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A novel spoof surface plasmon polariton
structure to reach ultra-strong field
confinements

Pei Hang Helt, Hao Chi Zhang?f, Xinxin Gaol, Ling Yun Niul,
Wen Xuan Tang!, Jiayuan Lul, Le Peng Zhang! and Tie Jun Cuil*

Ultrathin corrugated metallic structures have been proved to support spoof surface plasmon polariton (SPP) modes on
two-dimension (2D) planar microwave circuits. However, to provide stronger field confinement, larger width of strip is
required to load deeper grooves, which is cumbersome in modern large-scale integrated circuits and chips. In this work,
a new spoof SPP transmission line (TL) with zigzag grooves is proposed. This new structure can achieve stronger field
confinement compared to conventional one with the same strip width. In other words, the proposed spoof SPP TL be-
haves equivalently to a conventional one with much larger size. Dispersion analysis theoretically indicates the negative
correlation between the ability of field confinement and cutoff frequencies of spoof SPP TLs. Numerical simulations indi-
cate that the cutoff frequency of the proposed TL is lower than the conventional one and can be easily modified with the
fixed size. Furthermore, two samples of the new and conventional spoof SPP TLs are fabricated for experimental
demonstration. Measured S-parameters and field distributions verify the ultra-strong ability of field confinement of the
proposed spoof SPP TL. Hence, this novel spoof SPP structure with ultra-strong field confinement may find wide applica-
tions in microwave and terahertz engineering.

Keywords: ultrathin corrugated metallic structure; surface plasmon polaritons; field confinement; zigzag grooves

He P H, Zhang H C, Gao X X, Niu L Y, Tang W X et al. A novel spoof surface plasmon polariton structure to reach ultra-strong field
confinements. Opto-Electron Adv 2, 190001 (2019).

iaturized sensors"*, and photovoltaics®.

Introduction

Surface plasmon polaritons (SPPs) are a kind of special
electromagnetic (EM) wave modes which exist on the
interface between two media with opposite permittivities.
Although medium with negative permittivity is peculiar,
it can be realized based on the plasmonic behavior of
metal at visible or ultraviolet (UV) frequencies'. Hence,
SPPs can propagate along the interface between metals
and common dielectric (e.g., air) but decay exponentially
in the vertical directions according to the Maxwell’s equa-
tions. SPPs exhibit excellent properties of field confine-
ment and have intrigued great research interests in the
past decades. SPPs are potential to be applied in many
areas, for instance, the super-resolution imaging*’, min-

Nevertheless, inherent ohmic loss of metal at optical
frequencies is very high so that SPP modes attenuate rap-
idly. Hence, further development of plasmonic devices is
limited. To avoid the enormous transmission attenuation,
one of the potential strategies is to realize SPP-based de-
vices at lower frequencies (e.g. terahertz and microwave
frequencies), which is supposed to alleviate the ohmic
loss effectively.

The major difficulty to realize SPP-based devices in
lower band is that metals approximately behave as per-
fectly electric conductors (PECs) rather than plasmonic
materials with negative permittivity, and thus, natural
SPPs cannot be excited. To mimic natural SPPs at te-
rahertz and microwave frequencies, the concept of
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plasmonic metamaterials, which can support the SPP-like
EM waves named as spoof (or designer) SPPs, is pro-
posed® . Plasmonic metamaterials can be constructed by
metallic surface with special subwavelength decorations,
such as one-dimensional arrays of grooves” or
two-dimensional arrays of pits and hills®**. Recently, a
kind of ultrathin plasmonic transmission line (TL) com-
posed of corrugated metallic strip which can be easily
fabricated by printed circuit board (PCB) technology is
reported”. Microwave and terahertz EM waves on this TL
can be manipulated by adjusting geometrical parameters
of the metallic structure. Based on the ultrathin corru-
gated structure, many developed spoof SPP TLs*** have
been proposed to construct various SPP-based devices
and shown many advantages like low dielectric loss™,
minimized packaging® and crosstalk suppression™.
Despite of the difference between these spoof SPP TLs,
the depth of grooves, as shown in Fig. 1(a), is always the
key geometrical parameter to control the dispersion
property of spoof SPP TLs. To achieve stronger field con-
finement of spoof SPPs, deeper grooves are required and
greater strip width is necessary. In other words, there is a
contradiction between strong field confinement and
miniaturization of geometrical size for spoof SPP TLs,
which could be a crucial limitation in real applications.

Fig. 1 | The detailed geometric configuration of the new spoof
SPP TL and conventional spoof SPP TL. (a) The new spoof SPP
TL with zigzag grooves, in which the width of the TL is w1, the period
of the TL is p4, the width of the grooves is a; and the depth of the
grooves is d1, the folding extent parameters are X and Y. (b) The
conventional spoof SPP TL with straight grooves, in which the width
of the TL is wy, the period of the TL is p,, the width of the grooves is
ay, the vertical depth of the grooves is ds.

In this paper, a new spoof SPP TL with zigzag grooves
is proposed. Meanwhile, a conversion section to transit
the EM mode of traditional coplanar waveguide (CPW)
into that of the proposed spoof SPP TL is designed. Zig-
zag grooves can be regarded as the folded form of straight
grooves, which makes it possible to provide stronger field
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confinement with a limited strip width. Dispersion theo-
retical analysis indicates the stronger confinement ability
of this new TL compared to conventional one. Two sam-
ples are fabricated to provide experimental demonstra-
tion of this design and analysis. Measured S-parameters
and electric field distributions indicate the enhanced field
confinement ability due to the zigzag grooves. The ul-
tra-strong field confinement of the spoof SPP TL with
zigzag grooves can be utilied to suppress the crosstalk
between channels® by concentrating the fields more
tightly around the spoof SPP TLs. Moreover, the proposed
structure can reduce the area of some microwave devices
including filters and couplers where the electrical lengths
of microstrips are very large. Hence, the proposed spoof
SPP TL with ultra-strong field confinement opens up an
avenue to achieve minimized spoof SPP-based devices
and circuits.

Results and discussion

A new spoof SPP TL with zigzag grooves is proposed. Figs.
1(a) and 1(b) exhibit the unit configurations of the new
and conventional spoof SPP TL, respectively. The material
of the substrate is Rogers RT5880 with the relative per-
mittivity & =2.2, the loss tangent tand=0.0009 and the
thickness of 0.508 mm. For the structure in Fig. 1(a), the
width of the TL is w, the vertical depth of the grooves is
dy, the period of the TL is p;, and the width of the grooves
is a;. The folding extent of zigzag grooves can be de-
scribed by the geometrical parameters X and Y in Fig.
1(a). When g, is small, the geometrical equivalent depth
of grooves, denoted by d,, can be expressed as

dg=d1~x/X2+Y2/Y . (1)

For the conventional structure in Fig. 1(b), the width of
the TL is w», the depth of the grooves is d, the period of
the TL is p,, and the width of the grooves is a,.

To analyze the dispersion property of the proposed
spoof SPP TL, the Eigen-mode simulation of the com-
mercial software, CST Microwave Studio, is used. Period-
ic units with different X and Y are simulated, where the
other parameters are fixed as w;=5 mm, d,=4.6 mm, p;=5
mm and ,=0.4 mm, and the results are shown in Figs.
2(a) and 2(b). Note that Y is set as 1 mm in Fig. 2(a) and
X is set as 1 mm in Fig. 2(b). As the comparison, disper-
sion curves of spoof SPP TL units in Fig. 1(b) with differ-
ent depths of the grooves d, and fixed (w,-d;)=0.4 mm
are also analyzed, as shown in Fig. 2(c), where a, is equal
to 0.4 mm and p; is equal to 5 mm. In Fig. 2(c), it can be
observed that the larger the depth of grooves is, the more
the dispersion curves deviate from the light line, which
leads to a lower cutoff frequency. All the dispersion
curves in Figs. 2(a)-2(c) deviate from the linear track
gradually and approaches respective cutoff frequencies
with the increase of frequency, which is the typical prop-
erty of natural SPPs. According to equation (1) and Fig.
2(c), the larger X is (or the smaller Y is), the larger d, is,
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Fig. 2 | The simulated dispersion curves for the two kinds of spoof SPP TLs with different geometric parameters and the plot of the
relationship between depth of grooves and cutoff frequency. (a) Dispersion diagrams of the new spoof SPP TLs with different X, where Y is
set as 1 mm. (b) Dispersion diagrams of the new spoof SPP TLs with different Y, where X'is set as 1 mm. (c) Dispersion diagrams of the conven-
tional spoof SPP TLs with different d,. (d) The plot of the relationship between depth of straight grooves and cutoff frequency.

which will lead to a stronger field confinement. The sim-
ulated results of dispersion curves verify this prediction,
because the cutoff frequency is decreasing with the in-
crease of d;.

Next, the negative correlation between the ability of
field confinement and cutoff frequency will be demon-
strated. Based on the dispersion equations, the evanescent
factor of SPP modes in the air region «, and the wave-
number k;, along the propagation direction satisfy

o =k —koep, 2)

where ky is the wavenumber in vacuum, &, and p, are the
relative permittivity and permeability of air, respectively.
Similarly, the evanescent factor in the dielectric (substrate)
region ay and the wavenumber k, along the propagation
direction satisfy

2 _ 12 12
‘xd—kp koeatty >

(©)
where &4 and pg are the relative permittivity and permea-
bility of the dielectric. It can be observed that larger
wavenumber leads to larger evanescent factor, which in-
dicates stronger field confinement. According to the
above dispersion analysis of spoof SPPs, there is a nega-
tive correlation between the ability of field confinement
and cutoff frequencies as well. Hence, cutoff frequency
can be regarded as an index of field confinement ability.
The plot of the relationship between depth of straight
grooves and cutoff frequency is shown in Fig. 2(d). Based
on Fig. 2(d), the simulated equivalent depth of zigzag
grooves, d,, can be defined as the depth of straight
grooves which can provide the same cutoff frequencies.
Table 1 exhibits the geometrical equivalent depths and

simulated equivalent depths of zigzag grooves with dif-
ferent X and Y. It can be observed that the d; and d; are
almost identical when the folding extent of zigzag grooves
is slight. The reason why the difference between d; and d;
enhances is that the coupling between adjacent zigzag
gaps becomes stronger when the folding extent of zigzag
grooves increases. Even so, it is possible to realize strong-
er field confinement on a much narrower metallic TL by
utilizing zigzag grooves compared to straight grooves.
When the period and width of the structure are fixed, the
proposed structure provides two degrees of freedom (X
and Y) to manipulate the field confinement. Oblique
grooves can also provide an enhanced field confinement,
but the oblique angle cannot be too large because there
will be many difficulties in the designing of devices and
circuits if the groove exceeds the period of the TL.

Since the impedance and wavenumber of the proposed
spoof SPP TL do not match those of traditional micro-
wave TLs such as microstrip and CPW, the spoof SPPs
cannot be excited directly. In order to feed the proposed
spoof SPP TL from CPW, a conversion structure con-
structed by tapered strip, gradient zigzag grooves and
flaring ground is designed®, as shown in Fig. 3. This
conversion structure can realize the smooth matching of
impedance and wavenumber between CPW and the pro-
posed spoof SPP TL in a wide band. The substrate is Rog-
ers RT 5880 with the relative permittivity &=2.2, the loss
tangent tand=0.0009 and the thickness of 0.508 mm. The
impedance of the feeding CPW is designed as 50 Q to
match standard subminiature version A (SMA) connect-
ors, where the width of the centre strip and the gaps of
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Fig. 3 | Schematic diagram of the conversion structures between
CPW and the new spoof SPP TLs, which is composed of tapered
strip, gradient zigzag corrugations and flaring ground.
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Table 1 | Geometrical equivalent depths and simulated
equivalent depths of zigzag grooves (unit: mm)

X Geometrically Simulated
equivalent depth equivalent depth
0 / 4.6 4.6
0.5 1 5.1 5.0
1 1 6.5 6.0
1.5 1 8.3 6.7
2 1 10.3 8.3
1 1.5 55 5.6
1 2 5.1 5.2
1 2.5 5.0 5.1

——X=0.5 mm
—X=1mm

—X=1.5mm
—X=2mm
3 6 9 12 15
Frequency (GHz)

Frequency (GHz)

Fig. 4 | Simulated S-parameters of the whole structures with different X and Y. The simulated (a) S21 and (b) S11 of the whole structures
with different X, in which Y'is fixed as 1 mm. From (a) and (b), it can be concluded that larger X implies larger equivalent depth. The simulated (c)
S12 and (d) S11 of the whole structures with different Y, in which Xis fixed as 1 mm. From (c) and (d), it can be concluded that larger Y implies

smaller equivalent depth.

the CPW are 3 mm and 0.15 mm, respectively. For the
spoof SPP TL, the width w; is 5 mm, the period p; is 5
mm, the width of the grooves a; is 0.4 mm. The vertical
depth of the zigzag grooves d, is fixed as 4.6 mm while X
and Y is variable to mimic different equivalent depths of
grooves. The size of the whole board is 150 mmx50 mm.
Figure 4 exhibits simulated S-parameters of the whole
structure with different X and Y using the CST Micro-
wave Studio. From the results in Fig. 4(a) where Y is fixed
as 1 mm, it can be observed that the transmission coeffi-
cient (S21) is better than -2.5 dB and the cutoff frequency
decreases obviously as X increases. Note that the S21
worsens little when X becomes larger, which means that
the transmission efficiency does not decrease obviously
with the increase of X. Note that when X=0, this structure
is identical to conventional spoof SPP TL with straight
grooves and its cutoff frequency is the highest. In other
words, the field confinement of conventional spoof SPP

TL with straight grooves is the weakest. Figure 4(c) shows
the simulated S-parameters for different Y but constant X
(1 mm). The cutoff frequency decreases obviously as Y
increases and the transmission efficiency is kept as well,
and the cutoff frequency increases obviously as Y in-
creases. Hence, it can be concluded that the transmission
efficiency of the conversion structure does not decrease
obviously with the increase of folding extent of zigzag
grooves. The insertion loss of these structures is caused
by the conversion structure with flaring ground. To
demonstrate the low transmission loss of the spoof SPP
TL with zigzag grooves, two samples with the same con-
version sections but different lengths (10 mm and 100
mm) of spoof SPP TL are simulated, as shown in Fig. 5. It
can be observed that even though the length of spoof SPP
TL is 10 times larger, negligible increase of insertion loss
can be found, which implies the low-loss property of the
proposed spoof SPP TL. The numerical simulated results
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in Fig. 4 imply that the structure with zigzag grooves pro-
vides lower cutoff frequency than straight grooves, which
is the demonstration of stronger field confinement as
analyzed above. Meanwhile, the confinement ability can
be easily tuned by modifying the folding extent of zigzag
grooves.

Another method to observe the enhanced field con-
finement due to the zigzag grooves is to analyze the sim-
ulated amplitude distribution of electric field on the cross
sections of these two kinds of spoof SPP TLs, as shown in
Fig. 5.

0

-10 4
o
2 20 |
N
%)

— [=10 mm
30 4 — =100 mm
-40 . .
3 4 5 6
Frequency (GHz)

Fig. 5 | The simulated transmission coefficients of the two
samples with different lengths of spoof SPP TL.

The geometrical parameters of the conventional spoof
SPP TL with straight grooves in Fig. 6(a) are set as w,=5
mm, d,=4.6 mm, p,=5 mm and 4,=0.4 mm, while the
proposed spoof SPP TL with zigzag grooves in Fig. 6(b)
are set as w;=5 mm, d,=4.6 mm, p;=5 mm, 4,=0.4 mm,
X=1.5 mm and Y=1 mm. These two plots of field distri-
bution are normalized on the same dimension. It can be
observed that the field is confined tighter near the spoof
SPP TL with zigzag grooves than the one with straight
grooves at 6 GHz, which indicates tighter convergence of
energy. In other words, stronger field confinement can be
observed in Fig. 6.

To verify above analysis of the proposed structure, two
samples, a conventional spoof SPP TL with straight
grooves and a new spoof SPP TL with zigzag grooves, are
fabricated, as shown in Fig. 7. The substrate and all the
geometrical parameters of the two samples are identical
to those of the models in the previous simulations. For
the new spoof SPP TL, the folding parameters of zigzag
grooves are set as X=1.5 mm and Y=1 mm. In the exper-
iment, the vector network analyzer (VNA) AV3672B is
used to obtain the transmission coefficient of these two
samples. To connect the samples to the VNA, standard
SMA connectors are welded onto all the ports of these
two samples. Measured S-parameters of these two sam-
ples are shown in Fig. 8. It can be easily observed that the
-10 dB cutoff frequency of the new spoof SPP TL (8.0
GHz) is much lower than that of the conventional one

(10.1 GHz), implying stronger ability of field confinement.

The disparity between the simulation and measurement is

caused by the welding of SMA connectors and fabrication
errors. Although the relative error of welding of SMA
connectors impacts the impedance matching of CPW
ports dramatically, it can be avoided by industrial-grade
welding technology.

dB (1 Vim)

Fig. 6 | The simulated amplitude distributions of electric field on
the cross sections of the typical spoof SPP TL with straight
grooves and the new spoof SPP TL with undulant grooves at 6
GHz. The two plots of field distribution are normalized on the same
dimension. (a) The simulated amplitude distributions of electric field
near the conventional spoof SPP TL with straight grooves where
wy=5 mm, d,=4.6 mm, p,=5 mm and a,=0.4 mm. (b) The simulated
amplitude distributions of electric field near the new spoof SPP TL
with zigzag grooves where w4=5 mm, dy=4.6 mm, ps=5 mm, a;=0.4
mm, X=1.5 mm and Y=1 mm. From this figure, strong field confine-
ment of the new spoof SPP TL with undulant grooves can be ob-
served.

Fig. 7 | Two samples of the typical spoof SPP TL with straight
grooves and the new spoof SPP TL with undulant grooves.

(a) The sample of the typical spoof SPP TL with straight grooves, in
which £=0.508 mm, w4=5 mm, a1=0.4 mm, ps=5 mm and d=4.6 mm.
(b) The sample of the new spoof SPPs TL with undulant grooves, in
which £=0.508 mm, w,=5 mm, a,=0.4 mm, p,=5 mm, X=1.5 mm and
Y=1 mm.

In addition, near-field distributions of z-component of
electric field of the samples at 6 GHz and 8 GHz are also
measured based on a electromagnetic measurement sys-
tem, composed of a electromagnetic shielding chamber, a
VNA and a monopole antenna (as a probe) installed in a
mechanical platform, as shown in Fig. 9. In each experi-
ment, one port of the sample is connected with the 50 Q
matching impedance and the other port of the sample is
connected with port 1 of the VNA through a coaxial cable.
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Fig. 8 | The measured S-parameters of the two samples with
straight grooves (X=0 mm) and zigzag grooves (X=1.5 mm).
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Fig. 9 | The photograph of the electromagnetic measurement
system which is composed of a electromagnetic shielding
chamber, a VNA and a monopole antenna (as a probe) installed
in a mechanical platform which can scan the plane or space
under the control of stepper motor.
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Fig. 10 | Simulated (a, b, ¢, d) and measured (e, f, g, h) near-field distributions of z-component of electric fields of the conventional (a, b,
e, f) and proposed (c, d, g, h) spoof SPP structures at 6 GHz and 8 GHz.

The monopole antenna (probe) on the mechanical plat-
form is connected with port 2 of the VNA through an-
other coaxial cable. The measured plane is at 1 mm above
the surface of these two samples. Simulated and measured
near-field distributions of electric field on the same plane
of the samples at 6 GHz and 8 GHz are shown in Fig. 10.
SPP-like modes are found on both the conventional and
proposed spoof SPP structures, where the transmission
wavelength at 6 GHz of the sample with zigzag grooves is
smaller than that of the conventional one with straight
grooves. Meanwhile, it can be observed that the electric
field is confined tighter near the spoof SPP TL with zigzag
grooves than the conventional one at 6 GHz. And thus,
more energy will be concentrated near the metallic strip
with zigzag grooves compared to the other one. At 8 GHz,
the sample with straight grooves works while the one
with zigzag grooves is at the cutoff state, which indicates
the difference in cutoff frequency and field confinement
ability as well. All the measured results mentioned above
experimentally demonstrate that the dispersion curve of
the proposed spoof SPP structure locates beneath the
conventional case and the field confinement ability is
virtually enhanced due to the zigzag grooves.

Conclusions
In this paper, a new spoof SPP TL with zigzag grooves is
proposed, which can provide much stronger field con-

finement than the conventional one with straight grooves.
The zigzag grooves can be considered as folded straight
grooves or much deeper straight grooves with the same
strip width. Dispersion analysis of the proposed structure
indicates the stronger field confinement from the view of
theory. Simulated and measured S-parameters prove that
the field confinement ability of the spoof SPP structure
can be easily modified by simply changing the geomet-
rical parameters of the zigzag grooves with the fixed strip
width. Geometrical and simulated equivalent depths of
zigzag grooves are provided to estimate the field con-
finement of the proposed structure. Simulated and meas-
ured near-field distributions of electric fields visibly
demonstrate that the propagating energy is concentrated
much more tightly near the spoof SPP structure with zig-
zag grooves compared to the other case. In one word,
controllable and outstanding field confinement ability of
the new spoof SPP structure with a compact size is veri-
fied. Hence, this structure may find wide applications in
microwave and terahertz engineering in the future.
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