Available Online JOURNAL OF
SCIENTIFIC RESEARCH

Publications J. Sci. Res. 14 (2), 405-417 (2022)  www.banglajol.info/index.php/JSR

Effect of Symmetric Shaped Slot on Patch Antenna Design and Performance
for 10 GHz 5G Applications

K. K. Girit, R. K. Singh'", K. Mamta®

!Department of Physics, Ranchi University, Ranchi, India

*Department of Applied Physics, Cambridge Institute of Technology, Ranchi University, Ranchi,
India

Received 18 August 2021, accepted in final revised form 25 January 2022

Abstract

A microstrip patch antenna is considered the most suitable radiating and receiving element
for millimeter-wave application due to its low cost, simple construction, low weight, and
ease with which it is integrated into the circuits. In this paper, we have reported the effects
of different symmetric shaped slots on millimeter-wave patch antenna design and its
performance at 10 GHz frequency in the X band (8-12 GHZ). The rectangular, circular, and
elliptical slots area is kept constant at 11.2 mm?. The radius of circular and spherical slots is
the same. High-frequency simulation software (HFSS) simulation results in parameters like
S11 (reflection coefficient), Y-parameter (driving point admittance), Radiation Pattern, 3D
Polar plot and illustrate that the results are in good agreement with the desired value. A
rectangular slot is found to achieve the target resonance frequency with a low voltage
standing wave ratio (VSWR) towards a ‘good match.” Circular, spherical, and elliptical-
shaped slots have high VSWR values, indicating a larger degree of mismatch. Surprisingly,
results are obtained for the spherical-shaped slot, implying that the antenna will work at the
target resonance frequency and has a Dual-Resonance. The proposed antenna design is
suitable for 5G device applications in the X band.
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1. Introduction

The fifth-generation network requires a higher operational frequency range than fourth-
generation mobile telecommunication. Compatible wireless devices and applications will
ask for high-speed data transmission and reception in novel applications like the internet
of things (1oT), virtual and augmented realities, etc. [1-6] with high bandwidth users in
mobile telecommunication [7-9]. 5G wireless communication systems will exploit the use
of millimeter-wave spectrum and will call for large bandwidth and high gain compared to
the 4G application sets [10,11].
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Microstrip patch antennas work strongly in communication systems accommodating
the spectrum limitation and high energy requirement problem. Patch antennas possess the
appropriate criteria of wireless communication viz low profile, low cost, easy
configuration, and small volume. Slots are designed on a patch to contain the challenges
of narrow frequency bandwidth and low efficiency. In today’s era of 5G the utilization of
patch antenna is most desirable for wireless communication due to its bouquet of
properties [12-14].

Every microstrip patch antenna consists of ground, substrate, and patch. The substrate
remains between ground and patch. Patch thickness is recommended to be thin and less
than the free-space wavelength. During design, the dielectric constant of the substrate is
recommended to be in the range of 2.2 and 12.0. Out of the various feeding methods to the
patch, the transmission line used in this work is easy to handle and design. A transmission
line is of low impedance and splits up the microstrip antenna into two radiating slots. The
role of the fringing effect cannot be ruled out in the design of a patch antenna.

In this paper, we have reported the effects of different symmetric shaped slots on
millimeter-wave patch antenna design and its performance at 10 GHz frequency in the X
band. The rectangular, circular, and elliptical slots area is kept constant at 11.2 mm? The
radius of circular and spherical slots is the same.

High-frequency simulation software (HFSS) simulation results in parameters like
Reflection coefficient (S11), Driving point admittance (Y-parameter), Radiation Pattern,
3D Polar plot and illustrate that the results are in good agreement with the desired value.

A rectangular slot is found to achieve the target resonance frequency with a low
voltage standing wave ratio (VSWR) towards a ‘good match.” Circular, spherical, and
elliptical-shaped slots have a high voltage standing wave ratio (VSWR) value, indicating a
larger degree of mismatch. Surprisingly, results are obtained for the spherical-shaped slot,
implying that the antenna will work at the target resonance frequency and has a Dual-
Resonance. The proposed antenna design is suitable for 5G device applications in the X
band

2. Methodology

Microstrip patch antenna consists of conducting and insulating materials divided into
three parts. The top and bottom layers are of conducting material (patch and ground,
respectively), and a dielectric material (substrate) is in between the two layers. The
selection of conducting and insulating material plays an important role in designing an
antenna for a specific purpose. Keeping in mind the desired properties of the antenna to
work efficiently at 10 GHz frequency cupper is taken as the conducting material and
Flame Retardant 4(FR4) dielectric as substrate material. Anys HFSS has been used for the
design and simulation and transmission line feed technique for external excitation of the
antenna. The antenna patch is of dimension 6.42 x 9.12 mm with a substrate thickness of
1.6 mm. The ground and substrate dimensions are 16.02 x 18.72 mm. A cuboidal
radiation box of 28 x 28 x 14 mm has been used. The target resonance frequency of the
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proposed antenna is set at 10GHz. To the best of our knowledge, no 5G compatible
antenna has been designed to work at 10 GHz. The design of the antenna is based on
standard design equations [15,16].

Patch width Wp is determined by the equation

— % /L
Wp = 2fr | £r+1 @

Where f, is resonant frequency and «,. is the dielectric constant of the substrate material.
Effective dielectric constant addressing the effect of fringing effect can be evaluated from
the equation as below-

e =2 (e + D+ - DA +12 DTV @)
Patch length follows equation (3), where AL presents an extension in length arising out of
the fringing effect.

—_° (L)
w=i (+)-20) 3)
The equation of extension in length is written at the equation

(777 +03) (B2+0.264)

AL _
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Height of substrate is subject to equation (5):

0.3C (5)

T 2x3.14fer
The dimensions of various components of patch antenna design are listed in the following
Table.

Table 1. Primary data used for the antenna design.

Name Length along Length along Length along Z-axis  Axis
X-axis Y-axis

Ground 16.02 mm 18.72 mm V4
Substrate 16.02 mm 18.72 mm 1.6 mm

Patch 6.42 mm 9.12 mm z
Feed 8.01 mm 3 mm Z
Port 3 -1.61 mm X
Radiation box 28 mm 28 mm 14 mm

The proposed antenna design is based on the values as in Table 1. The antenna patch
is of dimension 6.42 x 9.12 mm with Flame Retardant 4(FR4) dielectric substrate
thickness of 1.6 mm. The ground and substrate dimensions are 16.02 x 18.72 mm. Design
various symmetric-shaped slots like rectangular, circular, elliptical, and spherical are
crucial in obtaining the desired resonant frequency. First, an 11.2 mm? rectangular slot of
2.88 mm along the x-axis and a width of 4 mm along the y-axis is taken. After completion
of design and validation, the simulation operation was performed. This leads to various
antenna parameters. Then the rectangular slot is replaced by a circular slot of radius 1.88
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mm, with a circular slot area fixed at the previous value of 11.2 mm? This patch antenna
with a circular slot was simulated, and the result parameters were determined.

Similarly, the circular slot was replaced by the elliptical slot of major radius 2.37 mm
and again at the same area of 11.2 mm?. The design simulation was performed, and result
parameters were obtained for the patch antenna. After this, a spherical slot is used to
replace an elliptical slot with a similar length as the radius of the circular slot. That is
spherical slot also has a radius of 1.88 mm, so its area is 44.39 mm? If the area of the
spherical slot is 11.2 mm?, its radius becomes smaller, so the radius of the spherical slot is
equal to the circular slot radius. Again, the simulation process and result parameters
collection are repeated for spherical slot patch antenna design. After every slot design, the
slot is subtracted from the patch, and the feed is united with the patch through HFSS

[17,18].

3. Result and Discussion

3.1. Rectangular slot

L
0 15 30 (mm)

Fig. 1. Rectangular slot design patch antenna. The antenna patch is of dimension 6.42 x 9.12 mm
with a substrate thickness of 1.6 mm. The ground and substrate dimensions are 16.02 x 18.72 mm.
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Fig. 2. S11 parameter variation with operational frequency. Resonance is obtained at frequency
10.08 GHz.
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Fig. 3. Imaginary part of Y-parameter against the operational frequency for the rectangular slot.
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Fig. 4. Real part of Y-parameter against the operational frequency for the rectangular slot.
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Fig. 5. The radiation pattern of the rectangular slot at the resonant frequency.
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Fig. 6. Gain plot for the rectangular slot. A gain of 4.67 dB is obtained.

Figs. 2-6 depict the variation of S11 Parameter with operational frequency, imaginary
and real parts of Y-parameter, radiation pattern, and gain for the rectangular slot patch.
The reflection coefficient (S11 parameter) for mobile communication in the proposed
frequency range is -10 dB. We have obtained a value of -12 dB with an operational
bandwidth of 0.5GHz, which is an improvement. Driving point admittance, i.e., Y11
Parameter, is also in the desired range of efficient operation of the antenna. A gain of 4.67
dB is obtained for the rectangular slot, which is a remarkable result. Further, the radiation
pattern is also fine in the forward direction.

3.2. Circular slot

L
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Fig. 7. HFSS circular slot design of radius 1.88 mm and area fixed at the value of 11.2 mm?.
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Fig. 8. S11 parameter variation within the range of operational frequency. The circular slot antenna

resonates at 9.77 GHz with an S11 value of -5.06 dB.
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Fig. 9. Imaginary part of Y-parameter for the circular slot. The
the Y parameter are obtained at 9.02 and 9.62 GHz, respectively.
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Fig. 10. Real part of Y-parameter for the circular slot, maximum is obtained at 9.27 GHz.
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Fig. 11. Radiation pattern for circular slot patch antenna.
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Fig. 12. The gain plot for the circular slot. The gain observed for the circular slot is 5.18 dBi.

Figs. 8-12 depict the variation of S11 Parameter with operational frequency,
imaginary and real parts of Y-parameter, radiation pattern, and gain for the circular slot
patch. The circular slot antenna resonates at 9.77 GHz with an S11 value of -5.06 dB. The
maximum and minimum values of the Y parameter are obtained at 9.02 and 9.62 GHz,
respectively. The real part of the Y-parameter for the circular slot has a maximum of 9.27
GHz. The gain obtained for the circular slot is 5.18 dBi.

3.3. Elliptical slot
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Fig. 13. HFSS design of elliptical slot of with major radius 2.37 mm and area 11.2 mm?,
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Fig. 14. S11 parameter variation with frequency for the elliptical slot patch. The S11 parameter

value is obtained to be -22.02 dB at the resonance frequency of 9.52 GHz.
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Fig. 15. Imaginary part of Y-parameter for the elliptical slot.
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Fig. 16. Real part of Y-parameter for the elliptical slot. A maximum is obtained around 9.50 GHz.

Fig. 17. The radiation pattern for elliptical slot patch.
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Fig. 18. Gain plot for elliptical slot design. A gain value of 4.94 dBi is obtained at the resonant
frequency.

Figs. 14-18 depict the variation of S11 Parameter with operational frequency,
imaginary and real parts of Y-parameter, radiation pattern, and gain for the elliptical slot
patch. A very good value of the S11 Parameter is obtained, which is -22.02 dB, at the
resonance frequency 9.52 GHz. Bandwidth at the resonant frequency is 0.6 GHz. A
maximum admittance is obtained at the resonance frequency of 9.50 GHz. An antenna
gain obtained is at 4.94 dBi.

3.4. Spherical slot
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Fig.19. HFSS spherical slot design. The spherical slot has a radius of 1.88 mm.
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Fig. 20. S11 parameter variation with operational frequency for the spherical slot. Unlike
rectangular, elliptical and circular slot patches, a spherical slot antenna resonates at dual frequencies
10.28 GHz and 11.44 GHz.
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Fig. 21. Imaginary part of Y-parameter for the spherical slot.
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Fig. 22. Real part of Y-parameter for the spherical slot.
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Fig. 23. The radiation pattern for the spherical slot antenna.
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Fig. 24. Gain plot for spherical slot patch antenna. A gain of 4.11 dBi is observed at the resonant
frequency.
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Figs. 20-24 depict the variation of S11 Parameter with operational frequency,
imaginary and real parts of Y-parameter, radiation pattern, and gain for the spherical slot
patch.

Unlike rectangular, elliptical, and circular slot patches, the spherical slot antenna
resonates at dual frequencies 10.28 and 11.44 GHz with matching S11 parameter values
of -5 and -4.9 dB, respectively. Admittance is well appreciable about the resonant
frequency. The radiation pattern is also good in the forward direction.

Comparison among result parameters obtained from four different shaped slots [19-
22] is expressed in Table 2.

Table 2. Comparative value of the resonant frequency, VSWR, S11, and gain for different slot patch
designs.

Resonance S11(dB)

Slot shape Frequency (Return loss or VSWR 2173!;]
(GHz) reflection coefficient)

Rectangular 10.08 -11.93 4.49 4.67

Circular 9.77 -5.06 10.95 5.18

Elliptical 9.52 -22.02 9.52 9.94

Spherical 10.28,11.44 -5.04, -4.86 10.98,11.2 4.11

4. Conclusion

With different slots, antenna designed for the target frequency of 10 GHz yields a mix of
results. Gain is high for the elliptical-shaped slot. The rectangular slot provides the
approximate target resonance frequency of 10 GHz and is the best fit for the imaginary
and real parts of the Y-parameter. Circular, spherical, and elliptical-shaped slots have a
high VSWR value, which indicates a larger degree of mismatch. But for rectangular
shapes, VSWR is low, and we say that there is a ‘Good Match.” Surprisingly different
results are obtained for the spherical-shaped slot. In this case, the antenna will work at the
target resonance frequency and exhibits dual resonance frequency. The real and imaginary
part of the Y-parameter could not achieve the maximum within the operational frequency
range.

On the other hand, if the result parameters are collected without a slot on the same
design, then it is observed that S11, Y-parameter, and VSWR do not show similarity with
their real graph. Also, gain, in that case, turns out to be -1.25 dB. The simulation results
lead us to conclude that the shape-changing of slots in symmetrical patterns plays a
decisive role in determining the best results for the antenna. The resonant frequency shifts
with increasing length along X-axis, keeping other parameters fixed. For a rectangular slot
length of 2.2 mm along the X-axis, the resonance frequency becomes 10.48 GHz.
Similarly, for the length of 2.6 mm along the X axis, the frequency reaches 10.13 GHz for
the rectangular slot. These observations aptly and strongly indicate that slot shapes and
slot areas have a major stake in the resonance frequency of the antenna.

While designing an antenna, the slot takes the major decisive role to achieve effective
resonance frequency. Slot shape and slot area both have a crucial role in achieving
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sustainable result parameters from simulation. If the target resonance frequency is 10 GHz
for a patch antenna, then rectangular slot is the best choice. This study will help a designer
to design compact and reconfigurable antennas. The impact of substrate thickness on the
fringing effect could be explored in the next assignment.

References

1. C.X.Wang, F. Haider, X. Gao, X. H. You, Y. Yang, D. Yuan, etal., IEEE Communicat.
Magaz. 52, 122 (2014). https://doi.org/10.1109/MCOM.2014.6736752

2. Z.ChenandY.P. Zhang, 2013 IEEE MTT-S Int. 1 (2013). https://doi.org/10.1109/IMWS-
B10.2013.6756214

3. K. Mamtaand R. K Singh, Int. J. Mag, IT Eng. 4, 137 (2019).

4.  K.Mamtaand S. R. K, N. K. Sinha, Ritesh Keshri, LNEE, Springer Nature 476, 79 (2018).
https://doi.org/10.1007/978-981-10-8234-4_8

5. J. G. Andrews, S. Buzzi, W. Choi, S. V. Hanly, A. Lozano, A. C. K. Soon et al., IEEE J. Select.
Areas Commun. 32, 6, 1065 (2014).

6. F.Khanand Z. Pi— Proc. of the 34" IEEE Sarnoff Symp. 2011.
https://doi.org/10.1109/SARNOF.2011.5876482

7. 0. M. Haraz, A. Elboushi, S. A. Alshebeili, and A. R. Sebak, IEEE Access 2, 909 (2014).
https://doi.org/10.1016/j.promfg.2018.03.071

8. 0. M. Haraz, A. Elboushi, and A. R. Sebak - 16th Int. Symp. on Antenna Technol. and Appl.
Electromagnetics (ANTEM), 1-4 (2014). https://doi.org/10.1109/ANTEM.2014.6887689

9. G. Marco, M. Mezzavilla, and M. Zorzi, IEEE Communicat. Magaz. 54, 11, 40 (2016).
https://doi.org/10.1109/MCOM.2016.1600193CM

10. Z.Lin, Y.P.Zhang, and Y. L. Lu - Antennas and Propagation Soc. Int. Symp. (APSURSI),
IEEE, 1-2 (2012). https://doi.org/10.1109/APS.2012.6348678

11. K. Mamta and R. K. Singh, Curr. J. Appl. Sci. Technol. 19, 1 (2017).
https://doi.org/10.9734/BJAST/2017/31798

12. 1. Singh and V. S. Tripathi, Int. J. Comp. Tech. Appl. 2, 1595 (2011).

13. J. Thompson, X. Ge, H. C. Wu, R. Irmer, H. Jiang et al., IEEE Communicat. Magaz. 52, 2, 62
(2014). https://doi.org/10.1109/MCOM.2014.6736744

14. B.P. Smyth, S. Barth, and A. K. lyer, IEEE Transact. Antennas Propagat. 64, 12, 5046 (2016).
https://doi.org/10.1109/TAP.2016.2618854

15. Antenna Theory Analysis and Design, A Balanis, 3" Edition (John Wiley & Sons, ISBN:
1118585739, 2012).

16. T. Kiran, N. Mounisha, C. Mythily, D. Akhil, and T. V. B. P. Kumar, J. Electro. Communicat.
13, 14 (2018).

17. N. Kumar and N. Sharma, Int. J. Electron. Eng. Res. 9, 7, 957 (2017).

18. S. Bhuina, Int. J. Wired Wireless Communicat. 1, (2012).

19. J. W. Howell, Microstrip Antennas, IEEE Trans. Antennas Propagat. AP-23, 1, 90 (1975).
https://doi.org/10.1109/TAP.1975.1141009

20. S. Zhu, H. Liu, Z, Chen, and P. A. Wen, IEEE Antennas Wirel. Propagat. Lett. 17, 776 (2018).
https://doi.org/10.1007/978-981-15-7345-3_67

21. M. lkram, Y, Wang, M. S. Sharawi, and A. Abbosh - Proc. of the 2018 Australian Microwave
Symp. (AMS) (Brishane, Australia, 2018), pp. 19-20.
https://doi.org/10.1109/AUSMS.2018.8346961

22. D.Chen, Y. Yu, C. Zhao, and G. Tian, Int. J. Antennas Propagat. 1-6 (2019)

https://doi.org/10.1155/2019/2431760



https://doi.org/10.1109/MCOM.2014.6736752
https://doi.org/10.1109/IMWS-BIO.2013.6756214
https://doi.org/10.1109/IMWS-BIO.2013.6756214
https://doi.org/10.1007/978-981-10-8234-4_8
https://doi.org/10.1109/SARNOF.2011.5876482
https://doi.org/10.1016/j.promfg.2018.03.071
https://doi.org/10.1109/ANTEM.2014.6887689
https://doi.org/10.1109/MCOM.2016.1600193CM
https://doi.org/10.1109/APS.2012.6348678
https://doi.org/10.9734/BJAST/2017/31798
https://doi.org/10.1109/MCOM.2014.6736744
https://doi.org/10.1109/TAP.2016.2618854
https://doi.org/10.1109/TAP.1975.1141009
https://doi.org/10.1007/978-981-15-7345-3_67
https://doi.org/10.1109/AUSMS.2018.8346961
https://doi.org/10.1155/2019/2431760

