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Abstract

A patch antenna with rectangular-shaped ring slot that fed by a coaxial probe is proposed in this
article as the single element for planar patch array antenna design to meet the requirement of multiple
input multiple output (MIMO) in fifth generation (5G) technology. Initially, the single antenna element is
designed at three different center frequencies of 0.85, 1.9 and 2.6 GHz to cover the mobile operating
frequency of 0.8, 0.85, 0.9, 1.8, 2.1 and 2.6 GHz, which considering the proposed 5G spectrum below than
6 GHz. The rectangular-shaped ring slot is introduced to the patch antenna with the partial ground plane to
widen the bandwidth performance. The designed single element is then arranged to design planar arrays
of 2x2. Each of elements in the planar array is fed by a coaxial probe. The designs are utilizing a
high-performance substrate, Rogers 6010LM.
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1. Introduction

Fifth generation (5G) is an advanced technology that enables the device-to-device,
vehicle-to-vehicle and smart devices to communicate [1] with efficiently utilizing the existing and
expanded bandwidth (BW), while managing the system requirements. This future technology is
planned to be launched between 2020 and 2030 with 1000 times of system capacity, 10 times
spectral and energy efficiency, 25 times average call throughput [1-3] and five times reduced
end-to-end latency for higher data rates [4] and advanced speed beyond the current fourth
generation (4G) of Long-Term Evolution (LTE). The new generation of 5G technology concerns
the requirement of a number of antennas where the multiple input multiple output (MIMO)
system with this multiple antennas are the expected elements to be integrated into the global
network to fulfill the 5G requirement [2, 4-10]. Several researches on MIMO system for 5G
technology has been discovered in [1, 2, 4] to predict the scenario and environment of the future
mobile technology of 5G network.

Microstrip patch antenna is the most preferable antenna type for the MIMO system as it
promises several advantages in terms of manufacturing cost, low profile design and excellent
performance [3, 6, 7, 11-15]. Early in 2000 [16], 1x4 microstrip patch array antenna is proposed
to handle the MIMO system in increasing the wireless network capacity. The U-shaped slot is
introduced to provide the dual-band behavior. This array antenna also offers a simple yet
compatible for almost every wireless application, which parallels to the goals of 5G technology
visualization of “Internet of Things” (loT) that integrated, reachable and accessible
simultaneously. The conventional microstrip patch array antennas with 1x2 and 1x4
configurations have been designed in [9, 10] for specific absorption rate investigation using
the high-performance substrate of Rogers RT6010LM. However, the research is limited to linear
patch antenna array and the overall dimension of the array seems large. While, the 1x4 linear
antenna array with Archimedean spiral slot for multiband frequencies is proposed in [17]. Three
Wilkinson power divider are implemented to form the antenna array. Nevertheless, the work is
limited to linear antenna array as well. Meanwhile in [10], the 16 antenna-element of 4x4
configuration is designed as a basis to develop the arrays with 64,128 and 256 antenna-element
that fed by coaxial probe. Yet, the single antenna has a complex design. Another research of
microstrip patch antenna with U-shaped is designed in [18] with configurations of 1x2, and 2x2
for MIMO applications. The U-shaped slot is designed to improve the bandwidth of
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the conventional patch and increase the length of the equivalent surface current path. While
recent researches on microstrip patch antenna for MIMO system in [11, 13] are applicable for
higher frequency up to more than 60 GHz. The 1x6 U-shaped slotted elements with fused silica
material and dual grounded coplanar waveguide (GCPW) feeding is designed purposely for
mm-wave MIMO application for a higher frequency band of 57-63 GHz [19]. The six-element
array is chosen to provide sufficient gain and suit for the indoor MIMO channel measurements,
which integrated with the RF chipset. The designed U-slotted antenna is capable of beam
steering up to +40° from the broadside. While in [9], the 1x4 elements of T-shaped patches that
realized by Rogers RT Duroid 5880 material is designed to achieve a targeted bandwidth of
12.4 GHz, covering from 25.1-35.1 GHz. This design also introduced the defect ground
structure (DGS) approach to improve the bandwidth performance of the conventional microstrip
patch antenna. The defect ground act as a resonant gap to allow the efficient coupling with
the feed line by changing the effective capacitance and inductance response through
the excitation and electromagnetic propagation along the substrate. However, the T-shaped
radiating element with coplanar-waveguide feed limits the antenna to perform in the planar array
configuration. As the MIMO system in 5G technology dealing with hundreds of antennas, this
approach does not quite suit the 5G requirement.

Thus, this article proposed a new design of microstrip patch antenna with a
rectangular-shaped ring slot that fed by a coaxial probe for mobile operating frequencies from
0.80 to 2.6 GHz utilizing the CST Microwave Studio 2016. The gap, g which represents the slot
size and coaxial probe location are analyzed to obtain the best performance of this proposed
antenna. This single element microstrip patch antenna is then applied in the design of 2x2
planar array configuration. Each element of this planar array antenna is fed individually, which
can perform as a single antenna, 1x2 linear array and 2x2 planar array.

2. Antenna Design

Primarily, a microstrip patch antenna as depicted in Figure 1 and Figure 2 is designed
at three center frequencies of 0.85, 1.9 and 2.6 GHz to cover the respective designated
frequencies of 0.8, 0.85, 0.9, 1.8, 2.1 and 2.6 GHz. The top layer of the designed antenna
consists of two radiating elements, hamed as Patch 1 and Patch 2 that separated by a narrow
gap with a dimension of g (rectangular-shaped ring slot). This narrow gap, g is implemented
purposely to separate the rectangular patch into two parts, which leads to broadening
the bandwidth performance of the antenna. Whilst, the partial ground plane technique is applied
in the antenna design to widen the bandwidth performance [20], where two parallel rectangular
ground planes are placed at the bottom of the antenna to mount the coaxial feed. The coaxial
feed is positioned close to the edge and in between two rectangular ground planes.
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Figure 1. The layout of rectangular patch antenna design (a) top, (b) bottom and (c) side view

The coaxial feed of this antenna is designed for 50Q matching to maximizing the power
transmission with a typical dimension of 0.64 mm for inner radius of the pin and 2.15 mm for
outer radius of cover. Teflon material is selected for the dielectric coating to isolate the pin and
the cover. The coaxial feed is positioned and tested for three different locations starting from
edge of the patch at (0, 0.97), to (0, 1.07) and (0, 1.17) for 0.85 GHz, (0, 1.15) to (0.1.25) and
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(0, 1.35) for 1.9 GHz and (0, 0.79), to (0, 0.89) and (0, 0.99) for 2.6 GHz to obtain the optimal
50Q matching as illustrated in Figure 3 and summarized in Table 1. P1 is the best coaxial feed
locations, which are 0.97 mm, 1.15 mm and 0.79 mm above the edge of the patch for
the respective center frequencies of 0.85 GHz, 1.9 GHz and 2.6 GHz according to the reflection
coefficients, Si1. However, for the center frequency of 1.9 GHz, the best location of coaxial feed
at (0, 1.15) demonstrates the worst Si11 of -4.20 dB. After all, this antenna performs a dual-band
operation, which at designated frequencies of 1.8 GHz and 2.1 GHz that allows for the coaxial
feed location P1 with Si1 of -4.20 dB to be accepted. Patch 1 and Patch 2 allow the maximum
free electron to move back and forth between the patches to the source of power excitement at
the optimum 50Q of matching state to operate at 1.8 GHz and 2.1 GHz.

(b)

Figure 2. The fabricated rectangular patch antenna (a) top and (b) bottom view

Table 1. The Designed Antenna Si1 of Three Coaxial Feed Locations for
Different Center Frequencies, fc
f. = 0.85 GHz f.=1.9 GHz f.=2.6 GHz
Location (x,y) Si1 Location (x,y) Si1 Location (x,y) Su
P3(0,1.17) -0.16 P3(0,1.35) -3.72 P3(0,0.99) -7.69
P2(0,1.07) -14.31 P2(0,1.25) -3.77 P2(0,0.89) -11.04
P1(0,0.97) -14.96 P1(0,1.15) -4.20 P1(0,0.79) -21.44

The initial length, L, and width, W, dimension of Patch 1 are designed based on
the respective (1) and (2) [21]:

L, = (c/2f\Jees7) — 2AL ()]

W, = (c/2f )2/ (e + 1) )

where ¢, f,, &r, & and AL are the speed of light, designated frequency, the effective dielectric
constant, the dielectric constant of the substrate and the normalized extension in
the length due to the fringing effect, accordingly. The effective dielectric constant, e, and
the normalized extension in the length, AL can be determined through the respective
expression in (3) and (4) [21]:

3
gorr = (& + 1/2) + (e, = D/D[1 + 12(h/Wp)]1/2 3)
(cerr +0.3) (Wp/h) + 0.2 “

AL = 0.412h
(cerr — 0.258) (W, /h) +(
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where h is the thickness of the substrate. Meanwhile, Patch 2 is designed to have the width and
length that similar to the substrate’s width, W, and length, L. The dimension of substrate length,
Ly and width, W, are computed based on the respective 2.13L, and 1.9W,. While gap, g is
designed from the coplanar approach to obtain a wider bandwidth. The analytical line
impedance calculation built in the software used to determine the exact gap width. This gap, g
serves a surface current between Patch 1 and Patch 2 that can be shown by the surface current
distribution analysis that will be explained in the following section. In addition, the width, W, of
two parallel rectangular ground planes is designed to be equal to 0.38 L,,, while its length, L, is
similar to L,. Initially, only a single rectangular ground is designed, which have a similar size to
Patch 1's dimension. Then, a square slot with length of L, is placed in the middle of
the rectangular plane that cut the feeding location. Thus, the ground plane is not short-circuited
the coaxial pin. The width of the square slot is optimized to have the best performance of
the antenna and the coaxial feed is able to be mounted at the optimal location, which explained
next. Although the coaxial feed has a narrow bandwidth property [21], this feeding technique
offers a practical design for MIMO system specifically for the planar array.

Subsequently, this single antenna is then used to form an antenna planar array in
the configuration of 2x2 with several significant optimizations to stimulate the MIMO application
of 5G technology as shown in Figure 4. The width, W, and length, L for each element of
the planar array designed, is accustomed at each designated center frequency to obtain
the optimal performance. The slightly extended dimension of 0.32W, and 0.15L,, is applied to
sustain the overall performance of the planar antenna. The separation distance of half
wavelength (1/2) is selected as it offers the optimal mutual coupling between each of
the antenna element. These multiple antennae can be operated as a single, 1x2 array antenna
and 2x2 array antenna as the individual feed is designed for each antenna element.

" 1 lanz

oFZ PORT 4 PORT 3
) /2 Substrate
Patch2
— Patchl ]
— Edgeofpatch ————— p i
patch2 PORT 2 PORT 1
Figure 3. Three tested coaxial feed locations for Figure 4. Planar array antenna of

the optimal 50Q matching 2x2 configuration

The high-performance substrate, Rogers RT6010LM with 0.254 mm thickness, 10.7 of
dielectric constant and 0.0023 of loss tangent is chosen for the design to attain a small size of
an array antenna with good performance [22]. Furthermore, this high-performance substrate is
significantly affecting the resonance frequency, bandwidth efficiency due to good thermal
mechanical stability [23, 24], and the impedance matching. Furthermore, this substrate with high
dielectric constant promises a high electrically polarized characteristic that enables the material
to store more charges, which will end up with small electronic circuits. Dielectric constant, ¢, can
be derived as the ratio of the permittivity of the dielectric to that of free space as expressed
in (5) [25]:

e =14+y,=¢/¢g (5)

where y,, € and ¢, are an electric susceptibility of the material, material permittivity and free
space permittivity (10~°/36m F/m), accordingly. This electric susceptibility is a measure of how
sensitive the dielectric material in response to an applied electric field. The greater the electric
susceptibility, the greater the ability of the dielectric material to polarize in reaction to the field
and store energy. Thus, the high-performance substrate in this research contributes to
the compact design of the patch antenna with good performance for mobile
operating frequencies.
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3. Current Distribution Analysis of Rectangular Patch Antenna

Antenna is a resonant element, which assuredly dependent to the frequency selection,
thus the dimension of the patch antenna is designed accordingly to the formulation given as in
(1) to (4). Copper standard annealed material with 0.018 mm thickness is chosen for antenna
patch as copper is a high conductivity material with a relative permeability of almost 1. These
two characteristics clearly demonstrates that copper is a good material that allows the maximum
number of the free electrons to move for conduction current. Microscopically, metals have an
abundance of free electron due to the applied electric field. These free electrons will collide to
each other and produce the conduction current density given in the point form of Ohm’s Law in
expression (6) [25]:

J =oE (6)

where J,0 and E are conduction current density, the conductivity of the conductor and
the applied electric field, respectively. The antenna works when the external electric field is
applied, which excited from the coaxial feed. The positive free charges pushed along the same
direction as the applied field, while the negative charges move in the opposite direction as
shown in Figure 5. Thus, this charge migration induced a surface current from Patch 1 that
coupled to Patch 2 through rectangular-shaped ring slot with the size of the gap, g as shown in
Figure 6. Referring to Figure 6, the field strength, which is red in color is more concentrated on
the feed location of the antenna and distributed to the left and right of the Patch 1 and Patch 2
of the designed antenna.

Eupplied

FITT) I ETy

Type: H-Field
30 Maximumn [Afm]: 361
Frequency: 2.6

Figure 5. A conductor under the influenced of Figure 6. Surface current distribution from
an applied field Patch 1 to Patch 2 of the designed antenna

Hence, the current density is closely related to the size of the gap, g. Gap, g in a form of
a rectangular-shaped ring slot seems suitable for array antenna with high dielectric constant
substrate fed by the coaxial for the MIMO system. This gap implementation in the microstrip
patch antenna design improves the surface current density, J. The width of the gap, g is varied
from 0.15 mm (the maximum allowable width for the fabrication) to 0.50 mm to attain the optimal
surface current density of the antenna. Table 2 tabulates the surface current density of
the antenna while varying the dimension of the gap, g at center frequencies of 0.85 GHz, 1.9
GHz, and 2.6 GHz. The least gap dimension of 0.15 mm performs the highest surface current
density compared to the others. This is interrelated to the surface charge distribution from Patch
1 coupled to Patch 2 through the gap, g, which as the dimension of gap getting bigger,
the surface charge distribution is weakened due to the smaller amount of free electron migration
from Patch 1 to Patch 2. Thus, resulting to the low surface current density. Its illustration of
the highest surface current distribution at 2.6 GHz for gap dimension of 0.15 mm is shown
in Figure 7.
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Table 2. Surface Current Density While Varying
the Gap, G Dimension

Gap, g Surface Current Density, J (A/m)
(MM) ¢ -085GHz f.=1.9GHz f =2.6GHz
0.15 52.10 70.78 361.0
0.20 48.80 70.78 2736
0.25 48.80 70.78 236.9
0.30 42.89 37.25 1955
0.35 42.89 37.25 172.0

Figure 7. Surface current distribution
at 2.6 GHz

4. Results and Analysis

Simulated and measured results of patch antennas are summarized in the following
subsections in terms of reflection coefficient (Si1), gain and directivity, isolation and
radiation pattern.

4.1. Reflection Coefficient (S11) Performance

Reflection coefficient, Si1 performance represents how much power is reflected from
the antenna. The analysis based on the coaxial feed positioning as illustrated in Figure 3 to
achieve the best Si1 performance. The best position of coaxial feed determined the overall S11
performance of the antenna as it defines the maximum power transmitted. The reflection
coefficients, Si1 of the designed single rectangular patch antennas shown in Figure 1 with
optimized dimension and position of coaxial feed are plotted as depicted in Figure 8 and
tabulated in Table 3. The single antenna with center frequencies of 0.85 GHz performs
160 MHz bandwidth (0.77-0.93 GHz) with S11<-10 dB, while 1.9 GHz performs 400 MHz
(1.77-2.17 GHz) and 2.6 GHz performs the least bandwidth of 50 MHz (2.57-2.62 GHz).
The single antenna with the center frequency of 1.9 GHz has the largest bandwidth with very
small reflected power that less 1.7%. While, the single antenna with 0.85 GHz and 2.6 GHz
center frequency have slightly higher reflected power that less than 4.0% and 6.7%,
respectively. Here, to validate the concept of gap implementation in the design, single 2.6 GHz
antenna as shown in Figure 2 is fabricated. The measured Si1 that less than —10 dB
demonstrates 40 MHz bandwidth (2.59-2.63 GHz), which 10 MHz narrower compared to
the simulation. At 2.6 GHz, both Si11 performances are comparable, which validate the use of
narrow gap that provides the higher surface current distribution and better bandwidth
performance compared to the conventional microstrip rectangular patch antenna. Afterword,
the performances of the designed array antenna concerning configurations of 1x2 and 2x2 are
evaluated and summarized in Table 3. From the results obtained, the 1x2 and 2x2 array with
the 1.9 GHz center frequency depict the largest bandwidth of 370 MHz and 430 MHz,
respectively compared to arrays with 0.85 and 2.6 GHz center frequencies. Concerning each
designated mobile operating frequency, arrays’ Si1 are less than -10.12 dB. Where, this worst
Su1 performance is shown by 1x2 array at 1.8 GHz, which indicates that the antenna has
the maximum reflected power of 12.9%.

4.2. Gain and Directivity Performance

Meanwhile, gain and directivity performance are another useful information for
describing the antenna performance. Gain is controlling antenna efficiency in terms of radiation
intensity, while directivity only describes the directional properties of the antenna in terms of
the pattern. The gain and directivity performances for each designated frequency of single
antennas and arrays are depicted in Table 3. The 2x2 array antenna configurations for all
designated frequencies perform the highest gain and directivity compared to the single antenna
and 1x2 linear array antenna. This is due to the summation of gain from the individual antennas,
which is closely related to the antenna’s radiation intensity. This indicates that the proposed
linear and planar array antenna is superior to the single antenna in term of gain and directivity
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performance as shown graphically in Figure 9. As the number of antennae increasing, the larger
size of antenna is obtained, thus, a larger power is transmitted in the direction of peak radiation
from an isotropic source. Specifically, the 2x2 array at 2.1 GHz performs the highest the gain
and directivity amongst the designated frequencies, which are 8.35 dB and 8.36 dBi,
respectively. Thus, the proposed array antennas appear to be capable to handle the MIMO
structure with improved performance in terms of gain and directivity compared to the single
antenna. Hence, these array antennas seem to have a feature that supports the diversity
scheme of MIMO system for improving the reliability of information signal.

4 9.0
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Figure 8. Single antennas Figure 9. Gain performance for single antenna
S11 performance and arrays
Table 3. Single, 1x2 and 2x2 Antenna Array Performances of Si1, Gain, Directivity,
3 dB Beamwidth and Bandwidth
Type Frequency (GHz) S11 (dB) Gain (dB) Directivity (dBi) 3 d?g;a;:gndth Bandwidth (MHz)
0.80 -14.32 0.756 0.992 260.7
0.85 -24.17 1.31 1.47 252.7 160
Single 0.90 -13.24 1.64 1.73 242.6
1.80 -14.26 1.18 1.04 263.8 400
2.10 -17.71 2.19 2.18 87.1
S11s=-12.16 BWs=50
260 Sun=-17.51 183 217 88.0 BWr=30
0.80 -20.13 3.26 3.22 63.4
152 0.85 -12.82 3.80 391 58.8 210
Array 0.90 -10.49 3.89 4.08 56.0
1.80 -10.12 3.74 3.54 58.9 370
2.10 -14.02 5.02 5.00 50.2
2.60 -18.26 4.47 4.71 53.9 50
0.80 -10.84 6.08 6.03 60.0
0.85 -13.08 6.28 6.42 56.2 110
2x2 0.90 -10.21 6.35 6.70 53.7
Array 1.80 -11.07 7.32 7.04 57.0 430
2.10 -14.28 8.35 8.36 49.5
2.60 -16.16 7.78 8.19 53.8 50

4.3. Isolation Performance

The isolation or mutual coupling between two adjacent or more antennas, whether one
and/or both are transmitting or receiving, is another function to measure the antenna
performance. The undesirable characteristic that caused by the energy from the radiated
antenna is absorbed by the nearest antenna creates a limitation for an array antenna that leads
to degradation of the antenna efficiency and altered the antenna’s radiation pattern. Typically,
isolation should be lower than -15 dB to obtain the maximum radiated power from the array
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antenna. Hence, the optimal inter-element spacing of 1/2 is precisely chosen to minimal
the mutual coupling effect. The multiple antennas for the proposed 2x2 planar array show a
good performance in term of isolation performance, which listed in Table 4. The mutual coupling
performances for arrays at 0.80, 0.85, 0.90, 1.8 and 2.1 GHz are given as less than -32.40 dB,
-25.71 dB, -30.74 dB, -17.67 dB and -24.48 dB, respectively. Whilst, it can be observed that
the isolation between the adjacent elements of the array at 2.6 GHz are worst but still
significantly lower, that less than -15.96 dB as illustrated in Figure 10 and noted from Table 4.
From the simulation results obtained, the proposed array antennas have a good isolation among
the elements that will support a good performance of MIMO system.

0 T
—_— 1,2 |
—_—_—— 513 f‘l
204 | =—=——— 814 P
------ $2,3 7
o s2,4 A/‘lk’&,\
g | sa| a0 1 Na
o 40 | W
ko PR (R VA
@ £l ] Wyt 1 '\\M
: o B O
© .60 | 3,» 'l i 1 f
%] '\ |
f\f\ [
-80 - V |
|
I3 606Hz
-100 ‘ r — ‘ .
1.0 15 2.0 25 3.0 35 4.0

Frequency, GHz

Figure 10. Isolation of 2.6 GHz array

Table 4. Isolation Performances of the 2x2 Planar Arrays

S12 Si3 S So3 Sos Sas
Frequency (GHz) (dB) (dB) (dB) (dB) (dB) (dB)
0.80 32.40 39.69 39.65 7116.66 39.67 39.60
0.85 2571 -41.34 -41.35 -119.00 -41.30 -41.31
0.90 -30.74 -38.69 -38.69 12171 -38.65 -38.66
1.80 17,67 -24.28 -28.91 28.92 -24.26 -17.80
2.10 -24.65 -30.48 -27.28 -27.28 -30.48 -24.48
2.60 16,12 -17.08 -22.86 -22.86 -17.08 -15.96

4.4, Radiation Pattern

Radiation pattern presents the distribution of radiated energy in the far field region, is
the key performance of the antenna, where it provides information of radiation intensity, field
strength, directivity, and phase. Typically, the single antenna element has relatively wide
radiation pattern and low directivity, while the multiple antennas in an array configuration is an
alternative to achieve high directivity with a narrow beam as can be noted from the plotted
radiation patterns in Figure 11. These simulated radiation patterns at different frequencies are
captured at E-field (¢=0). As the patterns for 0.8, 0.85 and 0.9 GHz are similar, only 0.85 GHz
radiation pattern is shown in Figure 11. Based on the radiation patterns obtained, the single
antennas for whole designated frequencies perform almost an omni-directional pattern. While,
the 1x2 and 2x2 array demonstrate an almost eight-shape pattern with the main beams at 0°
and 180°, which quite similar to a dipole antenna. Referring to Table 3, the 3 dB beamwidth of
single antennas for all designated frequencies is broader compared to the 3 dB beamwidth of
1x2 and 2x2 array antennas. This shows that the increment of antenna adds up the maximum
radiations in a particular direction.
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0.85 GHz
]

180 180 180

(a) Single (b) 1x2 (c) 2x2

Figure 11. Radiation patterns for normalized gain at 0.85, 1.8, 2.1 and 2.6 GHz for
(a) single antenna, (b) 1x2 linear array and (c) 2x2 planar array

5. Conclusion

The proposed patch antenna with rectangular-shaped ring slot and the partial ground
plane has been used in the design of 2x2 planar array. The coaxial probe is utilized to feed each
of elements that allows the array to perform as a single antenna, 1x2 linear array and 2x2 planar
array. The designs consider three different center frequencies of 0.85, 1.9, and 2.6 GHz. These
center frequencies have been chosen to cover the proposed 5G spectrum under 6 GHz
concerning 0.8, 0.85, 0.9, 1.8, 2.1, and 2.6 GHz. The implementation of the rectangular-shaped
ring slot in the design has improved the flow of current density that lead to the broader
bandwidth. Furthermore, the interelement spacing of 1/2 in the array configuration has provided
a low mutual coupling effect, which less than -15.96 dB. The proposed 2x2 planar array antenna
configurations for all designated frequencies have demonstrated the performance of gain and
directivity as expected compared to the single antenna and 1x2 linear array, specifically at
2.1 GHz with the gain of 8.35 dB and directivity of 8.36 dBi. Hence, the proposed planar array
apparently applicable for MIMO of 5G mobile technology with high gain, directivity, lower mutual
coupling, as well as good isolation between the adjacent elements.
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