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Ringing Phenomenon-Based Circularly Polarized MIMO Antenna
for Ku/K Band Communication
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Abstract—A compact size UWB circularly polarized (CP) dual-port MIMO antenna is designed for
Ku/K band applications. The proposed antenna contains a revised circle-shaped slot from the radiation
patch on the front-side and a stepped-feed line on the back-side of the substrate. The orthogonal position
of the antenna ports allows us to produce isolation of more than 30dB and has a (—10dB) impedance
bandwidth of 68% (14.3-29.3 GHz) at two resonant frequencies 15.6 GHz and 24.7 GHz, respectively.
3dB ARBW in the operating bands is 14.6% and 6.7%, respectively. The total size of the MIMO antenna
is 0.1\ x 0.05\ x 0.003A mm? at a lower frequency. Diversity characteristics like ECC, DG, TARC, &
CCL are determined to confirm the MIMO antenna’s work qualities. Ringing resonating frequencies
are observed at lower operating bands and are responsible for gain degradation. The proposed antenna
has excellent characteristics for satellite and NASA’s Tracking Data Relay Satellite application.

1. INTRODUCTION

Multiple-input multiple-output (MIMO) technology has attracted astonishing attention due to its
advance data rate and channel capacity [1,2]. The demand of ultra-wideband (UWB) technologies
has increased with high data rate, low cost, & broad communication capacity. However, there were
some problems of multipath fading & reliability. To resolve this problem, MIMO technology has
been a solution [3]. To improve the properties of antenna such as transmission rate and channel
capacity, UWB technology is combined with MIMO although there is big problem of multipath
fading [4]. In addition to, it can also enhance communication quality and efficiency at the same time.
UWB & MIMO technologies are combined through space multipath & parallel transmission of several
signals, and appreciable multiplexing and diversity benefits can be conclude X, K, and Ka bands with
broad applications [2,5]. Additionally, the problems inherent in constructing MIMO antennas include
developing densely packed antenna parts with low mutual coupling and good isolation, which increases
the antenna’s performance [6]. The big challenge for researchers is to maintain the best balance between
miniaturization and high isolation. Under this investigation a number of UWB-MIMO antennas have
been considered by the researchers [7-9]. Additionally, antennas with circular polarization (CP) show a
lot of significant advantages regarding signal propagation in comparison to linear polarization (LP), as
circularly polarized antennas are able to lessen multipath interference remarkably and are inconsistent
with the orientation of the transmitting and receiving antennas. In the literature to increase the
isolation, axial ratio bandwidth (ARBW) and impedance bandwidth of a UWB-MIMO antenna, a
number of methods have been described. In [10], Saini and Dwari described an inverted-L planar
strip ground plane to obtain a wide ARWB by feeding a conventional coplanar waveguide (CPW) into
a square MIMO antenna [11], a CP-MIMO antenna mounted on an L-Strip dielectric resonator for
WLAN application. Next, Sharma et al. considered a T-shape metallic feed line with a circular patch
to achieve good isolation of over 20dB for wireless communication [12]. According to Le and Yun, a
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corner-fed square-ring radiator is designed through a rhombic shaped slot and an inverted V-shape.
Extra parasitic ports are probed to obtain the CP wave [13]. The authors in [14] designed a reflector
antenna for a circularly polarized Ku/K band feed system. Moreover, Singh et al. explained a hammer
shape radiating patch with quad-port circular polarization for K band application [15]. Similarly, a
super wideband MIMO antenna for S, C, X, K, & Ka bands is examined for wireless communication by
Krishna et al. [16]. The authors in [17] proposed four identical hexagon-shaped slotted ground planes
and microstrip line feeds designed for the fifth-generation millimeter-wave applications. The diversity
characteristics of a MIMO antenna system are discussed and compared with reported literature, shown
in Table 1. Compared to other MIMO antennas [17-23], the dimension of the discussed antenna is
25 x 12.5 x 0.8 mm? which is found to be very compact. Among the results, the proposed peak gain of
the MIMO antenna is 5.2, 3.8 dBi apart from [21,22]. Radiation efficiency and excellent isolation were
found to be 98% and 33, 38, respectively, which are higher than other antennas.

Table 1. Comparison of the dual-port MIMO antenna designed with existing references in different
aspects.

Frequency
Band
Dimension of Average | Average
Number of (GHz)/ Isolation
Antenna Efficiency Gain | ECC| DG | CCL

3 antennas Impedance (dB) .

(mm®) . (%) (dBi)
bandwidth

(%)

29.5 x 60 x 1.6 [18] 2 3-20/42.4 23 80.2 3.7-4.2 | 0.001| 9.99| 0.32
40 x 40 x 1.6 [19] 4 3.3-13.75/122 18 89 5.5 0.012|9.998| 0.2
50 x 40 x 1.6 [20] 2 2.5-11/125 15 69.2 2.11 0.01 | NR| NR
50 x 30 x 1.6 [21] 2 2.5-14.5/141 20 NR 4.3 0.04 | 74| NR

55.6 x 50.5 x 1.6 [22] 2 1.5-40/185 20 NR 7.5 0.005| 9.9 | 0.35
2.0-3.6/1.6,
6.6-7.9/1.3, —20, 5,3,
30 x 52 x 1.6 [23] 2 NR 0.024| 99 | 0.23
9.6-12.7/3.1, —40 4.2, 6.6
11-15.6/4.6
30 x 30 x 0.8 [24] 2 3.08-10.9/112 20 NR 5 0.013| 9.51 | 0.3
25 x12.5 x 0.8
2 14.3-29.3/68.4 33, 38 98 5.2,3.8 | 0.002| 99| 0.5
[Proposed]

In the present article, the authors design a new modified circle-shaped UWB-MIMO antenna for
Ku/K band application. Further, the size of the antenna printed on an RT-duroid 5880 substrate with
Ersub = 2.20, tan § = 0.0009, thickness of 0.8 mm is reduced (25 x 25 mm?) with highly mutual coupling
characteristics, enhanced gain, & diversity performance as compared to reference antennas in Table 1.
The main outcomes of the present investigation are as follows;

I. The proposed MIMO antenna design is small, cost-effective with its fabricated structure, and the
various simulated results are supported by the measurable results of various optimized parameters
of the antenna.

IT. The dual-port circularly polarized MIMO antenna is offered with the aid of an orthogonal
placement, i.e., impedance bandwidth of 68% (14.3-29.3 GHz), and the isolation between ports is
greater than —33 dB and —38dB at two resonant frequencies 15.6 GHz and 24.7 GHz, respectively.
The ringing effect is achieved in the operating band (14.3-29.3 GHz). This unique effect makes this
work novel, which is elaborately described in the result section.

III.
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2. ANTENNA DESIGN, FABRICATED ARCHETYPE AND ANALYSIS

This circularly polarized dual-port MIMO antenna is designed and simulated using ANSYS HFSS 16.2
simulator. Simulated and fabricated antennas using RT-duroid 5880 with ;4. = 2.20, tan§ = 0.0009,
and thickness of 0.8 mm are shown in Figures 1(a)-(b) & antenna under anechoic chamber and test

condition using VNA E5072C (cf. Figures 2(a)-(b)).

W2

(a)

Figure 1. (a) Top (circular patch) and bottom (Stepped feed line) see the layout of the proposed
antenna. (b) Fabricated prototype (top-layer & bottom-layer).
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Figure 2. (a) Antenna measurement using anechoic chamber. (b) Measurement setup using VNA
E5072C.

2.1. Development of Antenna Design

Dual-port circularly polarized MIMO antenna evolution is shown in three stages as in Figure 3. The
dimensions of each antenna (A;—Ag3) are well labeled in Table 2. The inter-element spacing of D = 1 mm
creates a circular radiating patch. Stepped feed lines provide excellent impedance matching along with
isolation between elements. The development of the proposed MIMO antenna geometry (A;—As) has
been examined (cf. Figure 3) with a single port and dual ports in terms of return loss, isolation, peak
gain, and axial ratio characteristics which are presented in Figures 4, 5, 6, 7, and 8, respectively.

2.1.1. Single-Port Probe

Figure 2 illustrates the single port (A1) antenna that has an overall size of 12.5 x 12.5 x 0.8 mm?, and
optimized measurements of the antenna are shown in Table 2. The single port structure in the first
phase is inspired by a stepped feed line. Additionally, UWB is attained by etching the circular ring
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Table 2. Optimized dimensions of considered antenna (mm).

Parameters Dimensions (mm)
Ly, W1 (Single Port-length & width) 12.5, 12.5
Lo, Wy (dual port-length & width) 12.5, 25
X1, Y1 (Feed length & width) 10, 1.5
X9, Yy (Feed length & width) 8,3
D (Distance between circular rings) 1
R (Radius of circular rings) 11
S (Shift of circular rings) 5.5
fis < Wi >
N
La D
L2
A A;

Figure 3. Geometrical configuration of proposed antenna (A, As and Ags).

from the radiating rectangular patch and placing the stepped feed in an optimized location. From
Figure 4(a), a variation in |Sj;| is perceived by etching out the square-, triangle-, and circle-shaped
slots from the radiating patch. After that, analysis of the variation in radius R of the circular slot is
accomplished to examine the change in impedance bandwidth. From Figure 4(b), it is clear that at
R = 11 mm, maximum impedance bandwidth is obtained. Finally, the phase is designed in a manner
that the maximum value of the bandwidth is obtained for S = 5.5 mm, and the positional variation of
the phase feed is obtained through a step of “S” size 3mm (cf. Figure 4(c)). The dual operating bands
(|S11] < —10dB) of this antenna are attained within 14.3-16.3 GHz & 22.2-31.4 GHz, respectively.

2.1.2. Dual-Port Probe

A dual-port MIMO antenna is installed for single port antennas via dual-port parallel and orthogonal
orientation probes.

2.1.2.1. Parallel Orientation

The suggested dual-port circularly polarized MIMO antenna is projected in parallel. Return loss [S11]
performance is perceived under three different steps: Step 1: single-port, Step 2: dual-ports with parallel
placement in relation to single-port antennas (c.f. Figure 5(a)), and it is proved that |S11]| is roughly the
same in both steps. The method of parallel stepped feed line is used at the bottom to achieve minimum
isolation (< —26dB) and (< —25dB) at two resonant frequencies, 15.6 GHz and 24.7 GHz, respectively,
over the entire frequency band, which is presented in Figure 5(b).

2.1.2.2. Orthogonal Orientation

Due to their orthogonal orientation, the dual ports return losses (14.3-29.3 GHz) with an impedance
bandwidth of 68% & gain of 5.8 dBi and 4.2 dBi at two resonant frequencies at 15.6 GHz and 24.7 GHz,
respectively, are shown in Figure 6(a). The second important outcome is that the isolation between two
ports exceeds —33 dB and —38 dB at two resonant frequencies, 15.6 GHz and 24.7 GHz, respectively, over
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Figure 4. The variation of |S7;| for different analysis. (a) Slots shapes. (b) Radius of circular slot
R = 11mm. (c) Shifting stepped feed (S = 5.5mm).
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Figure 5. (a) Return Loss single port & Dual port parallel placement. (b) Mutual coupling in parallel

placement.

the total frequency band, as shown in Figure 6(b).

These radiating elements achieve excellent ultra-

wideband and isolation (14.3-29.3 GHz) characteristics. Furthermore, the proposed structure shows
3-dB ARBW for the entire operating bandwidth (c.f. Figure 6(c) and Table 2). We explore the ringing
effect, when two resonant frequencies (15.6 GHz and 24.7 GHz) are obtained in the single-band known
as ‘“ringing resonant frequencies”. We also observe that the peak gain at the first resonant frequency
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Figure 6. Simulated (a) |S11] of dual ports in orthogonal placement. (b) Isolation in orthogonal
placement. (c) Axial ratio of Ay, Az & As.

(15.6 GHz) is higher than that at the following ringing resonant frequency (24.7 GHz). A decrease in
gain is observed at the second ringing resonant frequency, and it is clear that the ringing phenomenon
reduces the antenna performance (c.f. Figure 6(a)) [25].

3. EXPERIMENTAL RESULTS & DISCUSSION

3.1. IBW (Impedance Bandwidth)

This proposed model (S-parameter) is simulated, fabricated, and tested which is measured using VNA
E5072C. Figure 7(a) shows simulated and measured return losses |S11| & |S22| of the proposed (Ajs)
antenna. The |S11| (measured) has single resonating bands of impedance BW of 14.7 GHz (14.1-
28.8 GHz), and |S22| has the same behavior as |S11|. Both show UWB characteristics, throughout
the desired frequency bands. However, the results (simulated & measured) are in decent agreement
except for an insignificant mismatch due to human errors and tolerances in the fabrication process and
soldering. From the survey of Figure 7(b), it has been suggested that the antenna topology provides
more than —30dB isolation —33 dB (measured) & —38dB (simulated) between the antenna elements
for the proposed configurations, making it appropriate for dual circularly polarized MIMO antenna.
Figure 7(a) depicts that the two resonating frequencies in a single band could be termed as “ringing
resonant frequency”. We observe that peak gain at the first resonant frequency (15.6 GHz simulated
and 16.1 GHz measured) of the “ringing resonant frequency” is higher than the second ringing resonant
frequency (24.7 GHz simulated and 24.3 GHz measured). A decrease in gain (cf. Figure 6(a)) is observed
at the second ringing resonant frequency which suggests that the ringing phenomenon degrades the
antenna performance. The gain, however, increases marginally with the beginning of the cycle at the
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Figure 7. Simulation and measured. (a) Return loss. (b) Isolation.

second ringing resonant frequency, but fails to yield a gain similar to or close to the value obtained at
the first ringing resonant frequency [25].

3.2. Axial Ratio, Radiation Efficiency and Peak Gain

Figure 8(a) and Table 3 demonstrate the axial ratio plots (simulated & measured) of circularly polarized
antenna which covers the resonance frequencies at 15.6 GHz and 24.7 GHz, respectively. Figure 8(b)
clearly demonstrates the radiation efficiency (simulated) and gain (simulated and measured) with the
variation of frequency band. The radiation efficiency of the considered antenna is more than 98%, and
total efficiency takes ohmic losses and impedance mismatch into account. The radiation efficiency (7)
of considered antenna is calculated by the given Equation (1) (cf. Figure 8(b)).

Gain

n x 100% (1)

- Directivity
The measured peak gains are about 5.2dBi (simulated), 4.9 (measured) & 3.8dBi (simulated), 2.7
(measured) at two resonant frequencies 15.6 GHz and 24.7 GHz respectively over the entire frequency
band in Figure 8. The circular polarization attributes of the presented dual-port MIMO & its
performance can be better known with the help of Table 3 in terms of BW, % IBW & % IARBW.
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Table 3. Comparative performance analysis of antennas (A, Ag and Aj).

Resonating bands
Antenna (GHz)/BW (GHz) % IBW ARBW (GHz) % IARWB
A
(14.3-16.3) 12 13.07 14.1-15.3/1.2 8.1
(22.2-31.4)/9.2 34.3 24.8-25.2/0.4 1.6
A,
(14.5-16.8)/2.3 14.69 14.3-15.7/1.4 9.3
(22.8-31.4)/8.6 31.7 24.5-24.8/0.3 1.2
A; 13.9-16.1/2.2(S) 14.6(S)
m (14.3-29.3)/15(S) | 68.4(S) | 143 161/1.8(M) | 11.8(M)
24.2-25.9/1.7(S) 6.7(S)
(14.1-28.8)/14.7(M) | 68.1(M) 24.3-253/1 (M) 4.0(M)
Bandwidth: BW, Impedance Bandwidth: IBW, Axial Ratio Bandwidth:
ARBW, Impedance Axial Ratio Bandwidth: IARBW, Simulated: S, Measured: M.

3.3. Performance Parameter

In this section, to validate the MIMO-CP antenna, various parameters such as the envelope correlation
coefficient (ECC), diversity gain (DG), total active reflection coefficient (TARC), & channel capacity
loss (CCL) are used. All are explained in the following section.

3.3.1. Envelop Correlation Coefficient (ECC)

Envelope correlation coefficient (ECC) is a vital parameter which measures the degree of correlation
and isolation in communication channels [26]. It can be derived with two methods: (i) with the help of
S-parameters in the Equation (2) [27] & (ii) using far-field radiation characteristics in Equation (3) [28].
ECC derived from the radiation patterns in a multiple-antenna system measures how much the radiation
pattern of one antenna element affects the radiation patterns of another antenna elements. Equation (2)
is also used to calculate ECC which is up to 0.002, thus it can be practically tolerable for MIMO
applications in this paper (in Figure 9(a)).

BCC — |5;11*51§+521 *;922| i @)

(L= 15T = [55) (1 — S55] — [575)

2

/ / [, (0,6) * E; (0, 6)] d2
ECCp = 4

" i ota [ 5000
4 47

3.8.2. Diversity Gain (DG)

DG is the process as soon as transmitters accept the form of a transmission current through different
channel paths, with the results of the variation often being complete. Its value in terms of good diversity
performance is found close to 10dB. DG can be computed by using Equation (3) from the ECC [29]

Diversity Gain = 10 x \/1 — (ECC)? (4)
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Figure 9. Proposed MIMO antenna. (a) ECC & DG plots. (b) TARC (simulated & measured). (c)
CCL (simulated & measured).

The proposed design shows DG value above 9.98 which also covers the resonant frequencies of 15.6 GHz
and 24.7 GHz respectively (in Figure 9(a)).

3.5.8. Total Active Reflection Coefficient (TARC)

It is an important factor in determining bandwidth and to better understand the diversity characteristics
of a dual-port antenna. It shows the ratio of the square root of the reflected power to the incident power,
and it is calculated by Equation (5) [30]. As depicted in Figure 9(b), it is simulated and measured in
an ideal case with TARC value less than —10dB for MIMO antenna.

N|p.|2
o/ 5

A
V2 ail?

where b; — Reflected waves & a; — Incident waves. Afterwards, MIMO antenna performance by
S-parameter cannot be expected for dual-port antenna by Equation (6) [31].

V/(S11 + S12)% + (S22 + S21)?
V2

TARC =

(6)



120 Singh et al.

3.3.4. Channel Capacity Loss (CCL)

For MIMO configuration, a message can be sent repeatedly in a communication system when the CCL
metric expresses the maximum rate. It is calculated by using Equation (7) [32].

CCL = —logy det < an a2 )
a1 a2

ajp =1- <|511|2 + |512|2)

azp =1-— <|522\2 + \521|2>

arz = — (871512 + 55,512)
az) = — (559521 + S79521)

As seen in Figure 9(c), the best diversity performance in terms of the proposed antenna CCL should
be within the permissible range for the specified frequency band up to 0.5bit/s/Hz (simulated and
measured).

3.8.5. Surface Current Distribution & Radiation-Pattern

The presented MIMO antenna exhibits circularly polarized characteristics, and circularly polarized
antenna analysis using surface current distribution is demonstrated in in Figure 10 for the phases 0°,
90°, 180°, and 270° at resonant frequency 15.6 GHz. At phase 0°, it is found that the direction of
the arrows shows the orientations of the dominant field components at different angular time intervals.
As a result, the current vectors are located in —z-direction predominantly whereas at phase 180°, the
dominant current vectors are located in +xz-direction. At phases 90° and 270°, the field distributions
are opposite and magnitudes in phase. It is seen that the current vectors changing with time move
in a clockwise direction. Hence, it is clear that the polarization of this topology is left-hand circularly
polarized (LHCP). Figure 11 clearly shows that the considered antenna exhibits right-hand circular
polarization (RHCP) for resonant frequency 24.7 GHz. From 0° to 270°, the field distribution changes
with the difference in phases. At phase 0°, the current is predominantly located in the —z-direction
whereas at phase 180°, the dominant current vectors are in the +z-direction. The field distributions
at phases 90° & 270° are opposite and magnitudes in phase. As can be noticed, the current vectors,

Figure 10. Electric field distribution at 15.6 GHz. (a) wt = 0°. (b) wt = 90°. (c) wt = 180°. (d) wt
= 270°.



Progress In Electromagnetics Research C, Vol. 124, 2022 121

Figure 11. Electric field distribution at 24.7 GHz. (a) wt = 0°.
= 270°.
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diversifying with time, are rotating in a counterclockwise direction. Figure 12(a) shows the radiation
patterns (simulated & measured) of the circularly polarized dual-port MIMO antenna at the resonating
frequency 15.6 GHz, when port-1 is excited. It can be seen that in both planes 0° and 90°, the antenna is
pointed in the z-direction of LHCP operation. Similarly, the radiation-pattern (simulated and measured)
of a circularly polarized dual-port MIMO antenna at 24.7 GHz resonance frequency is observed, when
port-2 is excited. In In Figure 12(b), it can be noticed that at 0° and 90° in both planes, the antenna
indicates RHCP operation. The anechoic chamber’s aiding tool & small inconsistencies in test results
may result in inaccuracies of the obtained gain in the antenna used for the study. While there are some
discrepancies in the observed radiation patterns, UWB-MIMO antennas are supportable and important
for K and Ku band applications.

4. CONCLUSION

A compact CP-dual port MIMO antenna is modeled, analyzed, investigated, and fabricated for Ku/K
band applications. The considered MIMO antenna has a UWB of impedance bandwidth 68% (14.3—
29.3 GHz) at two resonant frequencies 15.6 GHz and 24.7 GHz, respectively. The excellent isolation
(greater than —33 dB and —38 dB) is achieved by etching circle-shaped slots from the radiating patch.
Moreover, the ringing effect have been observed to reduce the antenna’s peak gain over the low-frequency
band (20.3-29.3 GHz) and at a higher frequency band (14.3-20.3 GHz), and negligible variation in the
ringing effect gain is reported. The proposed dual port, small sized (0.1 x 0.05)\ x 0.003\ mm?) antenna
shows that a measured 3-dB axial ratio with a relatively UWB of 14.6% (13.9-16.1 GHz), 6.7% (24.2—
25.9 GHz) is distinctively better than previously proposed CP antennas [33, 34].
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