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Quaternion MIMO Millimeter Wave Antenna for 5G Applications
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Abstract—In order to reduce the multipath fading caused by the reflection of various obstacles in short-
distance communication, this paper designs a quaternion MIMO millimeter wave antenna working at
28 GHz. The antenna design adopts an inverted trapezoidal radiation patch and a slotted trapezoidal
ground plate structure, so that the |Si1| of the antenna is lower than —10dB in the frequency band of
24 ~ 32 GHz. By using a 1 x 2 array structure as the unit of MIMO antenna, the gain of the antenna
at 28 GHz is 7.5dBi. The isolation degree of each port is lower than —25dB by orthogonal placement
of each unit. The performance of the antenna is tested by the physical production test. The actual test
results show that the operating bandwidth of the antenna is consistent with the simulation results. The
gain at 28 GHz is slightly lower than the simulation results by 0.1 dBi, and the isolation of each port is
lower than —18dB, which is 7dB away from the simulation results but still meets the requirement of
—15dB for MIMO communication. The measured results show that the antenna can be used in MIMO
short-distance communication system.

1. INTRODUCTION

In today’s 5G era, with the rise of a large number of 5G base stations and the gradual improvement
of 5G service promotion [1], 5G has a higher level of demand for data traffic transmission rate [2].
Therefore, to achieve large-scale data exchange, the introduction of multiple input multiple output
(MIMO) technology has become the focus of 5G technology development [3]. MIMO antenna relies on
its diversity characteristics to establish multiple independent transmission paths, which can transmit
the same information at the same time, so as to ensure that even if a signal will be deeply weakened
during transmission, it will still receive a strong signal at the receiving end [5]. The previous four
generations of mobile communication usually use a relatively rich sub-6 frequency band [6]. However,
due to the progress of communication technology, the sub-6 frequency band has become very crowded, so
transferring the 5G communication frequency band to the millimeter wave frequency band has become
a research focus [7]. In July 2016, the Federal Communications Commission of the United States
specified 27.5 ~ 28.35 GHz, 37 GHz ~ 38.6 GHz, 38.6 GHz ~ 40 GHz as the frequency bands for 5G
applications [8], and allocated 64 GHz ~ 71 GHz unauthorized spectrum [9]. As an important basis for
the development of 5G technology, the importance of millimeter wave band is self-evident. A millimeter
band four port MIMO antenna array for 5G application is proposed in [10]. The feed network of
antenna is composed of a T-type power distributor. The array element is a rectangular slot patch
antenna, and the floor is made of rectangular, circular, and serrated slot structures to enhance the
radiation characteristics of the antenna. The working bandwidth of the antenna is 25.5 ~ 29.6 GHz;
the isolation of each port is lower than —10dB through orthogonal placement; and the antenna gain is
8.3dBi. Reference [11] proposed a millimeter wave array MIMO antenna, which reduced the coupling
between ports by vertically adding through holes to DRA elements at appropriate locations. The
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working bandwidth of the antenna was 24.5 ~ 27.5 GHzl the isolation of each port was less than
—30dB; and the antenna gain was 6.7dBi. Literature [12] proposed a miniaturized MIMO antenna.
By designing the EGB structure, the isolation of each port of the antenna was lower than —23dB as a
whole; its operating frequency band was 26.5 ~ 29.5 GHz; and its gain was 7dBi. On the whole, the
current millimeter wave MIMO antenna has a shortage of narrow bandwidth.

In this paper, a quaternion MIMO millimeter wave antenna is designed, which adopts an inverted
trapezoidal radiation patch and a slotted trapezoidal ground plate structure, and achieves the purpose
of 8 GHz long bandwidth. By using a 1 x 2 array structure as the unit of MIMO antenna, the purpose of
higher gain is achieved. By orthogonal placement of each unit, the purpose of self-decoupling to reduce
the coupling of each port is achieved. Aiming at the phenomenon that millimeter waves encounter
various obstacles to reflect and cause multipath transmission during short-distance transmission, the
designed antenna has the application of reducing the influence of multipath fading. |S1:| of the designed
antenna is lower than —10dB in the frequency band of 24 ~ 32 GHz, and the isolation of each port
is lower than —25dB. The gain of the antenna is 7.5dBi at 28 GHz. Compared with most existing
millimeter-wave MIMO antennas, the bandwidth of this antenna is improved.

To compare antenna performance, Table 1 shows the performance comparison results between the
millimeter wave MIMO array antenna designed in this paper and other literature antennas. Compared
with [10], the antenna designed in this paper is an omnidirectional antenna, so its gain is 1.7 dBi lower
than that of the directional antenna used in literature, but its isolation and bandwidth are far better
than those in literature, and the antenna designed in this paper has a smaller size. Compared with [13],
the gain is not much different, but the bandwidth of antenna in this paper is increased by 2 GHz. As
the number of antenna ports in this paper is doubled, the mutual interference among ports becomes
more, so the isolation is slightly lower. Compared with [14], because the number of selected units in
the literature is twice as many as that in this paper, and the distance between two ports is far, the
gain is 40% lower, the isolation is 22 dB lower, but the bandwidth is 7 GHz higher, which improves the
range of applicable scenes. Compared with [11], the isolation of the antenna in this paper is lower than
that in [11], but the gain is higher than that in [11] by 1dBi, and the bandwidth is higher than that
in [11], which improves greatly in general. Compared with [12], the antenna designed in this paper
is superior to the reference index in terms of bandwidth (increased by 5 GHz), isolation (increased by
3dB), and gain (increased by 0.6dBi). Compared with reference [15], the antenna unit in this paper
is an omnidirectional antenna, and [15] uses a directional antenna, so the gain is 2.2dBi lower than
that in [15], but the working bandwidth of the antenna in this paper is 3 GHz larger than that in [15],
and its size is 22% smaller than that in [15]. Generally speaking, compared with the traditional MIMO
antenna, the antenna designed in this paper greatly improves the gain of the antenna by using an array
antenna as the unit antenna of the MIMO antenna. Compared with the same type of MIMO antenna
with the same number of units, the antenna designed in this paper is far superior to the antennas in
other references in terms of bandwidth and size when the gain isolation is close to each other.

Table 1. Comparison of this paper with other literature.

Literature bandwidth Port Gain Unit ECC DG Size
isolation number

Literature [2] | 25.5 ~ 29.6 GHz —-10dB 8.3dBi 4 <0.06 | >9.85 30 x 35 mm?
Literature [5] 27 ~ 33 GHz —28dB 8 dBi 2 < 0.005 — 24.2 x 24.2 mm?
Literature [6] | 36.7 ~ 37.4 GHz —40dB 12.8dBi 2 < 0.002 | >9.993 20 x 40 mm?
Literature [3] | 24.8 ~ 27.2 GHz —-30dB 6.7 dBi 2 — — 17.7 x 16 mm?
Literature [4] | 26.5 ~ 29.5 GHz —15dB 7dBi 2 — — 15 x 12.7 mm?
Literature [7] | 38.8 ~ 42.9 GHz —28dB 9.89dBi 4 < 0.014 — 25 x 35 mm?

This text 24 ~ 32 GHz —18dB 7.6 dBi 4 < 0.004 | >9.98 26 x 26 mm?
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2. ANTENNA DESIGN

2.1. Antenna Unit Structure Design

The structural model of the antenna unit is shown in Figure 1. The antenna adopts microstrip line feed
and is composed of a radiation patch, feed line, and grounding plate. The dielectric substrate adopts a
Rogers RT5880 plate with relative permittivity of 2.2; the loss tangent of dielectric substrate is 0.009;
the thickness of the substrate is 0.254 mm; the size of the single element substrate is 9 x 5 x 0.254 mm?.
After optimization simulation, the dimension of the antenna is shown in Table 2.

Table 2. Antenna dimensions.

Parameters | Value | Parameters | Value | Parameters | Value | Parameters | Value
Ly 3.83 L3 1.84 Wia 4.23 W14 1.73
Wi 0.75 Wis 1.21 Lqs 2.7 Wis 2.7
L12 3.21 L1s 1.73 L, 5.4 W 5
W12 10k \‘
14+ T~ - -
L12 -~ o -
16
L14 = 18
P
W1a 22
e o Comp1 joi d f1
L1 omplete jointed floors
11 M(gILB I, 26 — = Trenching for flooring
8 as [ —— The flooring used in
- this article
30 1 1 1 1 1 1 1 1
< 24 25 26 27 28 29 30 31 32
W11 Wi Frequency/GHz

Figure 1. Antenna unit structure.

Figure 2.

Effect of different grounding plates on

|S11].

Through simulation, it is found that the ground plate has a great influence on |Sj;| of the antenna.
When the antenna patch structure is determined, different shapes of ground plates are simulated, that
is, complete ground plate, trenching ground plate, and the ground plate in this paper. As shown in
Figure 2, it can be found that when the complete ground plate is kept, the resonance point of the
antenna is far away from 28 GHz, and |S11| at 28 GHz is higher than —10dB, which cannot meet the
communication requirements of 28 GHz. After digging the groove in the center of the ground plate, it
can be found that the resonance point of the antenna can shift to the high frequency around 28 GHz,
and [S11] is —15.6 dB. Two corners of the ground plate used are cut off in this paper on the basis of
digging the groove, and it can be found that the resonance point is at 28 GHz, and |S11]| is lower than
—10dB at 24 ~ 32 GHz, which can meet the design requirements. The antenna pattern at 28 GHz is
shown in Figure 3, and it can be seen that the maximum gain of the antenna is 3.9 dBi.

2.2. Single Element Array Antenna Structure Design

In order to further improve the gain of the antenna, the antenna unit is connected with one point two
equal power splitter, forming a 1 x 2 array antenna. The antenna size is 13 x 13 x 0.254 mm?, and its
structure diagram is shown in Figure 4.
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Figure 4. 1 x 2 array antenna structure. Figure 5.  S-Parameters of array antenna
element.

The S parameter of the power divider is shown in Figure 5. The power divider |Sii| is below
—10dB at 24 ~ 32 GHz, and the theoretical values of |S21| and |S31] can be obtained from formula (1),

80 [Sa1| = |S31| = 10log;y & = —3dB, but the actual simulation result is —3.2dB. The analysis reason
is that the working frequency is too high, and the transmission line length is too long.
I.
P, =10log : (1)

L+L+...+1;

As shown in Figure 5, |S11] of this array antenna element is lower than —10dB at 24 ~ 32dB, and
its gain is 5.9 dBi as shown in Figure 6. It can be found that the gain is increased by 2dBi compared
with the antenna element without array, thus achieving the purpose of increasing the antenna gain.

2.3. Quaternion MIMO Antenna Structure Design

Quaternion MIMO antenna design uses polarization diversity technology. By placing each antenna
element orthogonally, because the antenna elements are in orthogonal polarization state, they can only
perceive the weak signals sent by each other, so as to increase the isolation of the antenna. Quad array
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—— E-plane simulation
— H-plane simulation

270

Figure 7. Structure diagram of quater-  Figure 8. Antenna physical diagram.
nion MIMO antenna.

MIMO antenna is placed clockwise by 90%rc on the basis of array units. The structure is shown in
Figure 7, and the antenna size is 26 x 26 x 0.254 mm?.

In order to check the performance of the designed antenna, the physical fabrication and testing
were completed, and the physical picture is shown in Figure 8. The S parameters of the simulation
results are shown in Figure 9. The working bandwidth of the antenna is 24 ~ 32 GHz, and the isolation
between the antenna ports is less than —25 dB. As shown in Figure 10, the S parameter of the measured
data shows that the resonating frequency of the antenna is 28.3 GHz, which is 0.3 GHz away from the
expected design of 28 GHz. The operating bandwidth of the antenna is 24 ~ 32 GHz, which meets the
simulation results of 24 ~ 32dB. The isolation of each port at 28 GHz is higher than —18 dB, of which
|S31| and |Si2| are 7dB away from the simulation results of —25dB, and other ports are similar to
the simulation results. The main reason for the error between the simulation results and test results
is that the connector is not put into the simulation model during the simulation, which leads to the
influence of the connector on the antenna performance in the actual test. Moreover, due to the small
size of millimeter wave devices, small changes in processing will affect the results. Although there is a
gap between the measured and simulated results, the overall index can meet the design requirements of
MIMO antenna.

Figure 11 shows the surface current distribution of the four-element MIMO array antenna simulated
by HFSS software. It can be clearly seen from the figure that when only one port is excited, there is
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Figure 9. S-parameters of the simulated Figure 10. S-parameter plot of the measured
quadratic array MIMO antenna. quadratic array MIMO antenna.
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Figure 11. Antenna surface current distribution diagram.

no excessive current on the surface of the other unit, so the isolation of the antenna can be effectively
improved by orthogonal placement.

3. ANALYSIS OF EXPERIMENTAL RESULTS

3.1. Radiation Properties

The simulation and measurement results of this antenna pattern are shown in Figure 12. Because each
antenna element has the same structure, only one of the element ports is excited, and its patterns at
24 GHz, 28 GHz, and 32 GHz are simulated respectively. From Figure 12, it can be seen that the gain
of this antenna varies slightly at different frequencies, but the maximum radiation direction is basically
the same, and the pattern is basically stable in general. Measurement results of gain are slightly lower
than the simulation ones, and the radiation direction is basically consistent with the simulation results.
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Figure 12. Comparison between directional simulation and actual measurement.

3.2. Gain Analysis

See Figure 13 for the comparison results between the simulated and measured antenna gains. In the
actual measurement, the antenna gain range is 6.15 ~ 7.6 dBi, which is slightly lower than the simulated
6.17 ~ 7.78dBi. The difference between the two is 0.2dBi, and the measured antenna gain reaches
7.45dBi at 28 GHz, which is 0.1 dBi lower than the simulated 7.5 dBi.

3.3. Diversity Characterisation

The diversity performance of a MIMO antenna can be measured by the diversity gain (DG) and envelope
correlation coefficient (ECC') of the antenna. The ECC and DG are calculated as in Equation (2) and
Equation (3) and shown in
* * 2
ECC = : |511512“2+ 53152/ : : @
(1 =180l = 182 ) (1= S22 = S12/")

DG = 104/1 — |ECC? (3)

Figure 14 shows ECC and DG parameters of the antenna. As can be seen from the figure, ECC




120 Gao et al.

— Simulation
80 — = Test 0.010 === e e 10.00
, 7= - Quad array MIMO antenna ECC,; 999
4 — —
0.008 - Quad array MIMO antenna ECC, 1008
Quad array MIMO antenna ECC ,,
= = Quad array MIMO antenna £CC, 1997
0.006 F Quad array MIMO antenna ECC , 4996

= = Quad array MIMO antenna ECC
Quad array MIMO antenna DG ,;
0.004 F = = Quad array MIMO antenna DG 5, 4 9.94
= = Quad array MIMO antenna DG,
= = Quad array MIMO antenna DG 5,
0.002 ~ Quad array MIMO antenna DG, 7992
< = Quad array MIMO antenna DG 4,

Gain/dB
DG

ECC
1

9.95

19.93

1991

1 1 1 1 1 1 1 1 0.000 T = T e T o e e e R R R 9.90
24 25 26 27 28 29 30 31 32 24 25 26 27 28 29 30 31 32
Frequency/GHz Frequency/GHz

Figure 13. Measured gain and comparison  Figure 14. Quad array MIMO antenna ECC and
chart. DG.

parameters of the antenna are all less than 0.004, which is far less than the required 0.5. In addition,
DG parameters of the antenna are all greater than 9.98 dB.

4. CONCLUSION

In this paper, a quaternion MIMO millimeter wave antenna is designed. The bandwidth of the antenna
is 24 ~ 32 GHz. By placing the antenna elements orthogonally, the isolation between the ports is less
than —25dB. At the same time, the gain of the antenna can reach 7.78dBi by using a 1 x 2 array
antenna as the unit of the MIMO antenna. The actual test shows that the operating bandwidth of the
antenna accords with the simulation results. The gain at 28 GHz is 0.1 dBi lower than the simulation
results, and the isolation is 7dB lower than the simulation results, but it is still lower than the —15dB
required by MIMO antenna. Generally speaking, the antenna can be used in short-distance wireless
communication, effectively reducing the debilitating influence caused by multipath transmission.
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