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Abstract In this work, we report a fishbone-like high-
efficiency low-pass plasmonic filter based on a double-
layered conformal surface plasmon waveguide (CSPW)
which consists of double-layered symmetrical metal grat-
ings (SMGs) of fishbone shape. Efficient mode conversion
between the quasi-transverse electromagnetic (TEM) waves
in the microstrip line and the conformal surface plasmons
(CSPs) on the double-layered CSPW is realized by using
gradient double-layered SMGs and impedance matching
technique. Experimental results of the transmission and
reflection coefficients of the straight sample show excellent
loss-pass performance and agree well with the numeri-
cal simulations. The curved samples exhibit low radiation
loss when the double-layered CSPW is conformal or even
bent thanks to the high confinement of CSPs. The pro-
posed structure can find potential applications in integrating
conventional circuits with CSPs devices at microwave and
terahertz frequencies.
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Introduction

The so called spoof surface plasmon polaritons (SPPs)
propagating on textured conducting surfaces at deep sub-
wavelength scale in the microwave and terahertz (THz)
frequencies have been proposed and verified in the past
decade [1-3]. These spoof SPPs inherit most of the exotic
features of natural SPPs [4-6] as confining electromagnetic
fields in a deep subwavelength scale with high intensity
to overcome the diffraction limit. More importantly, their
physical characteristics can be engineered at will by tun-
ing the geometrical parameters. Among these works, the
conformal surface plasmons (CSPs) [6], which are formed
by printing ultrathin corrugated metallic strips on a flexi-
ble dielectric film, are regarded as one of the most potential
candidates in developing practical ultrathin planar circuitry
for microwave and THz applications [7-16].

However, it is hard to operate the CSPs devices inde-
pendently due to the difficulties in feeding and extracting
signals efficiently in the conventional planar microwave cir-
cuits, which are mostly two-conductor transmission line
structures. Recently, several interesting works have been
reported to realize smooth transition between conventional
planar transmission lines (such as coplanar waveguide
[7-9], microstrip line [10-13], and slot line [14-16]) and
spoof SPP devices. In addition, deep subwavelength corru-
gated metallic wires [17] and domino structures [18] are
also investigated to realize similar conversions at microwave
frequencies. However, most of the proposed spoof SPP
devices are constructed by single-layered corrugated sym-
metrical or antisymmetrical grooves, which are difficult to
be integrated with a microwave or THz active chip owing to
the single-layered structure. In addition, the bottom ground
for coupling electromagnetic (EM) energy to convert the
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direction of the electric field from perpendicular to paral-
lel to the strip [10] will also increase the design difficulties
and lead to low transmission efficiency especially at lower
frequencies. Thus, how to efficiently excite the CSPs prop-
agating on a double-layered CSPW in broadband becomes
Very necessary.

In this work, we propose a fishbone-like high-efficiency
low-pass plasmonic filter based on a double-layered CSPW
which consists of a double-layered SMGs of fishbone
shape. Efficient mode conversion between the quasi-TEM
mode in the microstrip line and the CSPs on the fishbone-
like double-layered CSPW is realized by a smooth bridge,
which is composed of two-stage back-to-back transitions
from microstrip line to double-layered parallel-strip line
[19] and periodic fishbone-like double-layered SMGs in
between. Excellent agreement between the simulation and
experimental results on the reflection and transmission coef-
ficients of straight and curved CSPWs validates our design.
The proposed transition structure is of simple structure,
high realizability, seamless connection, and integration with
microwave devices and circuits, which can find potential
applications in advanced integrated circuits at microwave
and THz frequencies.

Model Analysis of Double-layered CSPs
and Design of High Efficiency Low-pass Plasmonic
Filter

The proposed double-layered CSPW has a fishbone shape
shown in Fig. la, in which the period, length, and width
of the double-layered SMGs are denoted by d, g, and a,
respectively. In the microwave and THz frequencies, the
metal can be reasonably assumed as perfect electric conduc-
tor (PEC). We are interested in calculating the dispersion
relation of transverse magnetic (TM) polarized waves prop-
agating in the x direction along the double-layered CSPW,
and only the fundamental eigenmode is considered. As
shown in Fig. 1b, the dispersion relations of the single-
and double-layered SMGs are obtained by the eigenmode
solver of the commercial software CST Microwave Studio
[17, 18], in which the geometrical parameters are designed
asd=5mm, g =21 mm, a =1 mm, t= 0.018 mm,
and w = 0.75 mm, the dielectric substrate of thickness
h = 0.254 mm is selected as Rogers RT5880 with rel-
ative dielectric constant &, = 2.2 and loss angle tangent
tand = 0.0009. We observe that the dispersion curve of
the double-layered symmetrical CSPs departs more from
light line than that of the single-layered symmetrical CSPs
and the cutoff frequency decreases significantly due to
the enhanced equivalent capacitance and inductance by
the strong EM coupling in the double-layered symmetri-
cal structure. These unique properties result in a smaller
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Fig. 1 The proposed double-layered CSPW with period d = 5 mm,
width ¢ = 1 mm along the x-axis and width w = 0.75 mm, length
g = 2.1 mm along the y-axis, respectively. The top and bottom copper
layers with the thickness # = 0.018 mm and separated by a dielectric
substrate of Rogers RT5880 (¢, = 2.2, tand = 0.0009) with the thick-
ness & = 0.254 mm. b The dispersion relation for the fundamental
surface mode of the single and double-layered CSPs

propagating wavelength and bring tighter EM field confine-
ment at the same frequency (see the green dotted line in
Fig. 1b, A=27/ k), holding promise for applications such as
miniaturized CSPs devices and low crosstalk transmission
lines.

In addition, we notice that there is a significant mis-
match of momentum between the common microstrip line
(see the dark line in Fig. 1b) and the double-layered CSPW
(see the blue line in Fig. 1b), especially at the equiv-
alent asymptotic frequency, which makes it difficult to
excite double-layered CSPs propagating on this CSPW effi-
ciently only by common microstrip line. To address it, a
back-to-back matching transition with two stages from the
microstrip line to a double-layered parallel-strip line and
then to the double-layered CSPW is designed and shown as
regions II and III in Fig. 3. Figure 2 illustrates the mode
conversion theory explaining these two-stage conversions.
Figure 2a shows that the dispersion curve is gradually devi-
ating from the microstrip line and the cutoff frequency
becomes lower when the length g increases from go = 0 mm
(go = 0 mm represents the double-layered parallel-strip
line) to g7 = 2.1 mm step by step, which indicates higher
confinement when g increases. Figure 2b shows that the nor-
malized impedance changes from 1 to the impedance of the
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double-layered CSPs, which is obtained using the S-
parameter retrieval procedure [20]. Hence, the transition
section functions as momentum and impedance match-
ing between the microstrip line and double-layered CSPW
simultaneously, thus facilitating the integration of the
double-layered CSPs with traditional microwave devices
and circuits.

By using two symmetrical transitions linked with a
double-layered CSPW, we designed a high-efficiency low-
pass plasmonic filter, which is typically composed of four
regions with length L1 =5 mm, L, =17.5 mm, L3 =35 mm,
and Ly = 25 mm along the x-axis shown in Fig. 3.
Region I is a common microstrip line with signal line width
s =0.75 mm and ground width 7" = 24 mm. Region IV is the
proposed double-layered CSPW with d = 5 mm, a =1 mm,
w=s = 0.75 mm, and g = 2.1 mm, respectively. The dielec-
tric substrate can be designed and fabricated as ultrathin
and flexible if needed and in our design % is chosen as
0.254 mm. Region II is the first-stage transition part with an
inward flaring ground to realize smooth impedance match-
ing from microstrip line to double-layered parallel-strip line,
and the flaring curve is described as [17] y=C1e** — C;
(x1 < x < x2), with @ = 0.2, Ci=(y2 — y1)/(e®*? —
e®), Cr=(y2e*"" — y1€%72) /(%2 — e**1), p1=(x1, y1) and
p>=(x2, y2) being the start and end points of the flaring
curve respectively. Note that the curve of the flaring ground
can be designed differently. Region III is the second-stage
transition part of a gradient double-layered SMGs with g

Fig. 3 Schematic pictures of
the proposed two-stage
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varied from g; = 0.3 mm to g7 = 2.1 mm with a step of
0.3 mm.

Results and Discussions

To evaluate the performance of the proposed design quan-
titatively, we fabricated a sample shown in Fig. 4a and
measured its S-parameters (Sy; is the reflection coeffi-
cient and Sp; is the transmission coefficient) shown in
Fig. 4c, in which all geometrical parameters keep the same
as those in Fig. 3. In the experiment, Agilent N5230C
vector network analyzer is employed and two coaxial
cables with 502 port impedance are connected to both
ends of the microstrip line via SMA connectors shown in
Fig. 4a. Figure 4b illustrates the comparison of simulation
results with and without the gradient matching gratings. If
the transition part does not exist, we notice that the reflec-
tion coefficient (S11) of the hybrid waveguide is higher than
—4 dB from 6 to 10 GHz. That is to say, more than 40 %
of the electromagnetic waves are reflected. With the match-
ing transition, however, a very high-efficiency transmission
is achieved, in which S;;<—10dB, S2;>—0.6dB in the fre-
quency band from 0 to I0GHz. The measured S-parameters
with the matching transition are demonstrated as the blue
and magenta dotted lines in Fig. 4c, which are in very good
agreement with the simulations ones (the black and red
solid lines in Fig. 4c). We observe that the cut-off frequency
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Fig. 4 a The photo of the fabricated straight sample (Up: the top
view, Down: the bottom view). b The simulated S-parameters of the
straight sample with and without the matching transition. ¢ The sim-
ulated and measured S-parameters of the fabricated straight sample
with the matching transition. d The normalized propagation length (the
black line) and the corresponding dispersion curve (the blue line) of
the fundamental surface mode of the double-layered CSPs
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is 11.4 GHz in both simulation and measurement, satisfy-
ing the dispersion result analyzed in Fig. 2a approximately.
In addition, the normalized propagation length (L/X) of
the double-layered CSPs propagating along the proposed
double-layered CSPW is calculated and shown in Fig. 4d,
in which L=1/(2Im(k)) and Im(k) is the imaginary part of
the complex propagation constant calculated by commercial
software COMSOL Multiphysics with the actual dielectric
function of copper [12, 21]. We can observe that when
the working frequency is approaching the asymptotic fre-
quency, the propagation lengths decrease rapidly, which is
consistent with the dispersion property shown as the blue
line in Fig. 4d. Specifically, the propagation length is from
20 to 87 wavelengths in the whole operating band, which
shows the propagation loss of the proposed CSPW is rela-
tively low at the transmission band. These unique properties
show that the proposed two-stage transitions can effec-
tively convert quasi-TEM wave to double-layered CSPs and
the whole structure has excellent low-pass filtering perfor-
mance in broadband with the cutoff frequency easily tuned
by typical geometrical parameters of the double-layered
SMGs.
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Fig.5 a The photo of the conformal bending sample. b The measured
S-parameters of the fabricated conformal bending and straight samples
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Fig. 6 a The photo of the 90° bending sample (Left: the top view,
Right: the bottom view). b The simulated and measured S-parameters
of the 90° bending sample

It is known that the CSPs can be tightly confined to
the ultrathin corrugated metallic strip on arbitrarily curved
surfaces. They can travel long distances with very low
absorption and radiation losses when the surface is bent,
folded, and even twisted [6]. To test the conformal char-
acteristic of double-layered CSPs, the whole structure is
fabricated on both sides of a very thin substrate with thick-
ness & = 0.254 mm, which can also be bent and twisted.
We first attach the structure to a semi-circle foam board
with the radius R = 30 mm exhibited in Fig. 5a, in which
all geometrical parameters remain unaltered as that in
Fig. 4a. Figure 5b shows the comparison of the measured S-
parameters results with and without bending, which exhibits
little difference in circuit performance. Furthermore, we
also expect to test how the propagation of the double-
layered CSPs is affected by the presence of a 90° curved
waveguide exhibited in Fig. 6a with the same geometrical
parameters as those in Figs. 3 and 4a. As shown in Fig. 6b,
the S, is more than —0.9 dB and the Sy is less than —10 dB
in the frequency range from O to 10 GHz. The simulation
results are in good agreements with the experiments except
the little deviation at high frequencies. These deviations
may be caused by the tolerance of fabrication especially in
the curved zone, which will cause the impedance mismatch

in the curved zone. Moreover, the samples are easily bend-
able due to the ultrathin geometries, which would cause
some discrepancies during the testing process. The scaling-
down geometry has great promise to realize high-efficiency
plasmonic waveguide in the THz regime.

Conclusions

In summary, we have numerically and experimentally veri-
fied an efficient design to achieve mode conversion between
the quasi-TEM waves in the common microstrip line and the
CSPs on a double-layered CSPW using a two-stage back-
to-back transition structure. The simulation and measure-
ment results on the S-parameters at microwave frequencies
demonstrate excellent circuit performance of the straight
and curved double-layered CSPWs. These results could
contribute to developing advanced plasmonic integrated
circuits in the microwave and THz frequencies.
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