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Abstract—This letter proposes a new spoof surface plasmon
transmission line (SSP-TL) using capacitor loading techniques.
This new SSP-TL features flexible and reconfigurable disper-
sion control and highly selective filtering performance without
resorting to configuration change. Moreover, it requires much
smaller line width than the conventional SSP-TLs for achieving
a extremely slow wave (or a highly confined field), which is quite
useful for a compact system. To illustrate the design principle,
several examples are designed within the frequency range of
2 − 8 GHz. Both numerical and experimental results are given
in comparison with the conventional SSP-TL. It is demonstrated
that the proposed technique provides a better performance in
size reduction and dispersion reconfigurability.

Index Terms—Spoof surface plasmon (SSP), capacitor-loaded,
dispersion curve, reconfigurability, selective filtering.

I. I NTRODUCTION

Surface plasmons, originally proposed and applied in optics,
are propagating waves along the interface between a metal and
a dielectric medium [1]. These waves, decaying exponentially
in the direction perpendicular to the interface, exhibit a highly
confined and localized field near the surface. In 2004, Pendry
et al. has demonstrated that a similar surface plasmonic
phenomenon, known as spoof surface plasmon (SSP), can be
observed at microwave frequencies by perforating the conduc-
tive surface using parametrical holes [2]. Since then, SSPsare
widely explored in low-crosstalk transmission lines [3]–[6],
filters [7], leaky-wave antennas [8], [9] and so on, due to their
potential applications in millimeter-wave and terahertz circuits.

It has been demonstrated in the recent work [3] that
the dispersion properties of SSP transmission line (SSP-TL)
can be adjusted by modifying the geometrical dimensions
and/or dielectric material parameters. The working principle
lies in that the surface corrugation and dielectric parameters
determine the effective capacitance along the surface and
hence the electrical field confinement and dispersion property.
However, a highly confined field usually requires a high-
depth corrugation and hence a large line width. Such SSP-
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Fig. 1. SSP-TL using surface corrugation: (a) conventionalone, (b) proposed
capacitor-loaded one.

TLs, typically used for high-density transmission lines with
low crosstalk, would lose its benefit on compactness. To
overcome this drawback, we propose a capacitor-loaded SSP-
TL. It features a small line width but with a strongly confined
field, which significantly reduces the size of the whole system.
Moreover, this new SSP-TL exhibits the benefits on flexible
control of the dispersion curve without resorting to changing
the geometrical configurations. It can be potentially extended
to reconfigurable SSP-TLs by replacing the static capacitors
with tunable ones. Typical applications may include highly
selective filters with reconfigurable cutoff frequencies.

II. PRINCIPLE

Conventional SSP-TL is realized by corrugating a metallic
strip with subwavelength periodic slots, as shown in Fig. 1(a),
where the parametersd, h, a andw denote the periodic pitch,
the slot depth, the slot width and the line width, respectively.
The corrugation provides a capacitive loading along the strip,
and hence supports a bounded mode confined to the surface,
allowing to manipulate electromagnetic waves at subwave-
length regime. The unit cell of SSP-TL is modeled by an
equivalent circuit, as shown on the right side of Fig. 1(a) [3],
where L1, L2 and L3 are attributed to the magnetic field
excited by the currents along the strip units,C2 andC3 models
the electric field pointing to the infinity (inx direction), and
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Fig. 2. Dispersion Curves of (a) conventional SSP-TL and (b)capacitor-
loaded SSP-TL. (E.C: Equivalent Circuit)

C1 represents the local electric field excited between the gap
(mostly in y direction).

To analyze the unit cell of Fig. 1(a), one adds a periodic
boundary condition on both sides of the unit cell, and subse-
quently computes the dispersion curve using the software CST
Microwave Studio. One may consider an example, in which
the substrate is Rogers 4003C (ǫr = 3.38, tan δ = 0.0027)
with thickness of 1.52 mm, and the strip dimensions in
Fig. 1(a) area = 1 mm,w = 5 mm,d = 5 mm andh = 3 mm.
The calculated dispersion curve is shown as the blue squares
in Fig. 2. Note that it exhibits a typical SSP response, which
stays close to the air line at low frequencies but goes away
at high frequencies. The circuit parameters of Fig. 1(a) are
calculated asL1 = 0.8 nH, L2 = 0.14 nH, L3 = 0.2 nH,
C1 = 22.5 fF, C2 = 161 fF and C3 = 178 fF, by using
the approach provided in [3]. One may further calculate the
dispersion curve of the equivalent circuit to verify its validity.
One firstly computes the scattering parameters (S11 andS21)
of the circuit model, and subsequently obtains the dispersion
relation by

β = ℑ

[

1

d
cosh−1

(

1− S2

11
+ S2

21

2S21

)]

, (1)

whereℑ[.] denotes the operation of taking the imaginary part.
It should be noted that the above equation is obtained under
the condition of symmetry (S11 = S22) and reciprocity (S21 =
S12), and hence valid for symmetrical and reciprocal cases
only. The computed dispersion curve using (1) is displayed
as the blue dotted line in Fig. 2, which well follows the one
obtained by CST full-wave simulation.

To increase the field confinement or localization, one should
further bend the dispersion curve away from the air line. One
way to achieve this is to increase the corrugation depthh,
which is well validated by the dispersion curves of Fig. 2.
When h increases from3 mm to 11 mm, the dispersion
curves gradually bend away from the air line, giving rise to
a much slower trapped wave. Note that, in the case of a high
corrugation depth (e.g.h = 11 mm), the dispersion curve
becomes almost flat when it is close to the cutoff frequency.
This frequency, in analogy to the plasma frequency of surface
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Fig. 3. Fabricated prototypes of the capacitor-loaded SSP-TL and conven-
tional SSP-TL.

plasmons in optics, is inversely proportional to the corrugation
depth h. Also, the group velocity around this frequency is
extremely small, which gives rise to a strongly localized wave
in analogy to the strong light-electron interaction in optics. The
small group velocity also leads to a sharp magnitude response,
which is very useful in high-selectivity filters.

Although a high corrugation depthh is good for field
confinement, it inevitably increases the line widthw that is not
preferred in a compact system. To overcome this drawback,
we propose the capacitor-loaded SSP-TL in Fig. 1(b). The
additional loaded capacitors along the surface brings in an
extra capacitance, in equivalence to the extra capacitance
brought by the increased corrugation depth in conventional
SSP-TLs. Therefore, the proposed SSP-TL increases the field
confinement capability and meanwhile maintains a small line
width. The capacitor-loaded unit cell can be modeled by
adding the extra capacitance∆C to the original circuit, as
shown in Fig. 1(b). One may use this circuit model to
obtain the dispersion curves in Fig. 2. Note that, the SSP-TL
loaded with different capacitances achieves almost the same
dispersion curves as the conventional SSP-TL with different
depths.

III. E XPERIMENTAL VALIDATION

To validate the proposed capacitor-loaded SSP-TL, we ex-
perimentally implement the one with∆C of 0.2 pF on a 1.52-
mm-thick Rogers 4003C substrate, in correspondence with the
purple-line dispersion curve of Fig. 2. In comparison, we also
implement the conventional SSP-TL with a corrugation depth
h = 8 mm, exhibiting a similar dispersion curve to the pro-
posed SSP-TL. Fig. 3 shows the fabricated prototypes of the
two SSP-TLs. Tapered lines are employed for a smooth transi-
tion and mode conversion between the50Ω-CPW line (width:
12 mm, gap:0.5 mm) and SSP [4]. As shown in the zoomed
figure of Fig. 3(a), the proposed SSP-TL is loaded with0.2 pF
chip capacitors (Murata GJM1555C1HR20WB01D). The line
parameters arew = 5 mm, h = 3 mm, a = 1 mm, and
d = 5 mm. In contrast, the conventional SSP-TL has a much
wider line width (i.e.w = 10 mm), due to the increased
corrugation depthh = 8 mm. Thus, the capacitor-loaded SSP-
TL reduces the line width by half.

The two fabricated prototypes are measured using an Ag-
ilent PNA network analyzer (E5071C) within the frequency
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Fig. 4. The measured scattering parameters of the two fabricated SSP-TL
prototypes in Fig. 3.

range2− 10 GHz. The measured responses of the scattering
parameters are shown in Fig. 4. Note that the capacitor-loaded
SSP-TL has a similar response as the conventional SSP-TL, in
spite of a slight discrepancy in the cutoff frequency, possibly
due to the tolerances brought by PCB fabrication and the
commercial chip capacitors (±0.05 pF). Also note that, the
proposed SSP-TL has a very sharp magnitude response around
5.8 GHz, which exhibits a highly selective filtering feature. It
also exhibits a wide stop band from5.8 GHz to 10 GHz.

To compare the field confinement capability of the two
SSP-TLs, their normalized electric fields in the cross section
(x − z plane) at4 GHz are plotted in Fig. 5. Note from the
2D distributions that the proposed SSP-TL has a better field
confinement. To quantify this improvement, we plot the 1Dz-
distribution across the maximum point. Then one may define
the confined region using the width when the field drops to0.3
(about−10 dB) of the maximum strength. Note that this width
is 10.9 mm in the proposed SSP-TL, and is16.7 mm in the
conventional one. Thus, the confinement capability, inversely
proportional to the confined region, is improved by53%.

The proposed SSP-TL loaded with different capacitances are
also fabricated and measured. The scattering parameters are
shown in Fig. 6. Note that the cutoff frequency (in analogy
to the plasma frequency in optics) and the operation band
are completely reconfigurable by changing the capacitances.
High-selectivity feature is still preserved while reconfiguring
the operation band. The static capacitors may be replaced by
tunable capacitors to make it truly reconfigurable, which will
be further explored in our future works.

IV. CONCLUSION

In this paper, a capacitor-loaded SSP-TL has been proposed.
It featured reconfigurability in the dispersion control. Italso
exhibits a small line width in comparison with the conventional
SSP-TL. The principle was illustrated and several experimental
examples were provided. The results completely validated the
proposed SSP-TLs.

REFERENCES

[1] W. L. Barnes, A. Dereux, and T. W. Ebbesen, “Surface plasmon sub-
wavelength optics.”Nature, vol. 424, no. 6950, pp. 824–30, 2003.

 

z (mm)

x
 (

m
m

)

-45 450-15-30 15 30

z (mm)
-45 450-15-30 15 30

-45

45

0

-15

-30

15

30

0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

1

-45 450-15-30 15 30

z (mm)
-45 450-15-30 15 30

z (mm)

N
o

rm
al

iz
ed

 F
ie

ld

(a) (b)

∆z = 10.9 mm

∆z∆z

x = −6 mm ∆z = 16.7 mmx = −11 mm

Proposed [Fig. 3(a)] Conventional [Fig. 3(b)]

Fig. 5. Cross-section distribution of the electric field of the SSP-TLs in (a)
Fig. 3(a) and (b) Fig. 3(b) at4 GHz.

2 3 4 5 6 7 8
−60

−40

−20

0

Frequency (GHz)

Reconfigurable
Operation Band

|S
2
1
|

(d
B

)

∆C = 0.1 pF
∆C = 0.2 pF
∆C = 0.3 pF
∆C = 0.5 pF

Fig. 6. Measured magnitude responses of the fabricated prototype of Fig. 3(a)
with different loading capacitances.

[2] J. B. Pendry, L. Martn-Moreno, and F. J. Garcia-Vidal, “Mimicking
surface plasmons with structured surfaces.”Science, vol. 305, no. 5685,
pp. 847–8, 2004.

[3] A. Kianinejad, Z. N. Chen, and C. W. Qiu, “Design and modeling of spoof
surface plasmon modes-based microwave slow-wave transmission line,”
IEEE Trans. on Microw. Theory Tech., vol. 63, no. 6, pp. 1817–1825,
June 2015.

[4] H. F. Ma, X. Shen, Q. Cheng, W. X. Jiang, and T. J. Cui, “Broadband and
high-efficiency conversion from guided waves to spoof surface plasmon
polaritons,”Laser Photonics Rev., vol. 8, no. 1, pp. 146–151, 2014.

[5] X. Shen, T. J. Cui, D. Martincano, and F. J. Garciavidal, “Conformal
surface plasmons propagating on ultrathin and flexible films,” Proc. Nat.
Acad. Sci., vol. 110, no. 1, pp. 40–45, 2012.

[6] Y. Liang, H. Yu, H. C. Zhang, C. Yang, and T. J. Cui, “On-chip sub-
terahertz surface plasmon polariton transmission lines inCMOS.” Sci.
Rep., vol. 5, p. 14853, 2015.

[7] X. Gao, L. Zhou, Z. Liao, H. F. Ma, and T. J. Cui, “An ultra-wideband
surface plasmonic filter in microwave frequency,”Appl. Phys. Lett., vol.
104, no. 19, p. 191603, 2014.

[8] A. Kianinejad, Z. N. Chen, L. Zhang, and W. Liu, “Spoof plasmon-
based slow-wave excitation of dielectric resonator antennas,” IEEE Trans.
Antennas Propag., vol. 64, no. 6, pp. 2094–2099, 2016.

[9] S. K. Gu, H. F. Ma, B. G. Cai, and T. J. Cui, “Continuous leaky-wave
scanning using periodically modulated spoof plasmonic waveguide,”Sci.
Rep., vol. 6, p. 29600, 2016.


	I Introduction
	II Principle
	III Experimental Validation
	IV Conclusion
	References

