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ABSTRACT

This paper presents the wideband bandpass filter (BPF) in the microwave frequency domain. The realisation
approach is based on spoof surface plasmon polaritons (SSPPs) phenomenon using plasmonic metamaterial. A novel
unit cell is designed for filter design using an LC resonator concept. Then SSPPs BPF is realised using an optimised
mode converter and five unit cells. This paper includes a brief design detail of the proposed novel unit cell. The
passband of BPF is achieved at approximately 1.20 - 5.80 GHz, 3dB bandwidth is tentatively 4.60 GHz and the
insertion loss is less than 2 dB approximately over the passband. The overall dimension of fabricated filter is (90 x
45) mm. A basic schematic of transmission line representation is also proposed to evaluate the BPF structure.
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1. INTRODUCTION

Surface plasmon polaritons (SPPs) that originally exist
at optical frequency regimes present high spatial confinement
by reducing the effective wavelength of surface waves'”.
Recently, artificial plasmonic metamaterials have been reported
to generate the spoof SPPs (SSPPs) that can propagate surface
waves within the same features as SPPs in the lower -frequency
band, thus significantly extending the application of SPPs
from optical regimes to microwave fields!’. Metamaterials are
periodic (or quasi-periodic) structures with unit cells consisting
of a combination of metals and/or dielectrics''. A significant
benefit of this metamaterial is that the asymptotic frequency
and dispersion characteristics of the SSPPs can be regulated by
the geometrical parameters of the unit element!?3,

Although many works are available on SSPPs filter
structure!*? | this paper introduces a new dimension for
filter design in microwave frequency domain based on novel
SSPP structure using plasmonic metamaterial. This method
is better in respect of sub wavelength confinement. One main
aspect is that different to conventional lines, the metamaterial
transmission line structure shows frequency - dependent
characteristic impedance, which is very useful in tunable filter
design'’.

SSPPs have inherited most of the interesting features
of optical SPPs, such as the field confinement, slow wave
propagation and the non-diffraction limit. Defence operations
frequently require a secure and timely transmission of a huge
amount of data from one place to another. Optical or plasmonic
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components have always been the field of attraction for
airborne and ground - based defence applications due to their
ease of installation, immunity to electromagnetic interference
(EMI) and reduction in size, weight and power. Slow light
wave structure helps in realising the dream of future on chip
optical processing of signal. The slow light - based structures
can be made with the smallest possible footprint.

This paper explores the existence of the surface
electromagnetic modes on corrugated surface of perfect
conductors. It also investigates the unit-cell effect on the
dispersion relation of SSPPs. To the best of authors knowledge,
considering the LC resonator phenomenon in SSPP structure
for filter design at microwave frequency, this type of unit cell
has not been reported so far. The proposed planar wideband
BPF shows a key role in filtering SPPs wave in SSPPs circuits
and systems.

2. DESIGN AND ANALYSIS OF UNIT CELL

A traditional pie-shape unit cell for SSPPs structure, as
shown in Fig. 1, is reported to offer general understanding
of spoof surface plasmon polariton transmission line
(SSPP-TL)*. The dimensions of reported unit cell area= 1 mm,
b=2mm, h=4 mm, d =5 mm. This unit cell is periodically
arranged for the realisation of SSPP-TL and kept back to back
so that the unit cell® effectively appears as shown in Fig. 2.
This can also be understood by equivalence of pie to T circuit
conversion. The dimensions of the equivalent unit cell are a =
1 mm, d =5 mm, e =3 mm, h =4 mm. The main arm of the
equivalent unit cell behaves like capacitor (thick line having
low impedance represents capacitive line).
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Figure 1. Reported unit cell.

It is evident that the dispersion relation, which is relation
between frequency (f) and normalised wave vector, mainly
depends on the geometrical parameter such as groove depth
(h), groove width (e) and lattice constant (d) (Fig. 2).

The dispersion plot of the SSPP structure can be calculated
by the following Eqn. (1)*:

e
JK =gk = ek, (than(ngﬁ.koh) (1)

where g, 7 k,, and k are the effective permittivity of the substrate,

the wave vector in vacuum and the wave vector in substrate,

respectively.

From Eqn. (1), wave number can be obtained,
corresponding to the intersection as shown in Eqn. (2), where
N is a positive integer denoting the order of the mode —

Y

k=N P 2)

In the paper only fundamental/single TM mode
propagation is considered. The normalised dispersion curve
comparison of Figs. 1 and 2 with light line is as shown in
Fig. 3, which is obtained by the eigen mode solver of the
commercial software tool, CST microwave studio. It is
noticed:

(1) For quasi-transverse electromagnetic (QTEM) wave,
for which k = k, the relation between frequency (f) and
normalised wave vector (kd/m) is a straight line called
light line while dispersion curve for SSPP for which k> &,
deviates from the straight line.

Capacitive

Arm \ h
in — >1a

- N
T d -~

Figure 2. Equivalent unit cell.
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(i) The asymptotic frequency for both unit cells is similar, as
mentioned in Fig. 3; it is approximately 11 GHz.

(iii) It means properties of both reported and equivalent unit
cells are similar.

(iv) The obtained dispersion curve shows that SSPP wave is
slower than light wave, which means SSPP wave travels
slowly but it is more tightly confined to the corrugated
metal surface.

On the basis of the LC resonant circuit theory in lumped
domain, as shown in Fig. 4, a new unit cell is designed by
introducing inductive element (L) in series with capacitive
arm?’(C). Each of these elements (L and C) is realised from a
short section of transmission line having a length smaller than
quarter wavelength. The proposed novel unit cell is shown in
Fig. 5. Herein, the unit cell has groove of capacitive arm with
depth h = 4.0 mm, width e = 3 mm, groove of inductive arm
with same depth h =4.0 mm, width f= 0.5 mm, lattice constant/
period of unit cell d = 5 mm, central line width a = Imm and
g = | mm. This unit cell is implemented as LC resonator for
SSPP structure in the filter design. The impedance of inductive
arm Z, is higher than the impedance of capacitive arm Z, and
the central line has the impedance value of Z, as shown in
Fig. 5.

The dispersion curve which is obtained by comparison
using eigen - mode solver of CST software tool is plotted in
Fig. 6. It is observed that the asymptotic frequency for the
proposed unit cell having inductive element is much lower than
the reported and equivalent unit cell and it is around 7 GHz.

3. SSPPs BANDPASS FILTER
The SSPP functional circuit needs to be joined to the
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Figure 3. Dispersion curve comparison of unit cell.

Figure 4. LC resonator circuit in lumped domain.
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Figure 5. Proposed unit cell.

conventional microwave circuits having two conductor
transmission lines such as microstrip or coplanar waveguide
(CPW). So it is essential to translate the spatial wave supported
by conventional transmission line to SSPP modes supported by
the SSPPs structure.
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Figure 6. Dispersion curve comparison of unit cell.

For highly efficient conversion, it is essential to match two
transmission structures in term of momentum and impedance?.
A broadband and an efficient conversion from conventional
guided waves to SSPP in the microwave frequency have been
proposed? (in which three element strip connector and ground
regulator is proposed). The transition is further optimised
(ground at bottom) for the new proposed unit cell, as shown
in Fig. 7. Here the mode transition is optimised from 1 GHz
to 7 GHz.

As seen in the dispersion curve of unit cell in Fig. 6, the
value of the wave number of SSPP, £, is always greater than that
of the guided waves in the microstrip, k at any given frequency,
where & is wave number corresponding to light line/microstrip
line, and kis wave number corresponding to SSPP line

Thus, there exists a large momentum mismatch between
microstrip and the corrugated strip. To solve the momentum
mismatch, it is important to bridge the gap between the
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Figure 7. Optimised mode converter.

momentums of two modes.
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From Eqn. (3), it is clear that & is closer to k when £ is
smaller. Therefore, the metallic strip of transition structure is
corrugated in a way that the depth of the grooves is changing
gradually from /= 3.5 mm to 4,= 3.8 mm (Fig. 7) so that the
momentum mismatch can be reduced in each period, d, at all
desired frequencies.

On the contrary, impedance matching is an important
consideration in designing the transmission structure. The
reflection coefficient, of a wave incident on a line having
impedance Z, from a medium with impedance Z, is given by
the Eqn. (4):

rzzq_Zp
Z,+Z,

“4)

Hence, the difference in impedance of any two adjacent
points along the waveguide must not be big so that the reflection
at the interface can be minimised. Therefore, the transition
structure (bottom side) consists of a flaring ground that is
designed to match the impedance that allows high-efficiency
broadband conversion of guided wave to SSPPs without too
much of reflection.

On the basis of the proposed unit cell and optimised mode
converter, a prototype SSPP BPF is designed and modelled in
CST design studio as shown in Fig. 8. This BPF includes three
parts: (i) microstrip transmission line (ii) optimised matching
transition and, (iii) SSPP structure that is constructed by the
proposed unit cell.

The first part is for the purpose of feeding or receiving
the EM field. The microstrip line parameters are chosen to
achieve 50 ohm. The second part is a transition section between
microstrip line and the SSPP section. This second part is very
important because this transition is responsible for mode
conversion from quasi TEM mode to TM mode. The third part
is the main SSPP structure having one unit cell.

When the structure shown in Fig. 8 is simulated in CST
software tool having substrate RT duriode 5880, it is observed
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Figure 8. Prototype SSPP bandpass filter

that the filter roll off is not good®. So to improve the filter
roll off, rejection and taking consideration of size, five units’
cells are used in SSPP structure. Using five unit cells and
an optimised input — output transition, a better SSPP BPF is
designed, as shown in Fig. 9.

4. CHARACTERISATION OF SSPP BANDPASS

FILTER

The RT duriode Rogers’s 5880 substrate is used for the
fabrication of the design shown in Fig. 9. The fabricated SSPP
BPF is as shown in Fig. 10. The overall dimension of fabricated
filter is (90 x 45) mm. Figure 11 shows the comparison
between the measured and simulated results of S-parameter.
The broadband BPF has passband of approximately 1.20 GHz

Main Line

lwﬂﬂw

(a)

Ground
Regulator

Ground
Regulator

(b)
Figure 9. SSPP BPF filter (a) Top of SSPP filter having 5 units
cell (b) Ground regulator (Bottom).

- 5.80 GHz and the insertion loss over the passband is less
than 2 dB. The mismatches between simulated and measured
results are due to manual fabrication. The transmission loss
is marginally higher than that of conventional microstrip line
structure because of the mode converter and subwavelength
nature of SPP structures”. The insertion loss of SSPP filter
is approximately same as back to back transition structure,
which means the main loss in the SSPP BPF is due to the
mode converter®. The characterisation of the fabricated filter
has been carried out by Rohde & Schwarz vector network
analyser ZVA24. The proposed SSPP BPF size is half in length
compare to earlier reported work? having length (180 x 45)
mm approx.

The verification of the conversion of guided waves in a
conventional microstrip to SSPPs in plasmonic metamaterial
waveguide and vice versa confirms the possibility of convenient
transformation of signals that might take several forms during
the course of their transmission from a source to destination.

(b)
Figurel0. Fabricated SSPP Filter (a) Top of filter, and (b)
bottom having ground regulator.
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Figure 11. Comparison of S-parameters results.

303



DEF. SCI. J., VOL. 68, NO. 3, MAY 2018

Such kind of conversion is highly important because it bridges
the conventional transmission line technology to the newer
science of plasmonic metamaterials.

5. EQUIVALENT TRANSMISSION LINE

SCHEMATIC AND FUTURE SCOPE

The SSPP section includes a single conductor (without
ground) and appears different from the conventional planar
microwave transmission line structure. Since the SSPP
structure transmits the signal by coupling between the grooves,
its equivalent transmission line schematic can be analysed by
assuming that ground plane is very far away, near to infinity.
On the basis of this assumption, we can calculate network
element such as impedance, capacitance and inductance.

The unit cell is further modelled using a circuit theory™,
as shown in Fig. 12. On the basis of section III of Fig. 9, the
proposed transmission line schematic for SSPP section is as
shown in Fig. 13. The network parameters, such as transmission
and scattering matrix of the periodic structure, can be calculated
using ABCD matrix concept.

The mathematical analysis of this proposed transmission
line schematic can be done in the future to generalise the SSPPs
BPF synthesis using plasmonic metamaterial. The various free
parameters of SSPP structure (compared to conventional lines)
are helpful for the realisation of multiband components through
dispersion and impedance engineering for future work. Better
mode converter can also be designed in the future for better
performance of BPF.

Z,

Z
I:ZI z

Figure 12. Transmission line schematic of new unit cell.
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Figure 13. Schematic diagram of the proposed SSPP structure
(unit cell is enclosed with a dashed line) (a) SSPP
waveguide section and (b) Transmission line schematic
of the SSPP section.

6. CONCLUSIONS

This paper provides the realisation approach for
filter design based on SSPPs structure using plasmonics
metamaterial, which is useful to produce filter in microwave
frequency domain by taking advantage of optical phenomenon.
A good agreement between the measured and simulated results
of S-parameter is obtained. The wideband BPF 1.20 GHz -
5.80 GHz may pave a way for advanced plasmonic integrated
microwave devices and circuits.

It is useful in multilayer structure (as no ground plane is
required in main SSPPs structure) for high level of integration
and compact structure. It is observed that the insertion loss in
the passband is mainly due to the mode converter structure.
The developed BPF and its enhanced version using SSPPs
methodology are very useful to develop RF systems in defence
applications.
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