






	Computers, Materials & Continua
DOI:10.32604/cmc.2022.028074
	[image: images]



	Article
	




Super Compact UWB Monopole Antenna for Small IoT Devices

Ahmed Jamal Abdullah Al-Gburi1, Zahriladha Zakaria1,*, Merih Palandoken2, Imran Mohd Ibrahim1, A. A. Althuwayb3, Sarosh Ahmad4 and Samir Salem Al-Bawri5

1Department of Electronics and Computer Engineering (FKEKK), Center for Telecommunication Research and Innovation (CeTRI), Universiti Teknikal Malaysia Melaka (UTeM), Durian Tungal, 76100, Malaysia
2Department of Electrical and Electronics Engineering, Izmir Katip Celebi University, Izmir, 35620, Turkey
3Electrical Engineering Department, Jouf University, Sakaka, 72388, Aljouf, Kingdom of Saudi Arabia
4Universidad Carloa III de Madrid, Leganes, 28911, Madrid, Spain
5Space Science Centre, Climate Change Institute, Universiti Kebangsaan Malaysia (UKM), Bangi, 43600, Malaysia

*Corresponding Author: Zahriladha Zakaria. Email: zahriladha@utem.edu.my

Received: 01 February 2022; Accepted: 06 April 2022

Abstract: This article introduces a novel, ultrawideband (UWB) planar monopole antenna printed on Roger RT/5880 substrate in a compact size for small Internet of Things (IoT) applications. The total electrical dimensions of the proposed compact UWB antenna are 0.19 λo × 0.215 λo × 0.0196 λo with the overall physical sizes of 15 mm × 17 mm × 1.548 mm at the lower resonance frequency of 3.8 GHz. The planar monopole antenna is fed through the linearly tapered microstrip line on a partially structured ground plane to achieve optimum impedance matching for UWB operation. The proposed compact UWB antenna has an operation bandwidth of 9.53 GHz from 3.026 GHz up to 12.556 GHz at −10 dB return loss with a fractional bandwidth (FBW) of about 122%. The numerically computed and experimentally measured results agree well in between. A detailed time-domain analysis is additionally accomplished to verify the radiation efficiency of the proposed antenna design for the ultra-wideband signal propagation. The fabricated prototype of a compact UWB antenna exhibits an omnidirectional radiation pattern with the low peak measured gain required of 2.55 dBi at 10 GHz and promising radiation efficiency of 90%. The proposed compact planar antenna has technical potential to be utilized in UWB and IoT applications.
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1  Introduction

Internet of Things (IoT) is a machine or asset with the intelligence behaviour used to communicate and update administration centre operations independently in real-time applications. The IoT applications require connectivity among the machines in many applications incorporating various transmission devices [1–4]. Aside from modern communication standards, the right selection of a radiating device is crucial for all these node ends of intelligent devices. To determine the most appropriate radiator for wireless applications is still a challenging technical task.

Federal Commission of Communication (FCC) approved a frequency band (3.1–10.6) GHz to be used without the requirement of any license [5]. UWB technology which has completed the standardization in a standoff in shooting industrial sectors. The UWB technology has gained considerable recognition across the last decade due to its large bandwidth, fast connectivity, saving power and low cost [6]. has therefore become technically beneficial for new application fields in wireless IoT connectivity [7,8]. It is the main reason why the extensive research activities in the UWB IoT antenna community are noticeable in the UWB society [9,10].

The fundamental antenna requirements for IoT UWB applications are: (1) compact overall physical size (miniaturisation), (2) wider operation bandwidth, and (3) technical ease of implementation and development with the electronic gadgets. Several literature studies have been discussed on IoT antenna miniaturisation due to the fact that antenna miniaturisation is a critical technical point of view within IoT devices in terms of integrability potential with the electronic circuits.

Several UWB IoT antenna configurations have been proposed in the scope of antenna miniaturisation [11–16]. A compact UWB antenna covering dual frequency bands from 1.0 to 3.65 GHz has been proposed for IoT applications systems in [11] with the antenna dimensions only about 25 mm × 35 mm × 1.6 mm. In [12], a wearable UWB IoT antenna operating in the frequency band from 4 GHz up to 6.2 GHz is printed on FR4 material with a total physical size of 31 mm × 41 mm × 1.6 mm. In [13], a UWB antenna operating in a wide range of frequencies from 3.04–10.70 GHz has been proposed for UWB and IoT systems. In [14], the authors have proposed a miniaturised antenna with a radiation efficiency of 60% in compact physical sizes of 25 mm × 40 mm × 1.6 mm for IoT applications. Rahman MuhibUr et al. have introduced a compact UWB antenna to be used for UWB and Bluetooth systems. The proposed antenna has a wide operation band covering the frequency ranges from 3.1 to 10.6 GHz and 2.4–2.484 GHz for Bluetooth application [15]. The last study in [16] has presented to be used for UWB IoT applications. The antenna was fabricated using Rogers/RT5880 and operated at various frequencies: 3.5, 4.5, 5.25, 5.7, and 8.2 GHz, respectively. A summary of the contribution to the body of knowledge of this paper is listed below:

a) A new shape of the UWB antenna was proposed (Modified rectangular patch monopole (MRPM) antenna.), and it obtained a pure bandwidth of 9.53 GHz ranging from 3.026 GHz up to 12.556 GHz with a high radiation efficiency of about 90%.

b) The novel UWB antenna model has a super compact size of 15 mm × 17 mm × 1.6 mm been extensively studied through comprehensive parametric analysis to achieve a final optimised antenna design for excellent impedance matching.

c) A detailed time-domain analysis is performed to demonstrate the radiation efficiency of the proposed antenna design for ultra-wideband and internet of things applications.

This paper introduces a super-compact miniaturised printed monopole antenna to be used for UWB and IoT applications. The overall electrical antenna size is 0.19 λo × 0.215 λo × 0.0196 λo with high radiation efficiency of about 90% for the operation bandwidth of 9.53 GHz ranging from 3.026 GHz up to 12.556 GHz. The novel UWB antenna model has been extensively studied through comprehensive parametric analysis to achieve a final optimised antenna design for excellent impedance matching. The compact UWB planar antenna model has been fabricated on a low dielectric loss Roger/RT 5880 laminate, which is well suited for high-frequency applications including UWB and IoT systems, for the simulating validations in time-domain analysis. A detailed RF performance comparison has been conducted in Tab. 1 to point out the superior performance of the proposed UWB compact antenna design in comparison to the various current UWB antenna configurations in terms of antenna dimensions, operating bandwidth, compactness, radiation behaviour, printed substrate, time-domain analysis and antenna gain which this type of antennas required low gain to be used for IoT applications.
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2  Design Antenna Geometry and Parametric Sweep

The proposed radiating patch is modelled in a structural form based on the rectangular and circular shaped radiators combined together for the super-compact UWB antenna. The antenna feeding line is structured in a geometric configuration of a linearly tapered transmission line consisting of triangular outer surfaces of low line impedance and converging to a particular level of high line impedance in a gradual manner. The substrate material of compact UWB antenna is RT/5880 of Roger laminate of relative permittivity of 2.2 and a loss tangent of 0.0009 with the thickness of 1.54 mm. Fig. 1 presents the geometrical model of the final compact UWB planar monopole antenna.
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Figure 1: Antenna layout with its parameters. (a) Front look, (b) Back look

The fundamental modelling approach of the proposed antenna configuration is based on the structural combination of circular and rectangular shaped patches on partial ground plane. A rectangular patch size of L = 12 mm and W = 10 mm is considered at the first step of the design procedure with a circular patch radius of 4 mm.

The final antenna model is numerically studied through a 3D electromagnetic field solver, CST Studio Suite. The optimum geometric parameters are listed in Tab. 2.
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To validate the design procedure and achieve excellent impedance matching performance, three different design scenarios are numerically analyzed in terms of reflection coefficient (S11) performances, as shown in Fig. 2. From Fig. 2, the first design scenario is relying on the conventional circular monopole (CCM) antenna, whereas the second design scenario is based on the rectangular patch monopole (RPM) antenna. The final design scenario is the modified rectangular patch monopole (MRPM)antenna as shown in Fig. 2c.
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Figure 2: Development scenarios of the advanced planar monopole antenna: (a) Conventional circular monopole (CCM) antenna, (b) Rectangular patch monopole (RPM) antenna, and, (c) Modified rectangular patch monopole (MRPM) antenna

Scenario-1 (D1): The primary UWB compact antenna model in the first design scenario is starting from the conventional circular monopole (CCM) antenna as shown in Fig. 2a, which has been printed on Rogers/RT 5880 laminate with relative permittivity of 2.2 and a loss tangent of 0.0009. The CCM consists of a circular patch along with a linearly tapered microstrip feeding line, which are connected at the circular common node of radius 1.8 mm. The circular patch radius (r) is 3.5 mm, with the ground plane dimensions kept totally the same for all the design scenarios. The CCM antenna design has a narrow bandwidth of 2.126 GHz for the operation band ranging from 13.77 to 15.896 GHz, which does not incorporate the UWB frequencies as stated by the FCC, as shown in Fig. 3.
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Figure 3: Simulated S11 of CCM antenna, RPM antenna and the modelled MRPM antenna

Scenario-2 (D2): In the second scenario, the conventional circular monopole (CCM) antenna has been modified with the introduction of a rectangular patch antenna to be located at the upper part of the circular patch to design the rectangular patch monopole (RPM) antenna as shown in Fig. 2b. The RPM antenna ground plane and feeding line dimensions are kept totally the same as presented in Scenario-1. The rectangular patch is added to the upper part of the circular patch to improve the antenna operation bandwidth. The RPM antenna is operated at a wide range of frequencies from 3.314 to 15.5 GHz with a frequency bandwidth of 12.186 GHz, as shown in Fig. 3. However, the RPM antenna has to be still developed to meet the technical specifications dictated by the FCC.

Scenario-3 (D3): The third scenario is the final antenna model to be proposed as the modified rectangular patch monopole (MRPM) antenna. The MRPM antenna ground plane and feeding line dimensions are kept the same as the previously presented antenna models in Scenario-1 and Scenario-2, respectively. The MRPM antenna has been designed through cutting the half circular-shaped patches at both sides of the rectangular patch, as shown in Fig. 2c. The circular-shaped parts to be removed from the rectangular patch lead to improve the antenna impedance matching. The MRPM antenna has exhibited an operation bandwidth of 9.53 GHz for the frequency band ranging from 3.026 to 12.556 GHz, as shown in Fig. 3. As deduced from Fig. 3, the S11 parameter is lower than −15 dB between 3.35 and 11.552 GHz, covering UWB frequency bandwidth better impedance matching performance.

In order to characterise UWB responses of the compact planar MRPM antenna, the surface current distributions at 3, 6, 9, and 12 GHz are shown in Fig. 4. As shown in Fig. 4a, the surface current is primarily concentrated on the linearly tapered feeding line with a high current value. At this resonant frequency of 3 GHz, it is noticed that the current is not followed at the upper patch of the radiating patch, which acts as a frequency function. Unlike at 6 GHz, which is the current concentrated equally, it means that the current is distributed both on the antenna patch and the pyramid feed line. It can be noted that the current follows more stable at 9 GHz. Lastly, at 12 GHz, the current distribution is decreased to achieve 151 A/m.
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Figure 4: Current follows concentrations at several frequencies such as. (a) 3 GHz, (b) 6 GHz, (c) 9 GHz and, (d) 12 GHz

3  Simulation and Testing Outcomes

3.1 Frequency-domain Analysis

To confirm the legality of the intended design, a fabricated prototype of the stated antenna is manufactured and experimentally discussed. Based on geometrical studies suggested in Figs. 1 and 2c, a design geometry is taken (MRPM antenna), of this good reflection coefficient performance was fabricated. Fig. 5 displays the photographs of the fabricated antenna. It's worth mentioning that the proposed antenna is manufactured using RT/5880 of Roger laminate with a relative permittivity of 2.2 and a loss tangent of 0.0009. A microwave network analyser (ENA-series) model E5071C was used to perform the S11 up to 14 GHz for measurements setup. The measurement was held at Universiti Teknikal Malaysia Melaka (UTeM), Melaka, Malaysia.
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Figure 5: Manufactured prototype. (a) Front look and, (b) Back look

The matching performance of the finalised UWB antenna was performed through S11. Fig. 6 presents the predicted and measured |S11| outcomes of the finalised antenna, which is considered multi resonance at various frequencies in the UWB range. Two simulated resonant frequencies appeared at different locations from the UWB ranges, and their resonant frequencies are 3. 836 and 9.866 GHz. Hence, their return loss performances are −19.297 and −31.3 dB respectively. The predicated results operated from 3.026 to 12.556 GHz with 9.53 GHz of net bandwidth and a fractional bandwidth (FBW) of 122%. Meanwhile, the measured outcomes offered an operational band from 3.1 to 12.4 and 9.3 GHz of pure bandwidth with FBW of 120%. These results confirmed that the antenna has a good agreement between the CST simulated results and the experimental one. However, there is a slight difference between the simulated and measured outcomes. This is because of fabrication inaccuracies due to the manual cutting of the textile materials and the variation of its dielectric constant [35]. In practice, the differences between simulations and measurements are also affected by the SMA connector losses, as an ideal connector is modelled in simulations. Besides that, the amount of power fed into the antenna in measurements is also affected by how the epoxy is applied to galvanically connect between the SMA connector and the used substrate material [36].
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Figure 6: Predicated and measured |S11| for UWB MRPM antenna

The proposed UWB MRPM antenna radiation pattern is experimentally made in a non-resonant room by supplying some energy to the antenna, which is supplies room and estimating the power of the transmitted electromagnetic field (EM) in the encompassing place. An excellent antenna, in common, reflects 50%–60% of the force-fed to it (−3 dB to −2.2 dB). Fig. 7 shows the antenna's radiation pattern in the laboratory when positioned in both H-field and E-field.
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Figure 7: Fabricated prototype in anechoic chamber positioned in. (a) H-field and, (b) E-field

The antenna radiation properties over the entire UWB operational band were measured and investigated. Fig. 8 displays both the predicated and measured H and E-field patterns at frequencies 3, 6, 9 and 12 GHz, as illustrated in Fig. 8, sequentially. The measured H-field far-field patterns are very close to those achieved in the CST [37–39]. It can be remarked that the H-field patterns are bi-directional at all frequencies of interest. The measured E-field patterns match the predicted patterns, though the agreement is less than the H-field patterns. There are some changes, ripples, and perversions on the experimental curves, which the SMA feed connector and the coaxial cable may be made.

[image: images][image: images]

Figure 8: Predicated and measured H and E far-field patterns at. (a) 3 GHz, (b) 6 GHz, (c) 9 GHz and, (d) 12 GHz

The simulated and measured IEEE gain over frequency of the recommended MRPM antenna is displayed in Fig. 9a. Fig. 9a shows that the predicated MRPM antenna max gain is about 2.6 dBi over a high-frequency range at 10 GHz, while the max measured gain at the same frequency, which is 10 GHz is 2.55 dBi; we can conclude that there is an excellent agreement between the predicted and experimented outcomes. However, we noticed a remarkable phenomenon: The gain is relatively poor at a lower frequency due to the proposed antenna being super compact. In addition, there is an important question the came to our mind why the gain is down at the lower frequency, unlike those for the highest frequency. The answer is that when an antenna starts to radiate, the amount of power is not the same at all of the ultrawideband frequencies, meaning that the energy will spread unequally to all frequencies. The simulated and measured radiation efficiency (RE) of the proposed UWB MRPM antenna is presented in Fig. 9b. It exhibits that the recommended antenna provided a simulated radiation efficiency of 90% at 12 GHz, while the measured radiation efficiency is about at the same frequency is also 90%. As a result, the stated antenna has a very close agreement regarding the simulation and experimental rendition efficiency.
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Figure 9: Simulated and measured outcomes of the MRPM antenna for, (a) IEEE gain (dB) and, (b) Radiation efficiency (%)

3.2 Time-domain Analysis

A time-domain analysis is introduced to validate the applicability of the modelled antenna in communication systems. Implementation in time domain is estimated utilising group delay operation and phase of transmission coefficient (S21). To determine the characteristics of the proposed antenna in time domain, two identical antenna designs are considered. Two similar UWB antennas with the same properties are regarded as transmitting antennas, and the other is considered a receiving antenna employed to investigate the complete system. In order to explore the system time domain routine, two different setups of the antenna are discussed. The first setup is to place the identical antennas side-by-side, and the other is face-to-face, as illustrated in Fig. 10. Both antennas are identified and separated by a distance of 100 mm in their line of sight.
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Figure 10: Two identical UWB antennas positioned. (a) Side-By-Side, and (b) Face-To-Face

The group delay is an important parameter to demonstrate the linear response of a communication platform. As shown in Fig. 11, the group delay variation for the proposed UWB antenna design is within the acceptable magnitude of 1.5 ns for both cases (Face-To-Face, Side-By-Side). The group delay of less than 1 ns exhibits a nonlinear phase response. The S21 phase for both cases is presented in Fig. 12. Based on the observations, for a perfect transmission, the group delay should be close to steady through the whole band. We can conclude that the proposed UWB antenna has ideal performance in this aspect, which makes it a good candidate for UWB and other higher band wireless communication.
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Figure 11: Group delay of the finalized antenna for both Face-To-Face and Side-By-Side cases
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Figure 12: Transmission coefficient (S21) phase of the finalised antenna for both cases: (a) Face-To-Face and, (b) Side-By-Side

4  Conclusion

This study suggests and tests a new design and super compact UWB monopole antenna for conventional UWB properties. The total physical dimension of the modelled antenna is only 15 mm × 17 mm × 1.548 mm, while the antenna electrical dimensions are 0.19 λo × 0.215 λo × 0.0196 λo. The measured return loss of UWB antenna offered bandwidth of 9.3 GHz from 3.1 to 12.4 GHz covering the licences FCC spectrum for UWB applications, with FBW of 120%. The time-domain study was proposed for both the cases, i.e., face-to-face and side-by-side, exhibits outstanding performance in the open domain communication, with relatively good and consistent monopole such as omnidirectional radiation patterns in E and H-plane with linear transmission propagation. The finalised antenna contributes bi-direction radiation over the UWB spectrum with an acceptable measured gain of 2.55 dBi at 10 GHz. The UWB MRPM antenna granted a measured radiation efficiency of 90% at 12 GHz. Besides, the simulation results indicated an excellent agreement between the predicted and the experimental one, which makes this antenna a perfect choice for UWB and IoT applications.
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Table 1: Literature summary of the proposed UWB antennas with the existing research studies

Ref. AD (mm) OB(GHz) MG C RB PS PA TD
(dBi) analysis
[17] 32x32 257-10.74 3.9  Compact Omni-directional Fr4 X X
[18] 66 x 62  2.4-12 4 Not compact Omni-directional Fr4 v X
[19] 42x50  3-11 5 Not compact Omni-directional Fr4 v X
[20] 32x32 2.6-10.8 4.2  Compact Omni-directional Fr4 v X
[21] 30.4 x 38 3.1-12.8 4.5  Notcompact Omni-directional Kapton v X
polyimide
[22] 50 x 50  2.1-12.6 6.8  Notcompact Omni-directional Fr4 X X
[23] 30x32 271-11 5 Compact Omni-directional Fr4 v X
[24] 32x30 3.1-10.6 43  Compact Omni-directional Fr4 X X
[25] 21.8 x28 3.1-12 245 Compact Omni-directional Fr4 v X
[26] 30 x33  3.1-10.7 44  Compact Omni-directional Fr4 v X
[27] 26 x26  3.05-11.9 6 Compact Omni-directional Fr4 v X
[28] 38x56 26-114 4 Not compact Omni-directional Arlon X X
AD300A
[29] 100 x 100 2.29-12.1 6.5 Notcompact Directional Fr4 v X
[30] 25x16 3.1-10.6 449 Compact Omni-directional Jeans textile X X
[31] 25x25 3.2-11 3.11 Compact Omni-directional Roger X X
RO4003C
[32] 30x29 3.21-11.92 64  Compact Omni-directional Fr4 v v
[33] 60 x55 4389 4.17 Not compact Omni-directional Fr4 X X
[34] 100 x 100 35-31 19 Not compact Directional Roger v X
RT/5880
This 15x 17  3.026-12.556 2.55 Super compact Omni-directional Roger v v
work RT/5880

Notes: Antenna Dimensions (AD), Operating Bandwidth (OB), Max Gain (MG), Compactness (C), Radiation behaviour (RB), Printed
substrate (PS), Prototype antenna (PA), Time-domain (TD) analysis.
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Table 2: The specifications of all antenna parameters

Antenna parameters ~ Values (mm) Antenna parameters Values (mm)
W 15 N 0.282

L 17 Pw 4.37

Lp 6.95 PL 4.88

r 4 Gw 13

rh 1.8 GL 4.5

S1 0.683 Sw 0.6

S2 0.21 SL 2.8
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