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A Novel Quadrangular Slotted DGS with a Wideband Monopole
Radiator for Fifth-Generation Sub-6 GHz Mid-Band Applications

Idrish Shaik® * and Krishna V. Sahukara?

Abstract—The demand for high data rate, good channel capacity, and reliability is always the primary
area of concern in the modern era of wireless communication systems. The 5G standards have the
fortitude to bring about rapid data transfer speeds, instantaneous connectivity, large data capacities,
and minimal latency. In this paper, a novel quadrangular slotted defected ground structure (QSDGS)
that incorporates a wide band microstrip antenna (WMA) was proposed for 5G n46,/n47/n79 and n102
band applications. The DGS was represented on the ground plane by four rectangular looped slots. An
inset feeding technique was employed on this slotted patch antenna. This DGS loaded patch antenna
structure was mounted on an RT Duriod 5880 (¢, = 2.2, loss tangent = 0.0009) with dimensions of
33 x 29 x 1.5mm? (0.44) x 0.38)\ x 0.02), where ‘)’ is calculated at the lowest operating wavelength).
This embedded antenna radiating structure resonated in a wide band ranging from 4.03 GHz to 6.32 GHz
giving an impedance bandwidth of 2.3 GHz (50%), with a centre frequency of 4.44 GHz. The maximum
gain was 4.7 dBi, and greater than 75% efficiency was obtained over the wide band. From the results
extracted from the proposed antenna, it was found that the antenna was capable of covering the 5G
NR n46/n47/n79 and n102 bands with significant bandwidth, gain, and efficiency. Thus, the antenna
can be considered a potential contender for 5G mid-band wireless communication systems.

1. INTRODUCTION

The ever-increasing volume of data sent and the number of connected devices have far-reaching
consequences on people’s personal and professional lives. It was foreseen that by 2020, the number
of mobile networking devices would surpasse 100 billion, thanks to the rapid rise of wireless cellular
infrastructure and the ongoing expansion of the Internet of Things [1]. Because the number of user
devices is growing at such a fast rate, there is a greater need for bandwidth in order to handle
the ever-increasing volume of data [2]. The most distinctive characteristics of 5G technologies are
the relatively fast transmission of data, the avoidance of any delay, and the wider availability of
connectivity. For highly populated urban regions where connection demand is strong, the 5G mid-band
offers a compromise of penetration, coverage, speed, and capacity [3]. The development of antennas
for contemporary mobile devices is a difficult endeavor, according to all reports. The development of
future global standards for 5G networks needs antennas that are much more compact while retaining
their capabilities. The design of an antenna is ascertained by the operating frequency as well as the
needed bandwidth [4-6].

The implementation of sub-6 GHz and mm-wave frequencies presents additional hurdles for fifth
generation wireless antennas because the main determinants including high bandwidth and decreased
multipath fading, design flexibility, quality, and performance are full of concerns. In [7], an 8-element
dual-band MIMO antenna is proposed with a 150 x 75 mm? dimension and is intended for the use
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with 3.1-3.78 GHz and 5.4-6.21 sub-6 GHz networks. Over 12dB of separation was measured between
elements. However, it only achieved a gain of 2.5 dBi and 5 dBi across narrow bandwidths of 680 MHz and
780 MHz on its dual bands. In [8], a novel monopole coplanar waveguide (CPW) antenna incorporating
artificial magnetic conductor (AMC) structures operate from 2.37 GHz to 2.5 GHz and from 4.45 GHz
to 4.9 GHz, which achieves gains of 5dBi and 7dBi but extremely narrow bandwidths with greater
dimensions of 79.9 x 79.9 x 8mm?. A 28 x 26.35 x 1.6 mm? reconfigurable monopole antenna with dip
switch was presented in [9] which had a gain of only 1.38-4.89 dBi but an efficiency of 97.66%.

The 3.20-5.34 GHz working band of a miniaturised wideband antenna was suggested in [10] for the
use in sub-6 GHz applications. The maximal gain for this radiator is only 2.4 dBi, despite its high 96%
efficiency. A 30 x 20 x 1.5mm?® wideband 3.15-5.55 GHz multi-slotted antenna was proposed in [11].
This planar antenna has a 2.69 dBi gain and 79.6% efficiency. In [12], a dual-band elliptical ring patch
fabricated on a low-cost FR4 substrate was presented for 5G wireless networks. This patch antenna
achieved a gain of 6.1dBi in the operational range of 3.28-3.78 GHz; nevertheless, its unusually large
dimensions of 180 x 60 x 1.6 mm? resulted in a bandwidth of just 500 MHz. For a band of 4.6-6.1 GHz,
the massive gain of 11.4-15.8dBi was achieved using a circularly polarised antenna in [13] equipped
with parasitic elements, despite its enormous dimensions of 110 x 110 x 3.4mm?>. Using a size of
150 x 75mm?, a 4-element MIMO antenna of 3.21-3.81 GHz was presented in [14]. Even though the
maximal gain was just 3.69 dBi, it was able to provide the isolation of > 10dB at 90% efficiency. In [15],
a two-element triangular patch microstrip antenna array with a defective hexagonal ground structure
was constructed for operation at 2.65 GHz. Exceptionally large in size at 105 x 130 mm?, this antenna
had a gain above 11 dBi. DGS has been utilized in the field of microstrip antennas in order to improve
the radiation characteristics of the microstrip antenna by increasing the bandwidth and gain of the
microstrip antenna, as well as suppressing higher mode harmonics and cross-polarization [16].

To overcome those challenges and meet the requirements of the 5G sub-6 GHz spectrum, this
proposed novel design offers a low complexity, small-scale, wide spectrum range with dimensions of
33 x 29 x 1.5mm? and electrical dimensions of 0.44\ x 0.38) x 0.02) for 5G mid-band applications. It
resonates at 4.4 GHz and has an impedance bandwidth of 2.3 GHz (4-6.32 GHz) with a peak gain of
4.75dB, making it suitable for broadband. The antenna presented in this paper is composed of a patch
with multiple vertical slots mounted on a Rogers 5880 substrate and a quadrangular slotted defected
ground plane at the bottom. The structure of the paper is as follows. The design process for the antenna
is covered in Section 2. The performance of the antenna is shown in relation to its physical features,
and the experiment’s findings are presented in Section 3. Concluding evaluations are offered in the final
section.

2. GEOMETRY OF ANTENNA DESIGN

Figure 1 illustrates the antenna that has been proposed from both the top and bottom views. The
numerically calculated antenna dimensions are 33 x 29 x 1.5 mm?. The presented monopole is designed
with RT Duriod 5880 as a substrate, which has a dielectric constant of 2.2, a loss tangent of 0.0009,
and a thickness of 1.5 mm. With CST Studio Suite 2019, the structure, simulation, and evaluation of
the structure are carried out. The ground is loaded with four quadrangular spirals slotted into multiple
vertical slits in a patch. The excitation for the antenna is provided via a microstrip inset feed of 50 €.
This combination enables the antenna to cover a wide bandwidth, which ranges from 4.03 to 6.32 GHz.
The following predefined design equations are used for calculating the antenna parameters [6].
Equation (1) [6] that follows can be applied in order to determine the width W), of the patch

c 2
) 1
W” 2fo\/; 0
30 2
Wo = 5 aa\ 24 — 2080 (or) 26.86 mm

Equation (2) that is used to determine the effective dielectric constant of the patch is [6]
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Figure 1. Posited antenna geometry. (a) Multiple slits patch structure. (b) Quadrangular spiral
slotted ground structure.

M=

= 2.056

2241 22-1 0.15 ]~
_ 1412
celf 2 T3 [ * 2.686]

The extended incremental length of the patch can be calculated using the following Equation (3) [6]

W,
(Eregr +0.3) (” - 0.264)

AL = 0.412h hW (3)
(E'reﬁ - 0258) <hp + 08>
2.686
(2.056 +0.3) (T35 + 0.264>
AL = 0.412h N — 0.0825cm (or) 0.82mm
2.056 — 0.258) [ —— + 0.8
( ) < 0.15 " >
Through the use of Equation (4), the effective length of the patch may be determined [6]
c
Lo = — o 4
d 2f\/greﬁ ( )
c
L,pg = —— =2.384cm (or) 23.84 mm
B 94442056 (or)
()

By using Equation (5), the actual length of the patch, Ly, can be calculated [6]
Ly = Loy — 2AL (6)
L, = 2.384 —2%0.082 = 2.22cm (or) 22.2mm

The typical patch of the antenna that should resonate at 4.4 GHz should have dimensions of 27 x 22 mm?,
according to the calculations given in the aforementioned Equations (1)—(5). Through the use of
miniaturization, the suggested multiple-slit patch was designed with dimensions of just 10 x 10 mm?,

and the overall dimensions of the proposed antenna are 33 x 29 x 1.5 mm?3.
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Figure 2. Equivalent circuit of the proposed antenna.
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Figure 3. Si; return loss plot of equivalent circuit and simulated antenna.

Figure 2 depicts the equivalent circuit for the suggested design using RLC components. The circuit
is designed with the aid of Advanced Design System (ADS) software. Low capacitance values have
been chosen in the equivalent circuit in Figure 2, as a result of which precise s-parameters have been
obtained, corresponding to those from the simulated design.

The return loss plots of the equivalent circuit and the proposed simulated S11 are shown in Figure 3.
The impedance bandwidth is around 1 GHz, which is significantly smaller than the simulated impedance
bandwidth, and the S reflection coefficient of the equivalent circuits is —29 dB at 4.6 GHz. From the
observation, it is evident that the proposed antenna’s power consumption is extremely low and has good
significant characteristics.

2.1. Proposed Antenna Design Evolution Process

Figure 4 provides an illustration of each of the three stages that combine the evaluation process of the
posited antenna. Figure 5 provides the S1; plot of the antenna evolution process of three stages. The
patch and ground are designed using the dimensions specified in Table 1. In Stage 1 of the process a
single tetragonal slot inserted into the ground reveals that most of the electric field is centered. This
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Figure 4. Antenna design evolution procedure. (a) Stage 1. (b) Stage 2. (c) Stage 3.
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Figure 5. Si; return loss plot of various stages of antenna design evolution process.

Table 1. Calculated numerical design parameters of proposed antenna design in mm.

Parameter | L, | W, | Fr, | W | Wpp [ Ls & Lg | Ws & Wg | C | d
Dimensions | 10 | 10 | 17.5 1 2 33 29 1 ]0.2
Parameter | a; | as ag ay b1 bs bs by | h
Dimensions | 16 | 12 8 4 24 20 16 12 1 1.5

113

gives a bandwidth of approximately 1.9 GHz. In stage 2, the ground plane has been modified to include
three rectangular slots. In order to lessen the amount of cross-polarized radiation that is emitted by a
monopole radiator, a four quadrangular slot defective ground structure has been suggested as a solution.
These slots concentrate more electric field in the loop slots, allowing for a wider bandwidth of 2.3 GHz.
Because of the loop slots in the ground structure, the bandwidth was increased, and in order to get
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the patch element to resonate at the desired frequency, multiple vertical slits were placed on the patch
element in stage 3 which can be seen in Figure 5. This was the main objective of having multiple slits.
It was also observed that the addition of several vertical slits resulted in a considerable improvement in
return loss at the resonating frequency, and it was increased to —37 dB which can be seen in Figure 5.

3. RESULTS WITH DISCUSSION

In this part, a detailed review of measured findings and simulated results is presented, along with an
analysis of the proposed antenna performance based on a variety of different performance measures.

3.1. Reflection Coefficient

Figure 6 shows a plot of the computed and measured impedance spectrum values for the intended
antenna. The antenna design that was proposed has a bandwidth of 2.3 GHz (50%), which allows it to
cover a frequency band that ranges from 4.03 to 6.32 GHz. The results from simulation and experiment
have been proven in good agreement and are acceptable for the usage in applications requiring 5G
connectivity.

0 T T T T
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S11 Reflection Coefficient dB

3.5 4.0 45 5.0
Frequency GHz

Figure 6. Computed and experimented return loss S1; of proposed antenna.

3.2. Surface Current Distribution

The current excitation of the simulated antenna is shown and illustrated in Figure 7 which shows the
antenna in operation at its resonant frequency of 4.4 GHz. Figures 7(a) and 7(b) clearly show that the
current distribution could be seen at the inset feed and defective ground structure.

3.3. Radiation Efficiency and Gain

Figure 8 provides an illustration of the proposed antenna’s efficiency and gain. Figure 8(a) gives the
minimum as well as maximum radiation efficiencies, which range from 65 to 81%, and Figure 8(b) clearly
shows the maximum gain of 4.71dB at 6.3 GHz and 4.2dB at resonating frequency of 4.4 GHz, and the
overall gain obtained in the frequency range is more than 4.1dB.

3.4. Characteristics of Electromagnetic Radiation

The Three-dimensional gain plots of projected antenna structure are shown in Figures 9(a), (b), and (c)
for the resonant frequencies of 4.2 GHz, 4.4 GHz, and 6.3 GHz. It is observed that from Figure 9(a)
the gain of 4.11 dB was achieved, and 4.51 dB of gain was obtained at resonating frequency of 4.4 GHz
shown in Figure 9(b). Figure 9(c) shows the 3D gain plot at 6.3 GHz, and 4.79 dB was obtained.
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Figure 7. (a) Current excitation of posited antenna in patch at 4.4 GHz. (b) Current excitation of
posited antenna in patch and ground at 4.4 GHz.
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Figure 8. (a) Measured and simulated efficiency plot at 4.4 GHz. (b) Measured and simulated gain
plot at 4.4 GHz.

The far field pattern of radiation from the developed antenna design for the resonant frequency of
4.4 GHz is shown in Figure 10. The computed and measured radiation patterns of two major planes
E-plane (XZ, 0 = 0°) and H-plane (YZ, () = 90°) are omnidirectional and bidirectional and can be
seen in Figure 10.

The suggested antenna is modelled using CST 2019 software, and a Rogers 5880 is used to fabricate
a prototype of the antenna for the usage in practical applications.

The top and bottom views of the fabricated element are shown in Figures 11(a) and 11(b). The

proposed antenna was tested in an anechoic chamber using VNA N5247A.09.90.02 which can be seen
in Figures 12(a) and 12(b).
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Figure 9. (a) 3D gain plot at 4.1 GHz. (b) 3D gain plot at 4.4 GHz. (c) 3D plot at 6.3 GHz.
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Figure 10. Simulated and measured far field radiation patterns of £ and H plane at 4.4 GHz.
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3.5. Comparative Analysis

Table 2 compares the designed antenna to studies published in previous works. The proposed antenna
possesses beneficial radiation characteristics, including a wider bandwidth, steady gain, and high
radiation efficiency. These characteristics give support to the concept that the design is acceptable
with connection to systems of communication that operate within the sub-6 GHz band.

Table 2. Comparison of the designed antenna results with previous works.

Tuned . . . . Radiation
Dimensions No. of Bandwidth Gain .
Reference Frequency (mm?) El ; (GHz) (dB) Efficiency
mm ements Z
(GHz) (%)
3.72-3.82,
[17] 0.1, 0.1
4.65—4.76 32 x 32 4 2.5 89
(2021) & 0.3
& 6.16-6.46
[18]
2.67-4.20 40 x 40 1 1.53 3.92 95
(2022)
19 2.44-2.54
[19] 46 x 46 1 0.1 & 0.36 4 -
(2021) & 3.19-3.55
2
120] 3.3-4.0 40 x 30 1 0.7 2.5 -
(2020)
[21]
3.89-5.9 78 x 58 - 2.01 3 80
(2020)
[22]
2.75-5.45 130 x 130 1 2.7 8.4 80
(2019)
2 1.82-2.92
23] 8 92, 45 x 45 1 0.1, 1.6 4.8 & 7.5 -
(2021) 3.15-4.75
[24] L9572 0.55, 0.7 2.5, 3.7
3.15-3.85 100 x 150 4 R R i
(2017) & 1.65 & 4.4
4.95-6.6
[25]
1.85-3.8 48 x 35 1 1.95 4.04 92
(2021)
[26]
2.8-3.81 36 x 36 1 1.01 4.08 -
(2021)
27
127] 3.1-3.75 34 x 34 1 0.65 3. -
(2018)
28 2.37 to 2.67
28] © 100 x 100 1 0.3 & 0.2 6 69.5
(2019) 3.39 to 3.62
129 2.3-3.7 49.5 x 49.5 1 14 4 -
(2019)
ropose .03-6.32 33 x 29 1 2.3 1-4.75 65-81
Proposed 4 4.1-4.7

- Not Mentioned
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Figure 11. (a) Top layer of the designed and manufactured antenna. (b) Bottom layer of the design
and manufactured antenna.

(b)

Figure 12. (a) Antenna under test in anechoic chamber. (b) Proposed antenna under test using VNA
N5247A.09.90.02.

4. CONCLUSION

A small-scale, high performance novel quadrangular slotted DGS with monopole antenna has been
thoroughly presented to report a wide bandwidth of 2.3 GHz (50%) ranging from 4.02 to 6.32 GHz.
The design includes multiple slots in a patch and a spiral-slotted DGS to offer high bandwidth and
the required resonating frequency. The design was implemented on a Rogers’s 5880 substrate, which
has a frequency centre of 4.4 GHz, and it works significantly better than the antennas described in the
previous works. Based on results of both measured and simulated data, a significant reflection coefficient
of —37dB is obtained by the proposed antenna at 4.4 GHz which has a bandwidth of 2.3 GHz, a gain
of 4.1-4.7dBi over the operating band, and a peak gain of 4.75dBi at 6.3 GHz. The analysis of the
proposed antenna in the previous work shows that the designed antenna is feasible for 5G sub-6 GHz mid-
band applications like ultra-high definition multimedia, which require high data rates and bandwidth,
especially in cellular infrastructure.
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