	

Design and Simulation of Frequency-Reconfigurable Microstrip Patch Antenna for 5G and WLAN Applications

Authors 

1(Idris Saadu Idris, Department of Electrical Engineering, Bayero University, Kano, Nigeria) isi1800062.mee@buk.edu.ng 
2 (S. H. Lawan, Department of Electrical Engineering, Bayero University, Kano, Nigeria) Shlawan.ele@buk.edu.ng 
3 (Bashir D. Bala, Department of Electrical Engineering, Aliko Dangote University of Science and Technology, Wudil, Kano, Nigeria) bdbala2@kustwudil.edu.ng 
4 (A. S. Babale, Bayero University, Kano, Nigeria) sababale.ele@buk.edu.ng 
5 (Umar musa, Bayero University, Kano, Nigeria) umusa.ele@buk.edu.ng 
6(Abubakar Ya’u Muhammad, Department of Electrical Engineering, Aliko Dangote University of Science and Technology, Wudil, Kano, Nigeria) abubakarymuhammad93@gmail.com 

Abstract
Recently, the idea of reconfigurable antennas has made it feasible to design a single antenna that can support multiple wireless standards while maintaining the same performance as multiple antennas. The integration of a single antenna that can operate at multiple frequencies is required to enable multiple applications in a single device. In this paper, a tiny (30 x 15 x 1.52) mm3 microstrip frequency-switchable antenna is presented. When all of the switches were in the ON position, the suggested antenna operated in a dual-band mode (Lower WLAN at 2.40 GHz and Higher WLAN at 5.6 GHz). However, by altering the switch status (all switches are off), the developed antenna operated in a single band mode (4.2 GHz used for the radio Altimeter). When switches (Sw1) were turned on, and switches (Sw2) were turned off, the reconfigurable antenna operated in a single band mode (military radars and meteorological radars at 2.9 GHz). While the switch (Sw1) was off and the switch (Sw2) was on, the antenna operated at the dual resonant band (5G application at 3.50 GHz and 5.6 GHz, also for higher WLAN applications). The proposed antenna is compatible with WLANs, 5G applications, radio altimeters, military radars, and weather radars. The PIN diode is used in the simulation environment to achieve frequency reconfigurability. The designed antenna was intended for use in WLAN, 5G applications, and military applications, in addition to modern communication devices like laptops and tablets.
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1. INTRODUCTION


Reconfigurable antenna polarisations, radiation patterns, and operating frequencies are greatly desired due to the explosive growth of wireless communications and the increasing need to integrate numerous wireless standards onto a single platform [1]. 
Depending on the host system's operating needs, reconfigurable antennas alter their radiation pattern, polarisation, impedance bandwidth, and operating frequency. At various frequencies and polarisations, they are able to emit a variety of patterns. It can be difficult for antenna designers to get the needed reconfigurable antenna functionality and integrate it into a whole system to provide an effective and economical solution. It has proven difficult to convert an antenna into a reconfigurable device by altering the internal structure of the antenna in several ways. Several things must be taken into account, including stability, efficiency, and generating a good gain [1].
This paper discusses various reconfigurable components that can be used on the antenna to change its structure and function. Different possible mechanisms can be used for every possible reconfigurable process. Reconfigurable antennas are utilized in various applications, including space and ground systems, for satellite communication and mobile phone technologies, cognitive radio, and multiple-input–multiple-output (MIMO) systems. The re-configurability can be obtained by a change in surface current distribution, feeding network, physical structure, or radiating edges of the antenna, so a change in one parameter of the antenna can affect the other. Such antennas are a solution to requirements like MIMO Applications, Direction finding, Cognitive Radio, Beam steering, Radar command and Control. Therefore, more than one wireless standard can be accessed by using the reconfigurable antennas [4]. 
A low-profile (0.21λg× 0.35λg× 0.02λg) and a simply-structured frequency-switchable antenna with eight frequency choices were presented in the work. The radiating structure (monopole) is printed on a 1.6-mm-thick, commercially available substrate of FR-4 (er = 4.4, tanδ = 0.020). Specifically, it uses three PIN diodes in the designated places to shift the resonant bands of the antenna. The antenna operates at four different modes depending on the ON and OFF states of the PIN diodes. While in each mode, the antenna covers two unique frequencies (Mode 1 = 1.8 and 3.29 GHz, Mode 2 = 2.23 and 3.9 GHz, Mode 3 = 2.4 and 4.55 GHz, and Mode 4 = 2.78 and 5.54 GHz). The performance results show that the proposed antenna scheme explores significant gain (>1.5 dBi in all modes) and reasonable efficiency (>82% in all modes) for each mode. Using a high-frequency structure simulator (HFSS), the switchable antenna is designed and optimized. The fabricated model, along with the PIN diode and biasing network, is tested experimentally to validate the simulation results. The proposed antenna may also be combined in compact and heterogeneous radio frequency (RF) front-ends because of its small geometry and efficient utilization of the frequency spectrum [15]
A frequency reconfigurable Libra shape antenna has been presented to provide frequency reconfigurability. Two PIN diodes are integrated into the designed antenna structure; thus, the antenna is operated in four different modes. Each mode is characterised
by specific resonant frequencies, reflection coefficients (S11), and bandwidths, demonstrating the reconfigurability of the antenna. Between 26 and 40 GHz, the S11 values for the different modes of the antenna are below − 10 dB, indicating the usability of the antenna in this frequency range. The proposed structure has been fabricated with a printed circuit device and tested with a vector network analyser in the microwave laboratory. The experimental results support the simulation results and confirm that the antenna can maintain optimum performance in the specified frequency ranges. The developed multimode antenna structure is a good candidate for various applications such as telecommunications (5G), satellite communication systems, scientific research, Radio Astronomy, Industrial and Medical Applications, and radar systems. [17]
This paper presents a compact multifrequency reconfigurable patch antenna in terms of design and fabrication for operating in the S and C bands of the RF spectrum, which are overwhelmed by wireless applications. Reconfiguration is achieved by using a single PIN diode on the ground plane. By varying the voltage applied to the diode, three modes can emerge, exhibiting main resonant
frequencies at 2.07, 4.63, and 6.22 GHz. Resonance switching requires a voltage of less than 0.9 V. The antenna fabricated on an FR-4 substrate, with a volume of 70 x 60 x 1.5 mm3, has a radiating patch element of a rectangular ring shape. The proposed low-cost antenna is easily implemented in a typical university lab-based environment. The total bandwidth for the three modes is close to 1 GHz, while the voltage standing wave ratio (VSWR) of the fabricated version of the antenna does not exceed 1.02, and the return loss is well below -40 dB for the three primary resonant frequencies. [18]
This article presents the design and evaluation of a compact-sized antenna targeting heterogeneous applications working in the C-band, 5G-sub-6GHz, and the ISM band. The antenna offers frequency reconfigurability along with multi-operational modes ranging from wideband to dual-band and tri-band. A compact-sized antenna is designed initially to cover a broad bandwidth that ranges from 4 GHz to 7 GHz. Afterwards, various multiband antennas are formed by loading various stubs. Finally, the wideband antenna, along with multi-stub loaded antennas are combined to form a single antenna. Furthermore, PIN diodes are loaded between the main radiator and stubs to activate the stubs on demand, which consequently generates various operational modes. The last stage of the design is optimisation, which helps in achieving the desired bandwidths. The optimised antenna works in the wideband mode covering the C-band, Wi-Fi 6E, and the ISM band. Meanwhile, the multiband modes offer the additional coverage of the LTE, LTE 4G, ISM lower band, and GSM band. The various performance parameters are studied and compared with measured results to show the performance stability of the proposed reconfigurable antenna. In addition, an in-depth literature review along with a comparison with the proposed antenna is performed to show its potential for targeted applications. The utilisation of FR4 as a
substrate of the antenna, along with its compact size of 15 mm × 20 mm, while having multiband and multi-mode frequency reconfigurability, makes it a strong candidate for present as well as for future smart devices and electronics. [19]
 This paper presents a frequency reconfigurable monopole antenna developed for UWB/Ku band applications. The design employs a microstrip-fed Reuleaux-triangle-shaped patch with a defected ground structure. The antenna exhibits a wide operating bandwidth achieved due to rectangular slits integrated into the Reuleaux-triangle patch. Meanwhile, adding rectangular slots in the ground plane improves the return loss level. Frequency reconfigurability is obtained by utilising PIN diodes to adjust the current distribution, altering the antenna’s electrical length via the capacitive and inductive effects induced by the rings near the feed line. The antenna operates in two distinct frequency bands, 2.68–8.55 GHz and 12.7–15.65 GHZ, contingent upon the PIN-diodes’ ON/OFF states. In the OFF state, the antenna covers the UWB region, in particular, the ISM band (5.8 GHz), WLAN band (5.2 GHz), and lower X-band (8 GHz), exhibiting a 10 dB impedance bandwidth from 2.68 to 8.55 GHz with a maximum gain of 2.36 dBi. In the ON state, the antenna functions in the Ku band (12.7–15.65 GHz) with gains from 2.63 to 3.85 dBi. The antenna’s dynamic switching between UWB and Ku band operations makes it suitable for applications such as satellite communications, health monitoring, 5G, aerospace, and remote sensing. [20]

2. METHODOLOGY
2.1 ANTENNA DESIGN
The basic shape and switching methods of the suggested frequency reconfigurable antenna are presented in this section. Using the PIN diode switches in the modelling environment, the antenna is rearranged to produce two single-band and two dual-band modes. Additionally, the measuring setup uses PIN diodes to accomplish reconfigurability.
In Fig. 1, a microstrip patch antenna is designed using the Rogers RO3003 Duroid (lossy) material as a substrate, while the patch and the ground plane are all designed using copper annealed. Table 1 lists all the antenna parameters. The proposed antenna is fed using a coaxial feeding line method; it has a partial ground plane. The antenna resonates at dual bands, 2.4 GHz and 6.3 GHz. The purpose of this design is to achieve dual band, to operate on two distinct frequency bands simultaneously or selectively. This can be useful for improving network performance, reducing interference, or expanding compatibility with different wireless standards.
Fig. 2 presents the same microstrip patch antenna which is designed in fig. 1, two slots with 1 x 2 mm width are created in the radiating structure. The reason for creating the slot is to determine the position to put the PIN diode switch. The proposed antenna is fed using a coaxial feeding line method and has a partial ground plane. Figure 1 presents the front and back view antenna. The purpose of this design is to identify the ideal position for placing the slot in order achieve reconfigurability.
Fig. 3 presents the same microstrip patch antenna, which is designed using the same materials as in Figure 1, but on the patch, there are two slots with 1 x 2 mm width on the radiating structure, a copper strip, and a vacuum was used as a switch in the ON and OFF states. In order to test for frequency reconfiguration, the first slot serves as switch 1 (S1) while the second slot serves as switch 2 (S2), copper is used as the ON state while vacuum as OFF state. The purpose of this design is to evaluate the ability to reconfigure frequency settings, specifically to ascertain whether frequencies can be adjusted as intended.
Fig. 4 present same microstrip patch antenna, which is designed using the same materials as in Figure 1, but the slot in the patch of the antenna is replaced with a PIN diode switch in order to achieve frequency reconfiguration. The purpose of this design is to facilitate frequency reconfiguration, allowing for the adjustment or modification of frequencies as required. 
The figures below present the front and back view antenna.
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(a)	                                     (b)

      Fig 1 (a) Front view of the antenna, (b) Back view of the Antenna
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(a)	                                   (b)
   Fig 2 (a) Front view of the antenna with slot, (b) Back view of the Antenna with slot
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(a)	                                     (b)

Fig 3 (a) Front view of the antenna with slot replaced with copper annealed (b) Back view of the Antenna with slot replaced with copper annealed
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(a)	                                     (b)
   Fig 3 (a) Front view of the antenna with PIN diode switch (b) Back view of the Antenna with PIN diode switch

A. GEOMETRY OF THE PROPOSED ANTENNA 
Due to the commercial availability of the Rogers RO3003 substrate, the antenna design is now more viable and inexpensive. Obtaining optimal gain, efficiency, and directivity is the antenna's advantage. For the antenna excitation, a 50Ω microstrip line with a width of 5.5 mm is utilized. The antenna is excited via the waveguide port that is designated for the feed line. As illustrated in Fig. 2, the radiating structure has two slots set aside for the integration of vacuum switches, each measuring 1 mm in width. The suggested monopole antenna is 30 x 15 x 1.52 mm². The detailed dimensions of the suggested building are compiled in Table 1.






	Table 1: Specification of the Antenna 

	Parameter
	Values (mm)
	Parameter
	Values (mm)

	l
	30
	w
	15

	l1
	10
	w1
	6

	l2
	2
	w2
	6

	l3
	8.1
	wf
	3.5

	lg
	5.5
	t
	0.035

	h
	1.52
	Substrate
	R03003 (lossy)




2.2 SWITCHING TECHNIQUES
Figure 5 shows the schematic diagram of the proposed antenna, where the connection of the two PIN diodes and the sources of power of the proposed antenna are indicated, normal number (1, 2, and 3) indicate positive, while the prime (1’, 2’ and 3’) indicates negative.
[image: ]
[bookmark: _Toc155268674]   Figure 5: Schematic diagram of the Proposed Reconfigurable Antenna	

2.3 RESULTS AND DISCUSSION

This section discusses the simulation results obtained and the analysis carried out in trying to achieve the desired frequency reconfiguration in the microstrip patch antenna. The table of results and comparison between the results obtained using a copper strip (ideal switch) was introduced, and the results obtained using PIN diodes without a reflector and with a reflector are compared. The graphs of S11 parameters, gain, efficiency of the antenna, E-field, and H -field radiation patterns are all presented and discussed in this chapter.
Return loss/Reflection Coefficient (S11) Results are shown in fig. 6 below. The graph shows the result obtained in Fig.1 above with partial grounding. No slot was presented, in which frequency was not reconfigured; the antenna resonates at dual band (2.4 GHz and 6.3 GHz) and the entire resonant band is below -10dB, which shows a good impedance matching. Henceforth, the antenna is considered a suitable candidate for WLAN and Sub-6 GHz applications.

[bookmark: _Toc155268675]
Figure 6 Return loss/Reflection Coefficient (S11)
The Gain of the antenna is shown in fig. 7 The graph shows a peak gain value of 4.2 dB at 4.78GHz. The optimal gains of 1.98 dB and 2.24 dB at 2.4 GHz and 6.3 GHz resonance frequency were obtained, respectively. 
[image: ]
[bookmark: _Toc155268676]Figure 7 Gain of the Antenna
The Efficiency of the antenna is shown in fig. 8, the graph shows a peak value of 94%. The optimal Efficiency of 56% and 58% at 2.4 GHz and 6.3 GHz resonance frequency was obtained, respectively.










[bookmark: _Toc155268677]Figure 8: Efficiency of the antenna
Fig 9, below, shows the simulated H-plane of the proposed antenna has an omnidirectional radiation pattern, which implies it can radiate energy equally in all directions, whereas the E-plane can radiate energy in bi direction, i.e., front and or left and right. 



(a)                                                                          (b)
[bookmark: _Toc155268678][bookmark: _Toc155268744]Figure 9: Radiation Pattern of the antenna (a) E-Plane (b) H-Plane

Table 2: Summary of the antenna results in fig. 1
	S/N
	FREQUENCY (GHz)
	GAIN (dBi)
	EFFICIENCY (%)

	1
	2.4
	1.5
	54

	2
	6.3
	1.8
	58



Table 2 above shows the summary of the results obtained from the graphs in fig. 6, 7and 8 above, i.e., reflection coefficient, gain, and Efficiency, at 2.4 GHz and 6.3 GHz. The gains and efficiencies are (1.5 and 1.8) and (54% and 58%), respectively.

Return loss/Reflection Coefficient (S11) Results is shown in fig. 10 below, the graph shows the result obtained in fig. 2 above with partial grounded and copper strip as switch, in which frequency was reconfigured using copper strip and vacuum as switch; It is observed that after presenting the slot on the patch of the antenna and using copper strip and vacuum as switch, the antenna resonates at two single bands and two dual bands. i.e. (4.37 GHz, 4.17 GHz, 6.3 GHz, 3.2 GHz, 2.4 GHz, and 6.3 GHz) and the entire resonant band is below -10 dB, which shows a good impedance matching. Henceforth, the antenna is considered a suitable candidate for WLAN, Sub-6 GHz, and radio Altimeter applications.

[bookmark: _Toc155268679]
Figure 10: Return loss/Reflection Coefficient (S11) of the antenna with copper annealed as a switch

The Gain of the antenna is shown in fig. 11. The graph shows a peak gain value of 4.52 dB. The optimal gains of (2.1 dB, 1.96 dB, 1.46 dB, 1.82 dB, 1.4 dB, and 1.8 dB) at (4.37 GHz, 4.17 GHz, 6.3 GHz, 3.2 GHz, 2.4 GHz, and 6.3 GHz) resonance frequency were obtained, respectively.













[bookmark: _Toc155268680]Figure: 11


Figure 11 Gain of the antenna with copper annealed as a switch
The Efficiency of the antenna is shown in fig. 12. The graph below shows a peak efficiency value of 79%. The optimal efficiency of (74%, 76%, and 67%, 78% and 79%, and 67%) at (4.37 GHz, 4.17 GHz, and 6.3 GHz, 3.2 GHz, and 2.4 GHz and 6.3 GHz) resonance frequency was obtained.


[bookmark: _Toc155268681]Figure 12: Efficiency of the antenna with copper annealed as a switch
From Fig.13 below, the simulated H-plane of the proposed antenna has an omnidirectional radiation pattern, which means it can radiate energy equally in all directions, whereas the E-plane has unidirectional and bidirectional radiation, which can radiate energy in only one direction and in two directions (left and right or front and back), respectively. 
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[bookmark: _Toc155268682]Figure 13 Radiation pattern of the antenna with copper annealed as switch E-Plane (b) H-Plane.
[bookmark: _Toc155268745]
Table: 3
	(a) Diode State

	Resonance Frequency (GHz)
	Gain (dBi)
	(b) Efficiency (%)

	(c) S1
	(d) S2
	
	
	

	(e) 0
	0
	4.37
	2.6
	75

	(f) 0
	1
	4.17 and 6.8
	3.2 and 3.3
	79 and 66

	(g) 1
	0
	3.23
	1.9
	78

	(h) 1
	1
	2.4 and 6.3
	1.6 and 3.3
	80 and 78


[bookmark: _Toc154168955][bookmark: _Toc154659850]

Table 3 above shows the summary of the results obtained from the graphs in fig 10, 11, and 12 above, i.e., reflection coefficient, gain, and Efficiency, at all the resonant bands. S1 and S2 are the switches. When the switch is ON, a copper strip will be placed in the slot, and when the switch is OFF, a vacuum will be placed in the slot. 1 represents the ON state while 0 represents OFF. 00 represents the switches are OFF, and 11 represents the switches are ON. 10 and 01 mean one switch is ON and the other is OFF, respectively.

Figure 14 below shows the result for a frequency reconfigurable microstrip patch antenna using a PIN diode as a switch in section 3. The graph in fig. 14 below shows six frequency bands reconfigured by using PIN diodes as a switch, in which two are single bands and two dual bands, i.e., (4.2 GHz, 3.5 GHz, and 5.6 GHz, 2.9 GHz, 2.4 GHz, and 5.6 GHz) for WLAN, radio altimeter, and 5G applications.


[bookmark: _Toc155268683]Figure 14: Reflection coefficient of the antenna with PIN diode switch
 Figure 15 below shows the graph of the gain for a frequency reconfigurable microstrip patch antenna using a PIN diode as a switch, at all the resonant bands. The highest gain of 5.8 dB was recorded.


[bookmark: _Toc155268684]Figure 15: Gain of the antenna with PIN diode switch
Figure 17 below shows the graph of Efficiency for a frequency reconfigurable microstrip patch antenna using a PIN diode as a switch, at all the resonant bands. The highest efficiency of 85% was recorded.


[bookmark: _Toc155268685]Figure 17: Efficiency of the antenna with PIN diode switch
Fig. 18, below, shows that the simulated H-plane of the proposed antenna has an omnidirectional radiation pattern, which shows that it can radiate energy in all directions, whereas the E-plane has bi directional that can radiate energy in either front and back or left and back. 
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[bookmark: _Toc155268686]Figure: Radiation pattern of the antenna with PIN diode switch 18 E-Plane (b) H-Plane.
[bookmark: _Toc155268746]Table: 4
	(i) Diode State

	Resonance Frequency (GHz)
	Gain (dBi)
With reflector
	(j) Efficiency (%)

	(k) S1
	(l) S2
	
	
	

	(m) 0
	0
	4.2 GHz
	2.45
	78

	(n) 0
	1
	3.5 GHz and 5.6 GHz
	5.8 and 2.1
	79 and 80

	(o) 1
	0
	2.9 GHz
	3.9
	78

	(p) 1
	1
	2.4 GHz and 5.6 GHz
	2.3 and 2.2
	78 and 80



Table 4 above shows the summary of the results obtained from the graphs in fig. 15, 16, and 17 above, i.e., reflection coefficient, gain, and Efficiency, at all the resonant bands. It is observed that the gain and efficiency increase after the reflector was introduced underneath. A PIN diode is used as a switch, 1 represent ON state, while 0 represent OFF. 00 represents the switches are OFF, and 11 represents the switches are ON. 10 and 01 mean one switch is ON, and the other is OFF, respectively.
[bookmark: _Toc155268747]
Table 5: Comparison between the proposed work and the existing work for validation
Table 5 below shows the results validation with existing works. It is observed that the proposed antenna has so many advantages compared with the existing works, such as compactness, number of operating bands, and gain.
	Ref
	Antenna Dimension (mm)
	Substrate used
	Number of antennas used
	Number of operating bands
	Frequency Range (GHz)
	Gain (dBi)

	[15]
	50 x 33
	PTEP
	1
	Two
	2.4-3.4
	3.2

	[28]
	100 x 100
	FR-4
	1
	Three
	2.45-3.5
	5.5

	[20]
	40 x 28
	FR-4
	3
	Three
	2.3-9.2
	-

	[17]
	35 x 25
	FR-4
	4
	Three
	2.1-8
	-

	[16]
	53 x 35
	FR-4
	2
	Three
	2.45-5.2
	1.7-3.4

	[29]
	60 x 50
	FR-4
	1
	Seven
	1-5
	-

	[30]
	59.8 x 59.8
	PDMS
	1
	six
	2.3-2.68
	2.6

	This work
	30 x 15
	Rogers RO3003
	1
	six
	2.4-6.3
	2.1-5.8




3. CONCLUSION

This study presents the design of a frequency reconfigurable microstrip antenna that can operate at different frequencies based on the switching states. The requisite operating parameters were attained by the various switching states. The suggested antenna functioned in a dual-band mode (Lower WLAN at 2.40 GHz and Higher WLAN at 5.6 GHz) when every switch was in the ON position. On the other hand, the developed antenna operated in a single band mode (4.2 GHz utilized for the radio Altimeter) by changing the status of the switches (all switches are OFF). The reconfigurable antenna operated in a single band mode (military radars and meteorological radars at 2.9 GHz) when switches (Sw1) were turned on, and switch (Sw2) was turned off. When switch (Sw1) was turned on, and switch (Sw2) was turned off, the reconfigurable antenna functioned in a single band mode (2.9 GHz military radars and weather radars). A dual resonant band (5G application at 3.50 GHz and 5.6 GHz, also for greater WLAN application) was used by the antenna when switch (Sw1) was off and switch (Sw2) was on. The suggested antenna can be used for WLAN, 5G applications, radio altimeters, military radars, and weather radars. Due to the associated loss, this design suggested two switches in addition to reducing the antenna's size, changing its shape and substrate, and adding more operating bands and applications. The previous work's antenna design included three switches, a larger antenna, and a smaller number of resonant bands and applications. 
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