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Abstract: The article presents a miniaturized monopole antenna dedicated to modern flexible electronic systems. The antenna combines three fundamental properties in a single structure. Firstly, it is characterized by a compact size compared to the state-of-the-art literature with an overall size of 18 × 18 × 0.254 mm3, secondly, the proposed antenna integrates the reconfigurability function of frequency, produced by means of a Positive-Intrinsic-Negative (PIN) diode introduced into the radiating element. Thus, the antenna is able to switch between different frequencies and different modes, making it suitable to meet the ever-changing demands of communication systems. third, the antenna is equipped by the property of flexibility. In fact, a conformability test is performed and has demonstrated the stability of the antenna performance under normal and bending conditions. Finally, in order to demonstrate the potential of the proposed antenna, a comparison between the simulated and measured results is made and turned out to be a strong agreement, making the antenna an excellent candidate for future miniaturized rigid and conformal devices.
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1  Introduction

Nowadays, the demand of the mobile communications market has increased due to the significant development of the wireless communications technologies. As an essential part of these systems, antenna design presents the most challenging part of the communication unit. This is because the antenna must adhere to the basic restrictions imposed by physics and meet precise requirements of miniature size, insignificant weight, low price with an attractive appearance. In addition, it must exhibit good radiation characteristics as well as a stable response regarding impedance matching. Therefore, novel, multifunctional, and improved antennas are needed to meet the ever-increasing demands of this rapidly growing market.

According to antenna literature, several types of antennas were used over the past 50 years in the wireless communications market. These types include monopoles [1], loop antennas [2], slot antennas [3], microstrip antennas [4] and other. Each of these types has particular advantages and drawbacks, making them more or less practical for a specific application [5]. However, since the characteristics of these basic antennas are fixed, their use is more or less limited to a specific use. For this reason, the introduction of the reconfiguration function will allow the antenna to adapt to the constantly changing demands of communication systems. Indeed, the use of reconfigurable antennas will help lowering the restrictions imposed in the case of conventional antennas. Moreover, it will improve the level of functionality of any system by using the same structure instead of multiple antennas [6]. Various research papers have discussed reconfigurable antennas for modern electronic systems. In [7], the frequency reconfiguration for a sub-6 GHz antenna is achieved using split-ring resonators incorporated in the radiating element. While PIN diodes are used in [8,9] to switch between frequencies and bands. Polarization reconfiguration is performed in [10] using metasurfaces for a leaky-wave antenna. Whereas a pattern reconfigurable antenna is realized by means of a Single Pole Three Throw (SP3T) reconfigurable switching network in [11]. In the same context, compound reconfigurations where several antenna parameters are modified simultaneously were studied. PIN diodes are used in [12] for frequency and pattern reconfiguration, while N-type Metal Oxide Semiconductor (NMOS) transistors are used in [13] as switches for ON/OFF states for both frequency and pattern reconfiguration.

The level of functionality of an antenna can also be improved by incorporating the flexibility feature. Actually, this technology can be used in a tremendous number of applications requiring internal antennas with space or volume constraints. They are used in wireless devices of everyday life (mobile phones, personal computers, child monitoring, etc.). But more particularly, they are used in biomedical applications (monitoring vital signs, regulating organ functions, patient tracking etc.) [14]. The flexible antenna is intended to be integrated into the human body; therefore, it must be highly dependable, physically flexible, and mechanically robust. Moreover, it must withstand important levels of bending, stretching, and rolling, while maintaining an extremely low profile, lightweight and practical radiation characteristics. A significant amount of research has been devoted to flexible antennas in this modern era. For instance, a CPW fed flexible antenna using PolyEthylene Terephthalate (PET) substrate for Internet of Things (IoT) applications is presented in [15]. The proposed antenna exhibits higher levels of efficiency; however, the antenna is quite bulky to be used for modern devices. Another interesting flexible antenna designed on a thin substrate has been discussed in [16]. The proposed design exhibits a high gain; however, its performances get affected by bending, making it less suitable for flexible devices.

Therefore, in order to meet the ever-changing demands of new communication systems, compact size antennas with reconfiguration and flexibility features have become a real necessity. In fact, designing an antenna with a compact size, capable of both modifying its properties individually (operating frequency, impedance bandwidth, radiation pattern and polarization), and making its intrinsic structure flexible will allow communication systems to adapt effectively to changing operating needs and environmental conditions. Several research papers have discussed reconfigurable flexible antennas for modern applications. In [17,18], flexible and frequency reconfigurable monopole antennas were discussed. The reconfigurability feature in the two structures is achieved using PIN diodes, and the characteristics of the antennas are enhanced using slot etching technique. Good radiation results were reported in both works; however, the antennas are larger in size, making them less suitable for miniature devices. Another flexible and reconfigurable antenna is presented in [19]. The proposed design is characterized by an important level of flexibility, demonstrated by subjecting it to an extreme bending and after washing. The antenna has reported good stability results as well as good Radio Frequency (RF) performance in several investigations, however, the antenna is bulky with an overall size of (59.8 mm × 59.8 mm × 5.46 mm). In the other hand. A flexible reconfigurable antenna with a compact size in presented in [20]. Flexibility in this paper is also achieved using PIN diodes. The antenna presents convenient RF performance; however, it presents low efficiency results (<50%).

Therefore, the aforementioned survey showed that designing a suitable antenna capable of keeping up with technological development is a real struggle. In fact, assembling the feature of compact size with reconfigurability and flexibility characteristics presents a challenge for antenna designers. Thence, in this paper, we are proposing a flexible yet simple structured antenna, characterized by a compact size and supplied with frequency reconfigurability feature. The frequency reconfiguration is carried out using PIN diodes implemented in the ground plane to switch between the ON and OFF modes. The proposed antenna exhibits good RF performance under rigidity and bending conditions. In addition, a good agreement between simulation and experimental results has been reported, making it a suitable candidate for modern flexible electronic systems. The article is organized as follows: Section 2 presents the design methodology; in Section 3 we present a comparison between simulation and experimental results as well as a comparison with related work for the same application. Finally, we conclude this work with a conclusion in Section 6.

2  Antenna Design Methodology

2.1 Antenna Design

Fig. 1 presents the schematic of the proposed flexible frequency reconfigurable antenna. The radiating element is designed on ROGERS 5880 substrate having an overall thickness of 0.254 mm. The reason for choosing this substrate is due to its uniform electrical properties over wide frequency rang. Moreover, due to the reduced thickness chosen, the antenna can be considered as a flexible antenna. The chosen substrate is characterized by a low dielectric constant (εr = 2.2) and low dielectric loss (δ = 0.002). CPW feeding technique is used for its advantages of optimizing the space around the radiating element, as well as for obtaining a wide bandwidth and a good impedance matching at the desired resonant frequency [21]. Therefore, a 50 Ω transmission feed line is connected to antenna, composed by a feed line of width “t”, and spaced by the coplanar waveguide by a gap “a”. The proposed antenna presents a total size of 18 × 18 × 0.254 mm3 and it consists of a middle hollow rectangle with a PIN diode integrated to achieve the reconfigurability feature. The remaining dimensions are labeled by numerical alphabets as follow:

AX = 18 mm; AY = 18 mm; H = 0.254 mm; PX = 16 mm; PY = 13 mm; SX = 7.5 mm; SY = 5.5 mm; CX = 2 mm; CY = 7.5 mm; D = 2 mm; G = 4 mm; t = 2 mm; a = 0.5 mm.
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Figure 1: (a) Top, (b) Bottom and (c) Side view of geometrical configuration of the proposed antenna

2.2 Design Methodology

Fig. 2 illustrates the design steps of the proposed antenna. A rectangular monopole antenna is first designed to operate at 5.5 GHz frequency. This antenna type is chosen for the promising results it provides in terms of bandwidth. This can be explained by analyzing the monopole antenna as being a microstrip antenna whose ground plane is located at infinity [22]. In this case, the layer opposite the radiating element with respect to the substrate is considered as a thick air layer (εr=1). Therefore, the effective dielectric substrate εr is reduced until it is close to unity, thus providing greater bandwidth [23].
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Figure 2: Various design steps generating the proposed antenna

The first step of designing the proposed antenna begins with the design of a rectangular shaped monopole antenna fed by a 50 Ω transmission line.

The length of the basic rectangular radiating element for a given frequency fc is calculated using the following formula [24].

Px=c2fcεeff(1)

This expression can be simplified using the formula below [25]:

Px=15fcεeff(2)

where c refers to the speed of light in vacuum, which is 3×108 ms−1, while fc presents the central frequency, calculated by:

fc=cλgεeff(3)

where λg refers to the guided wavelength, while εeff presents the effective dielectric constant of the antenna.

To calculate the effective dielectric constant εeff, the value of the width Sx should be acknowledged. For optimal results, PY should be a half wavelength corresponding to the average of the substrate and the air mediums [26].

Py=c2fc(εr+1)2(4)

where εr is the dielectric constant of the substrate, while H is its corresponding thickness.

The expression for calculating an approximate value of the effective dielectric constant εeff is given by:

εeff=(εr+1)2+(εr−1)2[11+12HPy](5)

Fig. 3 illustrates the design steps results of the antenna in terms of return loss. As can be seen, the monopole antenna reported a return loss coefficient of −28 dB at the resonance frequency 5.5 GHz. The bandwidth in this case ranges from 4.8 GHz to 6.5 GHz. i.e., 31% of fractional bandwidth. The second step of antenna design consists of truncating two symmetrical rectangles from the radiating patch as shown in Fig. 2b. The rectangles (SX×SY) to be cut are centered with respect to the half length of the antenna (Px). The dimensions and positions of the introduced slots were adjusted by performing a parametric study in order to achieve the desired results in terms of bandwidth and return loss. In addition, a vertical metal strip connected to the feedline is held to connect the upper and lower sides of the radiating element. As can be noticed from the return loss plot (Fig. 3b), the antenna bandwidth has been improved significantly. The bandwidth now ranges from 3.8 GHz to 8 GHz, which corresponds to an FBW of 93% at 4.5 GHz. This can be explained by the fact that introducing slots in the radiating elements increases the effective length of the antenna due the increase of fringing fields, which leads to an additional inductance in series, hence, the bandwidth increases [27]. In addition, cutting off slots from the radiating element has resulted in exciting higher resonance modes, thus increasing radiating area, therefore, another resonance frequency at 7.2 GHz has appeared. The shift of the central resonance frequency from 5.5 to 4.5 GHz is due to the effective inductances and capacitances introduced by the defective microstrip structure into the radiating element. As a result, the operating frequency decreases [28].
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Figure 3: Scattering parameter |S11| (dB) comparison among antenna design steps

The final design step involves introducing a gap in the middle of the metallic strip regarding the Y-axis in order to introduce an RF PIN diode. Theoretically, introducing the gap in the middle of the metallic strip corresponds to the addition of a series capacitor to the total capacitance of the antenna, since the inductance and capacitance are inversely proportional to frequency according to the following formula:

f=12πLC (6)

where L and C represent respectively the inductance and capacitance of the antenna.

Therefore, adding a second capacitor in series decreases the capacitance of the resonant circuit, thereby causing the frequency to increase. This can be demonstrated by the return loss results of the third design step illustrated in Fig. 3. The cut off frequencies (f1−f2) have shifted to (4.75 −8.25  GHz) due to the introduction of the gap. We can also notice that a new frequency has appeared at 2.5 GHz. This can be explained by the fact that adding gaps and slots in the radiating element forces the current to flow in several paths. i.e., the path of current distribution increases, which could contribute to the appearance of new frequencies [29].

2.3 Switching Technique

PIN diode is used to achieve the reconfigurability feature. In fact, the electrical length of the radiator changes to allow the proper current flow when switching between diode states. Therefore, to design the equivalent model of the PIN diode, lumped Resistance-Inductor-Capacitor (RLC) elements are used. The resistance, capacitance and inductance values of the diode are found in [30]. A thorough parametric study is carried out to determine the optimal PIN diode position to achieve the desired results. In addition, a Direct Current (DC) block 100 pF capacitor is used to uncouple the upper from the lower part of the radiating element shaped as a hollow rectangle. Moreover, to achieve efficient results, via and padding are designed on the back side of the radiating element.

For a better understanding of the different antenna switching states, an equivalent model of the PIN diode (ON and OFF state) as well as a biasing circuit are illustrated in Fig. 4. The forward state of diode is modeled by a resistance of low value (4.7 Ω), in series with an inductance of value 0.15 nH to allow the passage of the current, thus connecting the upper part with the lower part of the radiating element. While the reverse state of the diode is modeled by a resistor of a high value (7 KΩ) connected in parallel with a capacitor (C = 0.017 pF), then connected in series with an inductor having a value of L = 0.15 nH. The high resistance and capacitance values impede the flow of the current in the reverse bias. In addition, the biasing circuit of the diode consists of a DC source (0 V) for OFF state and (3 V) for ON state, mounted in series with 1 KΩ resistor for direct current control, then connected to an inductor (L = 68 nH) to block the alternative currents [31].
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Figure 4: Equivalent model of the diode (a) On state (b) OFF state (c) Biasing circuit of the diode

Fig. 5 depict the return loss results of both ON and OFF states. As we can notice. The antenna operates as a UWB antenna, with two resonance frequencies (4.2 and 7.5 GHz) having respective reflection loss coefficients of −25 and −20 dB. The bandwidth reported in the forward bias case ranges from 3.5 to 8 GHz, which corresponds to a fractional bandwidth of 107% with respect to the first resonance frequency. In another hand, the proposed antenna exhibits multiband behavior in the reverse bias. The disconnection between the upper and lower parts of the radiating elements shifted the operational bandwidth to higher frequencies due to the capacitive nature of the introduced slot. The resonant frequencies in the OFF state shifted from f1 = 4.2 GHz and f2 = 7.5 GHz to f1 = 5.5 GHz and f2 = 6.8 GHz. The respective return loss results are: −23 and −28 dB. Moreover, a new resonant frequency appeared in a lower band at 2.45 GHz characterized by a narrow bandwidth with a respective return loss of −26 dB.
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Figure 5: Return loss of the switch diode modes

2.4 Numerical Analysis

Providing an equivalent circuit model of an antenna offer useful insight about the performance and design of the antenna, in addition, it enables easy insertion of active elements into the antenna structure. In general, passive antennas are modeled by Foster canonical forms. Magnetic antennas such as loop or quad antennas are modeled by the second canonical foster form, while electric antennas such as dipoles and monopoles are modeled by the first canonical form as shown in Fig. 6 [32]. Monopole antennas are considered passive lossless networks that operate as an open circuit at the DC input signal and are constructed using lumped inductors and capacitors as depicted in Fig. 6a [33].
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Figure 6: Foster canonical forms (a) Magnetic antennas (b) Electric antennas

Slots introduced into the radiating element perturb the distribution of the current in the antenna; therefore, additional capacitance and inductance are added. Thus, it can be assumed that the slots behave like an Inductor-Capacitor (LC) resonator circuit which is coupled to the antenna. In fact, when an RF signal is transmitted through the introduced slot, a strong coupling arises between the transmission line and the slot around the frequency where the slot resonates. Therefore, to obtain an efficient design for a specific application while considering the unique design variables, an equivalent circuit model is required. In fact, the inductance and capacitance values depend on the size and shape of the slot according to mathematical equations presented in [34]. A general approach is used to represent slots and Defected Ground Structure (DGS) introduced into the antenna. Indeed, it represents larger rectangles by the effective series inductance L, while the narrow slots are represented by a capacitor C in parallel with the inductor L. However, the LC model does not consider neither radiation nor dielectric/conductor losses; therefore, an equivalent loss resistance is added for more accuracy. Thus, the equivalent model of the proposed antenna is illustrated in Fig. 7.
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Figure 7: RLC equivalent model of the proposed antenna

3  Results and Discussion

3.1 Simulation and Measurement Setup

The proposed antenna is designed and simulated using 3-Dimensional (3D) electromagnetic simulation software HFSS (High Frequency Structure Simulator), used to estimate the electromagnetic behavior of complex designs with indisputable accuracy. This simulator uses the finite element method (FEM) which is adequate for volumetric configurations. In this method, the analyzed structure is fractioned into small units called finite elements depending on the structure to be analyzed. It meshes over the entire volume of solution and resolves the electric field throughout that volume. This method enables the design of complex structures and irregular shapes with a prominent level of accuracy and close agreement with the measured results. To design a high frequency structure “driven” by a source such as monopole antennas, “Driven Modal solution” is used. This solution provide S-matrix results expressed in terms of the incident and reflected powers of waveguide mode. After designing a 3D structure of the proposed antenna, we applied a boundary condition which is a background applied to the region surrounding the geometric model in order to define the behavior of the field across discontinuous boundaries. Afterwards, we designed a SubMiniature version A (SMA) connector to reduce the connector’s impact on antenna performance. To do so, we used wave port excitation which is used for external feedings [35].

Parameter’s optimization is essential to determine the best design variation among a model’s variations. In this design, we used a parametric analysis to perform an automatic optimization of a set of variables instead of a fixed position or size [17]. In order to demonstrate the potential of the proposed antenna, a prototype of the simulated design is fabricated and subjected to experimental measurements. A 50 Ω commercially available SMA connector is used to excite the antenna. For the frequency switching function, we used Skyworks RF PIN diode model SMP-1345 (SC-79). For the PIN-diode biased voltage, we have introduced conducting via on the back of the substrate to connect the diode to the ground. Moreover, a 3 V battery is used in the diode biasing circuit. Fig. 8 shows the prototype of the proposed flexible reconfigurable antenna. For S parameters measurements, a Vector Network Analyzer (VNA) is used. The measurement is carried out by transmitting a signal to the antenna and measuring its response using the VNA. While the far-field measurements were carried out in a shielded RF anechoic chamber. For gain and radiation pattern measurement, we used horn antenna (SGH-Series) as a transmitter, characterized by a typical gain of 24 dBi, in addition, we used gain amplifier to establish an effective transmission of the RF signal, thus, achieving correct results [36].
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Figure 8: Prototype of the proposed antenna

3.2 Return Loss

Fig. 9 illustrates the simulated and measured return loss results of the proposed antenna in forward and reverse bias. As can be noticed, in ON mode, the antenna resonates at two frequencies of 4.2 and 7.2 GHz, with respective return loss coefficients of −26 and −20 dB. The antenna in this case exhibits a UWB behavior with a bandwidth ranging from 3.4 to 8.4 GHz. i.e., 119% of FBW. The measured results show an impedance bandwidth ranging from 3.2 to 8.4 GHz at the same resonant frequencies, with respective S11 values of −27 and −24 dB, which demonstrate the good agreement between simulated and measured results. From the same figure, we can notice that antenna in OFF mode shows a dual band behavior. Indeed, the antenna has a narrow band at lower frequency (2.5 GHz) and a wide band at resonant frequencies (5.5 and 6.8 GHz), with respective values of return loss of −23, −23 and −26 dB. The upper band in this case extends from 4.75 to 8.4 GHz. or 66% of FBW. The same results are reported from the measured plots, showing a small difference in the return loss values, which show the values: −28, −26 and −30 dB, respectively. It is important to note that switching into OFF mode allows the mitigation of the sub-band ranging from 3.2 to 4.75 GHz, which is widely used for many applications and standards, including 5G mid band (3.3–4.2 GHz), Wi-MAX (3.4–3.6 GHz), WLAN IEEE 802.11y-2008 (3.65-3.7 GHz) etc.
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Figure 9: Return loss results of the proposed antenna

3.3 Conformability Analysis

In order to validate the potential of a flexible antenna, a conformability test is obviously required. Therefore, we subjected the manufactured prototype to a series of bends along several radii as shown in Fig. 10. To do this, the antenna is wrapped around a cylindrical foam for measurement purposes. Indeed, the radius of the cylinder is chosen, considering that the edges of the antenna must not touch each other. Fig. 11 shows a comparison between the measured results of the conformability test submitted to the antenna. Fig. 11a shows the results of the antenna while the PIN is in the forward bias in both X and Y axes. As can be seen, the antenna exhibits stable bandwidth both under rigid and curved conditions while maintaining adequate return loss results under normal and both curvature conditions (in X-axis and Y-axis). Likewise, it can be deduced from Fig. 11b that the antenna exhibits identical results both under normal and curved conditions when the PIN diode is switched to the OFF state. In fact, the antenna has the same operational bandwidth as well as the same return loss results. However, a negligible yet acceptable variation in the higher resonance frequency is observed. Therefore, the conformability test performed on the proposed antenna demonstrated extraordinarily strong agreement, proving that the antenna is suitable for conformal and non-conformal scenarios.
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Figure 10: Antenna bending according to X and Y axis
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Figure 11: Measured results of conformal antenna (a) ON state (b) OFF state

3.4 Radiation Pattern

In order to successfully measure antenna characteristics, near-field measurement is suitable for higher frequencies, while far-field measurement is suitable for low-frequency applications. Thus, in order to validate the potential of the proposed antenna, a study of the radiation pattern of the antenna when the diode is in the OFF state is conducted. Indeed, the performances of the antenna when the antenna exhibits UWB behavior (ON state) do not provide interesting results. Therefore, we will content ourselves with the results of the radiation pattern when the diode is held in the OFF state.

As illustrated in Fig. 12, the antenna exhibits similar behavior in both resonant frequencies (2.45 and 5.8 GHz). In fact, the antenna has an omnidirectional radiation pattern in the H-plan (θ = 90°), while it exhibits a bidirectional pattern in the E-plan (θ = 0°). One can also notice that there is a good agreement between the simulation results and the measurement results since the two curves of the latter coincide perfectly.
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Figure 12: Comparison among simulated and measured radiation efficiency of the antenna (a) 2.45 GHz (b) 5.8 GHz [when diode is in OFF state]

3.5 Gain and Efficiency

As we mentioned above, the proposed antenna exhibits UWB and dual-band behavior when the PIN diode is in ON and OFF state, respectively. Thus, to analyze the behavior of the antenna in these two modes of operation (ON and OFF), it will be necessary to visualize the gain and the efficiency according to the frequencies. As shown in Fig. 13a, when the diode is kept in the ON state, the antenna exhibits a gain value greater than 3 dB over the entire UWB operating band [3.4–8.4 GHz], peaking at 3.9 at 6 and 7 GHz, then begins to decrease to 3 dB at the upper end of the operating bandwidth. Moreover, we can notice a good agreement between the simulated and measured results, as their curves vary with the same pace over the whole operating band. Regarding the efficiency results, the antenna has a minimum efficiency value at the beginning and end of the operating interval with a minimum value of 90%. Thereafter, the antenna efficiency increases to a maximum value of 94% over a frequency range between 4.8 and 7.5 GHz.
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Figure 13: Simulated and measured gain and radiation efficiency of the antenna (a) ON state (b) OFF state

On the other hand, when the diode is switched in the OFF state, it exhibits dual-band behavior. In fact, switching to OFF mode makes it possible to attenuate the sub-band ranging from 3.2 to 4 GHz as illustrated in Fig. 9. Therefore, analyzing the gain results shown in Fig. 13b, we can notice that the antenna exhibits minimum gain on the attenuated frequency band with minimum gain value of 0.2 dB at 3.3 GHz, proving that the antenna successfully attenuates the sub-band [3.2–4 GHz]. Regarding the upper band from 4.75 to 8.4 GHz, the antenna displays a minimum gain value of 3.2 dB in the two extreme frequencies of the passband, then it increases to reach the highest gain value (3.9 dB) over a frequency range of 6.4 to 7.4 GHz. we can also notice that the graphs of simulated and measured results present the same values, proving the validity of the results found.

Finally, the analysis of the plots of the calculated and measured efficiency when the antenna is switched to the OFF state shows that the efficiency of the antenna decreases drastically in the attenuated sub-band. Otherwise, in the other frequencies of the operational band, the antenna has efficiencies of the order of 94%, which proves the potential of the proposed antenna.

3.6 Comparison with Related Work

Tab. 1 presents a comparison between the proposed reconfigurable flexible antenna with state-of-the-art antennas, dedicated to the same applications. The presented work overtops the other candidate antennas in terms of size. As can be noticed, our proposed antenna is characterized by an important level of compactness with an overall size of (18 × 18 × 0.254 mm3), which makes it very suitable for miniaturized and flexible devices. Additionally, the antenna is able to switch between UWB and dual-band modes of operation using a single PIN diode, reducing the level of complexity. Moreover, the proposed antenna exhibits the same behavior under both rigid and flexible conditions, making it a potential candidate for modern miniaturized and flexible devices.
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4  Conclusion

A frequency-tunable monopole antenna with a flexibility feature is described in this article. The proposed antenna is characterized by an unusually compact size compared to the wavelength of the antenna. Additionally, the antenna is able to switch between UWB and dual-band behavior using a single PIN diode, which significantly reduces the level of antenna complexity. Indeed, maintaining the PIN diode in the ON state connects the upper part and the lower part of the radiating element by allowing the current to flow, while switching the diode to the OFF state modifies the current distribution, which has the effect of modifying the behavior of the antenna. The introduction of the PIN diode in the radiating element allows switching between several frequencies on demand which are used in the majority of applications and standards, including the 5G mid-band (3.3–4.2 GHz), Wi-MAX (3.4–3.6 GHz), WLAN IEEE 802.11y-2008 (3.65–3.7 GHz) etc. Additionally, the antenna exhibits outstanding intrinsic performance and conformability results, in both simulated and measured results, which demonstrate the antenna’s potential for modern flexible electronic systems
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Table 1: Comparison of proposed work with related literature work

Refs. Antenna Operational Frequencies Bandwidth Reconfigurability
size (mm’) mode (GHz) (MHz) technique

[37] 44 x42x Single band 19124 120]146 PIN diodes
0.127

[38] 40 x 28 x Dual band 2515.6 1200 | 2000 RF MEMS
0.1
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0.254

[40] 20 x 20 x Single band 7.26 190 PIN diode
0,8 mm’ Triple band 322151735 130 | 467 | 648

[41] 20 x 24 x Triple band 433 16.22| 6.96 320|480 | 149  Copper tape
0.508

[42] 60x50x0.2  Single band 1.813.3 903 | 760 VO2-based ink

[17] 35x25x Dual band 3.517.8 2900 | 3499 PIN diode
0.254 Tri band 25145183 760 | 1249 | 1700

[18] 50 x 33 x Single band 3.15 1600 PIN diode
0.13 Dual band 2331 3.25 520 | 280

[19] 59.8 x Single band 2.312.68 160 Varactors
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This 18 x 18 x Single band 42172 5200 PIN diode

work 0.254 Dual band 25155] 638 990 | 3650






OEBPS/Images/CMC_29889-fig-6.png
Rin

v

-

(b)

(a)





OEBPS/Images/CMC_29889-fig-13.png
Radiation Efficiency (%)

E 28 2 8 g7
7T 7 T T T
S "o
A 0 1
3 ’
-ﬁu ’
b 1
N
Wt l
Woag
. Y
] ] Y 4
M| o‘
\. LR
”.// oo il
lb '. -
_ I\r.”.\ﬁw:ll:.
=TT e
*..."' .
V=Y “Paae
's) < 3] ] —
(gp) uren
Radiation Efficiency (%)
% j=) (=] (=) f=3 (=3
= o 53] ~ N} 12=N
™ nu : :
1%
o vo 1
ey ]
v
-—. ‘e 4
-\ Voo
o
i .
Ao dhe
\ ,., -
VN
NG 1
BN vo.
Nt
. kI SR
w <t [3g) [ —

Frequency (GHz)

Frequency (GHz)

(b)

(a)





OEBPS/Images/CMC_29889-fig-7.png
Equivalent RLC model of the monopole antenna
(before slots)

RLC model after introducing slots
$1 s2 S3






OEBPS/Images/CMC_29889-fig-2.png
1_[
Step-1

[
Step-2

Ll
Step-3

Il

(a)

(b)

(©)






OEBPS/Images/logo.png





OEBPS/Images/CMC_29889-fig-3.png
IS1! (dB)

Frequency (GHz)





OEBPS/Images/CMC_29889-fig-10.png





OEBPS/Images/CMC_29889-fig-5.png
=== Diode-Off
Diode-On

/7 -
. .
4
. / ' i
| \ K
\ .-
-
IO 4
- .
. ~.
. >
I - |
14 . -
. -\
'I 7
~_ .
-~ 4
l~d..
. Ceccceccaaa -
comm=
N mep==="""" f
v (e} v [} el
=2 - a o
| ) )

(gp) I''s|

Frequency (GHz)





OEBPS/Images/CMC_29889-fig-8.png





OEBPS/Images/CMC_29889-fig-12.png
...... E-Plane ... — E-Plane H-Plane e o H-Plane

(Simulated) (Measured) (Simulated) (Measured)






OEBPS/Images/copy.png





OEBPS/Images/CMC_29889-fig-1.png
el

Xy

(b)

-1 Hi

(c)





