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Abstract: A single-layer design of non-uniform metasurface (MS) based circularly polarized (CP) antenna with wideband operation characteristic is proposed and investigated in this paper. The antenna is excited by a truncated corner squared patch as a primary radiating CP source. Then, a non-uniform MS is placed in the same layer with the driven patch. Besides increasing the impedance bandwidth, the non-uniform MS also generates two additional CP bands in the high frequency band, leading to significantly increase the antenna’s overall performances. The use of non-uniform MS distinguishes our design from the other CP MS based antennas in literature, in which the MS is formed by multiple uniform unit cells and placed in different layer with the radiating element. For validation, an antenna prototype, whose overall dimensions of 0.94 λo×0.94λo×0.06λo at the center operating frequency, is fabricated and experimentally tested. The measured operating bandwidth with |S11|≤-10 dB and AR≤3 dB is 27.1% (5.1–6.7 GHz) and the broadside gain within this band is from 5.7 to 7.2 dBic. Compared to the other related works, the proposed antenna has advantage of very wideband operation with single-layer design.
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1  Introduction

The use of circularly polarized (CP) antenna has been illustrated as a useful method for multipath interferences reduction as well as polarization mismatch mitigation. The antennas with simple design, low profile as well as wideband operation characteristics have received lots of attention from researchers. Single-fed patch antennas are considered as a potential candidate to satisfy the abovementioned requirements. However, an inherently narrow operating bandwidth (BW) caused by the high quality factor is a critical drawback of this antenna type [1]. Up to now, the task for BW enhancement of the single-fed CP patch antenna while maintaining low profile feature is still very challenging. The most common method is to employ a low permittivity substrate, which is constructed with an air gap between a ground plane and a radiating element [2–9]. This method can significantly increase the BW up to approximately 24% [9]. However, the antenna’s profile is typically higher than 0.1 λo (λo is the free-space wavelength at the center frequency). Alternatively, wideband performance is also attained by using a meandering probe fed technique [10,11]. Nonetheless, multiple stacked substrates are required in such designs, leading to high profile configuration. In recent years, metasurface (MS) have been widely applied to obtain the BW enhancement for microstrip patch or slot antennas while keeping low-profile structure [12–19]. The MS layer is generally formed by multiple periodical unit cells with various shapes, such as square, rectangular, H-shape, etc. Then, it is arranged above or below the radiating element. In general, this antenna type exhibits wide operation BW, which is typically less than 25%, and low-profile configuration of less than 0.1 λo. However, all of the abovementioned designs require for multiple printed layers. This makes the antenna more complicated and multi-layer design also causes some difficulties in fabrication. There are few single-layer antennas with wideband CP operation [20–22], but with limited BW of less than 20%.

In this paper, a low-profile MS based CP antenna with single layer and wideband operation characteristics is proposed for the C-band applications (4–8 GHz) [23]. It is noted that unlike the conventional CP MS antennas [12–19], where the MS is comprised of multiple uniform unit cells and positioned in different layer with the radiating source, this paper takes a different approach. Here, the MS is formed by non-uniform unit cells and designed in the same layer with the driven patch. The proposed MS is able to generate additional resonances, which are then combined with the original one from the driven patch to achieve wide operating BW. The proposed design is an extension of the work in [20], but with significant BW enhancement of about 40%. Besides, the use of non-uniform MS to improve the performance of CP antenna has not been presented in literature. These are the main contributions of our paper. The proposed design is first characterized in full-wave simulation tool High-Frequency Structure Simulator (HFSS) and then validated by measurements.

2  Principle for Operation

To have wideband operation, the driven patch and the MS are designed so that their operating bands are closed to each other. The square patch with corner truncation will work at the lowest band. Its dimension (Wp) for operation at the fundamental TM11 mode (fr) can be approximately defined by:





Wp=c2frεeff~c2frεr+12(1)

where c is the speed of light, ϵeff is the effective permittivity of the substrate. Next, the MS is designed to have operation in higher frequency band. The resonance of the surface waves, which propagate on the finite-sized MS, can be qualitatively calculated by [12,24]:





βsw=mπN×P;m=1,2,…(2)

where, βsw is the propagation constant, N and P is respectively the unit cell number and the cell’s periodicity. In this paper, the MS is formed by non-uniform metallic plates but with similar periodicity. Fig. 1 presents the dispersion diagram of different unit cells at the first two eigenmodes (transverse magnetic-TM and transverse electric-TE). As seen, the size of the metallic plate (Wo) has great impact on the operating behavior of the TM and TE modes. By properly choosing the value of m and N, multiple adjacent resonances can be achieved. For Case-1 with m = 2, the MS with 4×4 cells configuration is expected to work at 6.5 and 6.8 GHz. For Case-2 with m = 3, the 6×6 MS will have operation around 7.7 and 8.9 GHz.
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Figure 1: Dispersion diagram of different unit cells. The parameters are as follows: P = 8 mm, W1 = 7.5 mm, W2 = 5 mm

3  Antenna Design

3.1 Antenna with Uniform Metasurface

The geometrical configuration of the wideband CP antenna with uniform MS is illustrated in Fig. 2. The antenna is constructed with a driven microstrip patch, a MS and a ground plane. The antenna is fabricated on a single layer of a Taconic RF-35 substrate (permittivity of ϵr=3.5 and loss tangent of tanδ=0.0018). The driven patch with truncated corners acting as a primary radiating CP source of the proposed design is located at the center and surrounded by multiple MS unit cells. The antenna is fed by the 50 Ω SMA connector. The optimized design dimensions of this antenna are as follows: Ws = 32, Hs = 3, Wp = 13.3, d = 5, Lf = 13.5, Wf = 3, P = 8, W1 = 7.5, g = 0.3 (unit: mm).
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Figure 2: Geometry of the single-layer CP antenna with uniform MS

The previous studies [12–19] design the MS on a different layer from the driven element, which increases the design complexity and cost. In this paper, all of the radiating components are printed in the same layer. The evolution to achieve the final design is presented in Fig. 3. In the first stage, antenna without MS as Antenna-1 is considered. Then, the patch is embedded into the center of the 4×4 unit cells MS as Antenna-2 and finally, Antenna-3 is obtained by removing four center unit cells. The performance comparison of these antennas is presented in Fig. 4. The simulated data indicates that Antenna-1 has narrow band operation. When MS is introduced, additional bands in the high frequency region are observed in both |S11| and AR profiles. Finally, Antenna-3 shows significant enhancement in the operating BW of 21% (5.12–6.32 GHz). It is noted that, besides the lower resonances at 5.2 and 5.6 GHz in the |S11| profile produced by the driven patch, there also exist two additional resonances at 6.1 and 6.6 GHz. These resonances are generated by the MS and they are quite matched with the prediction band on the dispersion diagram in Fig. 1. In terms of AR, there are two CP bands around 5.3 and 6.1 GHz, which are respectively produced by the driven patch and the MS. For better demonstration, Fig. 5 presents the simulated results of |S11| and AR for different sizes of the patch (Wp) and the unit cell (W1). It can be seen that tuning Wp has strong impact on the lower |S11| resonances and the first CP band, which shift upwards as decreasing Wp. Meanwhile, the higher |S11| resonances and the CP band are almost stable with the variation of Wp. Similar behavior for higher band operation when tuning W1 can be observed in Fig. 5b. Two highest |S11| resonances and the second CP band move towards higher frequency range as decreasing W1. The data confirms that the patch is critical for the lower band operation, while higher range is produced by the MS.
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Figure 3: Design evolution of the final design
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Figure 4: Simulated performances of different antenna configurations. (a) |S11|, (b) AR
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Figure 5: Simulated |S11| and AR of Antenna-3 for different values of (a) W1 and (b) Wp

3.2 Antenna with Non-Uniform Metasurface

Based on the abovementioned design, additional array of MS is inserted as Antenna-4 depicted in Fig. 6. Similar to the previous MS, all the center unit cells of the additional 6×6 MS are removed. The optimized design dimensions of Antenna-4 are as follows: Ws = 48, Hs = 3, Wp = 13.3, d = 5, Lf = 16, Wf = 2.6, P = 8, W1 = 7.5, W2 = 5, g = 0.5 (unit: mm).
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Figure 6: Geometry of the antenna with non-uniform MS

The simulated performances of the antenna with uniform MS and non-uniform MS are illustrated in Fig. 7. It can be seen that by using non-uniform MS, an additional |S11| resonance at 7.1 GHz is generated for Antenna-4. Thus, the impedance BW of the antenna increases from 32.4% (4.92–6.82 GHz) to 42.9% (4.84–7.48 GHz). Besides, another CP band at 6.5 GHz is also realized and the overall 3 dB AR BW improves from 21% (5.12–6.32 GHz) to 26.6% (5.08–6.64 GHz). In fact, the additional |S11| and CP bands can be adjusted by tuning the size of the outer MS unit cell, W2. Fig. 8 shows the |S11| and AR for different values of W2. Obviously, tuning W2 only has significant influence on the highest |S11| and CP bands, which increase as W2 decreases. Meanwhile, the lower operating bands are almost stable with the variation of W2. In terms of broadside gain, Antenna-3 observes a significant drop in the high frequency region of greater than 6.2 GHz. For Antenna-4 with additional MS, the gain is increased in higher band and the gain is better than 6 dBi over very wide frequency range from 4.6 to 7.4 GHz.

[image: images]

Figure 7: Simulated (a) |S11|, (b) AR, and (c) gain of the antenna with uniform MS and non-uniform MS
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Figure 8: Simulated (a) |S11| and (b) AR of Antenna-4 with different values of W2

In order to optimize this antenna, the feeding line is very important parameter to the matching performance, which is demonstrated in Fig. 9. The simulated data indicates that increasing Lf results in better impedance matching. However, when Lf is larger than 18 mm, the matching is degraded.
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Figure 9: Simulated (a) |S11| and (b) AR results of Antenna-4 with different values of Lf

4  Measurement Results

The proposed wideband CP antenna using non-uniform MS was fabricated using etching technique as shown in Fig. 10. The antenna’s reflection coefficient was measured using the PNA Network Analyzer N5224A and the far-field characteristics were implemented in an anechoic chamber by Microwave Technologies Group [25]. The chamber is fully installed with electrically-thick foam absorber and two horn antennas are employed as reference antennas. The testing antenna is mounted on a computer-controlled rotating positioner. Generally, the measured data is well matched with the simulated one. It still exists several discrepancies due to the tolerance in fabrication and imperfection in measurement setup.
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Figure 10: Photograph of fabricated antenna

The simulated and tested |S11| results of the proposed antenna are presented in Fig. 11a. The antenna shows good impedance matching in a wide frequency band from 4.9 to 7.4 GHz, equivalent to 40.7%. Fig. 11b depicts the far-field radiation characteristics in terms of AR and realized gain in broadside direction. As observed, the measured 3 dB AR BW is 27.1%, ranging from 5.1 to 6.7 GHz, and along with this, the measured gain is from 5.7 to 7.2 dBic. Fig. 12 plots the antenna gain radiation patterns in two principal (x-z and y-z planes) at different operating frequencies. As observed, the right-hand CP (RHCP) is the dominant r mode over the left-hand CP (LHCP). At the broadside direction (θ=0∘), the polarization isolation defined by the difference gain levels of the RHCP and LHCP is higher than 16 dB. Besides, the front-to-back ratio is always greater than 15 dB in the whole band.
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Figure 11: Simulated and measured (a) |S11| and (b) AR and gain of the proposed antenna
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Figure 12: Simulated and measured gain radiation patterns of the proposed antenna. (a) 5.3 GHz, (b) 5.9 GHz, (c) 6.5 GHz

The performance comparison among the low-profile, wideband CP antennas is tabulated in Tab. 1. As seen, the presented antenna shows the best operating BW among the single-layer designs [20–22]. Besides, the presented work has wider BW than most of other multi-layer ones. Although the designs in [14,15] have wider operating BW, their structures are more complicated than that of the proposed design.

Table 1: Performance comparison among the low-profile, single-fed, wideband CP antennas

[image: images]

5  Conclusion

A single-layer MS based wideband CP antenna has been presented and investigated in this paper. This paper utilizes a non-nuniform MS, which has potential to not only increase the impedance BW but also produce two additional CP bands to significantly widen the overall 3-dB AR BW of the proposed design. The measurements implemented on a fabricated antenna demonstrate that wide operating BW of 27.1% (5.1–6.7 GHz) is attained. Additionally, the antenna also exhibits good radiation characteristics and gain in broadside direction of better than 5.7 dBic. The proposed antenna can be a potential candidate for communication systems in C-band, such as wireless local area network (WLAN), satellite, cordless telephones and so on.
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