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ABSTRACT

A kind of plasmonic open waveguide, which is a periodic subwavelength metallic Domino array, is investigated both
theoretically and experimentally in this paper. Based on the guiding mechanism of spoof surface plasmon polaritions
(spoof SPPs), the transmission properties of this waveguide are controllable by altering the geometric parameters of the
periodic structure. Microwave experimental results verify the high efficiency of wave guiding in such open waveguide,

as predicted in theoretic analysis.
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1. Introduction

Surface plasmon polaritons (SPPs) are electromagnetic
(EM) excitations propagating along the metal-dielectric
interface, whose electromagnetic fields can be strongly
confined to the near vicinity of the interface [1]. This
confinement leads to an enhancement of the electromag-
netic field at the interface, resulting in an extraordinary
sensitivity of SPPs to surface conditions. Thus, SPPs pro-
vide the possibility of concentrating and channeling light
with subwavelength structures, which opens up a previ-
ously inaccessible length scale for optical research. It is
desired naturally to extend highly localized waveguiding
and surface-enhanced effects to terahertz (THz) or micro-
wave regimes. At these low frequencies, however, metals
behave no longer like a plasma but resemble a perfect
electric conductor (PEC), as their plasma frequencies are
often in the ultraviolet part of the EM spectrum, and as a
result, SPPs are highly delocalized on metal surfaces. To
engineer surface plasmon at lower frequency, it was pro-
posed [2-5] that by cutting holes or grooves on a scale
much smaller than the wavelength of probing radiation in
metal surfaces to increase the penetration of the fields
into the metal, the frequency of existing surface plas-
mons can be tailored at will [6]. The existence of such
geometry-controlled SPPs, named spoof SPPs, has re-
cently been verified experimentally in the microwave re-
gime [7]. Such periodic subwavelength structure with
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highly confined EM field is investigated in the applica-
tions of the THz and microwave waveguide, and has
been utilized in the high speed circuit to suppress inter-
ference [8,9]. The physical mechanism of such metallic
subwavelength periodic grooves is presented in detail in
[10]. In this paper, we put forward a microwave metallic
open waveguide based on the principle of spoof SPPs
constructed by periodic subwavelength Domino structure.
Such open waveguide has superior advantage and de-
signing flexibility, on one hand it can easily couple with
and support high power guided EM wave, on the other
hand, by adjusting the period and height of Domino, we
can control the transmission bandwidth, which means this
structure can be designed as band pass filter.

2. Numerical Analysis

The proposed plasmonic open waveguide is constituted
by periodic subwavelength Domino structures, as shown
in Figure 1(a), with the height of 4, period of d, adjacent
interval @ and width of L, the metallic base has width w
of and length of ¢. For simplicity, we assume the metal to
be perfect electric conductor (PEC) in simulation, which
is reasonable approximation in microwave frequency.
The plasmonic waveguide is composed by periodic sub-
wavelength Domino structure, the every single space be-
tween two adjacent Domino blocks works as a resonator
with separate resonant mode. As these resonators line up
periodically in series, the resonant mode for every space
couples to each other through the mechanism of Block
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wave, and form a transmission band with guided field
near the tight-binding limit. Finite element method is em-
ployed in the plasmonic open waveguide simulation of
transmission properties, which can provide both the dis-
persion line and the S parameters, and facilitates the op-
timization process of the waveguide designing. Figure
1(b) displays the fundamental dispersion line of the plas-
monic open waveguide describing the relation between
normalized propagation constant f and working fre-
quency, here S is restrict within the first Brillouin zone,
ie., ,B| <m/d . The geometric parameters are d = 10 mm,
a=0.5d, L =5 mm, and / equals to 4.0 mm and 6.0 mm
respectively for two cases. Our numerical analysis mainly
focuses on the fundamental mode of the plasmonic open
waveguide, as the EM field is greatly confined near the
surface and can be easily excited in X band in experiment.
The guided mode is on the right side of the light line
represented by dashed red line. When 4 = 4.0 mm, the
cutoff frequency is 9.72 GHz, the asymptotic frequency
is 11.505 GHz, and the working frequency band is 1.785
GHz. When 2 = 6.0 mm, the cutoff frequency is 7.136
GHz, the asymptotic frequency is 8.98 GHz, and the
working frequency band is 1.85 GHz. From Figure 1(b),
as the height of the Domino structure / increases, the
asymptotic frequency decreases, the transmission band-
width increases and the confinement of the modal field
distribution improves. Magnetic field distributions in a
unit cell are shown in Figure 1(c) at asymptotic fre-
quency (f =m/d), which is 11.505 GHz for the case of
h=4.0 mm, and is 8.98 GHz for the case of # = 6.0 mm.
At the asymptotic frequency the structure has the greatest
confining capability, and the confining capability im-
proves as the height of the Domino structure increases.
The electric field distributions at the asymptotic fre-
quency for the two cases are presented in Figure 1(d).

In experiment, the waveguide adaptor we used is in the
X band of 8.2 GHz - 12.4 GHz. From the above analysis,
when the height of Domino structure / increases, the
asymptotic frequency f; decreases and the working fre-
quency band widens. On the other hand, from Ref [9,11],
the asymptotic frequency f; increases as the period d be-
comes smaller. For the case # = 0.4 mm and d = 10 mm
as in Figure 1(b), the asymptotic frequency is 11.505
GHz, and the working frequency band is 1.785 GHz. As
a result, to enlarge the working frequency band, and to
increase the modal field confinement simultaneously, we
can increase the height of Domino structure / and de-
crease the period d. When /# = 4.5 mm and d = 8 mm, the
asymptotic frequency is 11.6352 GHz, the cutoff fre-
quency is 8.814 GHz and the working frequency band is
2.82 GHz, as shown in Figure 2(a). When 2 = 5.5 mm
and d = 4.8 mm, the asymptotic frequency is 11.233 GHz,
the cutoff frequency is 7.312 GHz and the working fre-
quency band is 3.92 GHz, as shown in Figure 2(b). Con-
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Figure 1. (a) Open waveguide based on periodic subwave-
length Domino structure supporting spoof SPPs, the width
isL, the period isd, the adjacent spacing is a, the height ish
and the waveguide lateral width isw; (b) Dispersion line of
the plasmonic waveguide for the cased = 10 mm, a=5 mm,
L =5 mm, the solid black line represents the case h = 4.0
mm, the dotted blue line represents the case h = 6.0 mm; (c)
Magnetic field distribution of spoof SPPs at the asymptotic
frequency for the two cases; (d) Electric field distribution of
spoof SPPs at the asymptotic frequency for the two cases.
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Figure 2. (a) Dispersion line of the periodic Domino structure
of the case of lattice constant d = 8 mm and height h = 4.5
mm; (b) Dispersion line of the periodic Domino structure of
the case of lattice constant d = 4.8 mm and height h = 5.5
mm respectively; (¢) Attenuation constants for the cases of
Figures2(a) and (b).

sequently, we can obtain a band pass filter by designing

these parameters of the Domino structure. The transmis-
sion of the above structure is lossless as the metal is as-
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sumed to be PEC, but it is lossy for practical metal due to
finite conductance. Utilizing the perturbation method [12-
14], we can calculate the loss of such waveguide made
by Aluminum (Al) with finite conductance. The tangen-
tial electric field will vanish on the PEC surface, while
for the conductor with finite conductivity, there will exist
a slight tangential electric field E, , and a tangential mag-

netic field H,, they have the relation of E, =7, jix H,,

here 7 ,=./wufic is the characteristic impedance, 7
is the unit vector normal to the metallic surface and o is
the conductance of metal. The dissipated power in the
metal can be calculated as

P, :%Re(n)jﬂﬁ,rds (1)

The integral area is the whole metallic surface for a
Domino lattice unit. We get the tangential magnetic field
under the assumption of PEC. By the power conservation
principle, the decrease of the total power P, of the spoof
SPPs must be equal to the power dissipated, and the at-
tenuation constant a of the spoof SPPs can be calculated
as

a=Im(k)=L£. )
2d P,

Here P represents the total time-average power, d is
the lattice constant of the plasmonic waveguide and £ is
the complex propagation constant. Figure 2(c) shows the
attenuation constant of this plasmonic open waveguide
for the case d=8.0 mm, A =4.5mmand d =4.8 mm, h =
5.5 mm respectively. The asymptotic frequencies f; are
11.6352 GHz and 11.233 GHz for these two cases. It can
be seen that the attenuation constant a is ultra-small at
lower frequencies, and it greatly increases as approach-
ing the asymptotic frequency. For example, for the case /4
=4.5 mm, when /< 11 GHz, a is smaller than 0.128 m,
when £~ f,, a =~ 45.19 m ™', and for the case & = 5.5 mm,
when f= 11.233 GHz, a ~ 59.787 m™'. This is because
the modal field is highly restricted near the metal surface
near the asymptotic frequency to generate much larger
loss. As a result, we can adjust the plasmonic open wave-
guide to work at the frequency a little lower than the
asymptotic frequency f;, which has the advantages of
both low loss and high field confinement.

3. Experimental Results

To experimentally verify the plasmonic waveguide above,
we design and fabricate a metallic structure as shown in
Figure 3(a). At each end of the waveguide, there is a
transition region of length 50 mm Figure 3(b), where the
height of the Domino structure is increased gradually.

As a result, the field distribution from the rectangular
waveguide is gradually transformed into the spoof SPP
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Figure 3. (a) The plasmonic open waveguide composed by subwavelength periodic Domino structure; (b) The experimental
structure of the plasmonic open waveguide; (c) Sy for the caseh = 4.0 mm, d =10 mm, a=0.5d m and L =5 mm; (d) Sy, for
the case h = 40 mm, d = 10 mm, a = 0.5d m and L = 5 mm. The blue line represents the transmission without the
subwavelength periodic Domino structure; (e) Sy, for thecaseh = 5.5 mm, d = 4.8 mm; (f) S;; for thecaseh =55 mm, d =4.8
mm. The blue line representsthe transmission without the subwavelength periodic Domino structure.

field distribution along the transition region, reducing the
reflection in the junction between the plasmonic waveguide
and the rectangular waveguide adapter. First, consider
the case of h=4 mm, d=10mm, a=0.5d, L =5 mm, w
=75 mm, and ¢ = 375 mm with dispersion line shown in
solid black line in Figure 1(b). The S parameters of this
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plasmonic waveguide measured from Vector Network
Analyzer (VNA) are displayed in dashed red line Figure
3(c). The experimental value of S,; increases from —13.4
dB at 8 GHz to —2.49 dB at 11.24 GHz, and it falls below
—12 dB close to the asymptotic frequency 11.505 GHz,
as indicated dash red line. The simulation and experi-
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mental results agree well with each other, the slight mag-
nitude difference is due to the loss in experimental metal
which is assumed to be PEC in simulation. The meas-
urement of S,; for metallic plane without the Domino
structure is also shown in dotted blue line, which proves
that the transmission property is induced by the spoof
SPP mechanism of the Domino structure. For the case of
h =4.8 mm, d = 5.5 mm with dispersion line shown in
solid black line in Figure 2(b). The S parameters of this
plasmonic waveguide are displayed in dashed red line
Figures 3(e) and (f), the S, increases from —2.9 dB at 8
GHz to —1.478 dB at 9.645 GHz, then decrease to —9.94
dB at 10.98 GHz, and falls below —24.9 dB above the
asymptotic frequency 11.233 GHz. From the previous
analysis, the plasmonic waveguide with these geometric
parameters has high modal field confinement, as a result,
the EM field from the input can be effectively guided to
the output by such Domino structure. The slight differ-
ence between the experimental and simulation is caused
by the limit of fabrication precision.

4. Conclusion

In conclusion, we have studied in numerical and experi-
ment the plasmonic open waveguide constructed by pe-
riodic subwavelength Domino structure, which supports
spoof SPPs with high modal field confinement. Such
waveguide has metallic open structure, whose geometric
parameters can be adjusted to control the working fre-
quency bandwidth. We utilized waveguide adaptor in our
experiment, so that the S parameters of the Domino
structure can be obtained to analyze the transmission
properties. This kind of the waveguide structure can be
applied in high power microwave transmission system.
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