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1 Introduction

Surface plasmon polaritons (SPPs) formed by the
interaction of free electrons and photons travel along
the interface between metals and medium, and
exhibit near-field enhancement, surface confinement,
and deep subwavelength characteristics [1]. At opti-
cal frequencies, metals exhibit dielectric characteris-
tics and have negative equivalent dielectric constants.
Since metals behave as good conductors in micro-
wave and millimeter wave bands, periodic holes are
introduced into the metal interface to reduce the
equivalent plasmon resonance frequency [2]. In this
case, the slow waves along the interface are similar to
optical SPP modes, and are called spoof SPPs (SSPPs)

[3-51.

ABSTRACT

Spoof surface plasmon polaritons (SSPPs) at microwave band can be imple-
mented on thin conductor layer with periodic patterns. However, the lateral
width of SSPP waveguides tends to be large at low frequencies, which is not
conducive to device miniaturization. In this paper, a compact SSPP waveguide
structure based on asymmetric serration conductor units is proposed to further
reduce the transverse size of device. Specifically, the cutoff frequency of this
SSPP waveguide is reduced by lengthening the lateral conductor strips at
asymmetric serration unit tops. Since the variation range of top strip length is
large in this case, the adjustable range of the waveguide passband is increased.
For the waveguide prototype with an overall width of 13.0 mm, the cutoff fre-
quency can be effectively regulated in the range of 7.2-11.3 GHz.

Using SSPP modes, it is possible to achieve thin-
layer microwave waveguides or devices and save
ground conductors [6, 7]. Due to the strong confine-
ment, the SSPP mode radiation loss is low and its
propagation can even be implemented in bent struc-
tures [8-11]. Meanwhile, we can control the disper-
sion characteristics of the SSPP mode by adjusting the
structure and size of the periodic unit, to well regu-
late the operating band of SSPP devices [12-14]. The
H-shaped periodic unit is mostly used for SSPP
waveguides [15-17]. To enhance the confinement
effect of SSPP modes in a lower frequency band, the
groove depth  has to be increased, and thus a wider
unit structure is necessary, which is not conducive to
the miniaturization of SSPP devices [18].

In this paper, the H-shaped unit is replaced by
asymmetric serration structure. The introduction of
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lateral conductor strips on top of the serration unit
improves the ability to constrain surface fields and
reduces the cutoff frequency. The structure asym-
metry also increases the variable range of the lateral
conductor length, so the adjustable feature of the
waveguide passband is improved. As a prototype for
the SSPP waveguide with a conductor width of
13.0 mm, the cutoff frequency can be regulated in the
range from 7.2 to 11.3 GHz by changing the lateral
strip length.

2 SSPP waveguide

The proposed periodic unit with asymmetric serra-
tions for the SSPP waveguide is shown in Fig. 1. It is
fabricated on a single-layer copper-coated F4BM
microwave substrate with a thickness of 0.8 mm, a
permittivity of 2.2, and a loss tangent of 0.01. The
asymmetric serration unit conductor with the period
of p = 5.0 mm is laid on the dielectric substrate of the
width of B = 35.8 mm. The width of the central con-
ductor strip for the unit structure is H = 5.0 mm. The
width of the vertical strips in the zigzag conductors is
f=0.8 mm and its height is marked as h. The dis-
tance between the vertical conductor strip and the
nearest periodic boundary is 2 = 1.0 mm. The length
and width of the top rectangular conductors for the
zigzag structures are ¢ =1.0 mm and f; = 0.4 mm,
respectively.

Fig. 1 a Schematic diagram
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For H-shaped periodic unit, there is the theoretical
k2 — k3 /ky = (d/p) tan(koh),, where k is

the phase constants of plane waves, and 4 is the slot
width of the groove [19-22]. Obviously, the period
p and the groove depth h are the main structural
parameters affecting the operating band of a SSPP
waveguide. For the unit structure shown in Fig. 1a,
the groove depth corresponds to the height of the
zigzag conductors on both sides. Using eigenmode
analysis tool of the electromagnetic software CST
Studio Suite, the influence of the height & on the
dispersion characteristics is shown in Fig. 1b. It can
be seen that as the vertical conductor height & in-
creases, the asymptotic frequency of the dispersion
curve decreases. In fact, the plasmon oscillation fol-
lows the Lorentz model, and the oscillation frequency
is related to the electron concentration and equivalent
mass [23]. Periodic grooves increase the electron-
equivalent mass, resulting in a decrease in the plas-
mon oscillation frequency in serration conductors.
However, as the height I continues to increase, this
decrease becomes slow. The periodic unit of
h = 4.0 mm is used to construct the SSPP waveguide.
In this case, the asymptotic frequency is 10.6 GHz. As
shown in Fig. 2, the SSPP waveguide structure com-
prises three distinct regions. Region I is the coplanar
waveguide (CPW) as feeding ports, region II is the
transition part between CPW mode and SSPP mode,
and region III is the transmission part of SSPP mode.
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Regions I and II are partially enlarged as shown in
Fig. 2b. To match the sub-miniature-A (SMA) con-
nector with a characteristic impedance of 50 Q, the
width of CPW inner conductor is set to H = 5.0 mm,
the width of the outer ground conductor is
w = 15.0 mm, and the gap between inner and outer
conductors is s =04 mm. The CPW length is
Ly = 10.0 mm. Region II includes two 1/4-elliptical
ground planes and an intermediate conductor com-
posed of 8 serration units with graded height. The
semi-major axis of the ellipse is L, = 50.0 mm, and
the semi-minor axis is w = 15.0 mm. The height of the
zigzag  structures increases uniformly from
hy = 0.5 mm to h = 4.0 mm with a step of 0.5 mm,
while its lateral conductor length e remains the same.
Through the gradual change of the zigzag structure
height, the momentum matching between the CPW
TEM mode and the SSPP mode can be effectively
implemented [24-30]. Finally, the SSPP modes travel
in Region III, which consists of 22 identical asym-
metric serration units with a total length of 110.0 mm.
Including the feeding ports, the whole length of the
SSPP waveguide is A = 230.0 mm and the width is
B = 35.8 mm.

According to the structure shown in Fig. 2, a SSPP
waveguide prototype with h=40mm and

J Mater Sci: Mater Electron (2022) 33:22300-22308

e =1.0mm is manufactured by etching method.
After the two ports are soldered with SMA connec-
tors, its scattering characteristics are tested by a two-
port vector network analyzer AV3629D. The simula-
tion is performed using software CST Studio Suite.
The simulation and test comparison for the trans-
mission characteristics is shown in Fig. 3. As far as
simulation results are considered, the pass band is
0.7-10.1 GHz. The matching performance near the
low-frequency end is worse than at the high-fre-
quency side, where has a steep cutoff. The trend of
measured data agrees with the simulation results.
However, the measured passband is narrowed,
which is related to material loss, processing and test
€eITors.

3 Regulation of cutoff frequency

The groove depth h of the periodic structure has the
obvious regulation effect on the cutoff frequency of
the SSPP waveguide. However, for low cut-off fre-
quency, deep grooves and wide center conductor are
required, which is not conducive to device minia-
turization. The use of lateral conductor strip in the
constructed SSPP structure is essentially a method of
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Fig. 2 a SSPP waveguide structure based on asymmetric serration units with b partial enlarged view of Regions I and II
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Fig. 3 The simulated and measured transmission characteristics
of the constructed SSPP waveguide with e = 1.0 mm. The inset is
the actual waveguide without the SMA connector soldered, and a
ruler is attached to show its dimensions

deepening the groove. Therefore, the top conductor
strip length e of the zigzag structure is used to reg-
ulate the passband range of the waveguide. The
relationship between the dispersion characteristics
and the conductor length e is shown in Fig. 4, where
the zigzag conductor height is i = 4.0 mm and other
structural parameters are determined according to
Fig. 1a. It can be seen that with the increase of the
length e, the asymptotic frequency of dispersion
curve decreases significantly. In Fig. 1b, as the
h value is changed from 3.0 to 4.0 mm, the cutoff
frequency is reduced by 2.1 GHz. In Fig. 4, as the
length e is increased from 0.0 to 3.0 mm, the cutoff
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Fig. 4 Effect of the top conductor length e¢ on the dispersion
characteristics of the proposed asymmetric periodical unit
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frequency is linearly reduced by 3.0 GHz, which
cannot be achieved by adjusting the height h. As
e = 3.2 mm, the cutoff frequency drops to 7.20 GHz.

The transmission characteristics of the SSPP
waveguide with different ¢ values are shown in
Fig. 5. We can find that when the top conductor
length e changes within 0.0-3.1 mm, the cutoff fre-
quency changes significantly. The S, value in the in-
band is unchanged. This confirms that the waveguide
passband can be well regulated using the top con-
ductors. However, when the e value is greater than
3.2 mm, the in-band characteristics are significantly
deteriorated to Sy; less than — 6 dB. Although in that
case the cutoff frequency is still reduced. It can be
considered that e = 3.2 mm is the maximum limit for
the waveguide band regulation. The cutoff frequen-
cies for different e values shown in Fig. 5 are basically
close to the asymptotic frequencies of the corre-
sponding dispersion curves shown in Fig. 4. In the
case of e = 0.0 mm, the cutoff frequency is 11.3 GHz.
Thus, the regulation range of the cutoff frequency for
the proposed SSPP waveguide is 7.2-11.3 GHz.

To experimentally verify the regulation effect of the
top conductors on the waveguide transmission, two
SSPP waveguides with e = 0.0 and 2.0 mm are also
manufactured. The measured S-parameters of three
waveguides with e = 0.0, 1.0, and 2.0 mm are shown
in Fig. 6. We can clearly see that the cutoff frequency
of the waveguide decreases with the increase of
e value, while the low-frequency -characteristics
remain almost unchanged. Taking S,; greater
than — 5 dB as the reference value, we can find that
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Fig. 5 Regulation of the top conductor length e on the
transmission characteristics of the SSPP waveguide
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as e = 0.0, 1.0, and 2.0 mm, the measured cutoff fre-
quencies of the waveguide are 10.5, 9.4, and 8.5 GHz,
respectively, which are a bit decreased compared to
the simulation values.

4 Analysis and discussion

4.1 Comparison with symmetric periodic
units

When the top conductor length of the serration unit
shown in Fig. 1a is e = 0.0 mm, an asymmetric peri-
odic unit similar to the traditional H-shaped structure
is formed. The dispersion curves for the asymmetric
unit without top lateral conductor and the traditional
H-shaped unit are shown in Fig. 7. The two unit
structures are exactly the same except for the differ-
ent symmetry. We can see that the dispersion char-
acteristics of two units are the same.

Furthermore, we add lateral conductor strips on
top of the symmetrical H-shaped units to construct
the SSPP waveguide with symmetric serration con-
ductor periods. Figure 8 shows the transmission
characteristics of the SSPP waveguide based on
symmetric units with different lateral conductor
lengths as other structural parameters are completely
consistent with the waveguide shown in Fig. 2. We
can see that with e = 2.2 mm, the transmission per-
formance of the symmetric waveguide deteriorates
significantly. The cuto ff frequency of the symmetric
waveguide with e = 0.0 mm is 11.3 GHz, while that
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Fig. 6 Measured scattering parameters of three SSPP waveguides
with e = 0.0, 1.0, and 2.0 mm
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Fig. 7 The dispersion characteristics of symmetrical and
asymmetrical periodic units

with e¢=22mm is 85GHz. Thus, the
adjustable range of the cutoff frequency for the
symmetric waveguide is 8.5-11.3 GHz, which is
smaller than that for the asymmetric structure.
Moreover, a sag band appears on the high-frequency
side of the passband, which is essentially an edge
band with negative group velocity effect, and the
steepness at the cutoff frequency becomes worse.
This shows that, for a symmetric structure waveg-
uide, the variation range of the cutoff frequency
adjusted by the length of the lateral conductors is
smaller than that of a waveguide based on asym-
metric units.
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Fig. 8 The effect of the lateral conductor length e at the tops on
the transmission characteristics of the waveguide with symmetric
units
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4.2 Field distribution characteristics

The SSPP waveguide has a stronger confinement field
when it operates near the asymptotic frequency. The
electric field component E, on the xoy plane 0.5 mm
away from the waveguide surface at 8.0 GHz is
shown in Fig. 9, where the lateral conductor lengths
of the asymmetric units are e = 0.0, 1.0, 2.0, and
3.2 mm, respectively. In that case, the excitation port
is on the left side of the waveguide, and the right port
is connected to the matched load. We can see that
with e = 0.0, 1.0, 2.0 mm, the mode fields are effec-
tively bound near the conductor surface, and the
bound fields are the strongest in the case of
e = 2.0 mm. As the top conductor length e increases,
the single periodic area of the field distribution
becomes smaller, which is equivalent to the
enhancement of the wavelength shortening effect.
However, with e = 3.2 mm, the periodic structures
begin to lose the binding effect on SSPP modes. This
also shows that the binding effect of the SSPP fields is
mainly determined by the groove depth. However, as
the depth exceeds a certain value, the low-frequency
wave of the wavelength corresponding to the depth
cannot form resonance in the narrow groove with a
small width. Thus, the effective confinement of the
fields cannot be achieved, and the guiding wave
effect of SSPPs is weakened instead.

22305

The intensity of the component E, on the yoz plane
of x =115.0 mm at 8.0 GHz is shown in Fig. 10. As
the lateral conductor length ¢ increases, the electric
field maximum value near the conductor surface
clearly enlarges, indicating that the confinement of
the waveguide to SSPP modes does increase with
lengthening of the top conductor.

According to the multi-relaxation Lorentz model,
the surface plasmon oscillation can be regarded as the
coherent superposition of the oscillations of each
unit, which leads to the strengthening of the oscilla-
tion [31]. From the viewpoint of an equivalent circuit,
two adjacent periodic units form a resonance circuit

with the resonant frequency »=1/VLC, and the
coupling between the resonance circuits realizes the
transmission of SSPP modes [32-34]. As the top
conductor length e increases, the equivalent induc-
tance L increases. Since the gap between the lateral
conductor and the adjacent unit decreases in this
case, the equivalent capacitance C also increases.
Therefore, the resonance frequency w is reduced, and
the electromagnetic energy is transmitted through the
resonance mode coupling at a lower cutoff frequency.
However, further increasing e value (for example,
e = 3.2 mm), the resonance field area is no longer
matched to the periodic structure unit. That is, the
resonance wavelength is much greater than the
structure period, so the SSPP mode transmission is no
longer possible.
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Fig. 9 The electric field component E, on a plane 0.5 mm away from the SSPP waveguide surface at 8.0 GHz
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Fig. 10 The z-direction electric field intensity variation at
x =115.0 mm at 8.0 GHz: a along the z axis, and b along the
Y axis

5 Conclusions

At the same frequency, the SSPP mode in the
waveguide of a lower cutoff frequency has a more
concentrated field distribution. For the SSPP waveg-
uide with asymmetric serration structure units, it is
verified that by loading lateral conductor strips on
the serration tops, the confinement ability to SSPP
surface waves can be improved without increasing
the overall width of the waveguide conductor. In this
case, the cutoff frequency is also reduced. By chang-
ing the length of the lateral conductor, an effective
regulation of the cutoff frequency for the SSPP
waveguide is achieved. Compared with the use of
symmetric periodic units, this SSPP waveguide with

@ Springer
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asymmetric serration unit structures can achieve
wider passband adjustment to facilitate the con-
struction of multifunctional SSPP devices.
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