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Abstract: This paper presents the design of wideband and high gain Frequency Selective Surface (FSS) loaded antenna for ultra-wideband (UWB) wireless applications requiring high-gain. The antenna consists of a monopole and an FSS reflector. Initially, a conventional rectangular monopole antenna is modified using slot and stub to achieve wide operational bandwidth and size reduction. This modified antenna shows 50% miniaturization compared to a primary rectangular monopole, having a wide impedance bandwidth of 3.6–11.8 GHz. Afterward, an FSS is constructed by the combination of circular and square ring structures. The FSS array consisting of 8 × 8-unit cells are integrated with the antenna as a reflector to enhance the performance of the proposed miniaturized UWB antenna. The loading of FSS results in an improvement of at least 4 dBi gain in the entire operational bandwidth. Moreover, the antenna's bandwidth is also increased at the lower frequency band due to the presence of the FSS. A prototype of the antenna is fabricated and tested to verify the simulation results. The simulation and measurement results show that the antenna offers a wideband –10 dB impedance bandwidth ranging from 2.55–13 GHz with a stable peak gain of 8.6 dBi and retains the radiation pattern stability.
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1  Introduction

The ultra-wideband (UWB) technology has received massive attention in telecommunication and sensing applications due to the provision of very high bit rates of 500 Mbps at a low cost [1,2]. This technology has a vital role in various applications, such as sensor networks, body area networks, health monitoring, navigation systems, smart homes, and pulse radars [3–7]. As the UWB systems engage in an ultra-wide bandwidth to obtain high data rates, UWB antennas must have steady responses regarding gain, impedance matching, radiation pattern, polarization, etc. In addition, antenna miniaturization is also required for today's modern devices; designing small-sized UWB antennas with the advantages of simple geometrical configurations with high-performance parameters (wideband, high-gain, radiation pattern stability) are the key challenges for antenna designers [8–10].

Various types of antennas, such as monopole antennas [11,12] and slot-based antennas [13–17], [16,17], have been recently reported in the literature for UWB communications. These antennas offer promising features such as low cost, low profile, compact size, and ease of integration. However, the performances of these antennas are highly affected by metallic and electronic components when placed in close proximity, causing an acute impedance mismatch. In addition, these antennas exhibit low gain and thus poor directivity. Therefore, antennas are not suitable for various operations that require high directivity characteristics. To overcome these challenges, Frequency Selective Surface (FSS) based UWB antennas are considered the most appropriate approach to improving the gain. In fact, the FSS reflector is capable of decoupling the antenna from proximate metallic components, consequently improving the overall compactness [18–20].

The FSSs are actually a kind of metasurfaces consisting of a thin array of conducting resonant elements [21]. The FSSs are designed either to reflect (band-stop FSS), transmit (band-pass FSS), or to absorb electromagnetic waves (absorber FSS), depending on the unit cell structure characteristics and the operating frequency [22]. However, conventional FSSs have some limitations, such as they exhibit a narrow bandwidth and a larger size, which further complicates the design of the antenna with the requirement of miniaturization. However, wideband characteristics can be realized by increasing the number of FSS layers at the expense of antenna profile and complexity [22,23]. Therefore, finding a compromise between getting a UWB response and making the antenna as compact as possible presents a real challenge for antenna engineers.

In literature, various designs of single and multi-layer FSSs have been presented for the performance enhancement of UWB antennas [18,24–30]. The UWB antenna with a single-layer FSS has a gain value of 7.9 dBi [18]. Also, a single-layer FSS is placed below a monopole antenna to enhance the antenna gain [24]. The proposed geometry attains a peak gain of 8.4 dBi in the operating band. In addition, a UWB antenna with a two-layered FSS reflector offers a peak gain of 8.5 dBi [25]. Another uniplanar hexagonal-shaped UWB antenna with an FSS layer is presented in [26]. The presented prototype attains an antenna gain of 8 dBi. Moreover, a semicircular UWB antenna with a split ring resonator based FSS proposed for bandwidth and gain enhancement is with a peak gain of 8.9 dBi [27]. The UWB antenna design in [28] incorporates a single-layer FSS to enhance the antenna gain. At the same time, a multi-layer FSS is investigated for UWB applications. The leaf-shaped UWB antenna with two-layered FSS has an improved peak gain of 8.7 dBi [29]. Similarly, the dual-layered FSS below the antenna to enhances the gain from 5.5 to 8.5 dBi [30].

This paper presents a low-cost and high gain UWB antenna covering all the UWB spectrum using a single-layered FSS. This antenna over-performs the existing antennas in terms of compactness and high gain characteristics. The antenna is printed on an FR-4 substrate. The rest of the paper is arranged as follows: Section 2 discusses antenna and FSS design methodology and operation of the antenna with FSS. Section 3 is devoted to antenna results, where the fabricated prototype and its measurement results are discussed. Finally, the paper is concluded in Section 4.

2  Antenna Design and Methodology

This section discusses the geometrical configuration, design methodology, and working principle of the proposed ultra-wideband antenna and FSS loaded antenna.

2.1 Design of UWB Antenna

The proposed miniaturized UWB antenna is the resultant of various design steps shown in Fig. 1. Initially, a rectangular-shaped monopole antenna operating at a quarter-wavelength is designed. The co-planar waveguide (CPW) feeding technique is utilized due to its numerous advantages, which, broad bandwidth, low radiation leakage, and ease of integration with another RF circuitry. The various dimensions of CPW fed rectangular monopole radiator can be estimated by using well-known equations provided in [31]. The rectangular monopole antenna consists of a compact size of 15 mm × 20 mm, while offering dual-band resonances having broad bandwidth of 2.1 and 4 GHz ranging from 3.9–6 GHz and 8–12 GHz, respectively, as depicted in Fig. 2.
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Figure 1: Design methodology of the proposed UWB antenna
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Figure 2: |S11| characteristics of the various antenna designs

To further reduce the antenna's physical size, a rectangular slot is etched from the top center of the rectangular radiator. The etching of the slot results in the conversion of a rectangular shape antenna into a ‘Y’ shaped serpentine structure. This results in the further reduction of the antenna size and has a dimension of 15 mm × 15 mm, while maintaining the antenna performance. In literature, various techniques are adopted to achieve ultra-wideband. The open-end stub loading technique is widely studied, having the advantage of a simple structure with miniaturization [32–34]. Therefore, a ‘T’ shaped open-ended stub is added to the antenna to achieve a wide impedance bandwidth, as shown in Fig. 2. Various antenna parameters, including the stub, are optimized to achieve compact size along with ultra-wideband spectrum. The final antenna offers a compact size of 15 mm × 10 mm, which is 50% miniaturized compared to the primary rectangular shape antenna, coving wide impedance bandwidth of 3.6–11.8 GHz (shown in Fig. 2).

2.2 Design of Frequency Selective Surface (FSS)

The FSSs with various shapes have been investigated in the literature [35]. The proposed FSS design combines well-known FSS structures (square and circular rings) to achieve a stopband characteristic at a wideband frequency to reflect the back-radiations for gain enhancement (depicted in Fig. 3). The low values of the |S12| is suggesting the passband (transmission type) nature of FSS, while its high values show the stopband (reflective type) FSS. Initially, a square looped unit element is designed and optimized, which gives a band stop function only at high frequencies, from 7–12 GHz, as shown in Fig. 4. Next, a circular loop is designed, and parameters are tuned to shift the stopband region to lower frequencies, that is from 3 to 8 GHz. Finally, both designs (square and circular rings) are integrated to develop a new kind of dual-loop FSS (shown in Fig. 3). This design has properties of both individual loops. Thus, a wide stopband from 2.8–12 GHz is obtained to reflect all the backward radiations to the broadside direction for improvement in gain.
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Figure 3: |S11| characteristics of the various antenna designs
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Figure 4: |S11| characteristics of the various antenna designs

2.3 Proposed FSS Loaded UWB Antenna

2.3.1 Geometrical Configuration of FSS Loaded Antenna

The geometrical configuration of the proposed UWB antenna and the antenna with FSS is shown in Figs. 5 and 6, respectively. The antenna and the FSS are printed on commercially available substrate material FR-4 having relative permittivity (εr), thickness, and loss tangent (tan δ) of 4.4, 1.6 mm, and 0.02, respectively. The overall size of the proposed CPW fed antenna is WS × LS × H (10 mm × 15 mm × 1.6 mm), which refers to the low profile and compact size (Fig. 5). The final design of the antenna consists of the FSS (designed in Section 2.2) and the UWB monopole. The antenna is placed above the FSS at the separation of s to reflect radiations for gain enhancement. Proposed UWB antenna as well as FSS is designed using Higher Frequency Structure Simulator (HFSS). The optimized parameters of proposed UWB antenna and FSS are as follow: Ls = 1.5; L1 = 6; L2 = 9.5; L3 = 1.5; L4 = 1; Ws = 10; a = 1; b = 1; s = 1; g = 5; h = 1.6; Cx = 4; Cy = 3.5; Ax = 5; Ay = 40; R1 = 2.25; R2 = 2; Fp = 4.5; d = 0.25; Mx = 40; s = 30 (units are in mm).
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Figure 5: Geometrical configuration of proposed antenna (a) top-view (b) side-view
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Figure 6: The geometrical configuration of the proposed FSS loaded UWB antenna (s = 30 mm)

2.3.2 Radiation Mechanism of the Antenna

The working principle of the proposed FSS loaded antenna is discussed in this section. The FSS is placed below the antenna to reflect the antenna's radiation coming in the backward direction. The antenna's gain increases when the reflected waves by FSS are in phase with the radiation by the antenna. Therefore, an essential factor is a gap between the UWB antenna and the proposed FSS, ensuring the constructive interference of reflected waves with directly radiated waves from the antenna. The following equation gives the approximate gap between the antenna and the FSS [36,37]:

φ−2βH=2nπ,where n=…−1,0,1…(1)

The gap between the unit cell and FSS must be an integer multiple of the wavelength at the central frequency. However, due to the wideband nature of FSS, the distance between the FSS layer and antenna is optimized to achieve maximum gain. The proposed antenna is placed on the top side of 8 × 8 array of 64-unit elements FSS, which is assembled by replication of the unit cell, as depicted in Fig. 6. The optimized value shows that the gap between FSS and antenna is 30 mm. The reflection coefficient and gain of the proposed UWB antenna with and with FSS is depicted in Fig. 7. The antenna without FSS operates at the wide band of 3.6–11.8 GHz, having a peak gain of 3.8 dBi. On the other hand, when the FSS is placed below the proposed antenna, the antenna offers improved bandwidth ranging from 2.61 to 13 GHz and a minimum peak gain of more than 5.4 dBi. It is noted that the reflector size comparable with the size of the antenna does not reflect the entire back-radiations. This means that the gain increment is limited with the smaller reflector size. With the larger size of the reflector (FSS), more backward radiation can be reflected, increasing the gain significantly. It is observed that 8 × 8-unit cell FSS offers optimal gain improvement.
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Figure 7: Simulated results of the antenna with and without FSS: (a) |S11| and (b) gain

3  Results and Discussion

The hardware prototype of the proposed antenna and antenna loaded with FSS are shown in Fig. 8 shows. The |S11| of the antennas are measured using Vector Network Analyzer (M9375A PXI) by KEYSIGHT Tech, having the operating range of 300 kHz to 26.5 GHz. A Styrofoam of 30 mm thickness is utilized carefully to realize the space between the antenna and FSS, as depicted in Fig. 8b. The foam is used due to its negligible effects on the performance of the antenna. The far-field characteristics of the proposed design are measured in a shielded anechoic chamber with the reference horn antenna placed at a distance of 3 meters. The measurement setup is set in such a way that the proposed antenna is placed at the receiver end and the horn antenna at the transmitter end.
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Figure 8: Fabricated prototype of the FSS loaded antenna

3.1 Reflection Coefficient

The comparison between the measured and simulated reflection coefficient |S11| of the proposed FSS loaded UWB antenna, and the antenna alone is plotted in Fig. 9. It can be observed that the simulated result of the antenna without FSS offers −10 dB impedance bandwidth of 8.2 GHz ranging 3.6–11.8 GHz. At the same time, the measured result offers |S11| < –10 dB impedance bandwidth of 8.7 GHz (3.4–12.1 GHz), which corresponds to 145% of fractional bandwidth for a central frequency of 6 GHz. On the other hand, the proposed antenna with FSS exhibits a wider –10 dB simulated and measured bandwidth of 2.55–13 GHz and 2.3–13.6 GHz, respectively. Generally, in both cases, a good agreement is observed for simulated and measured results.
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Figure 9: Simulated and measured |S11| of the antenna with and without FSS

3.2 Radiation Patterns

The simulated and measured radiation patterns of the ultra-wideband antenna (without FSS) at the selected frequencies of 5.2 and 8.8 GHz are shown in Fig. 10. The antenna exhibits an omnidirectional radiation pattern along H-plane for both frequencies, while a bi-directional radiation pattern was observed for the principal E-plane. The strong agreement between simulated and measurement results was achieved by using SMA connector modal and antenna in simulations just like the one utilized for measurement purposes which significantly reduces the mismatch.
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Figure 10: Radiation patterns of the UWB antenna without FSS (a) 5.2 GHz (b) 8.8 GHz

Fig. 11 demonstrates the surface current distribution of the proposed antenna at various selected frequencies. It could be observed that at the lower frequency of 5.2 GHz, the current is concentrated at the outer Y-shaped radiator, as depicted in Fig. 11a. On the other hand, at the higher frequency of 8.8 GHz, the surface current is concentrated at the bottom of the T-shaped stub, as shown in Fig. 11b. This effect is due to the phenomenon of the effective electrical length of the antenna, higher the frequency lower will be the electrical length, or vice versa.
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Figure 11: Surface current distribution of the UWB antenna at (a) 5.2 GHz (b) 8.8 GHz

On the other hand, when FSS is loaded at the backside of the antenna, FSS reflects all the electromagnetic waves (EM) coming from the antenna. The reflected EM waves constructively interfere with EM wave propagated upside of the antenna, due to which a broadside radiation pattern is noticed, as depicted in Fig. 12. The simulated and measured results of the antenna with FSS offer broadside radiation patterns at both selected frequencies. The backward radiations of the FSS loaded antenna can be further reduced by utilizing low-loss materials at the cost of a higher price.
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Figure 12: Radiation patterns of the proposed FSS loaded antenna (a) 5.2 GHz (b) 8.8 GHz

3.3 Gain and Efficiency

The gain of the antenna with and without FSS is shown in Fig. 13a. The antenna without FSS offers a gain of more than 2.5 dBi in the resonating area, having a peak value of 4.7 dBi. However, when the FSS has loaded with an antenna, the gain of the antenna increases significantly with an average increase of 4 dBi in the frequency range of interest. The FSS loaded antenna offers a peak value of 8.6 dBi at 8.8 GHz, while a minimum of 6 dBi is observed at 2.25 GHz. The strong agreement between simulated and measured results shows the performance stability of the proposed antenna. The antenna's total efficiency as a function of the frequency is shown in Fig. 13b. The efficiency is more than < 82% in the entire frequency range of interest due to the good impedance matching.
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Figure 13: Simulated and measured: (a) gain and (b) efficiency of the antenna

3.4 Performance Comparison

To demonstrate the potential of the proposed FSS loaded UWB antenna, the antenna's performance is compared with relevant state-of-the-art works (Tab. 1). The proposed antenna has an overall size of 40 × 40 × 30 mm3, which is smaller than the antennas shown in [18,24,25,27,30], except the antennas presented in [28,29]. However, the antenna in [28] has the disadvantages of narrow bandwidth and lower gain. Also, the antenna design given in [29], consists of double-layer FSS, which significantly increases the structural complexity. Thus, the proposed FSS loaded antenna offers a compact size, high gain, and broader bandwidth, making it a strong candidate for UWB applications requiring high gain characteristics.
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4  Conclusion

The design, characterization, and measurement of an FSS loaded antenna for ultra-wideband and high gain applications is presented. The UWB antenna is extracted from a conventional CPW fed rectangular shape quarter-wave monopole antenna with the help of a rectangular slot and open-ended ‘T’ shaped stub. The monopole shows 50% miniaturization compared to a primary rectangular patch antenna with a wide impedance bandwidth of 3.6–11.8 GHz. Later, an FSS of 8 × 8-unit cells are designed by integrating well-known square and circular loop shape FSSs and placed under the antenna for performance enhancement. Due to the FSS, at least 4 dBi increment in gain is improved in the entire frequency range of interest. Moreover, the FSS loaded antenna offers wide –10 dB impedance bandwidth ranges 2.55–13 GHz with a peak gain of 8.6 dBi. The strong comparison among simulated and measured results of various performance parameters of the proposed work demonstrates the performance stability of the presented work. The performance comparison shows that this antenna offers the advantages of simple geometrical configuration, wide bandwidth, and high gain, making it a strong candidate for applications requiring high gain characteristics.
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Table 1: Comparison of the proposed work with state-of-the-artwork for similar applications

Ref. Overall antenna Antenna Bandwidth Max. gain No. of
size volume (mm*) (GHz) (dBi) FSS layers
(mm x mm X mm)

[18] 85x 85x27 195075 3-12 7.9 Single

[24] 52x62.5x23.2 75400 3.1-18.6 8.4 Single

[25] (1) 82.5 x 82.5 x 22 149737 (i) 2.5-11 8.5 Single
(i1) 62.5 x 62.5 x 22 85937 (i1) 2.5-11

[27] 53.1x53.1x18.6 52543 3.16-15 8.9 Single

[28] 61 x 61 x 10 37210 3.05-11.9 7.68 Single

[29] 44 x 44 x 20 38720 3-14.64 8.7 Double

[30] 44 x 44 x 33.5 64856 3.05-13.4 8.5 Double

Proposed 40 x 40 x 30 48000 2.55-13 8.6 Single
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