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The high demand for wireless wideband services has led to evolving of a new
mobile network standard, which is known as ‘5G’. For 5G to meet the
essentials in terms of bandwidth, the industry should leverage the mm-Wave
band (24-300 GHz). Further, miniaturized antennas that operate in multiple
frequency bands are required for future space-constrained devices. In this
manuscript, a compact dual-band circular microstrip antenna which has a
square ring defected ground structure (SR-DGS) is investigated for 5G mobile
systems. The design is accomplished using Ansys-HFSS 2021R1. The Rogers
RT/duroid (5880) substrate, which has a permittivity of 2.2, a tangent loss of
0.0009, and a thickness of 1.575 mm, is used as a dielectric material. The
antenna has physical dimensions of 5x4x1.575 mm3 with an electrical size of
0.458)0 x0.366M0 x0.1440; Ao represents the wavelength in free space at 27.50
GHz. Impedance bandwidths of 1.34 GHz (27.50 GHz-28.84 GHz) and 2.26
GHz (37.74 GHz-40 GHz) are achieved at the 28 GHz and 38 GHz bands,
respectively. The antenna resonates at 28.1875 GHz and 38.5625 GHz with
respective gains of 7.2 dB and 7.65 dB. The proposed antenna is a promising
candidate for 5G communications due to its miniaturized size.
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1. INTRODUCTION

The proliferation of mobile phone users along with the integration of new services on the internet
have led both the industry and the research community to evolve a new standard to support data-hungry
services. The current 4G mobile communication standard cannot support services like the internet of things
(10T), vehicle-to-vehicle (V2V) communications, smart cities, and telemedicine because it does not provide
the required bandwidth for such applications. To overcome the limitation of bandwidth and latency of 4G, 5G
is being developed. For 5G to meet the requirements of future wireless communication systems, it should
provide larger bandwidth, higher gains, and low latency [1].

The US federal communications commission (FCC) and other advanced countries have reserved two
frequency ranges (FRs) for 5G implementation. The FRs are the mid-band commonly known as the sub-6 GHz
band (1 GHz-6 GHz) and the millimeter-wave (mm-Wave) band (24-300 GHz) [2]. Several applications, such
the wireless local area network (WLAN), the worldwide interoperability for microwave access (WiMAX), and
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the current long-term evolution (LTE), have already jammed the previous band (FR1). As a result, the FR1
band is unable to meet the vast bandwidth requirement for 5G. On the other hand, the latter band (FR2) provides
many unused frequencies and can support several applications with a low risk of interference.

Planar antennas are the most suited for dual or multi-band applications due to their low profile,
lightweight, low cost of fabrication, and ease of integration in space-constrained devices [3]. In the last few
decades, several planar antennas for WLAN, LTE/4G, WiMAX, and 5G applications have been investigated
in the open literature. Different Microstrip antenna shapes, including Heart-shaped [3], rectangular [4], circular
shapes [5]-[7]; Dolly-shaped [8], and Rho-shaped [9], along with dual-band techniques such as defected ground
structures (DGS), slots or slits etching and Metamaterials have been investigated. A circular patch antenna for
5G applications to compare two feeding techniques, namely, coaxial probe and Microstrip line is designed in
[10]. The mono-band patch antenna resonated at 28 GHz with bandwidths of 0.792 GHz and 0.660 GHz for
the coaxial probe and Microstrip line, respectively. Similarly, a single patch antenna for 5G applications that
operates at 28 GHz is reported in refrence [11]. The antenna consists of an inverted C-shape with overall
dimensions of 12x15x0.508 mm?®, a bandwidth of 1.23 GHz, and a gain of 7.4 dB. In the same idea, a
conventional rectangular Microstrip single antenna for 5G mm-Wave communications is reported in [12]. To
improve the radiation parameters of the antenna, slots are inserted in the patch area. The results showed an
overall antenna size of 7x7 mm?, a bandwidth of 2.48 GHz (26.8116-29.2897 GHz), and a peak gain of 6.34 dB.
An inset-fed rectangular Microstrip antenna that resonates at 28 GHz is investigated in [13]. The calculated
dimensions of the antenna are optimized using FEKO software to achieve a large bandwidth of 5.57GHz with
a compact size of 6.2 x 8.4 x 1.57 mm?. Paul et al. [14] proposed a 5G wideband rectangular Microstrip antenna
with partial ground plane. A bandwidth of 2.567 GHz (26.984-29.551 GHz) with an overall size of
20x17x1.575 mm?3 is achieved. To improve the performance of the designed antenna, an isoscele triangular
shape is cut on the left side of the patch. The final design provided a gain of 8.39 dB. It can be noticed that
better performance is achieved in the works investigated [10]-[14]. However, these studies have limitations in
the sense that they did not consider multi-band capabilities, which is crucial for antennas to support several
applications.

To achieve the multi-band and wideband characteristics, researchers have devised several techniques
including DGS, slots or slits etching, metamaterials (MM), and multiple antennas with different resonant
frequencies. Qayyum et al. [15] studied a dual-band patch antenna with a circular ring DGS for 5G mm-Wave
applications resonating at 28 GHz and 38 GHz. The overall size of the antenna element is 7.23x7.23x0.6 mm?
with impedance bandwidths of 0.87 GHz and 1.07 GHz at 28 GHz and 38 GHz, respectively. In the same line,
a compact dual-band (28 GHz and 38 GHz) with a rectangular DGS is illustrated in [16] for 5G
communications. Bandwidths of 0.7 GHz and 0.5 GHz are achieved at 28 GHz and 38 GHz, respectively with
antenna electrical dimensions of (1.12 x1.31x0.035) A,.

Furthermore, an elliptically slotted semi-circular patch radiator (ESSPR) with a DGS, which has a
wideband performance for 5G devices is reported in reference [17]. Although the antenna exhibits a large
bandwidth of 2.14 GHz in the sub-6 GHz band, its size of 23.885x23.885x1.405 mm? is too large for space-
limited applications. The double bands patch antenna for 5G handheld devices presented in [18] consists of
two antennas. The first radiator, which is directly fed by the microstrip line, resonates at the lower band (38
GHz). The second patch is then exited by the first patch to resonate at the upper band (60 GHz). A tri-band
umbrella-shaped antenna for 5G mm-Wave applications is illustrated in reference [19]. The radiator resonated
at 28 GHz, 38 GHz, and 55 GHz with gains of 6.6 dB, 7 dB, and 7.35 dB respectively. In addition, a dual-band
(26 GHz and 28 GHz) microstrip antenna for 5G is shown in [20]. The dual-band in this work is achieved by
inserting two symmetrical L-shaped slots and a centered square slot on the conductor. The overall dimensions
of the proposed antenna are 20x16.5x0.508 mm?. The simulated result stipulated bandwidths of 0.55 GHz/1.1
GHz and gains of 8.63 dB/11.26 dB at 26 GHz and 28 GHz, respectively. Moreover Mpele et al. [21] illustrates
a compact dual-band elliptical patch antenna with a coplanar waveguide for 5G applications. The proposed
design in this article is composed of two dielectric substrates superposed to each other. The parameters are
optimized by inserting two inverted F-shaped slots on the ground. The antenna resonates at 28 GHz and 38
GHz with respective bandwidths of 4.51 GHz and 4.26 GHz.

In this work, a miniaturized dual-band circular microstrip antenna with a square ring defected ground
structure (SR-DGS) is investigated. Our proposed antenna operates in the mm-Wave band (28 GHz/38 GHz)
for 5G applications. These particular frequencies were chosen due to their low atmospheric absorption. The
novelty of the SR-DGS antenna is its miniaturized size compared to the existing designs, which makes it one
of the most promising candidates for space-constrained applications.

The rest of the manuscript is organized as follows: In section 2, the design method and procedure are
illustrated. The results and discussions are presented in section 3. Finally, section 4 concludes this work.
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2. ANTENNA DESIGN

A miniaturized dual-band circular microstrip patch antenna for 5G mobile communications is
presented in this work. Ansys-HFSS 2021R1, a high-frequency structure simulator that is available
commercially and is based on the finite element full-wave analysis Method, is used to simulate the model
(FEM). Between the patch and the ground plane, a Rogers RT/duroid 5880 substrate with a dielectric constant
of 2.2, a tangent loss of 0.0009, and a thickness of 1.575 mm is utilized. The Rogers RT/duroid 5880 material
was selected because it is known to provide better performance due to its low dielectric constant. Initially, the
radius of the patch is determined using (1) and (2) [22]. The summary of the initial values is provided in Table
1. In the next step, a parametric analysis of dimensions namely the radius of the patch, the length, and the width
of the dielectric material is performed to achieve the desired performance. The optimized parameters for the
final design are presented in Table 2. Finally, a square ring (SR) slot commonly known as a defected ground
structure (DGS) is etched on the ground to achieve the desired resonant frequencies and to reduce the return
loss. The layout of the final design is illustrated in Figure 1. The top, bottom, and side views of the antenna are
shown in Figures 1(a)-(c) respectively.

F

R, = 1

P \/1+ni}rlF[ln(%)+1.7726] @)
_8.79X10°

Where F = =—— (2)

R, =the radius of the patch (cm), f; is the resonant frequency (Hz), ¢ is the dielectric constant, and h is the
height of the dielectric material in centimeters (cm).

Table 1. Summary of the initial values Table 2. Summary of the optimized values
Parameters Symbols  Values (mm) Parameters Symbols  Values (mm)

Radius of the Patch Ry 1.2159 Radius of the Patch Ry 1.6
Height of the patch Hp 0.035 Height of the patch Hp 0.035
Length of the substrate L 7 Length of the substrate L 5
Width of the substrate Ws 6 Width of the substrate Wi 4
Length of the ground plane L 7 Length of the ground plane Lg 5
Width of the ground plane W, 6 Width of the ground plane W, 4
Length of the feedline L¢ 1.54 Length of the feedline L¢ 154
Width of the feedline Wi 1 Width of the feedline Wi 0.75
Height of the substrate Hs 1.575 Height of the substrate Hs 1.575

Width of the SRS b 0.8
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Figure 1. Design layout, (a) top view, (b) bottom view, and (c) side view

The patch area of the antenna, which describes the compactness of the antenna, is calculated using (3).
Ap = T[R%) + LfX Wf (3)
A, = (1.6)* *+ 1.54 % 0.75 = 9.19 mm?

Where R,, = radius of the patch, L¢= length of the feedline, W= the width of the feedline.
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2.1. Effect of the square ring defected ground structure (SR-DGS)

After the circular microstrip antenna is simulated using the software, a square ring (SR) slot, which is
commonly known as a DGS is cut on the ground plane to achieve better performance of the antenna. Figure 2
shows the effect of the SR-DGS on the reflection coefficient Figure 2(a), gain Figure 2(b), and VSWR Figure 2(c).
It was observed that the SR-DGS not only shifted the resonant frequencies at the desired points, but also
positively affected the antenna performance such as the reflection coefficient, gain, and VSWR. In addition,
the structure (SR-DGS) has reduced the lower resonant frequency by about 2.80%, which demonstrates that
the proposed antenna is miniaturized.
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Figure 2. Effect of the SR-DGS, (a) reflection coefficient, (b) 2D Gain, and (¢) VSWR

2.2. Parametric analysis

In this sub-section, the effect of the width of the SR-DGS (b) is analyzed. The values of the width
considered in the analysis are b = 0.4 mm, 0.8 mm, and 1.2 mm. The result is shown in Figure 3. It can be
observed that as the width of the ring varies, so do the parameters of the antenna. The resonant frequencies move
toward the right as the width of the square ring increases. The best performance in terms of reflection coefficient
Figure 3(a), VSWR Figure 3(b), bandwidth, and the desired resonant frequency is achieved at b = 0.8 mm.
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Figure 3. Parametric analysis, (a) Reflection coefficient and (b) VSWR

3. RESULTS AND DISCUSSIONS

A microstrip radiator’s primary performance indicator can be roughly divided into two categories: The
impedance and properties of radiation. The reflection coefficient, return loss (dB), and voltage standing wave
ratio are used to evaluate the former, which specifies how the transmission line is matched to the radiator (VSWR).
The latter describes the antenna's radiation characteristics. The far-field gain, radiation efficiency, directivity, and
polarization are used to gauge the radiation [23]. In this section, the listed parameters are discussed.
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3.1. Return loss, Bandwidth, VSWR, and Gain

The antenna parameters such as the radiation efficiency, reflection coefficient, and VSWR are given
in Figure 4. It can be observed from Figure 4(a) that the —10 dB impedance bandwidths are 1.34 GHz (27.50
GHz-28.84 GHz) and 2.26 GHz (37.74 GHz-40 GHz). The antenna resonates at 28.1875 GHz and 38.5625
GHz with reflection coefficients of -38.3 dB and -30.8 dB, respectively.

In addition, the radiation efficiency is shown in Figure 4(b) is greater than 94% throughout the
frequency range. The voltage standing wave ratio (VSWR), which describes the impedance matching between
the load and the transmission line, is presented in Figure 4(c). The VSWR values are 1.0175 and 1.0580 at the
resonant frequencies, respectively. Antenna parameters as shown in Figure 5. Moreover, the axial ratio in
Figure 5(a) demonstrates that the proposed antenna is linearly polarized since this ratio is greater than 3 dB in
the entire frequency range. Similarly, the gain versus frequency is presented in Figure 5(b). Peak gains of
7.2 dB and 7.65 dB are observed at the two resonant frequencies, respectively.
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Figure 4. Antenna parameters, (a) reflection coefficient, (b) radiation efficiency, and (c) VSWR
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Figure 5. Antenna parameters, (a) axial ratio and (b) gain 2D plot

3.2. Current distribution

In this section, the current distribution on the antenna element is discussed. Figure 6 shows the current
flows on the radiating element. It can be noticed that, at 28.1875 GHz, the current is denser at the left and right
side edges of the patch with a maximum current of 4.7866 [A/m] as shown in Figure 6(a). On the contrary, less
current is distributed at the center of the circle and, in the middle of the feedline. At the second resonant
frequency (38.5625 GHz), the maximum current value of 4.8668 [A/m] is observed at the feedline Figure 6(b).
The current is also distributed at the extremities of the patch with the lowest current at the top part of the circle.

3.3. Radiation pattern

The radiation pattern is defined as the graphical representation of the emission and reception of the
wave front at the antenna. In other words, it provides the representation of the strength of the transmitted or
received signal in various directions. The polar plot of the radiation patterns in the E-plane (phi= 0 deg.) and
H-plane (phi=90 deg.) are given in Figure 7 and Figure 8, respectively for the frequencies of 28 GHz and 38
GHz. It can be noticed from Figure 7(a) and Figure 7(b) that, the cross-polarization at both frequencies provided
quasi-omnidirectional radiation, while some nulls can be seen in the co-polarization.

A miniaturized dual-band planar antenna with a square ring defected ... (Mamadou Mamarou Diallo)
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On the other hand, from Figure 8(a) and Figure 8(b), the co-polarization patterns stipulate quasi-
omnidirectional radiation, and the cross-polarization patterns present bi-directional radiation at both
frequencies (28 GHz, 38 GHz). Furthermore, to show the effectiveness of our work, the proposed work is
compared with some designs found in the open literature. The comparison is presented in Table 3. The key
performance indexes considered in the comparison include the frequency bands, the -10 dB impedance
bandwidth, the gain, the voltage standing wave ratio (VSWR), the electrical dimensions, and the bandwidth
dimension ratio (BDR).

N
¥
@)

(b)
Figure 6. Current distribution, (a) at 28.1575 GHz and (b) at 38.5625 GHz

The comparison has shown that our design provided excellent performance metrics in terms of
bandwidth, gain, and miniaturization. The bandwidth dimensions ratio (BDR) is an additional performance
index that measures the miniaturization and the wide bandwidth. The BDR is computed by (4) [24]. A large
BDR indicates that the antenna has miniaturized dimensions and wider bandwidth. From Table 3, it can be
observed that our proposed work has a larger BDR value. Thus, the proposed SR-DGS antenna is more
miniaturized since it has more bandwidth per unit area. This makes it one of the best-suited designs for 5G
applications since the antenna can be easily integrated into space-constrained devices.

BDR = — W06 @)

MengthX Awidth

BW (%) is the fractional bandwidth, Ajengeh and Ayigen are the proposed antenna’s electrical length and width
corresponding to the lower end operating frequency that meets the —10 dB reflection coefficient or VSWR<2.
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Figure 7. E-pane patterns, (a) 28 GHz and (b) 38 GHz
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Table 3. Comparison of the proposed design with other works in the open literature
Bandwidth Gain . .
Ref. Freg. Bands [GHz] [dB] VSWR Electrical size BDR
Colaco and Lohani [4] 26 GHz 3.56 10 1.03 0.292(x0.392(x0.0562, 5.4
28 GHz 0.87GHz  6.87 dBi .
Qayyum et al. [15] 38 GHz 107GHz 417 dBi Not given 0.6671,x0.667A,x0.05442, 6.968
28 GHz 0.7 GHz 8.21 .
Gupta and Bage [16] 38 GHz 0.5 GHz 574 Not given  1.12), x1.312,%0.0351,. 1.7
26 GHz 0.55 GHz 8.63 1.13
Nahas [20] 28 GHz 11 GHz 11.26 111 1.72x1.412,x0.0447, 0.884
37 GHz 5.5 5.5 .
Lodro et al. [25] 54 GHz 8.67 6 Not given 0.864,x0.61,x0.0942, 215
Darboe et al. [26] 28 GHz 0.847 6.63 1.5376 0.5772(x0.6642A,x0.0459 7.882
Mungur et al. [27] 28 GHz 0.582 6.69 1.77 0.312(X0.3771,X0.0252, 17.90
Asghar et al. [28] 67GHz (64.8-69) 4.2 8.9 <15 1.192,x1.0172(x0.0822, 5.12
Teresa and
Umamaheswari [29] 28 GHz 2.62 6.59 1.08 0.6261(x0.62624,x0.072, 23.73
17.07 GHz 0.810 7.65 .
El-Sayed et al. [30] 26.82 GHz 0.845 564 Not given 1.212,x1.212(x0.044, 3.238
. 28 GHz 1.34 7.19 1.0175
This Work 38 GHz 226 761 1.0580 0.4581(x0.3661(x0.1442,  28.34

4. CONCLUSION

This article investigates a unique miniaturized microstrip antenna for 5G mobile networks. The
suggested antenna has a physical overall dimension of 5x4x1.575 mm?® and an electrical overall size of
0.458xA,x0.3661,x0.1442,; A, denotes the free space wavelength at 27.50 GHz. The patch area of
9.19 mm? demonstrates the compactness of the proposed radiator. The result has shown -10 dB impedance
bandwidths of 1.34 GHz (27.50 GHz-28.84 GHz) and 2.26 GHz (37.74 GHz-40 GHz) at the 28 and 38 GHz
bands, respectively. In terms of radiation, the antenna exhibits quasi-omnidirectional radiation patterns with
maximum gains of 7.2 dB and 7.65 dB, at the two resonant frequencies, respectively. The radiation efficiency
of the antenna is 94% in the entire frequency range. Reflection coefficients of —38.3 dB and —30.8 dB are
achieved at the respective resonant frequencies with corresponding VSWR values of 1.0175 and 1.0580.
Considering the mentioned key performance indexes, our proposed SR-DGS antenna is one of the most suitable
candidates for 5G communication systems. For future work, the performance of the proposed single element
antenna can be improved by developing the antenna into a multiple input multiple output (MIMO) antenna for
5G networks.
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