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Abstract — Spoof surface plasmon polaritons (SSPPs)
can be excited using geometric shapes on conducting
surfaces in microwave (MW) regime. They are eminent
as compared to the conventional microstrip (MS)
transmission lines, due to their better efficiency and
compactness in high density and high-speed circuitry. In
this work, we compare normalized dispersion curves
(DCs) of different groove shapes engineered on the
planar metallic strip with the variation of geometric
parameters of the structure, which are obtained by
Eigen-mode solver of ANSYS’s HFSS. It is found the
dispersion characteristics are determined by the shape
and the asymptotic frequency can finely be tuned
through the geometric parameters. All DCs deviate
further from the light line indicating slow propagation
of SSPPS. The performance of rectangular grooves
is clearly outstanding; however, the circular grooves
behave comparably better than VVee-groove. Further, a
low pass plasmonic filter has been proposed with semi-
circular gradient subwavelength grooves designed on a
planar metallic strip with transition sections to match
both the impedance and momentum of MS line and
the plasmonic waveguide. Results of S-parameters and
magnitude of electric field distributions show excellent
transmission efficiency from fast guided wave to slow
SSPPs. It is also observed that the confinement of such
surface waves is dependent on the geometric parameters
which can be useful in plasmonic structure engineering
and fine-tuning the cutoff frequencies, hence posing a
new prospect for advanced plasmonic integrated devices
and circuits.

Index Terms — Microwave, plasmonics, surface plasmon
polaritons, sub-wavelength, surface geometry.

I. INTRODUCTION
Manipulating the electromagnetic waves through
subwavelength apertures has invoked the interest of
many researchers and formed the basis of extensive
investigation in the field of plasmonics, after the discovery
of extraordinary transmission through nanohole arrays in
the metallic film by Ebbesen et al. [1]. Applications of
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plasmonics are focused in diverse fields such as Surface-
Enhanced Raman Scattering [2], surface plasmon
resonance sensors [3], and surface plasmon spectroscopy
systems [4]. Numerous areas have been flourished by
plasmonics, ranging from chemistry, biology, physics,
and material science [5-7].

Surface plasmon polaritons (SPPs) are the self-
sustaining and propagating electromagnetic (EM) waves,
which are provoked on the metal-dielectric interface in
the optical regime where the incident energy is highly
accumulated across the edges of the periodic corrugations
in metal film and so it can easily cross through [1, 8].
SPPs have much smaller wavelength as compared to the
light of incidence. Once SPPs are excited, they travel in a
direction parallel to the metal-dielectric interface. They
are evanescent by nature, and so they decay exponentially
along the perpendicular direction of the metal-dielectric
interface. The propagation of SPPs can be manipulated
through couplers and waveguides. However, there is a
mismatch in momentum between SPPs and free space
photon of light, due to bound nature of SPPs, which is
evident by k-vector differences on dispersion diagrams.
This mismatch depends on the surface nature of the
structure. Momentum matching can be achieved by
scattering of EM waves through the use of methods such
as using high index prism, evanescent field coupling and
grating coupling [9, 10].

Free carriers have a major contribution to the
dielectric function which is of significant importance in
metals and semiconductors. A classical conductivity
model based on standard equations for electron motion
in an electric field is referred to as the Drude model
and presents the straightforward theory for the optical
parameters. The dielectric constant of conducting metal
film is related to plasma frequency and is given by
Drude’s model as:
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Here, wp defines the plasma frequency of the metal,
w is the angular frequency of the incident electromagnetic
wave, & is the permittivity of free space, I' is the
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1054-4887 © ACES


http://scce.ustb.edu.cn/
mailto:engr_rs@126.com
mailto:weiyuan361@buaa.edu.cn
mailto:weiyuan361@buaa.edu.cn

scattering rate of electron motion, while n is the free
carrier density, e and m are the charge and the mass of
an electron, respectively. Usually, metals have a higher
density of free electrons; therefore, their we is higher. The
dispersion relation for light in a metal bounded to a
dielectric layer is derived by solving Maxwell’s equations
by substituting dielectric constant relation (1):
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The in-plane wavevector ky, named as the
momentum of SPPs (also represented by ), is a function
of angular frequency [10] and is the wavevector in
the plane of the un-textured surface along which it
propagates. ko is the free-space wavevector. & and &u are
the frequency dependent complex dielectric functions
(relative permittivity) of adjacent dielectric film and
metal, respectively. It has been noticed at w<wp,
the condition ky>ko is satisfied. Therefore, SPP’s field
decays exponentially with the distance from the surface,
along with the perpendicular direction of the metal-
dielectric interface. The occurrence of this field is
temporary by nature, and so it is limited to the surface of
the metal. The field confinement of SPPs is tighter for
higher values of wavevector.

In contrast to the optical regime, the metal behaves
as a perfect electric conductor (PEC) at lower frequencies.
To overcome this problem, properties similar to the SPPs
have been achieved by using plasmonic metamaterials
proposed by many researchers by use of subwavelength
textured structures after the proposal by Pendry et al.
[11]. Different shapes of metallic subwavelength aperture
arrays, grooves or single slit structures are being explored,
working at the microwave to terahertz regime. Such
textured surfaces support the propagation of surfaces
waves also called as spoof SPPs (SSPPs) [12]. A lower
working frequency of SPPs to gigahertz can be achieved
through surface decorations, such as holes [13], metallic
apertures [14, 15], rectangular gratings [16, 17], triangular
corrugations [18], T-grooves [19] and elliptical grooves
[20]. A review of recent progress on exciting SPPs
in microwave (MW) and terahertz (THz) regimes by
incorporating various subwavelength corrugated shapes
on conductive or metal surfaces has been presented in
[21].

It has been known that propagating EM waves on
the surface of a structure have a propagation constant
given as y=a+jp, where o represents the attenuation
constant and f is the phase constant. It is known that
the confinement of SSPPs mainly depends on the g
(wavenumber along the direction of propagation ky)
which is related to ko by a related parameter of the decay
constant (along tangential direction) and is given by [22]:

a, zafkf -k3, 4)
Here, ko=2m/L. It can be observed from (4) that the
level of field confinement is positively related to the
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wavenumber in the direction of propagation.

The analysis presented in this paper gives a
comparison of the dispersion curves by engineering
different type of surface textures as the phenomenon of
exciting SSPPs has been proved in earlier investigations
on the planar conducting layer with surface decorations.
We consider three geometric structure shapes to excite
the SSPPs and analyze their effects on DCs (w-f
relations) in detail by performing comparisons of their
dispersion and confinement capacities. It is proved
that basic unit cell geometry can play a prominent role
in SSPPs excitation. For example, we find that they
are highly bound to the surface with rectangular
corrugations and have a lower asymptotic frequency as
compared to surfaces with circular/V-groove patterns.
Due to the lower value of momentum mismatch for
circular and V-groove structures, they are closer to the
wave vector of free space (ko). Therefore, surface texture
engineering can cause prominent influence in applications
of planar plasmonic metamaterials and nanophotonics.

I1. DISPERSION RELATIONS AND

ANALYSIS

We investigate the dispersion characteristics of
SSPPs for planar metallic structures having different
etched geometries by the Eigen mode solver of the
commercial software package, ANSYS’s High Frequency
Structure Simulator (HFSS) which uses Finite element
method (FEM). The TM-polarized waves are propagating
in the x-direction which is along the corrugated metal
plate structures as depicted in Fig. 1. The properties of
SSPPs modes are primarily controlled by the geometric
parameters of the structure. To perform a comparison;
the structure is composed of a thin metallic strip
(parameter ‘t” for thickness) on top of a dielectric
substrate with a thickness of 2.65mm, the relative
dielectric constant of 2.2 and loss tangent of 0.0009.
We denote the width and depth of grooves by ‘w’ and
‘h’ respectively while the period of the structure is ‘P’
and height of the metallic strip is ‘“H’ for all grooved
structures as shown in Fig. 1. Firstly, to study the
dispersion behavior, we start with circular groove and
vary the height ‘h’ from 5mm to 7.5mm while ‘P’, ‘w’
and ‘H’ are kept constant at 20mm, 7.5mm, and 8mm
respectively. The dispersion curves so obtained for the
fundamental propagating mode are plotted in Fig. 2. The
continuous black curve is the light line (LL), and the
black dashed curve shows the DC of microstrip (un-
textured) structure.

It is clear from Fig. 2 that all the dispersion curves
deviate from the light line and reach a constant
asymptotic frequency at the edge of the Brillouin zone
which is the region in k-space which can be occupied by
low "k" electrons without being affected by diffraction
phenomenon. The DCs for SSPPs show that the
asymptotic frequency is dominantly related to the depth
of the grooves. As the depth of the grooves increases,
the asymptotic frequency gets lower (higher ), which
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implies the stronger confinement of surface waves in
the circular groove strip. As the depth of grooves is
decreased, the in-plane wave vector gradually approaches
ko. Therefore, the SSPPs are strongly bounded for higher
in-plane wavevector and vice versa. At low frequency
limit, the SSPPs dispersion curves are closer to the light
line. The metal acts as a perfect electric conductor (PEC)
in this regime (comprises of microwave frequency
region). The dispersion relation for this limit is reduced
to k«=ko and corresponds to EM wave propagating
parallel to the interface in a dielectric layer. That is the
reason, at low frequency, the SSPPs behave like light.
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Fig. 1. Unit cell of a SSPPs structure with geometric
parameters characterizing the groove geometry for: (a)
Circular (Cir) groove, (b) Rectangular (Rec) groove, and
(c) V (Vee) groove.

At high frequency range, as it approaches surface
plasmon frequency, the propagation constant of SSPPs is
greater than that of vacuum, which implies that they are
more strongly confined. For example, in Fig. 2, when
h=5mm, the asymptotic frequency reaches 4.3GHz, the
dispersion approaches SSPP modes which propagate
more gradually and localize more tightly on the surface
of the semi-circular grooved metal plate.

To make a comparison among SSPPs structures with
differently patterned grooves, we consider the unit cells
as shown in Figs. 1 (a-c), to perform simulations. All the
grooved patterns have the same geometric parametric
values as for Fig. 2 along with h=7.5mm, and the
dispersion relations are shown in Fig. 3. It is prominent
that geometric shape and their parameters play a major
role in determining the dispersion properties. All
the dispersion curves deviate from the light line and
increasingly become steady until they reach their
asymptotic frequencies. Although all of them pose a
similar trend, these curves exhibit different frequency
band behavior for different grooves patterns. Noticeably,
the asymptotic frequency of the rectangular groove
structure is lower than other types, confirming that it has
strongest field confinement of SSPPs on the surface.
Circular groove dispersion behavior is better than Vee
groove as it has a comparatively lower asymptotic
frequency.

Single sided rectangular grooves structure on a
dielectric substrate can be assumed as similar to an array
of coplanar strip aligned vertically, and the dispersion
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relation of such a corrugated MS can be found by (5) as
given in [23] where ko is replaced by /e, K, to estimate
the asymptotic frequency:

6 =2k = e ko an( gkt (6)

€ is the effective permittivity where the SSPPs
propagate and can be estimated by (6):

£ :1+(5I _1JK(k)K(k1) (6)
. 2 ) KKK(K)
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Fig. 2. Dispersion relations of SSPPs for the fundamental
mode with varying circular groove depths.

Here, K represents the whole elliptic integral of
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Explicit effect of structure parameters on the
dispersion characteristics can be understood through
an analysis, by changing the parametric values. The
corrugation size significantly impacts on the SSPPs
characteristics. Higher is the value of groove width ‘w’
and height ‘h’, lower is the asymptotic frequency and
therefore stronger is the field confinement [24].

Figure 4 depicts the effect of groove width ‘w’ on
the dispersion curves of different SSPPs structures.
Width ‘w’ of all three types of structures is reduced to
1mm comparatively as used in the previous analysis
(7.5mm) shown in Fig. 3. A comparison of DCs for
circular and rectangular grooved structures respectively
is given in Fig. 5, in which groove width is reduced from
7.5mm to Imm. It is seen that the asymptotic frequency
depends prominently on the groove width and decreases
when ‘w’ increases, indicating that this geometric
parameter notably affects the confinement ability of the
surface waves.
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Fig. 3. Dispersion relations of SSPPs for the fundamental
mode of different structures at w=h.
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Fig. 4. Dispersion relations of SSPPs for the fundamental
mode of different structures with w<<h.

Similarly, the structure size parameters, height ‘H’
and period ‘P’ of the unit cell have a prominent influence
on the frequency range, but the trend of the dispersion
curves remains less effective. The frequency domain is
reduced with the bigger size of the structure. To estimate
the impact of period ‘P’ on structure performance, we
evaluate the dispersion relations of a unit cell having a
circular groove with different ‘P values as shown in Fig.
6. The period is varied from 16mm to 24mm with a step
size of 4mm with remaining parameters set equal as in
Fig. 3. It is illustrated that the DCs are very sensitive to
the change in period ‘P’ for the complete frequency
range, and it is prominent that the asymptotic frequency
decreases remarkably as ‘P’ increases. Furthermore, at a
constant frequency in the SSPPs mode, the propagation
constant increases as the period is increased, for example,
in Fig. 6, it is demonstrated that at the asymptotic
frequency of 2 GHz, 53> 2> 1. Therefore, the length of
the period can improve the field confinement ability of
the grooved structures.
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Fig. 5. Dispersion relations of SSPPs for the fundamental

mode of rectangular and circular groove structure with
varying groove width.
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Fig. 6. Dispersion curves of SSPPs for the fundamental
mode of the circular grooved with varying period length.

A. Field confinement analysis

To get a direct insight of the modal characteristics of
the SSPPs on different groove structures, the magnitude
electric field distributions are plotted at the cross section
of unit cells (location shown by dotted line in Fig. 1 (b)
and field confinement capacities are compared in Figs.
7 (a-c). The parameters are set equal as for dispersion
analysis in Fig. 3. It has been clearly observed that
the rectangular groove has the strongest confinement
of SSPPs whereas the V-groove exhibits the weakest
localization of field, therefore explicitly confirming the
findings in dispersion curves of Fig. 3.

Furthermore, Figs. 8 (a-c) gives a demonstration of
magnitude electric field distributions with varying groove
depth, width and period for the circular groove. When the
groove depth is kept constant as in the previous analysis
of Fig. 7 (b) while the width is reduced to 1mm, relatively
the field is not confined anymore as shown in Fig. 8 (a)
and spreads into the substrate. The same effect is ratified
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in the dispersion relation of Fig. 5 by a rise in asymptotic Therefore, to maintain the frequency back to the
frequency. lower value, the only solution is to increase the groove’s
height; however, it will cause the structure dimensions to
augment [25]. Figure 8 (b) depicts the delocalization of
electric field when both the depth and width of groove is
decreased to 5mm. However, in contrast, when the period
is raised to 24mm with the maximum groove depth of
7.5mm, an enhanced field confinement ability is observed,
fortifying the results in Fig. 6 by a reduction in asymptotic
frequency.

As demonstrated previously, the ability to confine
surface waves is highly responsive to the period length of
the structure as well as to the corrugation depth and width.
When the frequency of the incident wave reaches near the
asymptotic frequency, it couples deeper into the grooves,
and so electromagnetic field is confined on the surface
because of the higher mismatch of wavevector between
(b) SSPPs and free space photon of light. While, at a lower
frequency, propagation of EM waves exhibits weaker
confinement on the surface, consequently the dispersion
characteristics are close to the light line. Hence, the
design of subwavelength SSPPs structures in microwave
regime is facilitated by controlling the asymptotic
frequency with the variation of groove shape, its depth,

©) width and period length on the surface of the structure.
Fig. 7. Simulated magnitude electric field distribution I1l. STRUCTURE DESIGN OF LOW-PASS
at the cross section of the structure with h=w=7.5: (a) PLASMONIC FILTER
Rectangular groove, (b) Circular grooven, and (c) Vee From dispersion relations, it has been noticed that
groove. the wavevector of SSPPs are highly mismatched to that

of light line especially when the asymptotic frequency is
reached. This will result in extremely less transmission
performance. Therefore, to efficiently feed in and extract
out the maximum power, a plasmonic filter with transition
structure is designed. In contrast to planar defected
MS filter proposed in [26-28] and earlier investigated
plasmonic filters based on rectangular gratings [17],
triangular corrugations [18], and T-grooves [19], here we
investigate SSPPs based on semi-circular gratings etched
on planar metallic strip which is highly unexplored
textured surface until now to the best of our knowledge.
It consists of a microstrip line with gradient subwavelength
semi-circular grooves with depth h varying from 7mm
to 3mm with a step of 1mm designed on a dielectric
(o) substrate as investigated in Section Il as shown in
Fig. 9. Two transition links at both ends provide a
gradient momentum and impedance matching; therefore,
conversion of guided waves to spoof SPPs is achieved.
The dimensions are given here: L1=2.5mm, L,=60mm,
L3=105mm, H=7.5mm, P=15mm. A is the traditional
microstrip section, B is the mode transition section and
() C is the SSPPs section with h=7mm and w=14mm. To

evaluate the performance of this filter structure, the S-

Fig. 8. Simulated magnitude electric field distribution at ~ parameters are obtained by simulation software ANSYS’s
the cross section of the structure: (a) Circular groove  HFSS and shown in Fig. 10. The cutoff frequency (fc) of
with h=7.5, w=1mm, (b) Circular groove with h=w=5, the filter is 4.91GHz which is mainly anticipated by the
and (c) Circular groove with h=w=7.5 and P=24mm. asymptotic frequency of SSPPs mode support by the
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waveguide region C. An efficient passband is achieved
with S11 less than -10dB from 0.45 to 4.91GHz. The
upper stopband covers a frequency range from 5.11 to
10GHz with rejection less than -18dB (even < -25dB
from 5.15 to 8.11GHz) which points to an outstanding
realization of impedance matching between the MS and

the SSPPs.
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Fig. 9. (a) The configuration of the proposed plasmonic
filter showing the top view of SSPPs structure with three
sections. (b) Detailed view of Region A, B, and C.
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Fig. 10. The simulated S-parameters of the proposed
plasmonic filter.

Moreover, we compare the scattering parameters
by changing the dielectric constant of substrate material
(from 2.2 to 10) as shown in Fig. 11. It can be noticed
that increasing the dielectric constant results in lowering
the cutoff frequency. Especially, it is pointed that with
dielectric constant of 10, the cutoff frequency is reduced
to 2.61GHz and a clear stop band is obtained from 2.61
to 4.11GHz with higher rejection level up to -116 dB at
3.31GHz.

Additionally, we observe the magnitude distribution
of electric field by numerical simulations on a xy plane
1mm above the structure as shown in Fig. 12, at an in-
band (top) and out of band (bottom) frequency of 2.5 and
5.6 GHz, respectively. It can be noticed that at the in-
band frequency, the surface waves transmit effectively
from one end to the far end of the filter with an

underlying lossless substrate material. Evidently, the
SSPPs confine more strongly inside the semi-circular
grooves.
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Fig. 11. The effect of varying dielectric constant on S-
parameters of the proposed plasmonic filter.

It can be observed that the magnitude of electric
field at both ends is approximately the same,
demonstrating a negligible transmission loss in the
passhand. On the other hand, at out-band frequency of
5.6 GHz, the SSPPs unambiguously stop propagating
right from the beginning of the Region C, therefore
confirming the envisaged response in the stopband
region. Figure 13 presents the magnitude distribution of
magnetic field at an in-band frequency of 2.5 GHz and
demonstrates that H-field profoundly confines in the
depth of the groove.
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Fig. 12. The simulated magnitude electric field
distribution showing confinement and propagation at
(top) 2.5 GHz (bottom) 5.6 GHz.

Fig. 13. The simulated magnitude magnetic field,
showing the confinement inside the grooves at 2.5 GHz
(A portion of SSPPs filter).
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Table 1: Comparison of the proposed plasmonic filter with earlier works
Ref fe Return Upper band Filter Length | Compare | Width | Compare
' (GHz) | Loss (dB) | Rejection Range Type L L W W

This Work | 4.91 <-12.5 5.1 GHz Low-Pass 230 45
[22] 12.4 <-75 7.6 GHz Low-Pass 412 79% 65.2 45%
[20] 114 <-11 18.6 GHz Low-Pass 200 -13% 50 12%
[25] 7.9 <-12 2.1 GHz Low-Pass 130 -43% 20 -55%
[29] 13 <-10 2 GHz NA 97 -57% 50 12%
[30] 12.3 <-9 1.7 GHz Low-Pass 320 40% 70.8 58%
A comparison of the proposed plasmonic filter with ACKNOWLEDGMENT

previously published researches is presented in Table 1.
Although the dimensions of the structure are slightly
larger than some of the listed filters, comparatively, it
comes up with the lowest cutoff frequency which has not
been reported yet. Besides, it has good return loss in the
passhand with a superior stopband frequency range.
Keeping in view all above demonstrations, it is proposed
that such kind of SSPPs structure can find prospective
use in numerous plasmonic circuits and systems.

1V. CONCLUSION

In this work, we investigate the dispersion relations
of spoof SPPs for planar metallic structures having
different shaped geometries. It is shown that the surface
textures and groove shapes play a substantial role in
defining the confinement of SSPPs in subwavelength
frequency regime. Firstly, the comparison is illustrated
for normalized DCs by varying depth of circular grooves
structure. Afterward, DCs relations are assessed among
rectangular, circular and VVee-grooves engineered on the
metallic strip by varying width, and period of the structure.
It has been clearly found that dispersion characteristics
can be determined and asymptotic frequency can be
tuned by engineering the surface’s geometric parameters
at will. Although the rectangular grooves performance is
explicitly preeminent, the circular groove efficiency is
comparable to rectangular groove structure, while it is
much superior to Vee-groove structure and MS line.
Likewise, the confinement of these surface waves is
dependent on the period length of the structure as well
as on the corrugation width and depth. A low-pass
plasmonic filter has been designed based on the semi-
circular grooves on planar metallic strip with two
conversion sections at both ends to match the impedance
and momentum of MS and the plasmonic waveguide.
S-parameters and magnitude E-field distribution results
show excellent transmission performance from MS to a
plasmonic waveguide. The confinement of such SSPPs
depends on the geometric parameters that may be useful
to fine-tune the cutoff frequencies and in developing
advanced plasmonic filters to be applied in integrated
circuits at the microwave frequency.
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Natural Science Foundation of China (Grant No.
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