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A substrate integrated waveguide (SIW) based spoof surface plasmon polariton (SSPP) is proposed for the design of bandpass filter (BPF). The left and right edge cutoff frequencies of the passband can be easily adjusted by changing the parameters of SIW and ring slot embedded into the SIW. Then, four half-wavelength circular slots are added on two sides of the SSPP located at the center of the circuit to introduce a high-selectivity notch band. In order to make the notch band switchable, four full-wavelength circular slots and four PIN diodes are applied instead of the four half-wavelength circular slots. As the PIN diodes are under the ON state, the notch band will be generated within the passband of BPF. On the contrary, as the PIN diodes are under the OFF state, the notch band will disappear. To validate the design idea, two BPF examples are fabricated and measured, whose simulation and measurement results are both in reasonably good agreement.
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INTRODUCTION
Surface plasmon polaritons (SPPs) are surface waves in the optical frequency band that propagate along the metal-dielectric interface but decay fast in the vertical direction [1]. In 2004, the concept of designer or spoof SPPs (SSPPs) was defined through the presentation of a periodic metal hole array structure that supports SPP-like mode with strong field confinement at microwave and terahertz frequencies [2]. From then on, the theory of SSPPs has been further improved [3], and the corresponding designs and applications have been further extended.
Numerous studies on SSPP-based devices and antennas have been presented in the recent decade [4–16], most of which are designed on the planar structures, such as SSPPs using PCB [5–13] and on-chip process [15, 16]. Utilizing the high-frequency cut-off characteristics of SSPP, the most common designs are SSPP based lowpass filters [12, 13]. Moreover, many SSPP based bandpass filters (BPFs) have been also designed through adding the balun or other high-pass characteristic structures [5, 6].
However, most of these reported works lack of the actively dynamic adjustment ability. Due to the increasingly complicated environments with different interferences, it is urgently needed to study the reconfigurable or switchable devices based on SSPPs, which is of great significance for the development of plasmonic integrated circuits applications. Especially, BPFs with notch band are of importance and usefulness to suppress unwanted signals at the frequencies of interest. Consequently, some works on notch filters based on SSPPs have been presented [17–20]. In [19], by changing the voltage of varactor diodes, the center frequency of the notch band can be tuned continuously, but the insertion loss performance is obviously deteriorated after introducing the notch. In [20], a switchable notch filter is proposed whose notch frequency can be changed by switching the states of the PIN diodes, however, the bandwidth of the notch band is very narrow and its selectivity is also not good.
Substrate integrated waveguide (SIW) naturally has the high-pass filtering characteristics, which has been widely applied in the design of microwave devices and antennas [21–24]. In this paper, a new BPF using SSPPs is proposed through loading ring slots and vias within the conventional SIW. Then, four half-wavelength circular slots are added on two sides of the SSPPs located at the center of the circuit to introduce a high-selectivity notch band. In order to make the notch band switchable, four full-wavelength circular slots and four PIN diodes with bias voltages are applied instead of the four half-wavelength circular slots. Two BPF examples with and without switchable notch bands are fabricated and measured for demonstrations.
BPF BASED ON SSPPS WITH A NOTCH BAND
A new SSPP unit cell based on SIW with a ring slot and a via hole is proposed, as shown in Figure 1A, where it is designed on the dielectric substrate with a relative permittivity of 2.65, a thickness of 0.5 mm, and a loss tangent of 0.0015. The via hole connected to the ground of the bottom metal layer is located at the center of the ring slot for each SSPP unit cell. The dispersion characteristics of the SSPP unit cell are analyzed with different radii of the ring slot r and different widths of the SIW w as shown in Figures 1B,C respectively, where the parameters in Figure 1A set as w = 9.8 mm, p = 2.6 mm, d1 = 0.5 mm, d2 = 0.85 mm, r = 1 mm, and s = 0.15 mm are as the default values.
[image: Figure 1]FIGURE 1 | (A) Schematic configuration of the proposed SSPP unit cell and its dispersion curves with different values of (B) parameter r and (C) parameter w.
In Figure 1B, as the parameter r decreases, the right-edge cutoff frequency will be increased, while the left-edge cutoff frequency remains essentially fixed. Additionally, as the SIW width w increases while other parameters remain unchanged, the left-edge cutoff frequency will be reduced but the right-edge cutoff frequency will keep the same as shown in Figure 1C. Therefore, it indicates that the left- and right-edge cutoff frequencies of the passband can be independently adjusted by changing the width of SIW walls and radius of ring slot embedded into the SIW, respectively, when this SSPP unit cell is used for the design of BPF. Consequently, the bandwidth and center frequency of the proposed SSPP-based BPF will be easily controlled by changing the geometric parameters of the SSPP unit cell.
Based on the above analysis, a corresponding BPF using the proposed SSPPs is designed. It consists of the following parts: microstrip lines as the input and output ports for connecting with the SMA connectors to measure the filter performance, a transition part by using a trapezoidal microstrip line and a smaller ring slot for the transition from microstrip line to SSPP waveguide, and a SSPP waveguide with seven periodic unit cells. The width of the microstrip line is set as w0 = 1.35 mm for realizing 50-Ω characteristic impedance. Then, four half-wavelength circular slots are added on two sides of the SSPP located at the center of the circuit to introduce a high-selectivity notch band. Figure 2 shows the schematic configuration of the BPF based on SSPPs with the high-selectivity notch band, where all parametric dimensions are listed in Table 1.
[image: Figure 2]FIGURE 2 | Schematic configuration of the BPF with a high-selectivity notch band.
TABLE 1 | Parameters of the Proposed BPF with A Notch Band.
[image: Table 1]In order to further quantitatively evaluate the performance of the BPF using the proposed SSPP, a prototype is fabricated as shown in Figure 3A with the same parameters in Table 1. The SMA connectors are used at the input and output ports for measurement. Figure 3B shows the comparisons between the simulated and measured S-parameters, where the left- and right-edges of the passband are at 11.3 and 24.1 GHz, respectively, basically consistent with the cutoff frequencies in Figure 1 for the parameters set in Table 1. Good agreement between the simulation and measurement of the S-parameters can be observed, where the center frequency is located at 17.7 GHz and the relative bandwidth is 72.3%. Slight discrepancies between the measured and simulated results are mainly due to the tolerance of manufacturing and manual soldering for connectors. The insertion loss and return loss within the passband but excluding the notch band are better than 1.7 and 11 dB, respectively. The notch band introduced by the half-wavelength circular slot resonators has high-selectivity characteristics with the center frequency at 16.7 GHz and bandwidth from 16.25 to 17.15 GHz. The rejection within the notch band can be up to 19.6 dB. Furthermore, the working frequency of the notch band can be moved if the lengths of the half-wavelength circular slot resonators are changed.
[image: Figure 3]FIGURE 3 | (A) Fabricated photograph of the BPF with a notch band and (B) the simulated and measured S-parameters of the BPF.
To verify the propagation characteristics of the SSPP waveguide with the notch band, the electric field distributions at three different frequency points located within the notch band and the passband, and at the out of the passband are illustrated in Figures 4A,B,C, respectively. For the notch frequency at 16.8 GHz in Figure 4A, the electric fields are mainly concentrated around the four half-wavelength circular slot resonators on both sides, and the electromagnetic waves disappear after going through the resonators. It indicates that the four resonators play the role of generating the notch band to reject the signal propagation. In Figure 4B, the SSPP waves can propagate efficiently through the waveguide at 22 GHz. In contrast, the SSPP waves decay quickly at the out-of-band, such as at 26 GHz in Figure 4C.
[image: Figure 4]FIGURE 4 | Simulated electric field distributions of the BPF based on the proposed SSPP at (A) 16.8 GHz, (B) 22 GHz, and (C) 26 GHz.
BPF BASED ON SSPPS WITH A SWITCHABLE NOTCH BAND
In order to make the notch band switchable, four closed-loop ring slot resonators and four PIN diodes are applied instead of the four half-wavelength circular slots, as illustrated in Figure 5. It is well known that a closed-loop ring slot resonator operates at the resonant frequency with one wavelength, therefore, herein it is called as the full-wavelength circular slot. The resonant frequency of the half-wavelength circular slot resonator is just about a half of the full-wavelength circular slot resonator. As the PIN diodes are under the ON state, the closed-loop ring slot resonators will be equivalent to the half-wavelength circular slots as shown in Figure 2, and the notch band will be generated within the passband of BPF. On the contrary, as the PIN diodes are under the OFF state, the notch band will disappear since the resonance generated from the full-wavelength circular slots will be excited at the out-of-band without influence on the passband.
[image: Figure 5]FIGURE 5 | Schematic configuration of the proposed SSPP-based BPF with the switchable notch band.
The PIN diodes BAR64-02v (from Infineon) with sizes of 1.6 mm × 0.8 mm are used and modeled based on the equivalent circuit models shown in Figure 6. As the PIN diode is under the ON state, the equivalent model is a series circuit of an inductance Lp = 0.4 nH and a small resistance Rf = 2.4 Ω. As the PIN diode is under the OFF state, it can be equalized as an inductance Lp in series with a parallel circuit of a small capacitance Cr = 0.12 pF and a large resistance Rr = 3,000 Ω. The four PIN diodes are bridged across the full-wavelength circular slot resonators as seen in Figure 5. The simple DC biasing circuit (bias voltage V = 1 V) with choke inductors (L = 220 nH) has little influence on the transmission performance of the filter. Therefore, the proposed BPF based on SSPPs has the switchable function of the notch band.
[image: Figure 6]FIGURE 6 | Equivalent circuit models of the PIN diode (A) under the ON state and (B) under the OFF state.
For demonstration, the proposed BPF based on SSPPs with a switchable notch band is fabricated and measured. Figure 7A shows the fabricated prototype of the proposed BPF and its simulated and measured S-parameters under the ON and OFF states of PIN diodes are shown in Figures 7B,C, respectively. The simulations and measurements are in reasonably good agreement, and the center frequency of the notch band is at 16.5 GHz when the PIN diodes are under the ON state. Compared with the results in Figure 3, the notch band has a slight redshift, which is probably due to the effective length of the half-wavelength circular slot resonator under the ON state of the switchable case larger than that of the fixed case in Figure 3.
[image: Figure 7]FIGURE 7 | (A) Fabricated prototype of the proposed BPF with a switchable notch band, and its simulated and measured S-parameters when the PIN diodes are under the (B) ON state and (C) OFF state.
CONCLUSION
In this paper, two BPFs based on the proposed SSPPs with a fixed notch band and a switchable notch band are presented. Four PIN diodes are bridged across the full-wavelength circular slot resonators to construct two switchable states, i.e., ON state and OFF state. The resonators behave as the half-wavelength resonators and full-wavelength resonators by switching the states of diodes. The measured results of the two BPFs are basically in good agreement with the simulated ones. Therefore, the presented works are of greatly promising potentials on the microwave switchable and adaptive devices and circuits.
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