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ABSTRACT

In this paper, the concept of circularly polarized agile, multiple-input multiple-
output (MIMO) dielectric resonator antenna (DRA) structure for fifth generation
(5G) new radio application in mobile terminal is presented. Two prototypes have
been fabricated, namely one with cylindrical DRA (CDRA) referred as Al and
a second one with ring DRA (RDRA) named as A2. These practical realizations
of dual-port MIMO antennas have been mounted on a Rogers 5870 substrate of
octagonal shape with proper ground architecture. The proposed dual-port MIMO
antennas have been excited with conformal probes and L-type feed network aiming
to achieve circular polarization (CP). Measured impedance bandwidth (IBW) of Al
and A2 are 21.2% (3.15-3.9 GHz) and 22.2% (3.12-3.9 GHz), respectively. Moreover,
for both antennas low mutual coupling between ports with minimum isolation of -20
dB over entire impedance bandwidth has been obtained by using triangular head
slots in the ground plane. Measured axial ratio bandwidths (ARBW) in broadside
direction (8 = 0) are 5.66% (3.26-3.45 GHz) and 4.25% (3.45-3.6 GHz), respectively.
Maximum gains are 7.3 dBi and 7.2 dBi, in that order. MIMO antenna parameters
such as envelope correction coefficient (ECC), diversity gain (DG), mean effective
gain (MEG) and total active reflection coefficient (TARC) are also calculated to
verify MIMO performance parameters. The proposed antennas also demonstrate
CP agility with insertion of concentric cylindrical shells of different radii.

KEYWORDS
Circular polarization; dielectric resonator antenna; multiple input multiple output;
5G.

1. Introduction

The fifth-generation (5G) wireless communication system can provide many advan-
tages such as high capacity, higher data rate, and shorter latency. One of the promising
5G frequency band for wireless communication has been proposed around 3.5 GHz also
known as Sub-6 GHz band and mid-band (1GHz-6GHz) [1-3]. This mid-band spec-
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trum will be more diverse and scarce, therefore capacity enhancement can be achieved
by means of spectral efficiency. In order to meet these requirements multiple-input
multiple-output (MIMO) technology has been deployed for 5G wireless operations.
Applications of MIMO antenna in transmit/receive systems help passing through the
previous limit of single antenna proposed by Claude Shannon [4,5]. MIMO antennas
have now become synonymous to high-speed wireless communication technology such
as long-term evolution (LTE), wireless local area network (WLAN), Worldwide Inter-
operability for Microwave Access (WiMAX) and 5G communications. MIMO technol-
ogy improves channel capacity, link reliability in multipath propagation and assures
higher transfer data rates in wireless communication [7-9]. Initially, MIMO antenna
was proposed and implemented using microstrip patch antenna technology, until Ish-
miya et al. [10,11] recommended solution making use of DRA for 802.11n applications.
It paved the way for different DRA based MIMO designs.

It is observed that polarization diversity is often implemented by a dual-polarized
antenna by employing linear polarizations (LP). From [10-26,35-40] all the DRA based
MIMO antennas were LP examples. In comparison to LP antennas, CP antennas
demonstrate several advantages such as effectiveness in combating multipath inter-
ference, robustness during polarization mismatching, etc. Due to these reasons, CP
antennas constantly receive signal strength, which is very useful property in wireless
communication where receiver antenna frequently changes its location in respect to the
transmitter antenna [27]. DRA based CP MIMO antenna is recent area of research,
so very few research articles [28-33] are published in this domain. Johnstone et al.
presented an eight-port CDRA for MIMO system with different polarization states
(LHCP, RHCP, and LP) [28]. However the different polarizations were achieved using
various combinations of phased input at eight ports and isolation between ports was
also refrained from discussion. Sahu et al. presented triple band MIMO DRA with gain
1.5 dBi, 4.2 dBi and 2.3 dBi but achieved CP only in one of the bands [29]. The same
group also proposed a DRA based CP MIMO antenna for WLAN applications (5.2
GHz) [30]. Though, it suffered from low impedance bandwidth (simulated 10.28%) and
minimum isolation of around -14 dB. In [31], two self complementary L-shaped DRAs
were used in CP MIMO DRA. Here, isolation has been achieved by two self comple-
mentary slots cut in the ground plane. In [32], two cylindrical DRAs have been used in
CP MIMO antenna using defected ground substrate (DGS) but measured ARBW is
not reported. In [33], two rectangular DRAs have been used with optimised conformal
patch structure to excite it and yielding a circularly polarized MIMO antenna. Iso-
lation between elements is proposed using parasitic patch and diagonally positioned
DRAs in [33]. In [34], two diagonal edge cut DRAs are excited by cross ring slot and
EBG cell are used to enhance isolation. However, performance of this antenna is good
but it suffer with design complexity. The literature review revealed the fact that re-
search area of CP dielectric resonator based MIMO antenna is still in nurturing phase
and lot of scope of improvement lie in this field.

This article proposes the concept of CP agility in DRA based MIMO antennas.
Here, CP bandwidth can be controlled by inserting different cylindrical shells of dif-
ferent radii into the ring DRA. It is notable that minimum AR frequency has been
varied comfortably without much variation in 10 dB impedance bandwidth. In par-
ticular, two dual-port DRA based CP agile MIMO antennas are proposed for 5G
communications at 3.5 GHz. Major advantages of the discussed design are: (i) control-
lable CP; (ii) compactness in comparison to recent MIMO DRAs operating in same
band; (iii) simple isolation mechanism and (iv) simple RDRA used instead of some
complex structured DRA. The two prototypes have been fabricated and measured
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Figure 1.: Geometry of the Antenna

results have been compared with simulated data obtained from ANSYS’ FEM-based
high-frequency structural simulator (HFSS). Measured impedance bandwidth of Al
(with CDRA, for details see below) and A2 (with RDRA) are 21.2% (3.15-3.9 GHz)
and 22.2% (3.12-3.9 GHz), respectively. The measured ARBW of Al and A2 are 5.66%
(3.26-3.45 GHz) and 4.25% (3.45-3.6 GHz) in broadside direction (6 = 0). Isolation be-
tween ports is better than -20 dB over the entire impedance bandwidth and maximum
gain of the A1 and A2 is 7.3 dBi and 7.2 dBi, respectively. MIMO performance metrics
such as ECC, DG, MEG and TARC have also been measured and found well within
acceptable limits. In particular, ECC is below 0.001, DG is above 9.99 dB MEG1 and
MEG?2 of both the ports have difference less than 3 dB and TARC is less than -20 dB
for both the antennas.

2. Antenna Geometry and CP Agility

2.1. Geometry of the Antennas

Antenna design layout is shown in Fig. 1. It comprises a properly shaped ground
plane hosting an octagonal substrate, two L type feed networks, conformal probes and



Table 1.: Design Parameters in mm

L1 | 8.5 | L4 |51 D1 | 25 H1 |9 Height of | 18
DRA
L2 | 385 | L5 | 35 D2 |5 H2 | 15 Substrate 0.8
thickness

L3 | 155 | F1 |312|F2 |136| W |24

two DRAs. All the design parameters, optimized using HFSS simulation software, are
shown in Table 1.

RT Duroid with dielectric constant €, = 2.33, thickness 0.8 mm and tand = 0.0012
has been used as substrate and Eccostock Hik bar with €, = 9.8, tand = 0.001 has
been used as dielectric resonator antenna material. The height of the DRA is 18 mm.
Each single DRA has been excited by two conformal probes having heights H; = 9
mm, Hy = 15 mm and radius 1 mm as shown in Fig. 1. The conformal probe or
patch excitation is an easy and effective feed method where it is required to couple
field energy between DRA and feed line [41]. It also helps in matching by adjusting
height of probe and excitation of H F1;5 mode. Conformal probe-1 excites HEY, s and
probe-2 excites HEZIJM mode in CDRA, as shown in Fig. 2. A CP field can be attained
in a DRA by exciting two orthogonal components of fields with same magnitude and
in phase quadrature. Probe-1 and probe-2, as shown in Fig. 1, have been placed on
L-type feed network. Orthogonal modes inside DRA have been excited by these two
probes. Phase quadrature relationship between both the orthogonal field components
is controlled by optimizing the heights (H; and Hj) of the probes. Width of L-type
microstrip feed line corresponds to 50 §2 characteristic impedance in no load condition
is calculated and optimized using HFSS software. Design eq.(1) used in [6] for HE415
mode in CDRA have been used as first guess which is further optimized using HFSS
software.

c X 6.324 a a \2
— 0.27 + 0.36—— 0.002(-) ] 1
fo 27Ta\/5rDRA+2[ + 2H+ 2H (1)

where a, H and e,pra are the radius, height, and dielectric constant of the DRA
respectively, and c is the velocity of light in vacuum.

Table 2 displays different antennas with their respective S parameters. In antenna
at s.n0.1, a square substrate having dimension 110 x 110 mm? has been used. It show-
cased good impedance bandwidth of 22.8 % around 3.5 GHz but had two drawbacks
which were large size of substrate (12100 mm?) and poor isolation between ports with
minimum isolation of -15 dB. Antenna at s.no.2 presented improvement in antenna-1
with reduced dimension of substrate i.e. 9356 mm? (77% of substrate area of antenna-
1). To improve isolation between ports, antennas Al and A2 have been designed. In
Al two CDRAs are placed on the substrate whereas in A2 two RDRAs are placed
on the substrate. A comparison between simulated S-parameters of the two antennas
is shown in Fig. 3. It is observed that there are two resonances due to dual-probe
excitation. Isolation is achieved by introducing two triangular head slots cut in the
ground plane with a linear slot at the middle of ground. Condition of the common
ground which is essential for a MIMO antenna, attained by side slits on back of the
substrate.
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Table 2.: S-Parameters and ARBW of Different Stage Antennas

S.No Antenna S-parameters S11 (S22) | Min.  Iso- | Axial Ratio
Bandwidth | lation Si2 | Bandwidth
(GHz) (S21) dB (GH=z)

S Paramaters (dB)

30 31 32 33 34 35 36 37 38 39 40
nnnnnn oy (GHz)

1 3.1-3.9 15 3.4-3.5 (100
(22.8%) MHz)

S Parameters (dB)

30 31 32 33 34 35 36 37 38 39 40

2 3.1-3.9 -16.6 3.37-3.5
(22.8%) (130 MHz)
w ey |
4 w5 GI ' 7] 8 ramsmet 9 @
3 3.05-3.88 -19.2 3.3-3.44
(23.95%) (140 MHz)
4 3.08-3.94 -20 3.42-
(24.5%) 3.57 (150
MHz)
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Figure 2.: Generation of fundamental orthogonal hybrid modes in cylindrical DRA
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Figure 3.: Simulated S-parameters comparison of A1 and A2
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Figure 4.: Axial Ratio for different radii of inner shell of CDRA

2.2. CP Agility

CP agility describes the quickness of changing, minimum AR frequency by mechanical
insertion/extraction of concentric cylindrical shells in/from the ring DRAs. Simulated
ARs and Si1 for different radii of inner shells, which are to be extracted from the
CDRA, are shown in Fig. 4 and Fig. 5. These shows simulated ARs and Sj; corre-
sponding to radius R2=0 to 5 mm increased in step size of 0.5 mm. It is pertinent
to note that minimum AR frequencies for different air gap cylinder radii, as shown in
Fig. 4, are always in their respective 10 dB impedance bandwidths as shown in Fig. 5.

Fig. 6 shows five-concentric cylindrical shells to achieve CP agility. Al can be config-
ured when all the cylindrical shells are inserted in the ring DRA. Effect of gap between
concentric cylindrical shells has also been studied and no significant consequences on
the performance of antenna have been found, considering gap of 0.1-0.2 mm. Minimum
AR frequency can easily be shifted by extracting cylindrical shells 1-5, in succession
as shown in Fig. 6. In the literature, concept of movement of CP band with respect to
inner vacuum cylinder diameter is not discussed especially in MIMO antennas where
mutual operation of individual elements also affects its overall operation.

3. Results and Discussion

In this section, analysis of results and their implications are discussed. Two prototypes
of dual-port circularly polarized MIMO DRA have been fabricated. Adhesive (glue)
has been used to stick DRAs on substrate which resulted difference in measured and
simulated results. Soldering deformity of connectors with ground and feed line might
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Figure 6.: Mechanical insertion and extraction of concentric cylindrical shells to achieve
CP agility
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Figure 7.: Simulated and Measured S1; and Si2 of Al and A2

also be responsible for alteration of results. Far field results have been measured in
anechoic chamber with corrugated horn antenna as reference antenna while keeping
other port matched with 50 Q. Standard measurement procedures [42-46] adopted
for parameters measurement and eq.(2-8) have been implemented in MATLAB. Input
radiation parameters to MATLAB have been provided by HEFSS simulation software
and measured radiation parameters of antenna, for simulated and measured values,
respectively. A photograph of measurement setup is shown in the inset of Fig. 7.

Simulated and measured S-parameters of the antennas are shown in Fig. 7. Simu-
lated and measured AR of the antennas are shown in Fig. 8. Simulated results are in
good agreement with measured data. Measured impedance bandwidths of the anten-
nas are 21.2% (3.15-3.9 GHz) and 22.2% (3.12-3.9 GHz), respectively. The measured
3 dB ARBWs are 190 MHz and 150 MHz in broadside direction. Port isolation is also
greater than -20 dB over the complete impedance bandwidth and maximum gain of
the antennas are 7.3 dBi and 7.2 dBi, respectively. ECC, DG, MEG and TARC have
also been measured for both antennas. Figure 9 reports simulated and measured val-
ues of gain and radiation efficiency of the antennas. Measured radiation efficiency is
greater than 90% for both the antennas whereas maximum gain 7.3 dBi and 7.2 dBi
are obtained for the antennas, respectively. Figure 10 shows simulated and measured
radiation field pattern (LHCP and RHCP) of Al in E-Plane and H-Plane whereas
Figure 11 shows the same for A2. Left hand CP component is greater than its right
hand counterpart by more than acceptable limits for both the antennas. Radiation
patterns have been plotted at minimum AR frequency for both the antennas.

To study and evaluate the MIMO or diversity performance of the proposed antenna
ECC, DG, MEG and TARC have been analyzed. ECC is one of the main performance
metric of MIMO system which describes isolation and correlation of communication
channel with each other [9]. The DG identifies the amount of improvement that can be
seen in MIMO in comparison to SISO (single input single output) system. In MIMO
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systems, the adjacent radiators when operating simultaneously can influence the per-
formance of each other. This parameter is described by TARC. MEG measures the
amount of power received by the MIMO antenna in comparison to a standard antenna
in the standard environment. For a good diversity performance of MIMO antenna,
difference between MEG1 and MEG?2 should be less than 3 dB [35]. ECC, DG and
TARC have been calculated using eq. (2), eq. (3), and eq. (8) respectively, given in
[9,47,48] where as MEG is calculated by eq. (4) given in [35]. Simulated and measured
ECC has been obtained less than 0.001 which satisfies the limit ECC<0.3 mentioned
in [9] for MIMO system. DG is also approximately 10 dB over entire bandwidth which
is desired for MIMO system [9]. Desirable value of TARC for a MIMO system is less
than 0 dB.

[ [ir [Fr(0.0)« Fo(0.0)] a2
[ | 0.0)] 92 [f,. | Fa(0.6)[ a2

ECC = 2)

where FZ'(H, ¢) is three dimensional field radiation pattern of MIMO antenna when
port-7 is excited. Q is solid angle and * represents the Hermitian product operator.

DG =101 — ECC? (3)

MEG; =0.5[1 - f: 1Si°] (4)

J=1

For two port MIMO antenna eq. (4) is expanded in eq. (5) and eq. (6), whereas eq. (7)
represents the condition of difference between two MEGs should be less than 3 dB.

MEG, = 0.5[1 S [? - |Slgﬂ (5)
MEG) =051 - Sy [* — S5/’ (6)
| MEG, — MEG, |< 3 dB (7)

e - [ BB G S .

where 6 is input feeding phase.

Table 3 summarizes the MIMO performance metrics results of Al and A2 at 3.35
GHz and 3.5 GHz, respectively. Figure 12 shows photographs of fabricated antennas,
Al with CDRA and A2 with two diameters of internal vacuum cylinder. Initially
A2 with diameter Dy=2.5 mm is fabricated and its results has been measured then
measurement process was repeated after drilling the diameter D=5 mm. Measured

11
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Figure 10.: Measured and simulated E-plane (left) and H-Plane (right) radiation pat-
tern of Al at 3.35 GHz
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Figure 11.: Measured and simulated E-plane (left) and H-Plane (right) radiation pat-
tern of A2 at 3.5 GHz
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Table 3.: MIMO parameters of Al and A2

ECC DG MEG1 [ MEG2 [ TARC
Simulated (A1 at 3.35 | 1.3x10"% [9.99 | —13.98 | —13.88 | —44.98
GHz)
Measured (Al at 3.35 [ 2.7x 107> [9.99 [ —-13.8 | 135 | —43.2
GHz)
Simulated (A2 at 3.5 | 1.2x107% [9.99 | —142 | —141 | —35.02
GHz)
Measured (A2 at 3.5 |54x10° [9.99 | 144 | -143 | -345
GHz)

Figure 12.: Structures of Fabricated Antennas with different diameters of internal
vacuum cylinder in CDRA (a) Dy=0 mm, (b) Dy=2.5 mm (c) D=5 mm. (left to
right)

results of all three cases have been found in agreement with simulated results hence
concept of CP agility has been verified. Measured results of diameter Ds=2.5 mm of
Fig. 12 are not shown for brevity. Table 4 shows the comparison of proposed MIMO
DRA with other recently published MIMO DRA that includes circularly polarized and
linearly polarized radiators. In this Table 4 Circularly Polarized MIMO DRA are from
[29-34]. Proposed MIMO DRA has comparable output parameters as that of Chen
et.al. [34]. But major advantage of proposed antenna in comparison to [34] are 1)
simple ring DRAs instead of uneven cut DRA 2) Simple isolation mechanism in place
of complex EBG structure 3) Compact in size with lesser surface area of substrate.

4. Conclusions

In this paper, a concept of CP agility is presented with two antennas operating in
Sub-6 GHz band. Two dual-port multiple input multiple output DRAs are proposed.
Antennas are fabricated on Rogers RT Duroid substrate having dielectric constant 2.33
and thickness 0.8 mm. T'wo fabricated antennas exhibit good impedance bandwidth of
21.2% and 22.2% and low mutual coupling between ports with minimum isolation of -20
dB. These antennas also exhibit circular polarization with axial ratio bandwidth of 190
MHz and 150 MHz. Diversity performance is also analyzed and entire analysis confirms

that proposed MIMO antennas can be a good candidate for 5G communications in
Sub-6 GHz band.
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Table 4.: Comparison of Proposed Antenna with other published MIMO DRA

Ref. Impedance  Band- | ARBW Gain (dBi) | Isolation
width (GHz) (GHz) (dB)
23 5.4-6.0 - 5 -18
24 3.4-8.2 - 3 -20
25 3.4-3.7, 5.15-5.35 - 5.7, 6.61 -13
28 3.42-3.8, 4.97-5.5 - 5.2. 6.38 -20
29 2.21-3.13, 3.4-3.92, | 5.62-5.82 1.5,4.1,2.3 | -20
5.3-6.1
30 4.89-5.42 5.16-5.38 5 -12
31 5.2-6.08 5.2-5.58 4 -19
32 5.25-6.25 not given 4.7 -25
33 3.5-4.95 3.58-4.4 6.2 -28
34 3.15-3.93 3.3-3.8 (sim- | 7.4 (Simu- | -24
ulated) lated)
35 4.7-6.2 - 74 -15
36 5.27-5.65 - 5.99 -22
37 3.4-3.7 , 5.15-5.35 - 5.6 -46
38 5.6-5.9 - 4.8 -20
39 1 GHz bandwidth | - 6.9, 7.6 -27
around 30 GHz
40 3.24-6.0 - 7.45 -20
Proposed- | 3.12-3.9 3.26-3.45 | 7.3 -20
Al (190 MHz)
Proposed- | 3.15-3.9 3.43-3.58 7.2 -20
A2 (150 MHz)
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