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Abstract: This paper presents a planar multi-circular loop antenna with a wide impedance bandwidth
for next generation mm-wave systems. The proposed antenna comprises three circular rings with
a partial ground plane with a square slot. The resonating structure is designed on a 0.254 mm thin
RO5880 substrate with a relative permittivity of 2.3. The single element of the proposed design
showed a resonance response from 26.5 to 41 GHz, with a peak gain of 4 dBi and radiation efficiency
of 96%. The proposed multicircular ring antenna element is transformed into a four-element array
system. The array size is kept at 18.25 x 12.5 x 0.254 mm? with a peak gain of 11 dBi. The antenna
array is fabricated and measured using the in-house facility. The simulated and measured results are
well agreed upon and are found to be suitable for mm-wave communication systems.

Keywords: circular rings; dual-beam; mm-wave; efficiency; gain; linear array

1. Introduction

With the evolution of communication systems in modern telecommunication infras-
tructure, 5G is standardized throughout the world, offering high channel capacity character-
istics with an increased number of users connected and low latency over the communication
channel [1-4]. The 5G spectrum is categorized into two broad regions as Sub6 GHz, ranging
under 6 GHz frequency, and mm-wave region, in which frequencies above 24 GHz and
above are adopted. The bands of 28 GHz and 37 GHz and 39 GHz are licensed mm-wave
bands in the mm-wave spectrum, for which in order to overcome high attenuation and
propagation losses, high gain antenna arrays are required [5-8]. These antenna arrays
include higher numbers of radiating elements with low-loss feeding networks [7,8]. There
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are several antenna systems reported in the literature [9-15]. These antenna systems include
substrate integrated waveguide (SIW) antenna systems, air filled gap structures (AFGs),
and planar structures. In [9], a multilayer antenna array with wideband and high gain
characteristics is presented. The frequency range of the reported antenna is 57-71 GHz,
with a peak gain of 13.9 dBi and minute sidelobe levels, with the number of Vias included.
However, due to the nature of bonding films and asymmetric Vias inside SIW, the reported
structure is complex to build and integrate into RF circuits. Waveguide antennas usually
accomplish high gain, but the large volume of the metallic waveguide with a high manu-
facturing price is the main hitch for bulk production. In [10], an 8 x 8 element SIW array
is presented with a bandwidth range from 35.4-41.7 GHz, total peak radiation efficiency
of 82% and realized gain of 26.1 dBi. The array is difficult to assemble due to the higher
numbers of Vias included. Planar antenna arrays are simple to assemble compared to
SIWs. The transmission line losses are high compared to SIW, but they can be neglected
with careful feed network modeling. A four-element T shape planar antenna array is
presented in [11]. The peak gain achieved is 11.5 dBi and the bandwidth attained is 8 GHz,
approximately. A modified four-element hook shape antenna array in [12] exhibited a
dual-beam radiation response, with a small angular beamwidth of twenty-four Degree. A
four-element planar antenna in [13] shows a dual-band response at the central frequency of
28 GHz and 38 GHz. The reported antenna showed a peak gain of 7 dBi, but the bandwidth
at both resonances is extremely low. Metamaterial-induced mm-wave antennas have also
been reported, but they are difficult to assemble and the cost and complexity generally
increase [14,15].

In [16], a circular shape antenna with a slotted loop structure is presented for Bluetooth
and Wi-Fi applications, covering resonance from 2.4 to 3.1 GHz. The antenna is fabricated on
an FR4 substrate with a thickness of 1.6 mm. The size of the single element is 35 x 35 mm?.
This design is then transformed into a four-element linear array system using the Wilkinson
power divider. In the four-element array, the radiating elements are separated at 40 mm
apart and the total dimension of the proposed array is 155 x 75 mm?. The peak gain
achieved is 8.39, while total efficiency is 77%.

Similarly, Ref. [17] presents a single element with a super bandwidth operating from
6.5 to 100 GHz. The proposed antenna offers stable radiation patterns at lower resonance
frequencies but at higher frequencies, the radiation patterns deviate. The size of the antenna
is 20 x 20 mm? only while the maximum gain achieved is 10 dB.

Therefore, to address those limitations, in this paper, a three circular novel shape
four-element antenna array is presented with dual-beam characteristics. The proposed
antenna is simple in structure and provides high gain and dual beam characteristics with a
narrow beamwidth. The proposed antenna offers a wide frequency bandwidth of 15.5 GHz
and radiation efficiency above 90%. This paper is organized as follows. Section 1 covers
the introduction. Section 2 shows the complete design analysis and array transformation.
Section 3 shows the results and discussions from the simulated and obtained measured
results with a comparison table. In the Section 4, the conclusion of the proposed work
is provided.

2. Antenna Design

The proposed multi circular loop ring mm-wave antenna is designed on an ultra-
thin Ro5880 substrate, with a relative permittivity of 2.3. The substrate is 0.254 mm in
height. Figure 1 shows the proposed antenna’s front and back view. The dimensions of the
proposed antenna in mm are as follows: A=0.3, E=6.75,M=9,N=115,DD=1,0=4.75.
The wide bandwidth characteristic of the proposed antenna is achieved using several
numbers of the conducted parametrical studies. These studies included ring interspacing,
transmission line feed modeling, and square slot on the ground plane. Figure 2 shows the
overall response of the parametrical studies.
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Figure 1. (a) Front (b) back views of the proposed antenna.

As observed in Figure 2a, the parameter DD has a significant impact on the resonance
response attained. The ground slot parametrical studies were conducted with a 0.1 mm
apart value. As shown, at 0.8 mm, the antenna showed resonance from 27 to 42.6 GHz,
while for 0.9 mm, the bandwidth ranged from 26.7 to 42.0 GHz. The optimum response
was attained at a 1 mm ground slot value, exhibiting bandwidth characteristics from 26
to 41 GHz. It was observed that the ground slot affects higher frequency. In addition, the
reflection coefficient response overall moves to lower values. Next, the parametric response
concerning the distance between the circular loops is analyzed. The distance impact is
analyzed at a 0.1 mm value. As observed in Figure 2b, the lower frequency range is affected
by the starting values of 0.65 and 0.7 mm. The optimum response was achieved at 0.75 mm,
as after this value, the reflection coefficient response is degraded. Figure 2c shows the feed
line modeling effect for the proposed structure. As observed in Figure 2¢, at the initial
value of 6.55 mm, the resonance response stretches up to 42 GHz but the starting frequency
response also moves forward. With the gradual increase of 0.05 mm, the resonance response
moved backwards and the optimum response was achieved at 6.75 mm. Figure 2d shows
the single element reflection coefficient obtained.
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Figure 2. Parametrical studies for (a) slot length (DD), (b) distance among circular loops (c) feedline

length (E) and (d) single element.

3. Results and Discussions

The proposed multi circular is fabricated and tested using the in-house facility.
Figures 3 and 4 show the simulated and measured reflection coefficient and efficiency
with the measured gain. As observed in the figure, the reflection coefficient response is in
good agreement. The measured gain differs 0.2 dB from the simulated gain at 28 GHz. The
simulated radiation and total efficiency are above 95% at 28 GHz.
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Figure 3. Single element simulated and measured reflection coefficient.
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Figure 4. Single element gain and efficiency.

Array Transformation

The proposed design is transformed into a four-element linear array to achieve high
gain characteristics. The array is shown in Figure 5. As observed in the figure, the array
total length and width are 18.5 x 22.5 mm, respectively. The ground plane length is kept at
12.5 mm. The feed network is composed of a 50 () feed line, divided into a 100 () feedline,
which is further subdivided into 70.7 ). The end feedlines connecting each radiating
elements are 100 ) feed lines. The widths of the feedlines are as follows: 50 () = 0.7 mm,
100 3 = 0.28 mm and 70.7 () = 0.36 mm. Figure 5c shows the surface current distributions
of the feed network at 28 GHz. As observed, the array network distributes power equally
among the radiating elements. Figure 6 shows the simulated and measured reflection
coefficient response of the proposed four-element array system. From the figure, it is clear
that the simulated and measured results are in good agreement. The minute disruptions
are the result of fabrication and measurement errors.
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Figure 5. Cont.
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Figure 5. (a) Front layer, (b) back layer, and (c) surface current distributions of the proposed four-
element antenna.

Reflection Co-efficient (dB)

504 : ; i |
—S1,1 (Mea)
B N S S A R — — SL1(Sim) ||
-60 ; ; ; ; ; ; ; ; ;
2 24 26 28 30 32 34 36 38 40 42
Frequency (GHz)
(b)

Figure 6. (a) Fabricated prototype (b) simulated and measured S-parameters.

The performance parameters of the proposed antenna array are shown in Figure 7.
The radiation efficiency throughout the band of interest is above 89% and the measured
efficiency is above 84%. At 28 GHz, the radiation and total efficiency is 94% and 93%,
respectively. The gain of the proposed array ranges from 9 dBi to 11.5 dBi. The gain of
the antenna array becomes low at the higher frequency end. The simulated gain of the
array at 28 GHz is 10.7 dBi and the measured gain is 10.5 dBi. The peak gain achieved
is 11.5 dB at 30.5 GHz. Figure 8 shows the proposed antenna array radiation patterns at
28 GHz resonance. The patterns show the far-field characteristics for Phi 90 and Phi = 0. As
observed in the figure, the array exhibits a dual-beam characteristic with a very narrow
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beamwidth, as required for mm-wave systems. The simulated and measured radiation
patterns are in good agreement. Figure 9 shows the 3D antenna radiation pattern of the
28 GHz system.
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Figure 7. Performance parameters of array systems.
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Figure 8. Radiation patterns at 28 GHz (a) Phi = 0 (b) Phi = 90.

Table 1 summarizes the proposed antenna contribution in the literature. The proposed
antenna system is compared with Refs. [4,11,13,14,18,19]. Refs. [3,11,19] are based on the
planar monopole antenna array, while Refs. [4,18] are based on the SIW technique. From
the table, it is concluded that the proposed antenna array is well designed and delivers
high gain with reduced size and wide bandwidth characteristics.
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Figure 9. 3D antenna gain.
Table 1. Proposed four-element array comparison with the published literature.
Ref Frequenc Antenna Size Configuration Gain Efficienc
’ 1 y Elements 8 y
[4] 53-71 2x2 23 x 24 SIW 10 82
[11] 26-30 1x4 18.5 x 24 Planar 11 94
[13] 25.5-29.5 1x4 20 x 22 Planar 10.2 80
[16] 2.45-3.1 1x4 155 x 75 Planar 8.39 77
[17] 6.5-100 1 20 x 20 Planar 10 N/A
[18] 25.05-34.92 1x4 45 x 20 SIW 12.5 85
[19] 23.34-33.92 1x4 37.6 x 14.3 Planar 10.7 90
Proposed 26-38.5 1x4 18.5 x 12.5 Planar 11.5 95

4. Conclusions

This paper presented a novel circular ring shape antenna on a thin RO5880 substrate.
The antenna exhibited a wideband response from 26.5 to 41 GHz, with gain varying between
3 and 5.4 dBi and radiation efficiency greater than 90% throughout the bandwidth. The
proposed antenna was transformed into a four-element linear array system. The size of the
array was 18.5 x 12.5, which is quite small, and the bandwidth of the array was observed
to be from 26 to 38.5 GHz. The peak gain achieved was 11.5 dBi, while at 28 GHz, it was
observed to be 10.7 dBi. The proposed four-element array is fabricated, and the simulated
and measured results were found to be in good agreement. Through the performance
comparison with the reported literature, the proposed antenna system was found to be a
potential candidate for next generation mm-wave communication systems.
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