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Abstract— Two compact spoof surface plasmon polariton
(SSPP) waveguides are proposed with simple configurations
and good performance. Compared with the conventional SSPP
structure having same asymptotic frequency, a new design of the
tilted-stub structure occupies less transversal space. Moreover,
this design can be applied in the SSPP cases with small period
values, which will facilitate the longitudinal miniaturization.
Then, an improved SSPP structure is constructed to realize the
transversal size reduction of 58% compared with the conventional
corrugated SSPP waveguide. For these two proposed waveguides,
smooth transitions from microstrip lines to SSPPs are designed
with seamless connection. Two experimental prototypes have been
fabricated, whose measurements are in good agreement with
the simulated ones. The proposed designs will have significant
potentials for the miniaturization of plasmonic devices and
circuits.

Index Terms— Miniaturization design, spoof surface plasmon
polaritons (SSPPs), transversal size reduction.

I. INTRODUCTION

SURFACE plasmon polaritons (SPPs) are a class of surface
waves propagating along the metal–dielectric interface

with exponential decay in the vertical direction to the inter-
face [1]. Due to the ability of strong field confinement, SPPs
are well researched and developed at optical band [2]–[4].
At terahertz and microwave regimes, an SPP-like surface
modes, namely spoof SPPs (SSPPs), are proposed to reproduce
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the properties of SPPs [5]. The SSPPs are constructed by
adding periodic patterns on conductors, which can be tailored
by changing the geometrical dimensions of the periodic struc-
tures [6], [7].

In order to make good use of such SSPP technology,
numerous planar SSPP-based devices are implemented that
can be conveniently integrated into the wireless communi-
cation systems, including filters [8]–[15], antennas [16]–[19],
splitters [20], [21], phase shifters [22], matching loads [23],
and so on. These SSPP-based devices possess the advan-
tages of strong field confinement and ease of frequency
manipulation that facilitates their applications in different
scenarios.

For realizing lower asymptotic frequency and stronger field
confinement, the groove of the SSPP periodic array always
requires to be deeper. However, this will lead to large transver-
sal size and sacrifice volume occupation. Hence, several efforts
have been made to miniaturize the SSPP structures, which are
all realized through structure deformations, such as split-ring
grooves [24], spiral-shaped lines [25], T-shaped lines [26],
meander lines [27], [28], and double-sided parallel-strip
lines [29]. Especially in [24], due to the suitable configuration,
the transition part can be avoided that decreases the longitudi-
nal length as well. In [30], a new SSPP transmission line by
loading capacitive metal strips realizes the size reduction and
enhanced field confinement. In order to achieve deep upper fre-
quency suppressions, two new SSPP structures using bow-tie
unit cells are designed in [14] and [15]. However, these defor-
mations of the SSPP structures make the configuration compli-
cated and design time-consuming. Also, it usually occupies a
relatively large longitudinal size for a period of SSPP unit cell.

In this article, two compact SSPP waveguides using simple
configurations are proposed with transversal size reductions
and good performance. First, by rotating the two-side stubs
of the conventional corrugated SSPP structure, a new stub-
tilted SSPP structure is constructed. This method is suitable
to apply in the SSPP cases with small period values, thereby
miniaturizing the longitudinal size. Then, to further decrease
asymptotic frequency of the SSPP waveguide, an improved
one is introduced, while its transversal size almost remains
unchanged. The simulated and measured results, exhibiting
low insertion loss (IL) and deep stopband suppression, validate
the proposed ideas.
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Fig. 1. Schematic configurations of (a) conventional corrugated SSPP unit
cell and (b) proposed stub-tilted SSPP unit cell. The detailed dimensions are
p = 5 mm, w = 1 mm, h = 5 mm, and w1 = 0.5 mm.

II. SSPP WAVEGUIDES

A. Stub-Tilted SSPP Structure With Transversal Size
Reduction

Fig. 1 shows two SSPP unit cells where the yellow regions
represent the metallic conducting strips attaching on the
dielectric substrate. The back of the substrate is the metallic
ground plane, which is in order to improve the electromagnetic
field confinement and achieve lower asymptotic frequency.
Fig. 1(a) illustrates the diagram of the conventional two-
side corrugated SSPP unit cell, where the period, conducting
strip width, height and width of each transversal stub are
denoted as p, w, h, and w1, respectively. Fig. 1(b) depicts the
schematic of the proposed stub-tilted SSPP unit cell, where
the transversal size occupation is reduced. It is constructed
through the following two steps. First, moving the stubs of
conventional SSPP unit cell to the right end (the blue dashed
region), which will hardly influence its dispersion character-
istics due to the periodic configuration. Second, rotating the
bilateral stubs a certain angle symmetrically, i.e., θ , along the
red points in Fig. 1(b). As for the tilted stub, its transversal
size occupation is reduced from h to ha .

With the help of the eigenmode solver in commercial
software, we investigate the dispersion characteristics of the
proposed stub-tilted SSPP structure (i.e., periodic array of the
stub-tilted SSPP unit cell) with different θ , and its counterpart
(conventional corrugated SSPP structure), as shown in Fig. 2.
Also, the dispersion curves of the light line and microstrip
line are introduced for references. Since the transversal size
reduction is not obvious if the rotating angle is small, only the
cases of large θ (40◦, 50◦, and 60◦) are explored. In simulation,
the substrate Rogers 5880 (εr = 2.2, tanδ = 0.0009) is
used with a thickness of 0.508 mm. Seen from Fig. 2,
the dispersion curve of the stub-tilted SSPP structure starts
from the intersection with the light line and microstrip line,
and then gradually deviates from them to the asymptotic
frequency. With the deviation, the strong field confinement
and low asymptotic frequency are both realized. However,
the asymptotic frequencies of the stub-tilted SSPP structure
(8.67, 8.89, and 9.31 GHz when θ = 40◦, θ = 50◦, and
θ = 60◦, respectively) are all slightly higher than that of the

Fig. 2. Dispersion curves for the stub-tilted SSPP structure as a function
of θ . The other parameters are p = 5 mm, w = 1 mm, h = 5 mm, and
w1 = 0.5 mm.

conventional SSPP structure (8.54 GHz). This phenomenon is
mainly caused by the effect of the reduced effective length as
stub rotates, and this effect becomes obvious as θ increases.
It should be noted that the spatial occupation of the bilateral
stubs, i.e., ha , reduces to 3.88, 3.09, and 2.28 mm, respectively,
in these three rotating cases.

As the bilateral stubs tilt, the asymptotic frequency will
be slightly increased. However, under the condition of same
asymptotic frequency, the stub-tilted SSPP structure occupies
greatly less lateral space compared with the conventional SSPP
structure. A comparison is made below in detail. For stub-
tilted SSPP structures in the cases of θ = 40◦, θ = 50◦,
and θ = 60◦, their transversal dimensions (2ha + w) are 8.98,
7.81, and 6.43 mm with corresponding asymptotic frequencies
of 8.67, 8.89, and 9.31 GHz, respectively. However, for
the conventional SSPP structures with these three different
asymptotic frequencies, the corresponding transversal sizes
(2h + w) will be 10.68, 10.28, and 9.64 mm, respectively.
Therefore, it is found that the stub-tilted SSPP structures in
these three cases can achieve the transversal size reductions
of 16%, 24%, and 33%, respectively.

Based on the proposed stub-tilted SSPP unit cell of θ = 60◦,
a SSPP waveguide (SSPP waveguide I) with transversal size
reduction and simple setting is designed, which is fed by 50-�
microstrip line, as shown in Fig. 3(a). It is composed of two
parts: one is the periodic array containing five SSPP unit cells
whose dimensions are the same as the ones in Fig. 1(b), and
the other part is the gradient transition from microstrip line
to SSPP periodic array with seamless connection. The two
different lengths of the transition stubs h1 and h2 are set as
2.5 and 4 mm, respectively. The width of the 50-� microstrip
line in this configuration is w0 = 1.54 mm through calculation.
The other parameters are selected as l0 = 5 mm, l1 = 3 mm.

As depicted in Fig. 3(b), due to the well-designed transition,
the SSPP waveguide I has improved transmission (S21) and
reflection (S11) performance. It realizes a lowpass filtering
response with steep band edge. Within the passband, the return
loss (RL) is higher than 10.3 dB, ensuring the stable and
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Fig. 3. (a) Sketch diagram of the SSPP waveguide I and (b) its simulated
S-parameters along with the mismatched counterpart (i.e., SSPP waveguide I
without transition part) for comparisons.

Fig. 4. Simulated S-parameters of the proposed SSPP waveguide I using
different numbers of SSPP unit cells.

low-loss transmission passband. The 3-dB cutoff frequency
of 9.26 GHz is marked, which almost agrees well with the
asymptotic frequency of 9.31 GHz expected in the dispersion
curve in Fig. 2. Meanwhile, at the stopband, the IL of 30 dB
can reach up to 17.67 GHz, showing deep and wide rejection
level. It should be noted that, although the SSPP waveguide I
is asymmetrical in the longitudinal direction, there is no
difference between S-parameters of S21 and S12 due to the
reciprocity of passive circuit structure. Additionally, Fig. 4
exhibits the simulated S-parameters of SSPP waveguide I
using different numbers of SSPP unit cells. With changing
the number of SSPP unit cells, the whole transmission perfor-
mance of the SSPP waveguide is almost unaffected.

To further study the propagation mechanism of SSPP
waveguide I, the normalized electric field distributions at

Fig. 5. Normalized electric field distributions at (a) 8 GHz and (b) 12 GHz
on the xy plane above the SSPP waveguide I of 1 mm.

Fig. 6. Normalized electric fields |E| along the y-axis at 8 GHz in the cases
of z = 1 mm, z = 2 mm, and z = 3 mm, respectively, for the proposed SSPP
waveguide I (solid line) and the conventional corrugated waveguide (short
dotted line).

8 GHz (in-band) and 12 GHz (out-of-band) are presented in
Fig. 5. It can be observed that, through the smooth transition,
the SSPP mode is excited at 8 GHz, with the signals propa-
gated from input to output port successfully. In contrast, due
to SSPP mode is not induced at 12 GHz, the signal is blocked
when transmitting along the waveguide. Fig. 6 illustrates the
normalized electrical field |E | along the y-axis at 8 GHz
of SSPP waveguide I, as well as that of the conventional
corrugated SSPP waveguide for comparison. Due to the |E |
varies along the x-axis, we choose the maximal |E | position
at z = 1 mm for both the two waveguides. As for z position,
three cases of z = 1 mm, z = 2 mm, and z = 3 mm are
selected. The |E | of SSPP waveguide I and conventional SSPP
waveguide are normalized to their own maximums. Due to the
physical tilt, the SSPP waveguide I occupies less space, and
the corresponding excited electric field energies are confined
in smaller areas for these three cases. Additionally, observed
from Fig. 6, the electrical fields are mostly concentrated on
the end of two bilateral stubs in the case of z = 1, and become
flat with z increases, for both of these two waveguides.

Furthermore, in contrast to the works having relatively large
longitudinal sizes for a period of SSPP unit cell in [21]–[27],
this approach can be applied in the case with small period
value, which will facilitate the miniaturization of longitudinal
size. To validate this, two SSPP waveguides with small periods
of p = 3 mm and p = 4 mm will be investigated to compare
with the one of p = 5 mm as analyzed above.
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Fig. 7. Top view of the designed SSPP waveguides in small-period cases of
(a) p = 3 mm and (b) p = 4 mm. The other parameters are the same as SSPP
waveguide I. (c) Simulated transmission responses for the SSPP waveguide
with different periods p.

Fig. 7(a) and (b) display the designed SSPP waveguides
with p = 3 mm and p = 4 mm, respectively, where tilted
stubs are overlapped with the closely spaced ones. Except
the parameter “p,” the two SSPP waveguides have same
configurations with SSPP waveguide I, thus both of which
have identical transversal sizes. Obviously, the longitudinal
dimensions of these two SSPP waveguides are both reduced
under the condition of same number of periodic unit cells.
Fig. 7(c) illustrates the simulated transmission coefficients
of the two SSPP waveguides, as well as that of the SSPP
waveguide I for comparisons. It can be seen that the two
SSPP waveguides with p = 3 mm and p = 4 mm also have
good performance. The passband characteristic is very flat
and the stopband rejection level is significantly high. Besides,
the band edge becomes steeper as p decreases. In addition,
with the decrease of p, the 3-dB cutoff frequency has a
blue-shift due to the inherent property of the SSPP structure,
which also exists in the conventional SSPP structure. Note that
the transversal sizes of these two cases with p = 3 mm and
p = 4 mm are still almost identical to that of the case with
p = 5 mm. Therefore, this proposed approach is beneficial to
the miniaturization design of planar plasmonic devices, both
in transversal and longitudinal directions.

B. Improved SSPP Structure

Based on the stub-tilted SSPP unit cell featuring transversal
size reduction as mentioned above, an improved SSPP unit

Fig. 8. Dispersion curves of the improved SSPP structure with different
values of a, as well as that of the corresponding stub-tilted SSPP structure.
The inset is the improved SSPP unit cell with the parameters of θ = 60◦ ,
h = 5 mm, and hb = 2.78 mm. The other parameters are identical to those
in Fig. 1(b).

cell is proposed to further decrease asymptotic frequency,
as shown in the inset of Fig. 8, where the parameter a should
be set smaller than the period p. It can be easily acquired by
symmetrically adding additional stubs at the end of the tilted
stubs with an intersection (red points in the inset of Fig. 8).
When h = 5 mm and θ = 60◦, the transversal size occupation
of stub part is hb = 2.78 mm, slightly higher than that of the
stub-tilted SSPP unit cell (ha = 2.72 mm).

Fig. 8 presents the dispersion relations of the improved
SSPP structure (i.e., periodic array of the improved SSPP
unit cells) against different values of a, as well as that of the
corresponding stub-tilted SSPP structure for comparisons. It is
found that the improved SSPP structure has lower asymptotic
frequency and stronger field confinement compared with its
counterpart SSPP waveguide I. Additionally, the asymptotic
frequency of this improved SSPP structure decreases from
8.47 to 6.31 GHz as the parameter a increases from 1.5 to
4.5 mm. Under the condition of same asymptotic frequency
of 6.31 GHz, the improved SSPP structure with a = 4.5 mm
occupies the whole transversal space of 6.56 mm, while the
conventional SSPP structure needs the transversal space of
15.62 mm. Consequently, 58% reduction of transversal size
can be realized.

Based on the proposed improved SSPP unit cell of
a = 4.5 mm, a compact SSPP waveguide (SSPP waveguide II)
is designed, fed by 50-� microstrip line, as shown in Fig. 9(a).
In fact, SSPP waveguide II is constructed referring to SSPP
waveguide I, by merely adding an additional transition part
and substituting the stub-tilted SSPP unit cells with improved
SSPP unit cells. The new adding transition part has the
parameters of a1 = 3 mm and h3 = 5 mm. The other
parameters are the same as the SSPP waveguide I in Fig. 3(a).
It is worth mentioning that the SSPP waveguide II not only has
a simple configuration, but also can realize the transversal size
reduction of 58% compared with the conventional corrugated
SSPP waveguide.
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Fig. 9. (a) Schematic configuration of SSPP waveguide II and (b) its
simulated S-parameters along with the mismatched counterpart (i.e., SSPP
waveguide II without transition part) for comparisons.

Fig. 10. Normalized electric field distributions at (a) 5 GHz and (b) 8 GHz
on the xy plane above the compact SSPP waveguide II of 1 mm.

The compact SSPP waveguide II is investigated by
the frequency domain solver simulation, and its simulated
S-parameters are displayed in Fig. 9(b). It can be seen that
the SSPP waveguide II has improved S-parameters due to the
addition of the well-designed transition part. The 3-dB cutoff
frequency of 6.22 GHz is marked, which reasonably agrees
well with the asymptotic frequency of 6.31 GHz as predicted
in dispersion curve. The flat passband and steep band-edge
are achieved, together with the rejection level of 50 dB at
stopband up to 11.48 GHz. Also, the unwanted spurious band
at about 11–14 GHz is effectively suppressed, resulting in wide
stopband.

Fig. 10 illustrates the normalized electric field distributions
of SSPP waveguide II at 5 and 8 GHz, which are located in
passband and stopband, respectively. Obviously, the electric
fields at 5 GHz mainly concentrated on the metallic strips can
transmit through the SSPP waveguide II due to the excited
SSPP mode propagation, while the electric fields at 8 GHz are
blocked at the transition part with high electric field intensity.
Additionally, Fig. 11 illustrates the normalized electrical field

Fig. 11. Normalized electric fields |E| along the y-axis at 5 GHz in the
cases of z = 1 mm, z = 2 mm, and z = 3 mm, respectively, for the proposed
SSPP waveguide II.

Fig. 12. Photographs of two fabricated SSPP waveguides.

|E | along the y-axis at 5 GHz in the cases of z = 1 mm,
z = 2 mm, and z = 3 mm, respectively, for the proposed SSPP
waveguide II. The |E | of the SSPP waveguide II is extracted
at x = −2 mm (i.e., the center position of the middle SSPP
unit cell). Moreover, the |E | is normalized to its maximum.
It is clear that the |E | at z = 1 mm is mostly concentrated
on the two additional stubs, and becomes flat as z increases,
similar to the SSPP waveguide I.

III. EXPERIMENTAL VERIFICATION

In order to demonstrate the feasibility of our design, two
above-mentioned prototypes, SSPP waveguides I and II, are
fabricated. Fig. 12 exhibits the top view of the two fabricated
SSPP waveguides. The back of them is covered by metal as
the ground. The SubMiniature version A (SMA) connectors
are welded to the ends of them for ease of measurement.

Fig. 13 presents the measured results, including the
S-parameters and group delay, which have good agreement
with the simulated ones. According to the results, both the
two samples have excellent passband, such as low IL and
good RL of over 10.3 dB. Especially for SSPP waveguide I,
its passband is flat with the IL of better than 0.5 dB. Moreover,
the roll-off rate at band-edge keeps well, especially for SSPP
waveguide II. Note that the measured performance of the two
SSPP waveguides deteriorates slightly when the frequency is
higher than 13 GHz, which may be caused by the external
disturbance due to no shielding cavities used for measurement.
Additionally, the group delays of the two SSPP waveguides are

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on May 31,2022 at 09:03:27 UTC from IEEE Xplore.  Restrictions apply. 



LU et al.: COMPACT SSPP WAVEGUIDES WITH SIMPLE CONFIGURATIONS AND GOOD PERFORMANCE 3791

Fig. 13. Measured results of (a) SSPP waveguide I and (b) SSPP
waveguide II along with the corresponding simulated results.

TABLE I

COMPARISONS WITH SOME PREVIOUS WORKS

flat within lowpass band. Table I tabulates the performance
comparisons with some previous works, which indicates that
the two proposed SSPPs possess low ILs, good RLs, and
miniaturized sizes. In summary, the two compact experimental
prototypes with transversal size reductions and good perfor-
mance have validated our design idea successfully.

IV. CONCLUSION

In this article, two compact SSPP waveguides with simple
configurations and good performance have been presented,
and the transversal size reductions have been achieved. The

properties of these two SSPP waveguides have been ana-
lyzed in detail. Good agreement between the simulated and
measured results validates the feasibility and potential of our
designs. The presented works will be of great benefit for the
development of miniaturized plasmonic devices and circuits at
microwave or terahertz frequencies.
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