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Abstract

:

The specific advantage of fractal geometry to realize compact antenna features is exploited in this work for the design of a miniaturized Planar Inverted-F Antenna configuration with a large bandwidth. The conventional quadrilateral radiating element of a Planar Inverted-F Antenna is replaced by a Minkowski pre-fractal-based shape, thus increasing the resonant wavelength without affecting the overall antenna dimensions. Consequently, with the new design, a physically smaller antenna can achieve the same resonant frequency of a larger conventional configuration. Measured as well as simulated reflection coefficient and radiation patterns are presented to validate the assumptions. The impedance bandwidth of the antenna (2.19 to 2.52 GHz) covers the ISM band with a boresight gain of 1.5–2 dB over the entire band. Furthermore, to demonstrate the miniaturization effect, a successful comparison is provided with an identically sized, conventional square Planar Inverted-F Antenna design. The proposed antenna design can be usefully adopted for power-efficient communications in the framework of Wireless Body Area Sensor Networks.
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1. Introduction


Planar Inverted-F antennas (PIFA) are arguably the most popular type of antenna and can be found in today’s most popular personal communication devices [1]. The main reasons behind its widespread adoption are related to its compact size and appealing radiation features [2]. Even though it is electrically small, a PIFA is able to provide a relatively high gain, while maintaining the main radiation away from the user’s body. Nevertheless, efforts to further miniaturize the PIFA have been ongoing in order to keep up with the rapid pace of development in the wider consumer electronics industry [3,4]. Constraints introduced by wearable applications such as Wireless Body Area Networks (WBAN) have renewed interest in innovative miniaturization techniques for PIFAs [5,6].



PIFAs are commonly designed to be part of circuit boards; therefore, the simplest miniaturization method is based on the adoption of a higher permittivity substrate material [7]. This technique cannot be used for WBAN antennas that are completely integrated into garments and clothing [8]. The use of exclusively textile-based materials makes it difficult to exploit substrate permittivity for miniaturization since high permittivity textile substrates are very rare [9]. Another technique deprecated by the wearable use-case is loading the PIFA with a capacitive or resistive impedance [10]. The reduction in radiation efficiency and bandwidth caused by impedance loading inhibits its use for wearable applications, where low power consumption and longer autonomy are paramount [5]. More refined approaches towards PIFA miniaturization have employed metamaterial ground planes [11] or superstrates [12]. Even though these techniques promise good performance, the need for sophisticated manufacturing techniques and specialized materials limits their adoption in WBANs and other wearable applications. Apart from materials and manufacturability constraints, the antennas used in WBANs must also conform to strict regulatory requirements for the Specific Absorption Rate (SAR). This is essential to ensure that these devices can operate safely in close proximity to the human body for extended periods of time. The authors propose the use of fractal geometry to create compact and wideband antenna designs that are safe and that can be manufactured economically.



The potentiality of fractal shapes to reduce the resonant frequency of planar reflect-array elements has been recently demonstrated by the current authors [13]. A reduction in the resonant frequency while maintaining the physical size is equivalent to miniaturization [14]. Further preliminary works by the current authors have introduced the potential application of the above miniaturization effect to the PIFA configuration [15,16].



In the present work, a detailed analysis of the idea originally proposed in [15,16] is presented by reporting the full design principle and by discussing the validation results in terms of both simulations as well as experimental tests. The actual radiation performance of the proposed miniaturized PIFA configuration is successfully compared with that relative to the conventional square-shaped PIFA design. As a further result, the adoption of a defected ground plane is exploited to obtain a significant enhancement (around 14%) in terms of the operation bandwidth.




2. Antenna Design


The conventional PIFA consists of a rectangular/square radiating element/patch mounted on a ground plane. The radiating element is connected to the ground plane via a shorting plate (or post/via). In the case of a square radiating element on side “S” and a shorting plate of length “L”, the resonant frequency can be estimated as:


λ = 4 × εr½ × (2S − L),



(1)







Expression (1) is not always accurate since the resonant frequency depends on the feed location as well as on the shape and the size of the ground plane. However, it can be observed that the resonant frequency is related to the length of the current path around the edge of the radiating element from the short to the open circuit end. By increasing the length of the current path, the antenna can be led to operate at a lower frequency; however, an increase in the perimeter of a quadrilateral results in a corresponding rise in the antenna footprint.



To overcome the above issue, fractal geometry is adopted in the present work. Fractals are unique structures, meaning that the perimeter of a fractal is not rigidly coupled with its area. By introducing a pre-fractal shape, the perimeter of the radiating element can be enlarged without augmenting the footprint. To create the pre-fractal Minkowski, rectangular sections are cut out from each edge of the square radiating element (see Figure 1). The increase in the perimeter of the radiating element depends on the dimensions of the above rectangles.



The design process starts from the classical PIFA with a square radiating element. The Minkowski generator is applied to each side of this square, yielding a first iteration Minkowski pre-fractal. This is followed by an iterative optimization process in which the depth “D” and width “W” of the slots are adjusted to achieve the desired operational frequency. The position of the probe feed is also optimized to achieve a good impedance match. The impedance bandwidth of the PIFA is directly related to the substrate thickness or the height of the radiating element above the ground plane. However, indefinitely increasing the profile of an antenna is not always desirable. Therefore, the authors have utilized a defected ground plane technique, which is described in subsequent sections to achieve the maximum possible bandwidth without increasing substrate (air in the present case) thickness.



2.1. Simulation Results


Both the square and the pre-fractal Minkowski antennas shown in Figure 1 are simulated using 3D EM simulation software. Each radiating element is placed 4 mm above a 20.25 × 42.25 mm ground plane. The models are created on air substrate, and the radiating elements are fed using a standard coaxial probe feed. The shorting plate for both of the antenna models is 6 mm long. The feed position, however, is optimized separately for each antenna.



The simulated reflection coefficient [17], for the square and the Minkowski pre-fractal PIFA, is reported in Figure 2. The square PIFA resonates at around 2.7 GHz, while the Minkowski pre-fractal PIFA’s resonant frequency can be tuned by changing the dimensions of the rectangular cut-outs. Figure 2 shows the results for the initial variant, with a cut-out size equal to 4 mm × 4 mm, which exhibits a resonant frequency at 2.36 GHz.



Since both antennas have the same overall size, the lower resonant frequency corresponds to a 12.5% reduction in size. Notwithstanding the physical transformation of the radiating element, the radiation patterns remain unchanged. However, a side effect of the applied miniaturization process can be observed in terms of reduction in the impedance bandwidth. In particular, the fractional frequency band of the square element PIFA is over 17%, whereas the miniaturized PIFA from Figure 1b offers a bandwidth value under 8%.




2.2. Parametric Analysis


As previously remarked, the resonant frequency is a function of the current path around the boundary of the radiating element. When using the pre-fractal geometry, the path length, and therefore the resonant frequency, is related to the size of the cut-outs. In order to verify this point, a parametric analysis is conducted by varying the depth “D” and the width “W” (Figure 1). Figure 3 shows the reflection coefficient of the Minkowski pre-fractal PIFA for different values of the depth “D”. The indentation width “W” as well as all other design parameters, including the feed position, are unchanged. It can be clearly seen that the resonant frequency of the antenna decreases with an increase in the depth “D”. This is consistent with the fact that the perimeter “P” of the pre-fractal radiating element is equal to 4 × (S + 2D). The maximum depth “D”, which is equal to 6 mm, yields a resonant frequency of around 2.17 GHz, corresponding to a miniaturization of about 20%.



On the other hand, the width “W” of the slots does not add to the length of the current path; therefore, it is not expected to affect the resonant frequency. This is confirmed by the results of the parametric analysis illustrated in Figure 4, where different values are assumed in simulations for the width “W”. In particular, it can be observed that the resonant frequency of the antenna remains almost unchanged. The only discernable difference can be seen in the quality factor Q.




2.3. Bandwidth Enhancement


A larger usable bandwidth is desirable, as it offers protection against detuning while further enabling higher data rate communication. The bandwidth of a PIFA as well as its radiation pattern is deeply influenced by the size of the ground plane [18]. For example, Wu and Wong [19] show that the impedance bandwidth of the PIFA is maximized at a length of around 0.45 λ. This is confirmed by Bohannon and Bernhard [20], and it is explained on the basis of multiple characteristic modes with close enough resonances [21]. At the resonant frequency of 2.36 GHz, for the Minkowski pre-fractal-shaped PIFA, the ground plane length of 42.25 mm is around 0.33 λ. Increasing the length of the ground plane to 0.45 λ for optimum bandwidth would defeat the initial goal of miniaturization. Fortunately, it is possible to simulate a longer ground plane by using a defected ground plane. Wang et al. [22] have shown that it is possible to achieve a “bandwidth maxima” with a fixed length ground plane using a T-shaped modification. Figure 5 shows the simulated reflection coefficient of the proposed Minkowski pre-fractal PIFA with the adoption of a T-shaped ground plane. The final design, with W = 3.5 mm and D = 5.5 mm, is a significant improvement over the initial miniaturized design. The simulated reflection coefficient is lower than −10 dB, from 2.19 GHz to 2.52 GHz, corresponding to a 14% fractional impedance bandwidth.




2.4. Radiation Pattern


The radiation performance of the miniaturized antenna is on par with the classical square-shaped PIFA element. Figure 6 shows a comparison of the simulated radiation patterns for both the miniaturized antenna and the original PIFA in the E and H planes. A minor reduction in gain, about 0.55 dB at boresight, compared to the original square PIFA was observed in the simulated results. This is to be expected since gain is influenced by the electrical size of the antenna, which in the case for the Minkowski pre-fractal-shaped PIFA, which has been reduced by around 12.5%.




2.5. On Body Performance and SAR Analysis


Simulations were conducted using CST Microwave Studio to evaluate the on-body performance of the antenna and its compliance with safety regulations. In order to mimic the human body, a multilayer fantom was used, with different layers representing skin, fat, and muscle, etc. [23]. A reduction in the resonant frequency of the antenna was observed due to proximity to the high permittivity body tissues (Figure 7), whose properties are reported in Table 1. This can easily be resolved by scaling down the physical dimensions of the antenna even further and by re-optimizing the feed position. The resulting antenna has a slightly reduced impedance bandwidth (2.26 to 2.52 GHz); nevertheless, the ISM band (2.4–2.5 GHz) is still covered.



Figure 8 presents a comparison of the simulate radiation patterns of the Minkowski pre-fractal-shaped PIFA antenna while it is suspended in air and when it is placed on the human body. A slight reduction in gain can be observed, which is caused by the lossy high permittivity body tissue. The major impact of being in proximity to the human body can be seen on the increased cross-polar radiation levels. Despite the marked increase, cross-polar isolation remains better than 10 dB within the beamwidth of the antenna.



The results show (Figure 9) that the maximum specific absorption rate (SAR) averaged over 10 g of body tissue is about 9.6 W/Kg for the Minkowski pre-fractal-shaped PIFA. In order to improve the SAR performance, the ground plane was extended by 5 mm on three sides, leading to an overall ground plane size of 33.75 mm × 30.25 mm. The extension of the ground plane led to a drastic reduction in the SAR value, to a level of 2.91 W/Kg. Thus, the SAR level of the proposed antenna is well under the existing European [27] and North American [28] standards for devices worn on limbs (arms, legs, etc.), which is 4 W/Kg. The simulated on-body radiation efficiency of the antenna is over 60%.




2.6. Comparison with Other Miniaturized PIFAs


Table 2 presents a brief comparison of the designed antenna with other miniaturized PIFAs present in the literature. It can be observed that the proposed antenna is considerably smaller while offering comparable performance.





3. Experimental Results


The conventional PIFA antenna with a square radiating element and the Minkowski pre-fractal PIFA antenna with a T-shaped ground plane were manufactured in the Microwave Laboratory at the University of Calabria. A 300-micron copper sheet was used to fabricate the ground plane and the radiating elements, while the probe feed was replaced by an SMA connecter soldered on to the back of the ground plane. The reflection coefficient and gain measurements were conducted in an anechoic chamber in order to compare the performance of the two antennas. Figure 10 shows the manufactured prototypes along with a 50 cent (EUR) coin for size comparison. Due to the lack of a suitable human body fantom and test fixture, the on-body variant could not be tested at present but will be included in future contributions.



Overall, good agreement is obtained between the experimental and the simulation results (Figure 11). Variations in the resonant frequency are very small, less than 1%, which are likely to be due to acceptable tolerances in the fabrication process. The square PIFA is resonant at 2.73 GHz, while the Minkowski pre-fractal design resonates at a frequency equal to 2.34 GHz. When comparing the simulations, a very small reduction in the measured bandwidth can be appreciated for both antennas.



Boresight gain measurements were also conducted for both of the realized antennas in the anechoic chamber of the Microwave Laboratory at the University of Calabria. The two antenna methods were adopted by using a standard log-periodic antenna as a reference (Figure 12).



Figure 13 shows a comparison between the measured and simulated boresight gains for each of the manufactured PIFA prototypes. Although the measured values follow the same general pattern as the simulations, a better agreement is observed within the usable bandwidth of each antenna. Outside of the above band, the measured gains slightly taper away from the simulated results.



The measured radiation patterns of the Minkowski pre-fractal-based PIFA design are compared with the simulated results in Figure 14. The measured co-polar radiation pattern shows very good agreement with the simulated pattern, especially in the vicinity of the boresight. The cross-polar radiation pattern tends to exceed the levels expected from the simulations as the receiver moves away from boresight. Nevertheless, a cross-polar isolation of >10 dB is maintained, which is within the 3 dB beamwidth of the antenna.




4. Conclusions


A fractal-based design for a miniaturized Planar Inverted-F Antennas was introduced. By modifying the shape of the radiating element, the antenna was designed to resonate at a lower frequency than a standard PIFA with the same size. Despite miniaturization, the radiation pattern and usable impedance bandwidth were well preserveds by also exploiting the benefits achieved with the adoption of a defected ground plane. The proposed design offers potential applications where space-saving solutions are required, such as in the framework of wireless body area networks.
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Figure 1. (a) Conventional square-shaped PIFA element, and (b) Minkowski pre-fractal-shaped PIFA element. 
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Figure 2. Simulated reflection coefficient: comparison between the Minkowski pre-fractal-shaped PIFA and the conventional square PIFA design. 
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Figure 3. Simulated reflection coefficient of the proposed PIFA design for different slot depths. 
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Figure 4. Simulated reflection coefficient of the proposed PIFA design for different notch widths. 
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Figure 5. Simulated reflection coefficient for the Minkowski-pre-fractal-shaped PIFA (with and without T-shaped ground plane) compared to the original Square PIFA design. 
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Figure 6. Simulated radiation pattern for the Minkowski pre-fractal-shaped PIFA (with T-shaped ground plane) compared to the original Square PIFA design. 
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Figure 7. Simulated reflection coefficient for the Minkowski pre-fractal-shaped PIFA in air and placed on the human body. 
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Figure 8. Simulated radiation pattern for the Minkowski pre-fractal-shaped PIFA placed on human body tissue compared to the Minkowski pre-fractal-shaped PIFA in air. 
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Figure 9. SAR simulation for the Minkowski pre-fractal-shaped PIFA in the presence of human body tissue. 
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Figure 10. Photograph of the manufactured square (a) and Minkowski (b) PIFAs along with a side view (c) and details of probe feed and shorting plate (d). 
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Figure 11. Comparison of measured and simulated reflection coefficient for the manufactured prototypes. 
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Figure 12. Measurement setup for PIFA gain measurements (anechoic chamber at the Microwave Laboratory of the University of Calabria) along with the definition of the E and H planes. 
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Figure 13. Comparison of measured and simulated gains for the square PIFA and Minkowski pre-fractal-shaped PIFA. 
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Figure 14. Comparison of measured and simulated radiation patterns for the Minkowski pre-fractal-based PIFA design in the E and H planes at 2.34 GHz. 
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Table 1. Dielectric Properties of Body Tissue [24,25,26].
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	Tissue Type
	Relative Permittivity (εr)
	Loss Tangent (tanδ)





	Skin
	38.06
	0.28



	Fat
	5.28
	0.14



	Muscle
	52.79
	0.24
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Table 2. Comparison with other designs.
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	Reference
	Radiating Element Length
	Radiating Element Width
	Ground Plane Length
	Ground Plane Width
	Substrate Height
	Fractional Bandwidth (%)
	Gain (dBi)





	This paper
	0.14 λ
	0.14 λ
	0.33 λ
	0.16 λ
	0.031 λ
	14
	2.6



	Guterman et al. [29]
	0.15 λ
	0.24 λ
	0.67 λ
	0.30 λ
	0.077 λ
	17.5
	3.0



	Soh et al. [30]
	0.22 λ
	0.32 λ
	0.40 λ
	0.32 λ
	0.055 λ
	16
	3.1



	Saidatu et al. [31]
	0.18 λ
	0.18 λ
	No data
	No data
	0.053 λ
	20
	2.8



	Elfergani et al. [32]
	0.16 λ
	0.10 λ
	0.59 λ
	0.31 λ
	0.037 λ
	8.5
	2.4



	Gao et al. [12]
	0.39 λ
	0.55 λ
	0.77 λ
	0.51 λ
	0.070 λ
	18
	6.7



	Khan et al. [33]
	0.09 λ
	0.09 λ
	0.51 λ
	0.27 λ
	0.055 λ
	7.5
	2.8



	Ghazali et al. [34]
	0.17 λ
	0.17 λ
	1.65 λ
	0.88 λ
	No data
	No data
	6.7
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