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A Millimeter Wave Elliptical Slot Circular Patch MIMO Antenna
for Future 5G Mobile Communication Networks

Suman Sharma™ and Mukesh Arora

Abstract—This paper proposes a 4-port MIMO (Multiple-Input Multiple-Output) antenna operating
at 28 GHz in the millimeter wave band for future 5G communications. The first design in this work is
a single-element circular shaped microstrip patch antenna with an elliptical slot and a defected ground
structure which is intended for 28 GHz band. This antenna is compact with a size of 6 mm x 7mm.
A complete analysis of single patch element antenna is presented with the effect of slot and defected
ground structure in Section 2. In Section 3, the second design, which is symmetric two-element MIMO
slotted circular patch antennas, is analyzed with the dimension L x W as 7mm x 6 mm. In Section 4,
the final fabricated design is presented, which is a 4-port MIMO antenna operating at the resonance
frequency of 28 GHz along with the improved isolation between the elements due to appropriate spacing.
The proposed 4 port MIMO antenna is designed on a Rogers Duroid 5880 substrate having a relative
dielectric permittivity of 2.2 and thickness of 0.8 mm. The overall dimension of this designed MIMO
antenna is 20 x 20 x 0.8 mm?®. Simulated results for the S-parameters and radiation pattern are presented
for all purposed designs using CST software. Measured results are also presented for the return loss
using Rhode & Schwarz ZVA 40 vector network analyzer. Simulated and measured results show a
good agreement. The simulation results demonstrate that the return loss at individual port is less
than —10dB in the frequency range of 26.867-28.975 GHz, and it provides a bandwidth of 2.1 GHz.
The antenna has a high gain of 9.24 dB with unidirectional radiation pattern, and each element has a
mutual coupling less than —20 dB.

1. INTRODUCTION

Due to its capacity to offer high data rates and low latency, 5G technology has received a great deal
of attention in today’s era. Research has focused significantly on millimeter-wave front ends because
bandwidth is directly related to higher data rates [1].

5G standard has allotted several frequency bands, including 28 GHz band as the most important
(02 band) and 164-200 GHz as the unlicensed spectrum (H20 band) [2,3]. Compared to sub-6 GHz
that has a remarkable number of applications, the higher spectrum is having less applications. Mm-wave
spectrum is very susceptible to the atmospheric attenuations as the wavelengths become so small that
alterations in the signal strength can degrade the experience of 5G [4].

As of now, 4G technology has been implemented. Yet, the technological improvements in the
modern era were not able to satisfy the demands of higher data rates and bandwidth [5]. There is
a high probability that mobile data traffic generated by applications, such as video streaming, social
networking, and cloud computing, will exceed the capabilities of today’s 4G networks [8]. To meet this
demand, research is underway into Fifth Generation (5G) technology, and it has taken a lot of effort by
researchers for 5G to become a universal standard. This is an exceptionally challenging task considering
the increase in bandwidth and data rates [6,7]. To take care of this issue, the Multiple-Input Multiple-
Output (MIMO) advancements along with a wide data transmission are essential to further development
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of channel limit and range effectiveness by using multipath property with no requirement for expanding
the information power [8,9]. Moreover, the attributes of proper isolation between the elements and
broadband ought to be moved by the MIMO framework to add a successful execution [10,11]. The
throughput of the MIMO antenna system is influenced by the higher mutual coupling between the
MIMO antenna elements [12,13].

So, the design and development of a MIMO antenna along with a proper isolation between the
elements is a tremendous challenge. 5G technology generally focuses on the centimeter and millimeter
wave spectrum (3-300 GHz), and it helps attaining a higher bandwidth which can yield a data rate up
to more than 20 Gigabit-per-second (Gbps) [14,15]. Furthermore, the lower portion of the spectrum
has already been used for several applications such as Wi-Fi, WiMAX, Bluetooth, ISM, and mobile
communication. Furthermore, the higher portion of the spectrum is still untapped which can be utilized
for the 5G technology [16]. The feasibility, advantages, and challenges of future wireless communications
over the E band frequencies have been investigated in [17]. A Directional Radio Propagation Path Loss
Model for Millimeter-Wave Wireless Networks in the 28, 60, and 73 GHz Bands is proposed in [18].
Different antennas have been proposed and analyzed for 5G applications [19-22], and several MIMO
antennas have been highlighted [23-31], covering a large range of frequencies of the 5G spectrum. There
have been different proposals for MIMO configurations for lower spectrum regions, including those below
6 GHz, while above 20 GHz, MIMO setups have also been proposed. A four element antenna structure
is presented in [23] which covers the mm-wave frequency band of 25.5-29.6 GHz for 5G communication
system with a peak gain of 8.3dB. In [24], a MIMO array antenna along with a bandwidth of 3.4 to
3.6 GHz is proposed for 5G applications.

A MIMO antenna array with dual frequency bands and dimensions of 150 * 75 * 7mm?® has been
presented in [26]. It has a bandwidth of 3.4 to 3.6 GHz and 4.8 to 5.1 GHz at —6dB. In [27], an array
of MIMO antennas is presented with a SIW-fed slot antenna. The frequency bands 27.5-28.35 GHz
and 24.25-27.5 GHz are covered by this antenna for 5G, and the gain varies from 8.2 to 9.6dB. A
MIMO antenna covering the frequency range between 26 and 29.5 GHz with a peak gain of 14 dB for 5G
applications is proposed in [28]. A 5G metamaterial-based antenna for MIMO systems presented in [29]
offers a maximum gain value of 7.4dB. A 66.8 x 40 x 0.8 mm?® broadband MIMO antenna which has an
impedance bandwidth of 2.6 to 13 GHz has been developed [30]. A four element MIMO antenna system
of size 158 x 77.8 mm? which covers the 5G frequency band 27.5 to 40 GHz is proposed in [31]. Using
an arbitrary portion of the visible space, a novel method is proposed to synthesize fields that maximize
the power radiated in the presence of beam efficiency limitations and protection requirements [33].

In this paper, a four element MIMO antenna for 5G mm-wave applications is proposed. This
proposed antenna has a high gain, good efficiency, and good isolation among all ports.

The sequenced research work is described as follows. The geometry of the proposed single element
antenna and its simulation results like s parameter, radiation pattern, E plane and H plane plots, surface
current, etc. are presented in Section 2. In Section 3, a two element MIMO antenna is proposed, and
its simulation results are analyzed. In Section 4, a four element MIMO antenna is proposed, simulated,
and analyzed. A complete design procedure is explained through the flowchart given below.

2. SINGLE ELEMENT ANTENNA DESIGN

2.1. Antenna Geometry and Simulation Results

Figure 1 shows the proposed single element antenna design. Figures 1(a) and 1(b) show the front view
and back view of the design. A description of the proposed antenna design parameters can be found
in Table 1. Microstrip feed line technique is used to feed the antenna for 50 {2 impedance matching. A
circular patch antenna with an elliptical slot and a defected ground structure is designed and simulated
on a Rogers Duroid 5880 substrate having a relative dielectric permittivity of 2.2 and thickness of
0.8mm. Initially, a single element circular patch antenna shown in Figure 2, without a slot and a
defected ground structure, was designed and simulated using the same dimensions of patch, substrate,
and ground. Then effects of cutting a slot and a DGS structure were analyzed. Figure 3 shows the
simulated results of both of the designs which are shown in Figure 1 and Figure 2.

To obtain a frequency shift to the desired frequency of operation, an elliptical slot was cut at top
surface of the circle, then Sj; parameter was realized, which is shown in Figure 4(a). Further, to get
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Steps
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Reasons and explanations

A

»| RT/duroid 5880 laminates has a low
dielectric constant and low dielectric loss,
making them well suited for high
frequency/broadband applications.

2. Single element
circular Patch Antenna

with full ground plane

l

3. An Elliptical shaped
slot was cut at top
surface of circular

frequency was at 26.84 GHz.

Return loss was not good ang resonance

patch

poor.

v

Resonance frequency shifted towards the
desired frequency i.e., 28 GHz but not
>l exactly 28 GHz and the return loss is still
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the center of the patch

A

Resonance frequency exactly at
» 28 GHz but return loss was still poor.

5. Ground was made
defected

A

»| proper impedance matching.

A good return loss was received showing

6. Two element MIMO
structure was designed

The gain received was more than single
|y element antenna but the dimensions of this 2
element antenna were slightly more.

4
7. Four element MIMO

structure was designed

The gain received was more than the single
element and two element antenna and

»| dimensions are reduced than the two port
design. This four port antenna is a very
compact and a high gain antenna.

Flow Chart of Complete Design Procedure

Table 1. Dimensions of single element antenna.

Parameter Value (mm) Parameter Value
Substrate width W, 6 Patch Diameter D 3.94
Substrate length L 7 Elliptical slot z diameter D, 2.4

Feed width Wy 1.68 Elliptical slot y diameter D, 1.2
Feed Length Ly 1.32 Ground Width W,

Ground Length L,

237
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Figure 1. The proposed antenna design. (a) Front view, (b) back view.

(a) (b)
Figure 2. Antenna design without slot and without DGS. (a) Front view, (b) back view.
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Figure 3. Return loss without slot and without DGS.

a better impedance matching and resonance frequency exactly at 28 GHz, the slot was shifted towards
the center. Simulation result of return loss of slot shifting is shown in Figure 4(a), and the effect of
partial ground plane is shown in Figure 4(b).

2.2. Radiation Pattern, Surface Current Distribution and Polar Plot

Figure 5 shows the radiation pattern of unit element antenna which is unidirectional, and the gain
obtained is 6.1 dB. Surface current distribution in Figure 6 shows that most of the current flow is
concentrated around the surface of the patch and on the feed line. Figure 7 shows the E field and H
field plots of single element antenna. The direction of main lobe is 0 degrees.
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Figure 4. Simulated return loss. (a) Effect of slot shifting, (b) effect of partial ground plane.
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Figure 5. 3D radiation pattern of single element antenna design.
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Figure 6. Surface current distribution of single element antenna.

3. TWO ELEMENT MIMO ANTENNA

The two element MIMO antenna with same dimension of patch, slot, and ground is presented in Figure 8.
Figures 8(a), (b) show the front view and back view of the two port patch antenna with substrate
dimension as 16 mm x 7mm. Figure 8(c) shows that the return loss at 28 GHz is —30.07 dB, and there
is a good isolation between the two antenna elements. 3D radiation pattern is shown in Figure 8(d)

with the increased gain of 7.57 dB.
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Figure 7. FE plane and H plane plot of purposed single element antenna.

(a)
1
e
[P | | | | [
et | Bl i b bt bt s b bt b b bt
T
B I I e e e e e e s
S-Parameter [Magnitude in dB]
0
—_—s11
P— P —s21
10 —s1,2
—22
20
[
3 |q (27.995, -30.07 )|
. NN
50 \/
-60
25 2% 2% 30 32 34 36 38 40 a2 44 45
Frequency / GHz

(©)

(d)

Figure 8. Two element MIMO antenna structure and its simulation results.
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4. FOUR ELEMENTS MIMO ANTENNA CONFIGURATION

A four element MIMO antenna is proposed as shown in Figure 9, by using the single antenna element
design that was proposed in Section 2. The overall dimension of this antenna is 20 x 20 mm?, with each
of the four elements placed symmetrically and in rotational of 90-degree interval to form a square. The
proposed MIMO antenna achieves greater than 18 dB isolation among all the four ports.

In MIMO systems, the presence of many similar elements results in higher mutual interference
and an increase in Envelope Correlation Coefficient (ECC) among the different antenna elements. So,
it is a difficult task to design a four port diversity antenna due to the mutual interference between
the radiating elements. Because of this, the diagonal elements in the four element MIMO antenna are
arranged in an anti-parallel manner, while the four elements are arranged orthogonally with each other.
The fabricated 4 port MIMO antenna for 5G is shown in Figure 10. Figure 11 shows the surface current

Port 3
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Figure 9. Purposed four element MIMO antenna structure.
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Figure 11. Surface current distribution of a four-port MIMO antenna.
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distribution of a four-port MIMO antenna on simultaneous excitation of all four ports at a frequency
of 28 GHz. A maximum flow of current has been observed around the feed line of the proposed MIMO
antenna elements and along the edges of the circles. The coupling current is relatively insignificantly
concentrated between elements of MIMO antennas.

4.1. Definitions and Equations of Reflection Coefficients and Transmission Coefficients of
All Four Ports

The ratio of the amplitude of the reflected wave to that of the incident wave is termed as Reflection
Coefficient. Similarly, the ratio of the amplitude of the transmitted wave to that of the incident wave
is called Transmission Coefficient. A four port antenna network is shown in Figure 12, where

a1 = Incident Normalized wave at port 1, b; = Reflected normalized wave at port 1
as = Incident Normalized wave at port 2, by = Reflected normalized wave at port 2
a3 = Incident Normalized wave at port 3, b3 = Reflected normalized wave at port 3
a4 = Incident Normalized wave at port 4, by = Reflected normalized wave at port 4

_ Normalized transmitted /reflected wave voltage at ith port

Sij = Normalized incident wave voltage at ith port
b1 b1 bl bl
Su=—, Sie2=— Sp=—, Su=—
ai a2 az a4

So, the total reflected wave at port 1 =

b1 = Siia1 + Si2a2 + S13a3 + S14a4 (1)
In the same way,
by = Sa1a1 + Sazaz + Sazaz + Saaaq (2)
bz = S31a1 + S32a2 + S33a3 + S34a4 (3)
by = Sy1a1 + Sazas + Sazas + Susay (4)

From Equations (1), (2), (3) and (4) —

b1 a)
by| a
b3 - as
b4 ay

Transmission Coefficients Reflection Coefficients

Port 2
a:@T T ﬁ b2
al a3
— f st |
o— —0
Pidi 4 Port Antenna Port 3
e ©
= =
W l J) ha
M@ ﬁ a4
Port 4

Figure 12. Four port antenna network.
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4.2. Simulated and Measured Results

In this section, the simulated and measured results are analyzed in detail. Four SMA end launch
jack 1.57mm PCB 0-40 GHz connectors are used to feed the elements of the MIMO antenna. The
simulation was carried out on CST Studio Suite while the antenna measurements are carried out on
Rhode & Schwarz ZVA 40 vector network analyzer. The measurement of transmission and reflection
coeflicients is performed by terminating idle ports in 502 load on the fabricated quad-element MIMO
antenna.

4.3. S Parameters

The simulated and measured results of reflection coefficients and transmission coefficients of all four
ports are shown in Figures 13(a) and 13(b), respectively. There is a good agreement between the
results. Simulated results show that S1; = Soo = S33 = Syq = —30dB on resonance frequency 28 GHz
while the measured S parameters for all four ports are —25dB on the same resonance frequency. The
proposed MIMO antenna has a 2.1 GHz bandwidth based on the —10dB criterion. MIMO antenna
elements show a mutual interference of less than —20dB over the entire region of interest as shown in
Figure 13(b). It can be observed that there is a slight variation in simulated and measured results due

to the cable losses. A photograph at the time of measurement of S parameters on Rhode & Schwarz
ZVA 40 VNA is included in Figure 14.
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Figure 13. Simulated and measured results of (a) reflection coefficients and (b) transmission coefficients
of all four ports.

Figure 14. Photograph of measurement of S parameters on Rhode & Schwarz ZVA 40 VNA.
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4.4. Far Field Measurement

Figure 15 shows the radiation pattern of the four elements MIMO antenna. It can be noted from the
figure that the 3D gain of the MIMO antenna is 7.69dB on 28 GHz frequency, and the MIMO antenna
system produces a directional radiation pattern. In Figures 16(a) and (b), the radiation patterns for
two principal planes, i.e., E-plane and H-plane, at 28 GHz are shown.
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Figure 15. Radiation pattern of purposed four elements MIMO antenna.

Farfield Drectity Abs (Phi=90) Farfield Drectity Abs (Theta=00)

—— farfeld (f=28) [1[1.0,0.0]... — farfield (f=28) [1[1.0,0.0]...

Frequency = 28

Man bbe magntude = 7.69 dBi
Man lohe dregoon = -20.0 deg.
Angulsr width (3 dB) = 24.5 deg.
Theta f Degree vs. dB Se obe level = 4.8 dB

Frequency = 28
Man bbe magniude = -8.04 di
Man obe drecion = 160.0 deg.
Angular vadth (3 dB) = 29,9 deg,

Figure 16. E filed and H field plot of 4 element MIMO antenna.

The beam efficiency of an antenna may be defined as the ratio of the power radiated within the
main beam to the total power radiated. In the proposed 4 port MIMO antenna, the beam efficiency
is improved as we can see that side lobe level power is —5dB which is very low, so most of the power
is concentrated in the main lobe at a fixed direction that is around 20 degrees shifted from the main
orthogonal direction of the antenna. This will help to serve mobiles and other wireless devices to have
a directive pattern.

As shown in Figure 17, the proposed MIMO antenna exhibits a peak gain of 9.24dB, and the
radiation efficiency of the MIMO antenna is 78.6% as shown in Figure 18, for the entire range of
frequencies.

5. COMPARATIVE STUDY

Table 2 presents a comparative study of the proposed MIMO antenna with the other antennas reported
in the literature. It can be observed from the table that the proposed MIMO antenna has various
advantages over the MIMO antennas presented in literature [23-31], such as antenna size, number
of radiating elements, gain, impedance bandwidth, efficiency, and isolation among MIMO antenna
elements. In addition, a defective ground plane structure is used for the proposed quad element MIMO
antenna to ensure a stable operation, along with the four radiating elements arranged in anti-parallel
mode and orthogonal to each other.
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Figure 17. Plot of Maximum gain over frequency of the MIMO antenna.
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Figure 18. Plot of Radiation Efficiency over frequency of the MIMO antenna.

Table 2. A comparative study of the proposed MIMO antenna with other antennas.

Approximate
Reference | No. of . 3 Isolation . Peak Total
Size (mm®) Return Bandwidth ECC
Paper ports (dB) Gain (dB) | Eff. (%)
Loss (dB)
[23] 4 30 x 35 x 0.76 —35 > 10 25.5-29.6 8.3 80-85 < 0.01
[24] 8 145 X 75 x 6 —10 > 15 25.5-29.6 1.6-4.5 42-73 < 0.16
[25] 4 90 x 90 x 1.6 —50 > 13 3-9 11-12 - -
3.4-3.6,
[26] 8 150 x 75 x 7 —25 >11.5 - 48-85 < 0.16
4.8-5.1
[27] - - -30 > — 21-34 9 - -
[28] 4 19 x 19 x 7.608 —40 > 20 26-29.5 14 - < 0.015
[29] - 30 x 30.5 x 0.508 -30 > — 24-28 7.4 - -
[30] 2 66.8 x 40 x 0.8 —30 > 15 2.6-13 0.76-6.02 > 75 < 0.02
[31] 4 158 x 77.8 x 0.38 —35 > 17 24-28 0.76-6.02 <75 < 0.001
[32] 4 80 x 80 x 1.57 —35 > 20 23-40 12 <75 < 0.0014
Proposed
4 20 x 20 x 0.8 -35 > 18 27.5-40 9.24 > 77 < 0.0013
Design
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6. CONCLUSIONS

In this paper, a four element MIMO antenna working at centre frequency of 28 GHz with a proper
impedance matching is designed, simulated, and tested on an RT Duroid 5880 substrate for 5G
applications. The proposed MIMO antenna design is very simple in structure, very compact in size
with the dimensions of 20 x 20 x 0.8 mm?® and has peak gain 9.24dB and bandwidth 2.1 GHz. The
simulated and measured results demonstrate that the proposed MIMO antenna has better performance
than the antennas listed in the Table 2, in terms of reflection coefficient, mutual coupling, radiation
pattern characteristics, gain, bandwidth, efficiency, and correlation coefficient.
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