is conceivable that part of the energy
output from Port1 will be transferred to Port2, thus worsening
the isolation. In contrast, the shorting post M3 on the left
side of the port 1 suppresses the current coupling from port
1 to port 3. Owing to the structural symmetry of the MIMO
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FIGURE 10. Simulated E-field distribution for the case with (a) three
shorting posts not present. (b) three shorting posts present. (c) the
M; not present.

antenna, only the study results with M; removed are shown
for conciseness. M, and M3 play the same role as M| due to
the symmetry.

Fig. 9 shows the surface current distribution when different
element is excited while the remaining ports are matched
to 50-ohm load. Note that, the maximum current density
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FIGURE 12. The effects on |S;;1, [Sy;| and radiation pattern for the cases
with different W; when port. 1 is excited.

is located between the excited driven element and the I'-
shaped metal plate. Only very weak currents are coupled to
other elements due to the existence of three shorting posts,
which means that although the three driven elements for the
three-element antenna are sharing the same patch, the cou-
pling between every two elements is very weak. Thus, the pro-
posed antenna has the advantage of a compact structure.

When three shorting posts are not introduced, the TMy;
mode will be excited for each element antenna [18].
Fig 10 shows the E-field distribution on the patch when the
Ant 1 is excited. It can be seen that the introduction of three
shorting posts have little compact on the operating mode for
the MIMO antenna.

Fig. 11 gives the comparison of the simulated radiation
pattern in ¢ = 0° plane for Ant. 1 when three shorting posts
are introduced and removed, respectively, which shows that
the influence for the introduction of shorting posts on the
radiation pattern is relatively small.

D. PARAMETRIC ANALYSIS

The effects of the width W; of the part parallel to the hori-
zontal plane of the metal plate on the antenna performance
are studied in Fig. 12. It can be observed that the resonant
frequency for port. 1 shifts downward quickly from 3.88 GHz
to 3.22 GHz with the pattern deviate from +z axis more
obvious as W; increases from 1 mm to 11 mm, indicates that
the existence of the part parallel to the horizontal plane of
the metal plate plays a key role in the realization of pattern
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deflection for each element antenna. Note that the back lobe
of the pattern deteriorated with the increase of W;. In order
to achieve good impedance matching and pattern diversity at
the same time, W; = 6 mm is selected.

The trend of reflection coefficient versus the length L; of
the part parallel to the horizontal plane of the metal plate is
similar to that of W;, as shown in Fig. 13. In the band below
N78, the larger the L;, the better the impedance matching
while the isolation Sy, is always above —20 dB for different
L;, which also explains why we chose metal plate instead of
wire. It can be seen that the radiation pattern is insensitive to
the variation of L; when Ant. 1 is excited. In order to enable
the MIMO antenna to work in the N78 band with isolation
between each port below —20 dB, L; = 10 mm is selected.
|S13] and |S;3]| are not given in Fig. 12 and Fig. 13, which is
due to the symmetry of the MIMO antenna structure.

E. ACTIVE S-PARAMETER

If all the ports are excited simultaneously in a multi-antenna
system, the input impedance for the ports may change due
to the mutual coupling. Therefore, it is valuable to study its
active S parameters. Fig. 14 shows the active |Sy]| for the
proposed MIMO antenna system when the three ports are
fed with power of 1 W in the same phase. The impedance
matching continues to be acceptable, except that the reflec-
tion coefficient is slightly worse at the right edge of the
operating band.

IIl. RESULTS AND DISCUSSION
The MIMO antenna is fabricated and assembled, with a pro-
totype clearly shown in Fig. 15. Here the S-parameters is
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FIGURE 15. (a) Photograph of the prototype. (b) Measurement setup in
SATIMO chamber.
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FIGURE 16. Measured and simulated S-parameters for the proposed
MIMO antenna (i # j).

evaluated by R&S ZVB40 VNA (100 kHz-40 GHz), while
the radiation performance is tested by a Starlab near-field
chamber.

The measured and simulated results for the reflection and
transmission coefficients are shown in Fig. 16. The measured
and simulated results are in good agreement. It covers the
desired N78 band (3.3-3.8 GHz, about 14%) with the overlap-
ping measured bandwidth is 14.4% for the MIMO antenna.
In this application, N78 band is the focus and the isolations
between the antenna elements in the band are much better.
As mentioned above, because of the structural symmetry
of the MIMO antenna, only one set of simulated reflection
coefficients and transmission coefficients need to be given
in Fig. 16. Some frequency deviation for reflection coeffi-
cients is observed, which is probably due to the fabrication
errors. Note that the MIMO antenna is a non-planar structure.
Both the measured and simulated transmission coefficients
present good isolation between every two ports, which are
lower than —20 dB across 3.3-3.8 GHz.

Fig. 17 shows the simulated and measured gain and effi-
ciency. Simulated gain of Ant. 1 is shown for comparison.
In the range of 3.3-3.8 GHz, the measured peak gain is 7.58
dBi for Ant. 1, 8.2 dBi for Ant. 2, and 7.22 dBi for Ant.
3, while the simulated peak gain is 7.6 dBi. The measured
efficiency is higher than 74% in the whole band and an
average efficiency of 87% is achieved for all the three ports.
The simulated and measured results show good consistency.
Some small discrepancy is probably due to the fabrication tol-
erance. Note that the performance of the antenna is relatively
sensitive to the size of the director and the distance between
each director and driven element.
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FIGURE 18. Measured and simulated radiation patterns of the MIMO
antenna at 3.54 GHz. (a) in XOY (¢ = 90°) plane for all elements. (b) in
XOZ (¢ = 0°) plane for Ant. 1.

The simulated and measured radiation patterns of the three
elements at 3.54 GHz in & = 90° (¢ cuts) plane and ¢ =
0° plane are compared and presented in Fig. 18. It is seen
that from Fig. 18(a) the interval between every two adjacent
beams is 120° because the field for Ant. 1-3 reaches max-
imum at ¢ = 0°, ¢ = 120° and ¢ = 240°, respectively.
It means that the patterns of the three-element antenna are
highly uncorrelated. For simplicity, only the measured and
simulated side patterns of Ant. 1 are given in Fig. 18(b). It can
be seen that the measured result is in good agreement with the
simulated result. The element antenna has a good directivity
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TABLE 3. Comparison between the proposed antenna and previous works.

Ref Size (M%) Gain (dBi) Efficiency BW Isolation (dB) ECC N Form
[15] 0.47x0.93 43 73% 8% -12 0.0385 2 Quasi-Yagi.
[18] 0.41x0.41 6.6 88% 23% -14 0.05 3 Patch.
[37] 0.96x0.96 6 80% 6.3% -15 0.007 3 Loop.
[38] 0.59x1.18 2.2 49.5% 9.6% -11.2 0.2 4 Loop.
This work  0.33x0.33 8.2 74%*2 14% 20 0.001 3 Quasi-Yagi.

"I N represent the number of the antennas in the applied MIMO systems.
"2 74% is the measured lowest efficiency of the proposed MIMO antenna in the working frequency band, and the measured
average efficiency is as high as 87% with the highest efficiency is 94%.
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= ==Mea ECC,;
eeecee Mea ECC23
= =Sim ECC

Q 12
Q 0.05¢
=

X

0.00 ' el

3.0 3.2 34 3.6 3.8 4.0
Frequency (GHz)

FIGURE 19. Measured and simulated ECC value.

with the maximum radiation direction points to 8 = 30°
direction. The above results confirm that the proposed MIMO
antenna is a good candidate for pattern diversity applications.
For the proposed MIMO antenna system, simulated and mea-
sured ECC values were calculated based on the ECC formula
shown in [36], and the result is provided in Fig. 19. Only
the simulated ECCj; is given due to the ECC values of the
three cases are the same. It shows that the MIMO antenna
has good diversity performance with an average ECC value
around 0.001, which is smaller than the standard value of 0.5.

Owing to a good impedance matching and a quasi-Yagi
configuration, a relatively high realized gain for each element
is obtained with a compact structure. Compared with the
previous works as shown in Table 2, our proposed MIMO
antenna shows the merits of a higher gain, a wide bandwidth,
a novel working principle, and relatively a compact structure.

IV. CONCLUSION

In this work, a three-port vertically polarized MIMO antenna
working in the N78 5G band with three I"-shaped metal plates
acting as directors has been proposed and developed. The
three driven elements are integrated into a single patch to
achieve a compact structure. Strong coupling is generated
between each driven element and director resulting in a direc-
tional beam, and a relatively high gain compared with conven-
tional MIMO antennas is achieved. It gives the antenna good
pattern diversity performance. The MIMO antenna system
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has a maximum measured gain of 8.2 dBi and good effi-
ciency (>74%) across the band. The proposed antenna is well
designed and suited for 5G N78 band applications.
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