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To adjust the transmission band while keeping the width of a spoof surface plasmon polariton (SSPP) waveguide unchanged, periodic cells with T-
shaped conductor branches on both sides are used. By controlling the top lateral strips of branches, the adjustable range of cutoff frequencies can
reach approximately 3.5 GHz. Thus, compromised regulation of the field confinement and transmission loss is easily achieved, improving the
transmission performance of SSPP modes. By loading open conductor rings onto T-shaped branches to construct a split ring resonator (SRR), a
band-rejection filter is realized. When multiple SRRs with gradient lengths are loaded onto one side of the SSPP waveguide, a broad stop band
with a relative bandwidth of 18% is achieved. The proposed structures are also advantageous for the miniaturization of microwave circuits.

© 2021 The Japan Society of Applied Physics

S
urface plasmon polaritons (SPPs) are strongly bound
surface waves propagating along the conductor–di-
electric interface due to the collective oscillation

between light waves and metal electrons.1,2) However, in
the microwave region, metal behaves as a perfect electric
conductor (PEC).3) Even though, for example, Zenneck
waves can propagate on the metal interface, they is dis-
tributed in the medium at hundreds of wavelengths and show
poor confinement.4)

Fortunately, by introducing periodic holes or grooves into
the metal’s surface, the equivalent plasma frequency can be
effectively reduced and spoof surface plasmon polaritons
(SSPPs) are realized in the microwave band, which have
similar characteristics to SPPs.5) In fact, holes of sub-
wavelength size periodically distributed across the surface
significantly enhance the penetration of electromagnetic
(EM) waves in metal and improve the field matching between
the metal and the medium, thereby realizing the confinement
of EM waves on a sub-wavelength scale.6) Because the
transmission frequency in structurized waveguides is much
lower than the plasma frequency of metal, SSPP modes have
small losses. Meanwhile, the dispersion characteristics of
SSPP modes can be flexibly controlled by changing the
structural parameters to obtain adjustable or reconfigurable
microwave components and circuits.7–10)

Planar SSPP waveguides have drawn great attention for the
miniaturization of microwave circuits. A thin SSPP structure
can be manufactured by the etching of microwave circuit
boards or the planar lithography of terahertz devices.11,12)

Conformal structures can be realized using flexible circuit
boards, to guide SSPP modes without affecting the transmis-
sion characteristics.13) The most common periodic cell is an
H-shaped structure.14) However, its asymptotic frequency is
usually high and to enhance the confinement of SSPP modes,
the height of the H-shaped units has to be increased, which
harms device miniaturization.15) To reduce the cutoff fre-
quency while keeping the width of the SSPP waveguide
constant, a periodic structure with T-shaped branches is
proposed in this paper. The asymptotic frequency of this
periodic cell can be effectively controlled by regulating the
length of its top conductive strips. Furthermore, by loading
multiple open loops onto T-shaped branches on one side of
SSPP waveguide, a broad stop band can be achieved without
a significant impact to the passband performance.

The periodic cell with T-shaped branches is formed by
symmetrically loading lateral conductor strips onto the arm
tops of an H-shaped unit as shown in Fig. 1(c). Specifically, it
is fabricated on an F4BM microwave substrate with a
permittivity of 2.2, a loss tangent of 0.01, and a thickness
of 0.8 mm. For it to work in the microwave band, a period of
p= 5.0 mm and a central conductor width of H= 5.0 mm are
used. Meanwhile, the height of the vertical branch is
h= 4.0 mm, and its width is f1= 0.8 mm. The symmetrical
lateral strips at the tops have a unilateral length of e= 1.0 mm
and a width of f2= 0.3 mm.
The dispersion characteristics are mostly affected by the

groove depth and period of the SSPP waveguide based on the
H-shaped cell.14,16) Thus, for the proposed structure, the
influence of the branch height h and lateral strip length e of
the unit are mainly analyzed using the eigenmode expansion
method. The simulation results are shown in Fig. 2, where the
straight line is the light cone in the medium. Since the wave
vector changes as a gradient with h values at the same
frequency, a transition between the traditional transmission
line and the guided wave structure of the SSPP modes can be
achieved by gradually varying the branch height h. In the
case of h= 4.0 mm, the asymptotic frequency with strong
mode confinement is 9.7 GHz.
At e= 0.0 mm, that is, the periodic unit returns to the

traditional H-shaped structure, the asymptotic frequency is
11.7 GHz, which is nearly 2 GHz higher than that with a T-
shaped unit of e= 1.0 mm. As e increases, the asymptotic
frequency decreases, which indicates that at a given unit
height, the T-shaped periodic cell can have strong SSPP
confinement. In fact, due to the strong restraining ability of
electric fields at e= 2.0 mm, the SSPP mode begins to
exhibit a negative group velocity.
As shown in Fig. 2, SSPP modes are lowpass slow waves.

As T-shaped branches are applied, the cutoff frequency of the
SSPP waveguide is strongly affected by the length of the top
strips. Since loading lateral strips can equivalently increase
the groove depth, it is possible to regulate the transmission
feature of the SSPP waveguide by adjusting the strip length e,
without increasing the waveguide width.
The overall structure of the SSPP waveguide is shown in

Fig. 1(a), and consists of three different regions: coplanar
waveguide (CPW) ports as part I, gradual transition segments
as part II, and the SSPP transmission structure as part III. For
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the CPW of part I, as shown in Fig. 1(b), the width of the
central conductor strips is H= 5.0 mm and the length is
L1= 10.0 mm. The width of the ground plane on one side is
w= 15.0 mm and the slot width is s= 0.4 mm. This CPW
has a characteristic impedance of 50 Ω and can be directly
terminated with SMA (Sub-Miniature-A) connectors.
The transition segments of part II include a central

conductor strip for wave-vector matching and two symme-
trical 1/4-elliptical ground plates for mode conversion. As
shown in Fig. 1(b), the length of region II is L2= 50.0 mm
and 8 pairs of T-shaped branches are loaded on both sides of
the conductor strip. The height of the branches gradually
increases from h1= 0.5 mm to h= 4.0 mm in equal steps,
while the length of the top transverse conductor is kept at
e= 1.0 mm. Meanwhile, the semi-minor and semi-major axes
of the ground plane are w= 15.0 mm and L2= 50.0 mm,
respectively.
Part III is the stable transmission region of the SSPP mode,

which contains 22 periodic units with T-shaped branches and
has a total length of 110.0 mm. Thus, the length of the whole
waveguide is A= 230.0 mm and the width is B= 35.8 mm.
According to the coordinate system shown in Fig. 1, the

propagation direction of the waveguide is along the x axis
and the direction normal to waveguide plane is along the z
axis. The inset of Fig. 3 shows the waveguide prototype
fabricated by the etching method.

Fig. 1. (Color online) SSPP waveguide loaded with T-shaped branches,
where yellow represents the metal layer and light blue represents the
dielectric substrate. (a) The overall structure of the SSPP waveguide, (b)
partially enlarged structure for the feed port, (c) periodic unit structure, and
(d) periodic unit with a split ring.

(a) 

(b) 

Fig. 2. (Color online) For the proposed periodic unit, the influence of the
T-shaped branch (a) height h for the case of p = 5.0 mm, H = 5.0 mm,
e = 1.0 mm and (b) top strip length e in the case of p = 5.0 mm,
H = 5.0 mm, h = 4.0 mm on dispersion characteristics.

Fig. 3. (Color online) Transmission characteristics of the proposed SSPP
waveguide.
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The simulated and measured results of the scattering
parameters for the proposed SSPP waveguide are shown in
Fig. 3. From the simulation results, it can be seen that the
waveguide has excellent low pass transmission performance
and that the S21 value drops rapidly near the cutoff frequency,
which is close to the asymptotic frequency of the dispersion
curve. At the low-frequency end (less than 1.9 GHz), the
fluctuation of the S21 value increases, and S11 significantly
deteriorates. The reason is that electromagnetic waves at
lower frequencies cannot be adequately confined to the
metal’s surface and they work as Zenneck waves.
Considering the medium loss, the measured results are
basically consistent with the simulated results. However,
due to manufacturing errors, the measured cutoff frequency is
slightly shifted towards the high-frequency end.
As shown in Fig. 2(b), the top lateral strips of the T-shaped

branches have a large impact on the asymptotic frequency.
Therefore, the transmission band regulation of the SSPP
waveguide can be realized without increasing the overall
conductor width. The simulated transmission performance for
different e values is shown in Fig. 4. It can be seen that the

cutoff frequency decreases with increasing e values, while the
scattering parameters below the cutoff frequency basically
remain unchanged.
For a given period p= 5.0 mm, the maximum change of e

is 2.1 mm. However, if the top conductor strips of two
periodic cells are too close, the transmission band perfor-
mance deteriorates due to coupling influence. Thus, the
maximum change of e is taken to be 1.5 mm. As
e= 0.0 mm, the cutoff frequency is about 11.4 GHz. This
confirms that the controllable range of cutoff frequencies can
reach 3.5 GHz or so.
Conductor loss, dielectric loss, and radiation loss are the

main factors causing energy dissipation in microwave trans-
mission lines.17–19) Due to the strong confinement of SSPPs,
the energy dissipation caused by radiation can be ignored.
Since a good conductor is used, the conductor loss caused by
the collision of metal electrons can also be neglected. Thus,
dielectric loss is the main loss that needs to be considered. In
this case, an SSPP waveguide with stronger field localization
will have a higher transmission loss.
As the loss tangents of the dielectric substrate are 0.1 and

0.01, respectively, the distributions of the electric field
component Ez on the conductor’s surface at 2.0, 6.0, and
8.0 GHz are shown in Fig. 5. It can be seen that for the
substrate with a loss tangent of 0.1, the Ez amplitude at
2.0 GHz is almost the same on both sides of the waveguide
while it is fed from the left port. At 6.0 GHz, however, the
amplitude decreases from a maximum of 1463 Vm−1 to a
minimum of 628 Vm−1 and at 8.0 GHz this reduction is even
greater. Obviously, as the frequency increases, the confine-
ment of the SSPP modes is enhanced and the energy loss also
increases. For the substrate with a loss tangent of 0.01, this
amplitude change is relatively small over the entire frequency
band.
Therefore, in order to realize long-range transmission, both

the confinement and the loss of SSPP modes should be taken
into account. The SSPP waveguides can show low transmis-
sion losses at the frequency band with weak field confine-
ment. That is, the cutoff frequency should be appropriately
increased to reduce the transmission loss. By adjusting the
lengths of the top conductor strips of the proposed wave-
guide, SSPP modes with less attenuation can be obtained in
the desired frequency band.
Split ring resonators (SRRs) are constructed by nesting two

metal rings with opposite openings. As magnetic fields pass
vertically through the ring plane, an induced current is
generated in the metal ring and coupling capacitances are
formed between the inner and outer rings and at the opening
of the ring. Therefore, a SRR can be equivalent to an LC
circuit, and its resonant frequency can be controlled by the
SRR’s structural parameters.20–22) In fact, when acting as a
band-stopped cell, an SRR has equivalent negative perme-
ability and positive permittivity, so only evanescent waves
can be propagated by it.
If a split ring is loaded onto the T-shaped branch used as an

inner ring, a compact SRR is formed and thus a stop band is
generated in the SSPP waveguide. The proposed band-
rejection unit is shown in Fig. 1(d). For this SRR, there is
a strong capacitive coupling between the conductor strip bent
upward at the opening of outer ring and the vertical
conductor of the T-shaped branch. By adjusting the length

(a) 

(b) 

Fig. 4. (Color online) The influence of the top lateral conductor of the T-
shaped branches on the scattering characteristics. (a) Transmission coefficient
and (b) reflection coefficient.
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of bent conductor Re, the circumference of the outer ring is
changed and the coupling capacitance is also controlled.
Thus, it can be used to achieve effective regulation of the stop
band, while keeping the overall height of the rejection unit
unchanged.
To match the T-shaped branch of the SSPP waveguide, the

horizontal width of the outer ring, as shown in Fig. 1(d), is
Rw= 4.0 mm, the vertical height is Rl= 4.0 mm, and the
width of the entire ring conductor strip is Lw= 0.25 mm. The
distance between the bent conductor at the opening and the
outer conductor of the ring is Rw1= 1.25 mm, the distance
from the T-shaped branch vertical conductor is
Rw2= 0.35 mm, and the length of the bent conductor
Re= 1.5 mm. The distance between the outer conductor of
the ring and the period boundary is Rw3= 0.5 mm, and the
distance between the lower conductor and the central metal
strip is Rh= 0.6 mm.
On one side of the eleventh periodic unit in area III of the

SSPP waveguide, one such outer split ring is loaded to
generate a stop band in the SSPP waveguide. Its structural
prototype is shown in the inset of Fig. 6. The simulated and
test results of the S-parameters are also shown in Fig. 6. We

can observe that the simulation cutoff frequency of the SSPP
waveguide is about 9.1 GHz. Due to the introduction of a
single SRR, the S21 within 6.9–7.0 GHz is less than —10 dB
and the relative bandwidth is 1.4%. The loaded SRR has little
adverse impact on the passband performance. The measured
results are basically consistent with the simulated results.
However, due to dielectric loss and processing and test errors,
the measured performance has somewhat deteriorated, espe-
cially transmission at the lower-frequency end. Meanwhile,
the scattering parameters at both sides of the narrow rejection
band change relatively slowly.
The T-shaped branches in the SSPP waveguide are

symmetrically distributed, so loading only one SRR would
destroy the structural symmetry. Thus, a waveguide with
SRRs on both sides is envisaged to broaden the stop band.
The simulation S-parameters (not shown here for simplicity)
indicate that the coupling between two symmetric SRRs can
widen the stop band range. However, since the two SRRs are
located on either side of the middle conductor, the coupling
between them is weak and a narrow passband is generated
within the stop band. Meanwhile, the transmission character-
istics at the higher-frequency end are worsened. Therefore, to
widen the stop band and eliminate the narrow passband that
may appear in this stop band, multiple SRRs can be loaded
onto one side of the SSPP waveguide. To further increase this
bandwidth, the resonant frequencies of the different SRRs are
slightly separated by structural adjustment. In this regard, the
parameter Re is used to change the ring length and the
coupling capacitance of the SRRs. The rejection band can be
regulated without changing the cutoff frequency of the
waveguide and the external dimensions of the split rings.
The inset of Fig. 7 shows the final structure with multiple

SRRs loaded onto the same side of the waveguide. Beginning
at the seventh period cell in area III, nine split rings are
applied with their Re increasing uniformly from 0.3 mm to
2.7 mm in steps of 0.3 mm. The other parameters are
completely consistent with those of the waveguide with
only a single ring.
Figure 7 also shows the simulated scattering parameters of

the SSPP waveguide without SRRs and the measured S-
parameters of the waveguide loaded with multiple SRRs. For
the band-rejecting structure, it can be seen that the stop band
of S21 at less than —10 dB is 5.95–7.13 GHz, and the relative
bandwidth is 18%. Moreover, there is a good rectangular

(a) 

(b) 

Fig. 5. (Color online) Distributions of field component Ez in the
propagation direction for different dielectric losses. (a) Loss tangent of 0.1
and (b) loss tangent of 0.01.

Fig. 6. (Color online) Measured and simulated scattering parameters for
the SSPP waveguide loaded with a single SRR.
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coefficient for this band. Meanwhile, the transmission char-
acteristics at the low-frequency end are optimized, compared
to the SSPP waveguide, but those at the high-frequency end
are degraded. Obviously, this performance difference is
caused by common-side SRRs. In fact, we also tested the
band-rejection characteristics of the waveguide with multiple
SRRs on both sides, and observed that the transmission
performance was worsened (for conciseness, the results are
also not shown here).
In summary, by controlling the length of the top lateral

conductor, the SSPP waveguide based on T-shaped branches
can easily adjust the cutoff frequency while keeping the
waveguide width unchanged. This adjustment satisfies the
comprehensive consideration of the field confinement and the
transmission loss. When a single opening ring is loaded onto
the T-shaped branch to form an SRR, a narrow stop band is
achieved. The introduction of multiple opening rings with
various coupling segment lengths on one side of the SSPP
waveguide can achieve a broad stop band with a good
rectangular coefficient. The proposed structure also has a

small lateral size, which is of benefit for the miniaturization
of microwave circuits.
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