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Miniaturized spoof SPPs filter
based on multiple resonators or 5G
applications

Behnam Mazdouri™, Mohammad Mahdi Honari? & Rashid Mirzavand*

This paper presents a novel and compact band-pass filter based on spoof surface plasmon polaritons
(SSPPs) concept for 5G applications. In the first place, an SSPPs unit cell including L-shaped grooves
and its equivalent circuit model are introduced. The obtained results from dispersion analysis

shows that cut-off frequency of the cell can be considerably decreased thanks to its geometrical
configuration. In the second place, a miniaturized SSPP transmission line (TL) consisting of the
proposed unit cell with cut-off frequency of 29.5 GHz is designed. Two mode convertors have been
employed for efficient connection between coplanar waveguides and SSPP TL. Moreover, a new
method based on loading one unit cell of SSPP TL by stub resonators is proposed in order to block a
specific frequency band. An equivalent circuit model for the cell with the resonators is proposed to
predict rejected frequency range. Thereafter, as an example of our method, a SSPPs filter operating at
26.5-29.5 GHZ is designed by means of connecting stub resonators with different lengths to provide
close resonance frequencies. The circuit model, full wave simulation, and measurement results are in
a good agreement. The results of proposed groundless SSPP TL and filter structures are promising to
make groundless 5G applications possible.

Over the years, the clients’ demands for wireless data services are increasing exponentially which are beyond what
the current fourth mobile generation resources can afford!. The revolutionary fifth generation of telecommunica-
tion devices or 5G is expected to support such a high demanded capacity with higher data rates®. Furthermore, 5G
brings an opportunity for such applications as massive MIMO?, Device-to-Device (D2D) or Machine-to-Machine
(M2M) communications, and Internet of Things (IoT)*. 5G is considered as a millimetre wave technology with
incredible data bandwidth, so that users will simultaneously send and receive nearly unfathomable amounts of
data. Designing a filter with controllable bandwidth for 5G applications comes in useful due to optimum usage of
spectrum resources. Spoof Surface Plasmon Polaritons (SSPPs) are good candidates for high-density integrated
circuits and components at millimetre-wave and Terahertz frequency ranges thanks to their groundless structure
and high field confinement’.

Surface plasmon polaritons (SPPs) are highly localized surface waves propagating parallel to the interface
of metal and dielectrics and decaying exponentially in the normal direction to the metal. Since the metal has
the similar property to plasma with a negative permittivity in the optical frequency region, SPPs only exists
naturally in visible frequencies®’. In virtue of perfect electric conductors of the metal at lower frequencies such
as far infrared, terahertz and microwave bands, the plasmonic waves cannot be efficiently confined to the metal.
To overcome the drawback at lower frequencies, the concept of spoof SPP (SSPP) metamaterials has been pro-
posed to simulate propagation of plasmonic waves by corrugating a metal’s surface as a unit-cell and repeating
it periodically cite®’. Excellent physical characteristics of the so-called SSPPs can be manipulated by adjusting
the geometrical parameters of the unit-cell conveniently.

Researchers have spurred a long-held interest to design electromagnetic structures based on SSPs concept in
microwave and terahertz frequency regions. To generate SSPPs mode, SSPPs can be integrated through mode
convertors to the conventional microwave or terahertz components, for instance, microstrip TL, coplanar wave
guide (CPW-line), and substrate integrated waveguides (SIWs)''!, or half-mode SIWs'2. SSPPs has a very
wide applications such as high efficiency SSPPs TL'*-'7, 3D SSPPs waveguides including one side L-shaped unit
cells'®, SSPPs antennas'®?!, splitters??, and filters**~%°. As a matter of fact, intrinsic slow-wave characteristic of
SSPPs makes it very good candidate in designing of various microwave filters with different performances such
as ultra-wideband®’, band-stop®'~** or multiband filters*.
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Figure 1. proposed unit cell (a) the schematic unit cell and (b) equivalent circuit model for two connected cells.

In previous researches in the field of designing filters with SSPPs, single-side and double-side SSP filters
with several band-rejection performance have been proposed by etching complementary Split-ring resonators
or SRRs*%. A broadband band-pass filter composed of two asymmetrically broken corrugated strips coupled
via the grooved strips with an embedded split ring resonator has been presented in*’. In another work, a band
rejection filter by using of embed multiple SRRs in SSPPs has been designed™®. In addition to using SRRs and
complementary SRRs in designing SSPPs filters, resonators with different configurations, for example, H-shaped
resonators and complementary H-shaped slots have been utilized in a SSPP filter, so that complementary slots
of the H-shaped periodic conductor units are embedded by multiple smaller H-shaped conductor strips in the
middle®. In other proposed SSPPs filter configurations, a series of rectangular slots in the centre of metal strip¥,
a capacitive-coupled series SSPPs comprised of two H-shaped unit cells separated by a gap®, and two H-shaped
cells in the center of non-periodic SSPPs fed by a CPW with defected ground planes* have been employed to
design SSPPs band-stop filters. Furthermore, metamaterial particles are introduced in the vicinity of the ultrathin
corrugated metallic strip for controlling frequency rejections of SSPPs*’. Moreover, To miniaturize SSPPs filters
a multilayer SSPP band-pass filter based on the meanderline technology has been proposed*!.

However, using multilayer structure, feeding SSPPs structures by SIWs or half mode SIWs, and utilizing
coupled resonators in the vicinity of SSPPs TL (top or bottom coupling to SSPPs) make the designs either large
and bulky or difficult for fabrication and integration to the other components. Also, in previous designs several
resonating elements with exactly same dimensions were replicated to reject only a specific frequency region which
results in longer size. Besides, some of the above-mentioned designs employed resonating elements with several
geometric parameters which give rise to complicated design process. Here, firstly; we proposed and modelled a
new 2D unit cell with increased inductive and capacitive parts compared with conventional H-shaped unit cell
used in the previous designs to miniaturized size of a one layer two-side SSPPs TL. The SSPPs TL is fed by CPW
lines through our proposed mode convertors. Secondly; we put forward a new simple method to reject undesired
frequency regions by adding stub lines to inside of the designed unit cell. In fact, only one unit cell loaded by the
mentioned stubs is adequate for rejection of a specific frequency region; therefore; our proposed structure can
be used for connecting two one layer SPP structres in the left and right sides, for example, a SSPP TL and an SPP
antenna in order to reject undesired frequency ranges. Furthermore, based on the proposed lumped element
model, frequency response of the designed TL and band-rejected filter were predicted. Thereafter, a filter operat-
ing at 5G frequency band has been designed by manipulating rejection bands by means of stubs with different
lengths inside the unit cell. The proposed structure based on this method is a compact and simple design which
can be used in rejecting undesired frequency ranges.

Results

Proposed unit-cell and its equivalent circuit model.  Figure 1a depicts the proposed unit cell consist-
ing of a corrugated metallic surface with double-side L-shaped grooves. Characteristics of the SSPPs unit cell
are controlled by its geometrical parameters, which are the gap between grooves g, the width of cell w, L-shaped
dimensions including width of I, and length of [,, width of central conductor d , and period of p. By referring
to the ground plane at infinity in SSPPs, the equivalent circuit model for the unit cell is presented in Fig. 1b.
To model electric field in the gap between L-shaped grooves and next cell, the capacitances C,,; connects the
two cells. Also, C,, is the capacitance between L-shaped grooves and central conductor in one unit cell, and
C, is the capacitance between the cell to a isolated ground plane in infinity. The equivalent inductors Ls;, Lsa,
Ly1, Ly> model the surface current at the SSPPs cell. Inductive and capacitive components can be calculated
analytically*>*.

To study the SSPP behaviour of the proposed unit cell in periodic mode, Eignmode analysis has been per-
formed to calculate dispersion diagram of TM polarized wave in the introduced structure. In our analysis,
we assume that the corrugated metal with L-shaped grooves is printed on a 0.2 mm thick dielectric substrate
RO4003 with dielectric constant of 3.55 and loss tangent of 0.002. The conductor is chosen as annealed copper
with film thickness of 18 um. The dispersion curve of the fundamental mode for the proposed unit cell are shown
in Fig. 2a—c. Figure 2a plots the dispersion curves of SSPP cell for various lengths of ,. The other parameters
aresetas p = 0.7 mm, [y = 0.5mm, d = 0.54 mm, W = 2.34 mm, and ly + g = 0.48 mm. According to Fig. 2a,
increasing the length of [, from 0.02 to 0.4 mm decreases the cut-off frequency of the unit cell from approximately
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Figure 2. Dispersion diagrams showing the effect of geometrical parameters variation. (a)

Varying [, by keeping W = 2.43,]; = 0.5,p = 0.7,d = 0.54, and [, + g = 0.48. (b) Varying
d by keepingW = 2.34,1, = 0.5,p = 0.7,1, = 0.43, and ¢ = 0.05. (c) Varying L, by keeping,,
W—1, =04, ly =0.43,p = 0.7,d = 0.54,¢ = 0.05 (all dimensions are in mm). CST microwave studio 2020

(https://www.3ds.com/products-services/simulia/products/cst-studio-suite/) and MATLAB 2021 (https://www.

mathworks.com/products/matlab.html) were used to generate this figure.
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Figure 3. Schematic picture of the proposed transition with gradient L-shaped grooves and two
flaring grounds. Detailed dimensions are determined as := w; = 0.715, w, = 0.76, w3 = 0.84, w4 = 1,

ws = 1.24,ws = 1.74, w7 = 2.34, 1,1 = 0.3, 1, = 0.38,1,3 = 0.42, L,y = 0.5,1,5 = 0.52,

Ls = 0.6,1,7 = 0.65, L = 0.17, 1y = 0.18, 13 = 0.45,Lxs = 0.5,d = 0.34,d, = 0.54,

g = 0.05,p = 0.7,e = 0.22 (all dimensions are in mm). CST microwave studio 2020 (https://www.3ds.com/

products-services/simulia/products/cst-studio-suite/) was used to generate this figure.

47-28 GHz. This means nearly 41% decreasing in cut-off frequency compared with conventional H-shaped
unit cell (for [, = 0). Figure 2b presents dispersion curves for various d values while other parameters have
constant values: p = 0.7 mm, ¢ = 0.05mm, [, = 0.5mm, ly = 0.4 mm, and W = 2.34 mm. Figure 2c compares

the cut-off frequencies of the unit cell for different values of I, while other parameters are constant, p = 0.7 mm,
g =0.05mm,d = 0.54mm, ], = 0.4mm,and W — [, = 0.4 mm. It is obvious from the Fig. 2c that lower cut-off

frequency can be achieved by increasing the parameter Iy.
In this section, we intend to present a miniaturized SSPPs TL comprised of the unit cell

Proposed SSPPsTL.

with L-shaped grooves opearating at 28 GHz for 5G applications. For this purpose, we designed a unit cell with
cut-offfrequency of 29.5 GHz, and the obtained dimensions are:d = 0.54, W = 2.34,1, = 0.5,p = 0.7, ly = 0.43,
and g = 0.05 (all dimensions are in mm). In order to apply SSPP modes in microwave and millimetre wave cir-
cuits, we need to design mode convertors according to the introduced unit cell. Figure 3 demonstrates the sug-
gested mode convertor so as to connect the conventional CPW line to the SSPPs TL. In transition part, to have
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Figure 4. The proposed SSPPs TL. (a) Top view of the proposed SSPPs TL. Detailed dimensions are determined
as: g3 = 0.05, w8 = 2.43,e = 0.225,1,,5 = 0.1,1,8 = 0.43 (all dimensions are in mm). (b) Transmission

and reflection coefficients of the lossless SSPPs TL from equivalent circuit model compared with full wave
simulation. (¢) Simulated electric field distributions of the proposed at the frequency of 28 GHz and (d) 30 GHz.
CST microwave studio 2020 (https://www.3ds.com/products-services/simulia/products/cst-studio-suite/) and
MATLAB 2021 (https://www.mathworks.com/products/matlab.html) were used to generate this figure.

an efficient conversion from the quasi TEM mode of the CPW line to SSPP TM mode, the width of unit cells are
gradually increased and altered to L-shaped configuration. Additionally, the flaring grounds with exponential
outline are employed to smoothly omit the metallic ground planes in both sides. According to the Fig. 3, the
exponential curve of ground planes can be determined by starting point (x1, ¥1) and ending point (x5, y2), and it
can be optimized to have a good matching between the CPW line and the SSPP TL.

The parameters Wy and g1 shown in Fig. 3 are chosen 0.715 mm and 0.05 mm respectively to get 50-ohm
impedance for the CPW line. The detailed dimensions of other parameters were given in Fig. 3.

Figure 4a illustrates our proposed SSPPs TL on a 0.2 mm thick dielectric substrate RO4003 with dielectric
constant of 3.55 and loss tangent of 0.002. The line consists of three concatenated parts, which are two 50-ohm
CPW line on the left and right sides with length of I, two mode convertors on the both sides with length of /;, and
groundless SSPPs TL with length of I;. The length of [; was set to 13.4 mm equal to 1.25 of wave-length at 28 GHz
in free space. The designed 50-ohm CPW line and mode convertors, dimensions were preceded in Fig. 3, have
been utilized to attain SSPP TM mode for feeding SSPPs part. To predict transmission and reflection coefficients
of the SSPPs line, the suggested circuit model in Fig. 1b comes in handy to analytically model corrugated metals
with L-shaped grooves with different width from wy to ws.Furthermore, for the rest of corrugations with width
of di, d», and wy to wy, CPW lines with curvy ground planes were considered for the modelling. For instance,
the corrugation with width of w, can be modelled as a CPW line with a gap between maximum and minimum
distance of central conductor to its curvy ground. A similar approach reported in previous studies has been
employed as a starting point for modelling of the SSPP TL*>*, For the 50 ohm CPW line (Wy) and a part of
transition (W1, di, W, da, and W3), eight CPW lines with different distances to the ground planes on the sides
were used. The rest of transition part was modelled like the SSPP line. Then the model with this approach was
optimized to have similar S-parameters obtained from the full wave simulation. According to the Fig. 1b, values
of the circuit components for the proposed one unit cell of the SSPP TL are: Ly; = 0.05 nH, Ly, = 0.09 nH,
Ly = 0.02 nH, Lg; = 0.17 nH, Cyp = 1fE C; = 34 {E, Cp1 = 300 fE. Figure 4b presents the transmission and
reflection results corresponding to proposed model and full wave simulations. From Fig. 4b, it is conspicuous
that the obtained results are in good agreement.

In order to give a physical insight to the operating mechanism of the SSPPs line at the frequencies upper and
lower than the cut-off frequency of 29.5 GHz, the simulated electric field distribution at 28 GHz and 30 GHz
were shown in Fig. 4c, d, respectively. As shown in Fig. 4c, the electromagnetic wave propagates at our desired
frequency of 28 GHz, but at 30 GHz it will be blocked at the beginning of SSPPs line by the designed unit cell.

Band-Rejected SSPPs TL with one unit cell loaded by resonating elements. Since we intend to
reject a specific frequency range lower than the cut-off frequency of the unit cell, we add resonating elements to
the circuit model shown in Fig. 1b. A certain frequency range can be rejected by designing a resonating element
which resonates at that frequency. Utilizing this element means adding inductive and capacitive components
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Figure 5. Connection of stub resonators to the SSPP line. (a) The unit cell with connected stub resonator and
its circuit model. (b) A SSPPs TL with a unit cell loaded by stub resonators in three cases, ] = 0.73 in case I,

I = 0.83in case II, I = 1in case III. CST microwave studio 2020 (https://www.3ds.com/products-services/simul
ia/products/cst-studio-suite/) was used to generate this figure.
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Figure 6. Results of SSPPs TL loaded by stub resonator. (a) Transmission coeflicient obtained from the
proposed model compared with the full wave simulations. Electric field distribution of the filter at (b) 25.2 GHz,
(c) 24.3, (d) 23.2 GHz. Keysight 2021 (https://www.cmc.ca/keysight-pathwave-cmc-00200-00872/) software and
MATLAB 2021 (https://www.mathworks.com/products/matlab.html) were used to generate this figure.

(@

to the circuit model. Regarding the geometrical feature of L-shaped grooves in the proposed unit cell, it is very
simple to increase coupling between cells. Figure 5a presents our proposed stub resonator connected to the cell.
The equivalent circuit model of the unit cell loaded by the resonating element was shown in Fig. 5a. According
to Fig. 5a, connecting a stub with length of I to the L-shaped grooves either easily increase coupling between two
cells or add inductive component to the model. In the model L,1, L2, C1, and C, represent inductive and capaci-
tive components related to the resonator. Furthermore, in the cell with resonator, the capacitive components C,;
and C,,;; have been replaced by the C,,; and Cpo.

Figure 5b demonstrates the designed SSPPs line including two stub resonators connected to the L-shaped
grooves of one unit cell in three cases. From case I to Case III the length of stubs have been increased (I = 0.73
in case I,I = 0.83 in case II, I = 1in case III) with constant w, and I, to achieve different resonant frequencies.
According to this figure, the length of L-shaped grooves in the next cells I, Ics, and Iy can be tuned to have
a better impedance matching to the CPW. For example, the dimensions in Fig. 5b are as: w, = 0.05, [, = 0.4,
;7 = 0.5,Ixs = 0.4, Iy9 = 0.3 for the designed SSPPs TL in Fig. 4a.

The three cases in Fig. 5b were modelled by using of the equivalent circuit in Fig. 5a. Figure 6a shows the
transmission coefficient obtained from the analytical model compared with the full wave simulations. As can be
seen in this figure, the obtained resonant frequencies for the connected stub in the case I to case Il are 25.2 GHz,
24.3 GHz, and 23.2 GHz respectively. It is worth mentioning that existence of the transmission peaks at the
frequencies above the cutoff frequency is because of back and forth transformation of magneto inductive waves
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Figure 7. Proposed SSPPs filter (a) Schematic picture of the designed SSPPs filter consists of stub resonators
with different lengths. (b) The fabricated filter. (¢) Simulated scattering Ansys 2021 (https://www.cmc.ca/ansys-
campus-solutions-cmc-00200-04847/) parameters compared to the measured ones.

to SSPP. In other words, the two stubs on the two sides and L-shaped coupled unit cells cause this effect. Similar
results have been reported in the previous studies**.

To have a better physical sense of frequency rejection by the proposed method, Fig. 6b—d shows the electric
field distribution at the resonant frequency of the resonators 25.2 GHz, 24.3 GHz, and 23.2 GHz, respectively.
In Fig. 6b. It is obvious that the electromagnetic wave has been blocked at the mentioned frequencies by the
connected stubs.

Proposed SSPPs filter with multiple cells loaded by resonating elements. Regarding the results
obtained so far, we aim to manipulate rejection bands for designing a SSPPs filter. Based on the aforementioned
method, only one unit cell loaded by the stub resonator is enough for rejecting a specific frequency range. For
manipulation of the stop-band in a SSPPs filter, we propose utilizing multiple stub resonators with different
lengths simultaneously. Figure 7a reveals the proposed filter including three unit cells loaded by resonating
stubs with different lengths [; to I4. The length of stubs ; to I4 can be determined analytically so as to resonate
at close frequencies. Designing stub resonators with close resonances results in rejection of a wider frequency
range as wide as required for different applications. Figure 7b shows the fabricated band-pass filter operating at
26.5-29.5 GHz, which the dimensions are as:ly = 0.73,l, = 0.83,]3 = 1,14 = 1.2,1,7 = 0.5, 1,10 = 0.2 (all units
are in mm). The upper cut-oft frequency has been dedicated by the dimension of the unit cell at 29.5 GHz which
has been discussed in previous sections. Figure 7¢ illustrates the scattering parameters of the fabricated filter in
comparison with the simulation ones.

Figure 8 shows the electric field distribution of the filter at different frequencies to give a physical insight into
the operating mechanism of the proposed filter in stop-band and pass-band. Figure 8a, b shows electric field
distribution blocked by the proposed stub resonators at 23.6 GHz and 24.5 GHz, respectively. It is conspicu-
ous that at 23.6 GHz longer stubs play key role in rejection of input wave while at 24.5 GHz shorter stubs are
responsible for rejecting the input wave.
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Figure 8. Electric field distribution of the filter at (a) 23.6 GHz, (b) 24.5 GHz, (c) 28 GHz, (d) 30 GHz. CST
microwave studio 2020 (https://www.3ds.com/products-services/simulia/products/cst-studio-suite/) was used to
generate this figure.

Discussion

In summary, we have proposed a new unit cell with L-shaped grooves to design either a miniaturized SSPPs
TL or a novel filter with simple design procedure. Dispersion analysis of the unit cell indicates that it comes in
useful to considerably reduce size of the SSPPs structures. The conventional CPW has been employed to excite
the minijaturized SSPPs TL through two novel transition sections for smoothly converting the CPW mode to
the SSPP mode. Moreover, a new method is presented to reject a specific frequency range by means of loading
merely one unit cell of the SSPP TL with stub resonators. In fact, geometrical feature of the unit cell provides a
potential to simply increase coupling between cells by connecting it to the stub resonators. Thereafter, by using of
this method, a SSPPs filter operating at 26.5-29.5 GHz is suggested. Upper cut-off frequency of the filter can be
dedicated by dimension of the cell while lower cut-oft frequency can be determined by manipulating of physical
dimensions of the added stub resonators. The performance of the filter has been analysed using our proposed
equivalent circuit models for the unit cell and stub resonator. Good agreement has been found between results
from the analytical models, full wave simulation, and measurements. Finally, the proposed SSPP TL and filter
are compact and easy for fabrication and integration. Such advantages comes in handy to make groundless 5G
devices possible.

Received: 6 July 2021; Accepted: 8 November 2021
Published online: 19 November 2021

References
1. Zeng, J. & Luk, K.-M. Single-layered broadband magnetoelectric dipole antenna for new 5g application. IEEE Antennas Wirel.
Propag. Lett. 18,911-915 (2019).
2. Irshad, M. N, Du, L., Khoso, I. A., Javed, T. B. & Aslam, M. M. A hybrid solution of sdn architecture for 5¢ mobile communication
to improve data rate transmission. In 2019 28th Wireless and Optical Communications Conference (WOCC), 1-5 (IEEE, 2019).
3. Zhao, L., Zhao, H., Zheng, K. & Xiang, W. Massive MIMO in 5G Networks: Selected Applications (Springer, 2018).
4. Mei, G, Xu, N,, Qin, J. & Wang, B. & Qi, P (Applications, technologies, and challenges. IEEE Internet of Things Journal, A survey
of internet of things (iot) for geo-hazards prevention, 2019).
5. Shen, X., Moreno, G., Chahadih, A., Akalin, T. & Cui, T. J. Spoof surface plasmonic devices and circuits in thz frequency. In 2014
39th International Conference on Infrared, Millimeter, and Terahertz waves (IRMMW-THz), 1-1 (IEEE, 2014).
6. Barnes, W. L., Dereux, A. & Ebbesen, T. W. Surface plasmon subwavelength optics. Nature 424, 824-830 (2003).
7. Maier, S. A. Plasmonics: Fundamentals and Applications (Springer, Berlin, 2007).
8. Pendry, J., Martin-Moreno, L. & Garcia-Vidal, F. Mimicking surface plasmons with structured surfaces. Science 305, 847-848
(2004).
9. Maier, S. A., Andrews, S. R., Martin-Moreno, L. & Garcia-Vidal, E Terahertz surface plasmon-polariton propagation and focusing
on periodically corrugated metal wires. Phys. Rev. Lett. 97, 176805 (2006).
10. Guan, D.-E, You, P, Zhang, Q,, Xiao, K. & Yong, S.-W. Hybrid spoof surface plasmon-polariton and substrate integrated waveguide
transmission line and its application in filter. IEEE Trans. Microw. Theory Tech. 65, 4925-4932 (2017).
11. Chen, P, Lj, L., Yang, K. & Chen, Q. Hybrid spoof surface plasmon-polariton and substrate integrated waveguide broadband
bandpass filter with wide out-of-band rejection. IEEE Microwave Wirel. Compon. Lett. 28, 984-986 (2018).
12. Zhao, L. et al. A band-pass filter based on half-mode substrate integrated waveguide and spoof surface plasmon-polaritons. Sci.
Rep. 9, 1-8 (2019).
13. Kianinejad, A., Chen, Z. N. & Qiu, C.-W. Full modeling, loss reduction, and mutual coupling control of spoof surface plasmon-
based meander slow wave transmission lines. IEEE Trans. Microw. Theory Tech. 66, 3764-3772 (2018).
14. Kianinejad, A., Chen, Z. N. & Qiu, C.-W. Low-loss spoof surface plasmon slow-wave transmission lines with compact transition
and high isolation. IEEE Trans. Microw. Theory Tech. 64, 3078-3086 (2016).
15. Ye, L., Feng, H., Li, W. & Liu, Q. H. Ultra-compact spoof surface plasmon-polariton waveguides and notch filters based on double-
sided parallel-strip lines. J. Phys. D Appl. Phys. 53, 265502 (2020).
16. Feng, W., Feng, Y., Shi, Y., Shi, S. & Che, W. Novel differential bandpass filter using spoof surface plasmon-polaritons. IEEE Trans.
Plasma Sci. 48, 2083-2088 (2020).
17. Ping, R., Ma, H. & Cai, Y. Compact and highly-confined spoof surface plasmon-polaritons with fence-shaped grooves. Sci. Rep.
9, 1-6 (2019).
18. Tian, L. et al. Compact spoof surface plasmon-polaritons waveguide drilled with 1-shaped grooves. Opt. Express 24, 28693-28703
(2016).
19. Liu, L., Chen, M. & Yin, X. Single-layer high gain endfire antenna based on spoof surface plasmon-polaritons. IEEE Access 8,
64139-64144 (2020).

Scientific Reports |

(2021) 11:22557 | https://doi.org/10.1038/s41598-021-01944-6 nature portfolio


https://www.3ds.com/products-services/simulia/products/cst-studio-suite/

www.nature.com/scientificreports/

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.
34.

35.
36.
37.
38.
39.
40.
41.

42.
. Kianinejad, A., Chen, Z. N. & Qiu, C.-W. Design and modeling of spoof surface plasmon modes-based microwave slow-wave

44,

Du, X., Li, H. & Yin, Y. Wideband fish-bone antenna utilizing odd-mode spoof surface plasmon-polaritons for endfire radiation.
IEEE Trans. Antennas Propag. 67, 4848-4853 (2019).

Kong, G. S., Ma, H. F, Cai, B. G. & Cui, T. ]. Continuous leaky-wave scanning using periodically modulated spoof plasmonic
waveguide. Sci. Rep. 6, 29600 (2016).

Zhou, S.-Y. et al. Four-way spoof surface plasmon-polaritons splitter/combiner. IEEE Microwave Wirel. Compon. Lett. 29, 98-100
(2019).

Liao, S., Qi, C. & Xue, Q. Effective bandpass filtering for spoof surface plasmon-polariton transmission lines. Appl. Phys. Express
12, 054501 (2019).

Aziz, A. et al. Multiple band-rejection filters in dual-frequency bands based on spoof surface plasmon-polaritons. J. Opt. 22,
015001 (2019).

Jaiswal, R. K., Pandit, N. & Pathak, N. P. Spoof plasmonic-based band-pass filter with high selectivity and wide rejection bandwidth.
1EEE Photonics Technol. Lett. 31, 1293-1296 (2019).

Chen, Z.-M. et al. A high efficiency band-pass filter based on CPW and quasi-spoof surface plasmon-polaritons. IEEE Access 8,
4311-4317 (2019).

Wang, J., Zhao, L. & Hao, Z.-C. A band-pass filter based on the spoof surface plasmon-polaritons and CPW-based coupling
structure. IEEE Access 7, 35089-35096 (2019).

Guo, Y.-J., Xu, K.-D., Deng, X., Cheng, X. & Chen, Q. Millimeter-wave on-chip bandpass filter based on spoof surface plasmon-
polaritons. IEEE Electron Dev. Lett. 41, 1165-1168 (2020).

Guo, Y. J., Da Xu, K,, Liu, Y. & Tang, X. Novel surface plasmon-polariton waveguides with enhanced field confinement for
microwave-frequency ultra-wideband bandpass filters. IEEE Access 6, 10249-10256 (2018).

Hu, M. Z. et al. Ultra-wideband filtering of spoof surface plasmon-polaritons using deep subwavelength planar structures. Sci.
Rep. 6, 37605 (2016).

Ling, H. et al. Spoof surface plasmon-polariton band-stop filter with single-loop split ring resonators. Int. J. RF Microwave Comput.-
Aided Eng. 30, €22267 (2020).

Zhang, Q., Zhang, H. C,, Yin, J. Y., Pan, B. C. & Cui, T. J. A series of compact rejection filters based on the interaction between
spoof SPPS and CSRRS. Sci. Rep. 6, 28256 (2016).

Zhao, L. et al. A novel broadband band-pass filter based on spoof surface plasmon-polaritons. Sci. Rep. 6, 1-8 (2016).

Zhao, H. et al. Tri-band band-pass filter based on multi-mode spoof surface plasmon-polaritons. IEEE Access 8, 14767-14776
(2020).

Zhao, S., Zhang, H. C., Zhao, J. & Tang, W. X. An ultra-compact rejection filter based on spoof surface plasmon-polaritons. Sci.
Rep. 7, 1-7 (2017).

Li, W, Qin, Z., Wang, Y., Ye, L. & Liu, Y. Spoof surface plasmonic waveguide and its band-rejection filter based on h-shaped slot
units. J. Phys. D Appl. Phys. 52, 365303 (2019).

Zhang, X.-F, Fan, J. & Chen, J.-X. Bandwidth-controllable band-stop filter using spoof surface plasmon-polaritons. Int. J. RF
Microwave Comput. Aided Eng. 30, €21923 (2020).

Yin, J. Y., Ren, J., Zhang, H. C., Zhang, Q. & Cui, T. J. Capacitive-coupled series spoof surface plasmon—polaritons. Sci. Rep. 6, 1-8
(2016).

Gao, X., Che, W. & Feng, W. Novel non-periodic spoof surface plasmon-polaritons with h-shaped cells and its application to high
selectivity wideband bandpass filter. Sci. Rep. 8, 1-7 (2018).

Pan, B. C, Liao, Z., Zhao, ]. & Cui, T. J. Controlling rejections of spoof surface plasmon-polaritons using metamaterial particles.
Opt. Express 22, 13940-13950 (2014).

Wang, M., Sun, S., Ma, H. E & Cui, T. J. Supercompact and ultrawideband surface plasmonic bandpass filter. IEEE Trans. Microwave
Theory Techn. 68, 732-740 (2019).

Handbook, R. E. Feterman (1943).

transmission line. IEEE Trans. Microw. Theory Tech. 63, 1817-1825 (2015).
Xu, Z. et al. Tunneling of spoof surface plasmon polaritons through magnetoinductive metamaterial channels. Appl. Phys. Express
11, 042002 (2018).

Acknowledgements

The authors would like to keep names and memories of Prof. Pedram Mousavi and Prof. Mojgan Daneshmand
alive for their exceptional support our research projects at the University of Alberta. This work was supported
in parts by NSERC, AB Innovates, TELUS Inc, and CMC Microsystems.

Author contributions
B.M. conducted simulations and obtained circuit models and conducted the experiments, R.M. and M.H. ana-
lysed the results. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to B.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:22557 | https://doi.org/10.1038/s41598-021-01944-6 nature portfolio


www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:22557 | https://doi.org/10.1038/541598-021-01944-6 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Miniaturized spoof SPPs filter based on multiple resonators or 5G applications
	Results
	Proposed unit-cell and its equivalent circuit model. 
	Proposed SSPPs TL. 
	Band-Rejected SSPPs TL with one unit cell loaded by resonating elements. 
	Proposed SSPPs filter with multiple cells loaded by resonating elements. 

	Discussion
	References
	Acknowledgements


