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Abstract
Surface plasmon polariton has been structured based on the surface electromagnetic excitation which belongs at the metal-air or metal-dielectric interface. Due to the augmented field and intense confinement near the metal surface, they present various applications from high sensitivity sensors to reduced photon components. In this pare, a Band-Pass Filter (BPF) based on designer-surface plasmon polarizations has been structured using central frequency and adjustable bandwidth. It has been adjusted via varactor diodes which are placed in different positions in the T-shaped resonator. Considering the constraints and strengthen high field surface plasmon polariton polarizations, hearing and coupling is less than the usual microstrip. Three inductors are considered at different locations of the T-shaped resonator which can be controlled by DC bias voltage. Transition from the quasi-transverse electromagnetic mode of the microstrip to the misleading mode of surface plasmon polariton has been performed to excite SSPP based on the T-shaped resonator with g-distance coupling.
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1. Introduction
Surface plasmon polariton (SPP) has emitted an electromagnetic wave which happens at dielectric and conductor interface caused by the light coupling to collective electron oscillation [1]. As for its special feature, SPP let to break the diffraction constraint and light manipulation within sub-wavelength scales, and then strengthen the field concentration. Hence, SPP has been widely used in a wide variety of optical communication, photonic, and sensing fields [2-5].
SPP specific features such as slow-wave behavior and field limitations other than optical frequency regime make significant progress of components and devices. Due to natural occurrence of SPP in optical frequencies, different concepts are defined for SPP phenomenon in microwaves and terahertz frequency ranges. SSPP has mediated the surface electromagnetic waves disseminating through ridged metallic surfaces at frequency of microwave [6, 7]. 
Bandpass Filter (BPF) is the initial/final component of RF/microwave systems. Recent advances in demand for modern wireless communication and radar applications are high-performance, dynamic control RF subsystems. Therefore, adjustable microwave filters are interesting for researchers and electronic engineers. The conventional microwave filters typically utilize traditional micro-strip technology which affects radiation loss, hearing loss, and interconnection problems. Alignment between transmission lines is involved in the results and signal accuracy which can reduce the quality of RF systems [8]. The spoof surface plasmon polaritons based on RF systems are alternative solution to overcome this problem [9, 10]. SPP is surface electromagnetic wave closely related to the consistent oscillations of the free-electron density at the interface in the middle of dielectric and metal material, whereas it is found at near-infrared and optical frequencies. They exponentially putrefy in the direction perpendicular to the surface of the interference in which to be revealed the constraint and increase of the field below the wavelength [11, 12].
Because metal behaves like plasma with a negative transmittance at the light frequency, the SPP wave is supported by a metal-dielectric interference surface. However, metals exhibit properties such as a full conductor at microwave and terahertz frequencies. Therefore, exotic properties are not usually found in this frequency range. Recently, it has been revealed that semi-metals such as graphene and semiconductors have naturally supported SPPs at terahertz which can be used in optoelectronic devices such as solar cells, graphene as sensors, and also other nanophotonic and plasmonic devices [13-15].
However, to understand the SPP-like properties in the closeness of the metal-dielectric interference surface at microwave and terahertz frequencies, plasmonic metamaterials [16] which are proposed as ultra-long wavy metal surfaces with 2-dimensional cavities or 1-dimensional grooves is called SPP maker. The scattering curve and cutoff frequency for such a structure can be modified by physical parameters. Thus, these structures can conduct and manipulate electromagnetic waves at the sub-wave scale, which can be used to design transmission lines [17, 18] and filters [19-21], withal to excite antennas [22], amplifiers [23], terahertz switches [24] and adjustable filters [25-29].
In [25, 28], an adjustable band-stop behavior has been analyzed via changing the physical dimensions. In [26], a new spoof surface plasmon transmission line (SSP-TL) is proposed based on capacitor loading technique which make it more flexible and adaptive dispersion control which requires reduced line-width as compared to its conventional type to achieve an very slow wave and quietly applicable for compact systems. Even so, the presented structure in [25-27, 30] requires manual time adjustment with different parameter values ​​to belong adjustable feature. In [29], an adjustable band-pass filter is proposed based on transmission lines to control the low-high cut-off frequencies of the filter which is too large and complex for the operational prototype.
In this regard, this paper aims to design a new a two-layer and one-sided wavy-based BPF structure to transfer multiple bands. The cut-off frequency of all bands depends on different modes of approximate frequency of SSPPs which can be easily adjusted by the depth of the grooves. The proposed structure can be adjusted using varactor diodes which are placed in different positions in the T-shaped resonator. Considering the constraints and strengthen high field surface plasmon polariton polarizations, hearing and coupling is less than the usual microstrip. Three inductors are considered at different locations of the T-shaped resonator which can be controlled by DC bias voltage. Transition from the quasi-transverse electromagnetic mode of the microstrip to the misleading mode of surface plasmon polariton has been performed to excite SSPP based on the T-shaped resonator with g-distance coupling. 

2. Surface Polariton Plasmon and Its Stimulation Strategy 
Plasmon in the classical image is the mass oscillation of free electrons which is described with respect to the constant positive ions in a metal. The surface plasmon polaritons are surface electromagnetic waves that propagate along the interference surface between a metal and a dielectric material that the electromagnetic waves include surface charges. The first question is how to excite the surface loads? A polarized wave p reaches a flat interference plane at the collision angle θ1. The shock wave has a photon momentum ħkd in the dielectric with a refractive index nd. When the wave reaches the interference surface, it is propagated by reflecting waves at angles equal to the incident angle, and the momentum of the photons remains constant. In addition, the wave propagates in the metal in a new direction with a refractive angle θ2. The photon momentum is ħkm, whereas km=2πnm/λ and nm is the refractive index of the metal, and the momentum components are constant along the x direction. Let kdx=kmx that kdx=kd*sinθ1 and kmx=km*sinθ2. The Snell’s law can be presented as follows:
	(1)
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In general, the dielectric refractive index nd is larger than the metal type nm in visible spectrum [31]. Since nd>nm, the maximum value of θ2 is 90°, and θ1 is restricted. Beyond the angle limit, the wave cannot propagate through the metal, in which case the limited impact angle is called the critical angle θc that: sinθc=nm/nd.
The momentum of a wave along the surface with an angle of impact higher than θc is greater than what can be supported by metal. For p-polarized impact waves on the surface, the oscillating electric field creates surface charges at the interfering surface of the metal and dielectric, and the surface charges will be under a collective oscillation. Although the wave is completely reflected on the interference surface, due to the oscillating loads, the radiation fields penetrate into the metal. The evanescent fields are perpendicular to the interference surface.



Figure 1.  Schematic of the surface plasmon polaritons propagation between metal and air.

At the critical angle, the decremental length goes to infinity, but as the angle further increases, it rapidly decreases to the light wavelength. In these cases, the evanescent fields are more suitable for the incidence wave than the critical angle for the radiation coupling with the SPPs.
Since there is no vertical boundary on Ex, this component is fixed along the boundary. However, in the case of Ez there is no component perpendicular to E, Dz is a continuous component of D (there is no free charge), and Ez has to change if ε changes because: Dz=εdε0 and Ezd=εmε0Ezm. This discontinuity in Ez leads to polarized loads at the interference surface. From these simple assumptions, it is clear that polarized impact radiation does not normally cause load on an interfering surface. P-polarized wave automatically generates time-dependent polarized loads on the interfering surface. Being vertical E fields are needed to create surface charges; it is essential to consider P-polarized electromagnetic waves. In addition, the surface wave in any form must satisfy the electromagnetic wave equation in the two materials. If the plane x-y is an interference plane, for the wave propagated in the x direction as z> 0:
	
(2)
	



When z <0, and also:
	
(3)
	



Using Eq. 2 and Eq. 3 in Maxwell’s equation, ∇∙E=0, the components of the electric field can be presented as follows:
	

(4)
	



With considering Eq. 2 and Maxwell equation in the form ∇×E=-c-1∂H/∂t:
	(5)
	



That finally Eq. 6 can be attained:
	(6)
	



Where:
	(7)
	



In addition, I must note that the tangent components E and H are continuous according to the boundary conditions of the electromagnetic fields at z=0, i.e. Exd=Exm and Hyd=Hym, The relationship between the dielectric constants and the normal components of the wave vector will be in two space: kzd/kzm=-εd/εm. Then:
	(8)
	


Considering kxpp instead of kxpp, SPP scattering equation can be presented as follows:
	(9)
	


The SPP scattering curve shows nonlinear properties, which are portrayed in the Figure 2.


Figure 2. The scattering curves of a SPP wave

Ħkspp momentum of SPP wave is greater than the momentum of light in open space photons (ħk) for the same frequency (ω) which causes the momentum mismatch between light and SPP. This mismatch must be overcome by coupling the SPP and light modes at the interference surface when εd+εm=0.
Surface loads generate mass oscillations to excite SPPs. The dielectric constant of the metal εm has the shape of a free electron:
	(10)
	


Where, ωp is the bulk plasma frequency. For many metals, the frequency is in the ultraviolet wavelength range, whereas metal is not above that frequency. According to Eq. 10, SPP frequency can be attained by:
	(11)
	


 It can be seen that the SPP frequency is lower than the bulk plasma frequency.
Excitation of the SPPs described above occurred at a single-surface of interference between the dielectric and the metal. In contrast, a thick metal film bounded by a dielectric can excite two independent SPP waves at two surfaces including dielectric and metal. In this case, the evanescent fields of the two non-coupled SPP waves inside the metal cannot overlap [3]. In case of thin enough metal film, the evanescent fields of the two SPP waves inside the metal can overlap, and two SPP waves coupled between the two intervening surfaces appear. As a result, SPP waves are converted into two super-mods (coupled modes) including a symmetric mode (low frequency) and an asymmetric mode (high frequency) with a transverse electric field distribution. Figure 3 shows the metal bound between the dielectric and the dielectric between the sheet metal and the excitation state of SPP in both cases.


Figure 3. (a) The metal sheet (εr,2) and thickness t bounded by semi-infinite dielectrics (εr,1, εr,3) and support two modes of SPP (ab, sb). (b) A dielectric sheet (εr,1) with thickness t bounded by semiconductor metals (εr,2) and supports a symmetric bound mode. 

Thus, the electric field drop is very small in the symmetric SPP mode, because the electric fields penetrate deep into the dielectric, and the attenuation of the electric fields is much less than that of the SPP at the single interference surface. Thus, the symmetric SPP mode is also called the long-range SPP (LRSPP) that its LRSPP propagation length is also very long, 138 times longer than the individual SPP [32]. However, the electric field drop is very large in the asymmetric SPP mode, because the electric fields are primarily concentrated within the metal and the SPP modes show increasing limitations. Thus, the asymmetric SPP mode is basically called short-range SPP (SRSPP), and the propagation length is very short due to the very strong damping (strong ohmic drops) in the metal [33].
3. Theory and Principle of Multi-Band Plasmon Filter
In this work, a BPF based on designer-surface plasmon polarizations has been structured using central frequency and adjustable bandwidth which can be adjusted using varactor diodes and placed in different positions in the T-shaped resonator. The theory and principles of the proposed filter has been here explained.

3.1. Design theory and principles
Figure 4 shows the T-shaped resonator of the SPP along with the equivalent circuits to odd and even modes. This T-shaped resonator can be provided as two λg/4 resonators coupled via the K inverter provided by the SSPP transmission line section. The electrical length (degree) and the conductance (1/Ω) are in one part of the line (φ1/2, Y1) and another line (φk, Y1). Each wavy transmission line with metal strips on it has an electrical length and conductance Δφ' and ΔY'. By adjusting the taps’ length which can be longer or shorter than λg/4, a zero transmission can be generated at a frequency lower or higher than the desired pass band. Since the groove length is less than λg/4, thus, a zero transmission is produced in the higher stop band.




Figure 4. T-shaped resonator of the SPP along with the equivalent circuits to odd and even modes.
In the designed resonator, the resonance condition is defined as follows:
	(12)
	



Where, Yine is the conductance of even mode which is defined by:
	
(13)
	




Where, n = 4 and m = 2. Yino is the conductance of an individual mode which is defined by:
	(14)
	


As for Eq. 12 and Eq. 13, it is clear that φ1 affects both even and odd modes, whereas While φk only affects the even mode. Therefore, by adjusting the physical length, the equivalent electrical path for different frequency and even state frequencies can be changed.

3.2. Power supply network design
The SSPP T-shaped resonator is directly coupled to the power supply transition line of the SPP at the input and output of Figure 4. This transmission line must contain cellular arrays. The behavior of SSPPs has been analyzed by scatter plots. The emission characteristics of SSPP guided modes can be controlled by its structural parameters including distance between two grooves d, groove height h, metal thickness t and p lattice constant. Dispersion properties of the SSPP unit cell have been obtained by numerical simulation using CSTMWS.

3.3. Design of SSPP T-shaped resonator with odd-even mode analysis
Figure 5 shows a schematic of the proposed adjustable T-resonator with an odd-even mode equivalent circuit. Two varactor diodes (C) and one varactor diode (C1) are symmetrically placed in the X and Y directions and on the XY plane in the resonator.

 
Figure 5. Schematic of the proposed adjustable T-resonator with an odd-even mode equivalent circuit
Resonance schemes for the proposed resonator can be obtained by:
	(15)

	



Where, Yine and Yino are respectively the conductance of even and odd modes, respectively that are defined as follows:
	(16)

	


Where, Yine=Yin in case of:
	
(17)

	



Where, Yino=Yin while Y'M=jωC.
For odd and even mode admissions, the conductance matrix can be ​​expressed as follows:
	
(18)

	


In addition, the transmission zeros are expressed in the conductance parameter terms as follows:
	(19)
	Y12 = Y21 = (Yine + Yino)/2 = 0


According to Eq. 15, the varactor (C) affects both odd and even modes, whereas the varactor (C1) affects only the even mode. Because varactor C affects both odd and even modes simultaneously, whereas the central frequency of the degenerative mode can generally be varied by changing the bias voltage around varactor C.
The way is that, VC1 is essentially considered constant and the bias voltage (VC) around the varactor C changes, in which case the central frequency will be shifted. Then, VC is considered constant, and the bias voltage of diodes C1 changes. Since C1 only affects the even mode wave, the degenerative mode splits and the bandwidth is adjusted.
Also, modulation analysis is performed to design the BPF. The signal distortion based on two-tone method is proposed for it [34]. The simulated modulation product is obtained by using ADS harmonic equilibrium simulation around the lowest frequency f0 of the adjustable region. The two cases are distinguished by Δf which are located at the frequencies f1=f0-Δf/2 and f2=f0+ Δf/2.

4. Simulation Results of Discussion
Power supply network design results
The T-shaped resonator is directly connected to the SSPP transmission line at the input and output as shown in Figure 4. This transmission line contains alternating arrays of unit cell shown in Figure 6. The SSPP behavior is portrayed by the scattering diagram, where the blue line indicates the emission wave vector (k0) for the freely propagated wave and the green curve indicates the emission wave vector (ky) for the SSPP unit cell.
[image: ]
Figure 6. Dispersion curves of SSPP unit cell with bilateral grooves

The propagation properties of the guided modes can be controlled by its structural parameters including distance between two grooves d, groove height h, metal thickness t and lattice constant p. Since ky deviates from k0, there is a mismatch between their momentum and polarization. This mismatch leads to low productivity, so a conversion area must be designed to achieve a gradual conversion, as shown in Figure 7.
[image: ]
Figure 7. Dispersion curves associated with gradual conversion in a SSPP unit cell

As shown in Figure 7, the grooves height varies from h1 to h8 with equal steps which leads to relative adaptations between the wave vectors.
On the other hand, the designed filter has a dual-mode frequency response for each parametric analysis with respect to ll and lk in electromagnetic simulations. To attain the relevant results, first ll is changed by means of lk whereas keep the rest of the physical parameters constant. Both odd and even modes change, so the center frequency has moved downward.
[image: ]
Figure 8. S Simulation of T-shaped resonator based on the BPF with respect to the ll variation.
According to Figure 8, both odd and even modes have been changing. In the Figure 8, lk is changed by ll whereas other physical parameters are constant.
[image: ]
Figure 9. S Simulation of T-shaped resonator based on the BPF with respect to the lk variation.

As shown in Figure 9, the odd mode is fixed at a specific frequency, but the even mode moves to lower frequencies. Hitherto, the conditions of the modes have bed examined, and then the reflection and passage coefficients have been examined for the designed BPF with different distances g.
[image: ]
Figure 10. S Simulation of T-shaped resonator based on the BPF with respect to different distances g.

[bookmark: _Ref69830293]As shown in Figure 10, the property of each parameter S is obtained with four different distances. It can be seen that as the coupled distance increases, the input-output connection decreases due to the small capacity of the distance as a result of poor matching. To more verify the performance of the proposed scheme, it has been compared with the previous works which are presented in Table 1.
Table 1: Comparison of different situations for plasmonic filters
	Description 
	Method
	Tuning parameter
	Tuning method
	Cost-price
	Reference

	A graphene-based suspended nano-strip line is implemented for the integrated circuits at terahertz frequencies.
	Bandwidth of the band stop is tuned based on graphene tunable sensor.
	Bandwidth
	Static tune
	High 
	[15]

	Thin band-stop and multiple band-stop filters are obtained using CPW based on metal plasmonic waveguides which support SSPP.
	The central frequency is tuned by changing the dimensions of the unit cell. 
	Central frequency

	Static tune
	High
	[35]

	Capacitor of SSPP is to attain the scattering reset capability and filtering properties.

	Change of capacity value to attain scattering, cut-off frequency and operating band frequency characteristics 
	Cut-off frequency
	Static tune
	High
	[16]

	Bandwidth characteristics of the SSPP unit cell have been tuned.

	Variable capacitive components have been taken into the SSPP unit cell.
	Central frequency
	Dynamic tune
	High
	[17]

	Central frequency and BPF tunable bandwidth using T-shaped resonator based on SSPP 
	Reactors in T-shaped resonator structure to control single and even frequency modes
	Central frequency and bandwidth
	Dynamic tune
	Low 
	This paper



Alternating grooves with metal substrate support SSPP waves. Using impedance matching theory, a strip SSPP structure has been designed by converting the performance of traditional micro-strip lines and an SSPP structure using corrugated grooves. The simple meta-material between the SSPP and its wave field is returned due to the high electric field intensity under the toothed parts of SSPP strip section. This type of SSPP structure is feasibly to design and construct. As for the performed analysis in this paper, high efficiency of SSPP waves is revealed which can be a valuable guide to develop the SSPP circuits.

5. Conclusion
In this study, spoof plasmonics based band-pass filter using T-shaped resonator is proposed and structured by means of simultaneous resetting the central frequency and bandwidth. The proposed filter has proved to be superior than other plasmonic filters which have been compared with each other. It can accurately work by tuning the dynamics along with the central frequency and bandwidth of the meta-material filter. The simulation results revels that the central frequency moves downwards and also the settlement between the s parameters in different modes is achieved. Therefore, the suggested frequency spectrum tunable SSPP filter can presents a significant performance and flexibility which is practicable to be applied in advanced intelligent systems.
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