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Design and Analysis of a 4-Port MIMO Microstrip Patch Antenna
for 5G Mid Band Applications
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Abstract—This article proposes a 4-port MIMO antenna for 5G mid-band application resonating from
4.5-5.1 GHz which comes under n79 band, an FR1 5G NR band used in smart phones. The first design
involves a single-element microstrip patch antenna with a diamond shaped slots and partial ground
structure of size 30 x 43 x 1.6mm?. Using this single element antenna as reference, a 4 port MIMO
antenna is presented which operates at 4.9 GHz resonance frequency with proper spacing, resulting in
much improved isolation between the elements. The proposed 4 port MIMO antenna is designed and
fabricated over a commercially available low-cost FR-4 substrate having a relative dielectric permittivity
of 4.4 and thickness of 1.6 mm. The W x L dimension of this MIMO antenna is 56 x 56 mm?. Simulation
of the S-parameters and radiation pattern of all purposed designs is performed using the CST studio
suite, and test results of the return loss are presented using the Keysight N9916A 14 GHz vector network
analyzer. Antenna gain is 3.8dB, and efficiency is 87% with a low (less than 0.1) envelope correlation
coefficient (ECC) between any two radiating elements, paired with a positive diversity gain (DG),
indicating that the proposed antenna is well designed. As a result, the proposed antenna is an excellent
candidate for deployment in 5G networks.

1. INTRODUCTION

In order to achieve the growing requirements of the network, wireless communication and fifth generation
(5G) are developing rapidly. A significant increase in throughput is expected from 5G, especially for
LTE (long-term evolution) [1]. Extensive use of communications requires high data rates, low latency,
and massive connectivity for vehicle communications, transportation, environmental monitoring, and
smart cities [2,3]. There are two bands in the 5G network, mmWave band and sub-6 GHz band [4, 5].
Sub-6 GHz describes mid frequency radio bands below 6 GHz, while mmWave describes higher frequency
radio bands between 24 GHz and 40 GHz. Low-frequency bands are below 1 GHz [6]. There is enormous
potential for standardization in the higher 5G band. Sub-6 GHz, on the other hand, is considered
to be a more realistic standard that will be more widely deployed [7,8]. Compared to low-band, 5G
mid-band offers faster speeds and more capacity, and along with this, it offers a significantly broader
coverage area. Compared to high-band millimetre wave (mmWave) spectrum, mid-band spectrum,
unlike mmWave, may pass through walls. In highly populated urban regions where connectivity demand
is high, 5G mid-band provides a balance of speed, capacity, coverage, and penetration that is particularly
remarkable [6]. In the sub-6 GHz band, five licensed 5G bands are allotted with n77 and n79 being the
most industry oriented. The n79 band is an FR1 5G NR (New Radio) band. It uses the Time Division
Duplexing (TDD) mode which only needs one frequency band for both uplink and downlink [9, 10]. In
5G communication, multiple-input multiple output (MIMO) and massive MIMO systems are used as
the antennas to overcome path losses and atmospheric attenuations. Data rates and channel capacity
increase with the increase in number of antenna elements in a MIMO system. However, the overall
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system becomes complex when the number of elements increases, since the correlation increases. That
is why low correlation and high isolation are the basic requirements for MIMO systems [11-16].

There have been several antennas proposed in papers [17-21] for 5G systems in both sub-6 GHz and
mmWave which included n77, n79, LTE band 42, 43 MIMO systems and mmWave arrays. A triband
MIMO antenna with eight elements is presented in [21], offering a low correlation characteristics. In [22],
an eight-element MIMO antenna is described with both planar resonators. The hybrid assembly makes it
difficult to fabricate the antenna system, even though the isolation between radiating elements is as good
as 15dB. In [23], a four-port MIMO dielectric resonator antenna (DRA) system with size 80 x 80 mm?
is described which provides spatial and diversity characteristics. In [24], a six-element MIMO antenna
system of 136 x 68 mm? is described that has a peak gain of 3.1dB with low correlation among MIMO
elements. [25] presents a 28 GHz, 4-port MIMO antenna array of size 30 x 35 mm? with 8-elements and
peak gain 3.6dBi. It is demonstrated in [26] how a metasurface can increase the gain of a two-port
circularly polarized WLAN band antenna. MmWave band with 4 GHz bandwidth is characterized by a
two-port orthogonal MIMO configuration in [27]. A simple feeding mechanism presented in [28,29] for
four-element linearly polarized planar structures.

Here, in this paper, a 4-port MIMO antenna with diamond shaped slots into the patch and a
defected ground structure is presented for 5G mid-band, resonating in n79 band which is used in 5G
smart phone applications. The novelty of this work lies in the fact that the proposed antenna works in
n79 band under the C band, which is widely used around the world but very small number of researches
done for this band. n79 band is running across Australia, China, the European Union including UK,
Hongkong, Japan, Isreal, New Zealand, the Philippines, Singapore, South Korea, and more. Apple
iPhone 12 and iPhone 13 series as well as one plus 10 pro already have n79 band. So this antenna will
prove to be a very good candidate for the mobile phones having 5G connectivity because of its compact
size, efficiency, and good bandwidth factors. All four elements of the antenna are placed in such a way
that it provides good isolation among all ports as well as a high gain and high efficiency.

The complete layout of the paper is as follows. An analysis of the literature review is presented
in Section 1. Section 2 presents the geometry and simulation results of the proposed single element
antenna, including S-parameter, radiation pattern, F-plane and H-plane plots, and the surface current.
A four element MIMO antenna for sub-6 GHz 5G application is proposed, simulated, analyzed, and
tested in Section 3. The summary of the results and a comparative study of this work with the other
works reported in the references are shown in Section 4, and Section 5 concludes the complete work.

2. DESIGN PROCESS OF PROPOSED ANTENNA AND ITS CONFIGURATIONS

2.1. Single Element Antenna

The first step of the process is to design a single element antenna as shown in Fig. 1. The front side
and back side of the design are shown in Figs. 1(a) and 1(b), respectively. The antenna is designed
using a square patch radiator, connected with a 50 €2 microstrip feed line, a ground plane, and an FR4
substrates with relative dielectric permittivity of 4.4 and thickness of 1.6 mm. Diamond shaped slots
are cut into the patch as square-, diamond-, and pentagon-shaped slots giving wide band response
and perfect impedance matching, when being designed properly. The antenna is designed to resonate
at frequency 4.9 GHz which comes under the n79 band of 5G mid-band spectrum. The single element
antenna’s design parameters are as follows: substrate width Ws = 30 mm, substrate length Ls = 43 mm,
patch length Lp = 11 mm, patch width Wp = 12mm, length of feed line Lf = 2mm, width of feed
line W f = 1.4mm, diameter of each diamond shaped slot D, = 4mm, dimensions of small rectangle
slot in ground = 2mm x 5mm, and dimensions of large rectangle slot in ground is 2mm x 24 mm.
Two strips are connected in ground plane to achieve a symmetric structure of MIMO antenna following
the connected ground plane theory according to which complete ground plane used for MIMO antenna
should be connected.

Figure 2 explains the complete design flow of the antenna from starting to final design, which helps
to understand how the required results are achieved.

This single element antenna was designed using the CST studio suite, and its simulation results
of reflection coefficients are measured using Keysight N9916A 14 GHz vector network analyzer. This
single element antenna is used to further design a 4-element MIMO antenna explained later in Section 3.



Progress In Electromagnetics Research C, Vol. 129, 2023

233

| ws=30.00 mm | (Ws=30.00 mm
I | f 1
T [ 24.00 mm i
|
E
E\E
E — o |9
£ 5 b
£ S &
Wp = 12 mm o
3 Y O|E
' I
11.26 mm oy R (1 — £
<t o &
£ : " g
N - el FaX|
o =
?.: Ilé "_; S.an
= | Ig 14.00 mm
wi=1.40lmm o 16.00 mm
(a) (b)
Figure 1. Single element antenna structure. (a) Front side, (b) back side.
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Figure 2. Complete design flow of the proposed antenna.
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Simulation result of reflection coefficients is shown in Fig. 3(a) which depicts that S parameter is
—33dB at resonant frequency 4.9 GHz showing the minimum return loss and good impedance matching.
The bandwidth of proposed single element antenna is 800 MHz which is sufficient for 5G mid-band
communication. Fig. 3(b) shows gain and efficiency curves with respect to frequency. Maximum IEEE
gain observed over frequency is 3.44dB which can be further increased by using low dielectric loss
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Figure 3. (a) Simulated graph for reflection coefficient. (b) Plot of maximum gain and radiation
efficiency over frequency.

material like Rogers RT5880 substrate. Efficiency of the proposed antenna is 81% which makes it a
good candidate for 5G smart phone applications.

The 3D radiation pattern and surface current distribution of a single element antenna are illustrated
in Fig. 4. The distribution of surface current in Fig. 4(b) shows that most current flows along the surface

of the patch as well as along the feed line.
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Figure 4. (a) 3D radiation pattern and (b) surface current distribution.

3. FOUR ELEMENTS MIMO ANTENNA

An antenna system with a MIMO structure has wide application in 5G infrastructure due to its ability
to withstand fading and lossy environments and to deliver a variety of performance characteristics [30].
A similar configuration is reported for sub-6 GHz and mmWave [31, 32].
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Using the single element antenna design proposed in Section 2 as a reference, the front side and back
side of a four-element MIMO antenna structure are presented in Figs. 5(a) and (b). Antenna dimensions
of the antenna are 56 x 56 x 1.6 mm? with four elements symmetrically arranged in 90-degree rotation
with each other, which is intended to achieve greater than 20 dB isolation across all the four ports [33].
Before this square box arrangements, many more arrangements are also tried, but this arrangement
is the best structured arrangement from the perspective of overall size of the antenna. Due to this
structure and its compact size, this antenna can be easily fitted in smart phones. Figs. 5(c) and (d)
depict the front view and back view of the fabricated prototype antenna for 4-port MIMO systems.
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Figure 5. (a), (b) Proposed design of four port MIMO antenna and (c), (d) its fabricated prototype.

Due to multiple alike elements, there is high mutual interference and envelope correlation coefficient
(ECC) between the various radiating elements. Consequently, it is hard to design a diversity antenna
with four ports or more because the radiating elements interfere with each other. Therefore, the antenna
structure is designed such that all four elements are on 90 degrees to each other placed on each of four
sides of the substrate.

Upon simultaneous excitation of all four ports at 4.9 GHz, Fig. 6(a) depicts the surface current
distribution in antenna. An electric current flowing in a conductor can be determined by observing
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Figure 6. (a) Distribution of surface current, (b) plot of input impedance at all four ports.

its surface currents. As suggested by [34], one port should be excited while the others should remain
terminated with a 502 load in order to understand the coupling effect between the antenna elements.
Fig. 10 illustrates that maximum current flow is along the surface of the antenna elements, edges of the
diamond slot, and around the feed line.

A plot of input impedance magnitude is shown in Fig. 6(b) which shows that there is a good
impedance matching for all four ports of the MIMO antenna.

3.1. Proposed MIMO Antenna Results

This section presents an analysis of the simulated and test results. All the MIMO antenna elements are
fed by 50 SMA (SubMiniature version A ) end launch connectors. The performance of the antenna’s
far field radiation is tested in an anechoic chamber while the S-parameters are measured in open
air using Keysight N9916A 14 GHz vector network analyzer. The prototype antenna is used as a
receiver, and a well-calibrated conventional gain horn antenna is used as the broadcast antenna. The
antenna is rotated during testing to measure the radiation intensity at various angles. By evaluating
the diversity performance from the perspectives of the ECC, transmission coefficient, diversity gain,
and mean effective gain, the proposed MIMO antenna system’s reliability is verified.

3.1.1. S-Parameters Plot

Figure 7(a) shows the simulation and test results for the reflection coefficients S;; for each of the four
ports and it can be observed that both the results agree well. Only port 1 is excited when antenna
element 1 is measured, and the other ports are terminated with a 50 load. The measurements for the
remaining antenna elements are performed in a manner similar to this by excitation of the respective
antenna port and connection of the 50 load to other ports. At resonance frequency 4.9 GHz, simulation
results show that S1; = Soo = S33 = Sy = —32dB, while test results show —23dB for all four ports.
S-parameters differ slightly in both simulated and test results, which can be due to the cable losses and
measurement setup. The proposed MIMO antenna offers 800 MHz bandwidth which covers the 5G mid
frequency band communication spectrum.

Mutual correlation between MIMO components can be observed using the transmission coefficient.
Fig. 7(b) shows a plot of the simulated and measured transmission coefficients S;; of the proposed
MIMO antenna. When the proposed structure is used, the antennas have very low mutual coupling
between the antenna elements. As shown in Fig. 7(b), there is less than —20dB of mutual interference
between MIMO antenna elements, in the whole operational bandwidth.
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Figure 7. Simulation and test results of (a) reflection coefficients and (b) transmission coefficients.

3.1.2. Far Field Results

The aim of designing this MIMO antenna is to produce pattern diversity with a moderate gain value.
3D radiation pattern of proposed MIMO antenna is shown in Fig. 8(a), and it can be observed that
3D gain is 3.8dBi at 4.9 GHz frequency which is higher than the single element antenna design. A
measurement setup for far field measurement characteristics is shown in Fig. 8(b).

Figure 8. (a) Simulated 3D radiation pattern of proposed MIMO antenna, (b) photograph of far field
measurement setup.

The simulated and measured results of radiation patterns for two principal planes, i.e., F-plane
and H-plane are shown in Fig. 9 at 4.9 GHz frequency upon excitation of port 1. Results at all other
ports are almost identical to the results upon exciting port 1. It can be observed that the directions of
front lobe and back lobe are slightly away from the main axis (0 degrees and 180 degrees) in simulation
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results, while in measured results the radiations are at 0 degree and 180 degree directions which make the
antenna a good candidate for 5G communication. Negative front to back ratio may be further reduced
by using reflector plates backside to the ground plane which will make this antenna more directional.

3.1.8. Gain and Radiation Efficiency

In order to analyze antenna performance, it is essential to know the antenna gain and efficiency.
Proposed MIMO antenna’s performance characteristics are discussed in this section. The antenna
efficiency and gain curves (simulated and measured both) with respect to frequency are shown in Fig. 10,
where the total efficiency varies from 80% to 90% for the entire bandwidth range, and the maximum
gain is 3.8 dBi at the desired resonance.
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Figure 10. Plot of maximum gain and radiation efficiency over frequency.

3.1.4. Envelope Correlation Coefficient (ECC)

The performance independence of MIMO components, such as polarisation and radiation patterns, is
measured by the ECC. The proposed MIMO antenna system’s ECC is determined using Equation (1)
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based on S-parameters and far-field radiation [35].
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where A;(0, ) indicates the 3D far field pattern when port “” is excited, and A;(6, ) indicates the
3D far field pattern when port “j” is excited. w represents the solid angle. As shown in Fig. 11(a), the
envelope correlation coefficient of the proposed antenna between any of the two antenna elements is less

than 0.01, which indicates that they are very well correlated.
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3.1.5. Diversity Gain (DG)

DG, which shows how the diversity scheme of MIMO antennas affects the radiated power, is another key
parameter to measure performance of the MIMO antenna. Equation (2) is used to determine the DG
for the proposed MIMO antenna based on the value of the S-parameters [35]. Because of the antenna’s
diversity gain, higher values result in better isolation. As shown in Fig. 11(a), a diversity gain of 9.99 dB
is offered by the proposed MIMO antenna for each of its four antenna elements, which is close to the

optimal value.
DG = 104/1 — (ECC)? (2)
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Figure 11. (a) DG and ECC plot of proposed MIMO antenna. (b) MEG plot.

3.1.6. Mean Effective Gain (MEG)

Another important parameter for measuring diversity performance of the MIMO antenna is MEG, which
is a ratio of the mean received power to the mean incident power of the antenna [36]. The range of the
practical MEG value that is acceptable should be between —3 dB and —12dB [37]. Using Equation (3)
the MEG value is calculated for the proposed antenna, and the value of MEG is in the range of identical
values as shown in Fig. 11(b) [36, 37].

N

MEG; = 0.5 (1 -y |Sl-j|) (3)
i=1

where ¢ = port at which observations are taken and N = number of antenna elements in MIMO system.
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4. COMPARATIVE ANALYSIS

The proposed MIMO antenna is compared with some of the antennas reported in the reference which
is shown in Table 1. It can be noted that the proposed MIMO antenna has a number of advantages
over the antennas discussed in literature, including its application that this n79 band is being used in
many smart phones worldwide. Also, antenna size, number of radiating elements, gain, efficiency, and
isolation between the antenna elements make it more efficient than other reported antennas.

Table 1. A comparative analysis of the proposed antenna with the antennas reported in literature.

Isolation Minimum
No. of Size between Peak Total Envelope spacing
Reference Freq. Lo . . i
Paper (GHZz) antenna (.L X VVZ) radiating | Gain | Efficiency Correla.tlon between
elements | in mm elements | (dB) (%) Coefficient antenna
(dB) elements
[15] 2:3-3.0/ 4 40 x 40 14 3.1 NA <02 8 mm
5.4-5.6
[18] 4.5-5.0 5 80 x 80 15 5.6 NA < 0.01 NA
[19] 27-29 4 30 x 30 28 7 92 < 0.01 6 mm
[23] 3:3-3.8/ 4 80 x 80 18 4 70 <0.2 28 mm
5.5-5.5
[28] 4.8-6.0 4 30 x 30 10 4.02 67 < 0.15 9mm
[29] 5.15-5.35 4 112 x 112 22 4.8 89 < 0.15 NA
[34] 20-40 4 80 x 80 20 10 70 < 0.2 10.3mm
[38] 27.5-29.5 4 30 x 30 26 5.8 90 < 0.03 3.4mm
[39] 4.7-5.1 4 40 x 40 25 2.8 70 < 0.01 16 mm
Proposed | 4.5-5.1 4 56 X 56 20 3.8 87 < 0.01 9 mm

5. CONCLUSION

This paper presents a four port MIMO antenna with diamond shaped slots and a defected ground
structure at 4.9 GHz frequency for 5G-n79 band using a correct impedance match. Antenna is designed
and simulated on CST studio suite. The measurement of S-parameters is done using Keysight N9916A
14 GHz VNA, and far field results are measured using an anechoic measurement setup. This MIMO
antenna is created using the proposed single element antenna, by putting all single elements 90 degrees
apart from each other making a square form of structure. Overall diversity performance of the proposed
MIMO antenna is very good as mutual coupling between antenna elements is less than —20 dB. Diversity
gain is 10dB, and ECC is less than 0.01, which are very near the ideal values. The proposed MIMO
antenna is compact in size, i.e., 56 x 56 x 1.6 mm?> with operating bandwidth as 800 MHz, peak gain
as 3.8dBi with symmetrical and stable radiation pattern, and efficiency as 87% on resonance, making
it a considerable viable candidate for 5G smart phone applications. Furthermore, the gain can be
increased by using low dielectric loss material like RT/duroid 5880 or by increasing the number of
antenna elements making an array form.
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