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In this paper, a spoof surface plasmon polarions (SPPs) transmission line is designed by patterning thin
metal film in open-cross shape arranged in array. Numerical simulations show the proposed open-cross
array can support spoof SPPs with enlarged propagation constant and hence enhanced confinement
at metal/dielectric interface as compared to the reported ultra-thin plasmonic waveguide with the
rectangular groove or solid-cross. Furthermore, a differential transmission line pair is built with such
two close plasmonic arrays. A narrow metal strip locates at the symmetrical plane of the two SPPs
waveguides and acts as a resonator to realize common-mode rejection at specific frequency. The notch
frequency for common mode can be adjusted by tuning the metal strip length of the resonator while
differential mode propagation remains unaffected. Both simulated and experimental results with good
agreement are given to verify the proposed idea.

Recently, surface plasmon polaritons (SPPs) have attracted great attentions due to the feature of subwavelength
confinement, field enhancement, and slow-wave!=>. The electromagnetic (EM) filed is tightly bound at a metal/
dielectric interface because of the negative permittivity of metals at visible frequency®. They are finding an ever
increasing number of applications in the traditional domains of surface characterization, biomedical sensing,
and near-field microscopy* °. However, the SPPs cannot be excited since metals behave like perfect electric con-
ductors (PEC) in the frequency range of microwave to terahertz. To mimic the nature of SPPs in this spectrum,
spoof (or designer) SPPs have been proposed by etching a metal surface with periodic grooves or holes®’, which
provides another freedom in controlling the electromagnetic (EM) propagation by designing the geometry of the
periodic corrugations. Early spoof SPPs are usually designed in 3D geometry thus limiting their applications to
compact planar circuits. Shen et al.®'* proposed an ultra-thin plasmonic structure, which is formed by patterning
the metal film on an ultra-thin and flexible dielectric, to confine and guide SPPs. Afterwards, various ultra-thin
plasmonic structures have been developed to enhance the confinement on SPPs and the transmission efficiency
of the SPPs'" 12, As compared with the traditional microstrip, the ultra-thin plasmonic structure exhibits a smaller
transmission loss in the microwave frequencies and thus has promising applications in integrated devices or cir-
cuits for performance enhancement!*~'>.

In the past few years, differential topology is widely adopted in constructing microwave/millimeter-wave cir-
cuits due to inherent superior signal-to-noise ratio and high immunity to environmental noise and electromag-
netic interference'®-'. Most of differential circuits have been constructed with conventional planar transmission
lines (T-lines) such as microstrip and coplanar waveguide (CPW) and only few is concerned with plasmonic
T-lines?. Recent results show the advantage of crosstalk suppression of SPP T-lines facilitates the improvement
of signal integrity in circuits on PCB and chip level®”*!. However, to the author’s best knowledge, the common
mode suppression has not been mentioned so far. Indeed, the common mode suppression is desired for practical
applications in microwave circuits.

In this work, a new plasmonic structure with open-cross unit cell is proposed to enhance the confinement of
EM field, and then a single low loss SPPs T-line is constructed and its transmission characteristics is simulated
and validated by experiment. Based on this, a low-loss differential transmission line pair is constructed to explore
the transmission characteristics for both the differential and the common mode of the SPPs T-lines. Meanwhile, a
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Figure 1. Schematic shapes of unit cell to construct plasmonic arrays: (a) solid-cross; (b) cross with window;
(c) double solid-cross; (d) open-cross. The unit cells are formed by patterning 0.018 mm-thick metal film on
dielectric substrates with a thickness of 1.524 mm and a permittivity of 3.55. (e) Dispersion relations of the
fundamental modes for unit cells with shapes from. (a) to (d) Distribution of the real part of electric field E, at
frequency of 3.5 GHz for a solid-cross array (f) and an open-cross array (g).

narrow metal strip at the symmetrical plane of the two SPPs T-lines is introduced as a bandstop structure for the
common mode while it has no effect on the differential mode. The notch of the common mode can be adjusted to
the desired frequency by tuning the strip length. In his work, controllable common mode suppression is demon-
strated in differential SPPs T-line pair.

Results

Unit cell design and dispersion relations of the designed plasmonic structure. Figure 1(a) shows
the conventional rectangular (or solid-cross) shape unit cell that is usually used to construct plasmonic wave-
guide/transmission line. In this work, the center of solid-cross is deliberately dug out to enlarge propagation
constant. The derived unit cells with other shapes are shown in Fig. 1(b-d). The dimensions of these unit cells are
as follows: the periodicity p =8 mm, the groove depth # = 6 mm, and gap a =6 mm. The center slot of unit cells of
(b)-(d) is 1 mm. All of the above unit cells are formed by patterning 0.018 mm-thick copper film on Roger 4003
dielectric substrates with a thickness of 1.524 mm and a permittivity of 3.55. Under the PEC approximation, the
dispersion relations of the unit cells in periodicity boundary are analyzed using the eigen-mode solver of com-
mercial full-wave software, CST Microwave studio. Figure 1(e) shows the simulated dispersion curves of funda-
mental modes for the unit cells of (a)-(d). All of them deviate significantly from the light line. The asymptotic
frequency is dropped from 7 GHz to 6 GHz when the unit cell shapes evolves from (a) to (d). In among, the pro-
posed open-cross unit cell in Fig. 1(d) exhibits the lowest asymptotic frequency and largest prorogation constant
B. It is known that the EM field of plasmonic surface wave is confined mainly at the interface of corrugated metal
strip and dielectric, and exponential decays away from the interface. The confinement of plasmonic surface wave

is dependent on the exponential decay constant a, which is defined by o = 1//3* — k,’, where 3is the proroga-
tion constant and k, the wave number in free space. Figure 1(e) and (f) show the simulated distribution of electric
field E, (real part) at frequency of 3.5 GHz for the open-cross array and the solid-cross array respectively. The
open-cross arrays support a shorter guided wavelength (A, ~48 mm) than the solid-cross ones (A4~ 60 mm),
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Figure 2. (a) Schematic of the straight SPPs T-line constructed with open-cross unit cell, (b) comparison of the
curves of simulated and experimental scattering parameters.
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Figure 3. The effect of the coupling gap on transmission coefficient of (a) differential mode (S4421) and (b)
common mode (S.21).

which means a larger 5and o, or in other words, tighter confinement on spoof SPPs. Therefore, the enhancement
of confinement on spoof SPPs can be achieved by using the proposed open-cross unit cell.

Straight and differential plasmonic transmission line. To explore the transmission properties of
open-cross array, a two-port straight spoof SPPs T-line with the configuration, as shown in Fig. 2(a), are fab-
ricated by patterning the 0.018 mm-thicknenss copper film on 1.524 mm-thickness Roger 4003 substrate. As
reported in refs 22 and 23, a mode converter is necessary to realize a smooth conversion between guide wave
(quasi-TEM or TEM mode) to SPPs (the bound TM mode). In this work, mode converters are used to connect
the CPW T-lines with SPPs T-lines to feed in/out EM energy, where the gradient grooves is designed to match
the momentums of the quasi-TEM mode in CPW and the bound TM mode in plasmonic waveguide, and the
flaring grounds to match impedences of the two T-lines?. Figure 2(b) shows the measured scattering parameters
(S-parameters) for the straight sample performed on a four-port Agilent N5230C PNA-L network analyzer, along
with simulated results for comparison, in which the measured reflection coefficient (S11) is less than —10 dB in
frequency range of 0.95~5.5 GHz and insertion loss is about 1 dB 4 0.1 from 3.2 GHz to 4 GHz. The high return
loss in the low frequency range (<0.9 GHz) results from the incomplete excitation of surface mode and thus leads
strong scattering on incoming EM wave. It is also noted that the simulated transmission performance is a little
better than the measured one, which can be attributed to the extra loss introduced by the connectors for the test.

A pair of differential SPPs T-lines is designed and fabricated by using the proposed open-cross unit cell. The
schematic of the couple SPPs T-lines is shown as the inset of Fig. 3(a), where the center parts of two adjacent
plasmonic arrays with a separation G form a coupling section. Numerical simulations on this differential pair are
carried out to investigate the coupling characteristics. In most cases, the differential mode transmission coeffi-
cient Sy421 is almost the same as common mode transmission coefficient S_.21 in the frequency range of interest.
It means little interference between the two adjacent SPPs T-lines due to the high confinement of EM field in
SPPs structures. However, as the two T-lines are close enough, such as the coupling gap being less than 8 mm, the
interactional coupling takes place. It is noted that a series of notches in the Sg;21curves while the S4421 curves
remaining unchanged, as shown in Fig. 3(a),(b). This multiple narrowband transmission resonance arises from

SCIENTIFICREPORTS |7:2974 | DOI:10.1038/541598-017-03242-6 3



www.nature.com/scientificreports/

(@) metal strip

symmetrical

Differential mode without metal strip  Differential mode with metal strip

(c)

Figure 4. (a) Schematic of the differential plasmonic transmission lines. Comparisons of distribution of electric
field E, at frequency of 3.5 GHz for common mode (b) and (c) for differential mode. The left figures of (b) and
(c) are results without metal strips and right ones with metal strips.

the interference between the forward propagating and the backward propagating waves in the two closely placed
SPPs T-lines?!, which deteriorates the signal integrity. Consequently, a little larger coupling gap of 10 mm was
applied in our prototype sample fabrication.

To suppress common mode propagation in the differential pair, a narrow metal strip paralleled to the plas-
monic arrays is introduced at the center of the symmetrical plane. As shown in Fig. 4(a), the differential structure
is symmetrically configured with two adjacent plasmonic arrays, and the center parts of them are left a 10 mm
gap. A narrow metal strip locating at the center of the symmetrical plane is used to prevent the common mode
propagation at the resonant frequency of the narrow strip.

The basic idea of introducing a metal strip at the center of the symmetrical plane is that the symmetrical
plane functions as a virtual ground when the differential mode transmits along the SPPs pair, and thus a narrow
loaded strip has no effect on the differential mode. While as for the common mode, a magnetic wall locates
along the symmetrical plane, the EM field of the common mode is disturbed by the loaded strip, resulting in
common-mode suppression at specific frequency (corresponding to the resonant frequency of the narrow strip).
To keep the electrical wall boundary at the symmetrical plane, a narrow strip with width of 0.3 mm is applied in
the prototype fabrication. Indeed, the numerical simulations show the influence of the metal strip width on the
differential mode transmission can be neglected as long as the metal strip is not too wide.

To validate the aforementioned idea, we have conducted numerical simulation and experimental measure-
ments on the differential spoof SPPs T-lines with narrow strip resonators. In simulations, open boundary con-
dition is used to eliminate the reflection from environment, and the energy losses from dielectric and metal are
considered. The simulated distributions of the electric fields (E,) at frequency of 3.5 GHz for common mode and
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Figure 5. (a) The photo of the prototype sample. (b) Comparisons of simulated S-parameters with
experimental results for differential mode and common mode. (c) Shift of the common mode rejection
frequency with metal-strip length. (d) The current flowing on the strip and SPPs T-lines, and the Fano
resonance like model for common mode suppression. (e) The current flowing on the strip and SPPs T-lines and
electric field distribution around the strip in differential operation, which shows no resonance occurring in the
central metal strip.

differential mode are presented in Fig. 4(b) and (c) respectively. To manifest the effect of the narrow metal strip
on electric field of the common mode, the simulated electric-field patterns of E, for differential plasmonic arrays
with and without the metal strip are shown in Fig. 4(b). It is visualized clearly that the electric field of the common
mode is distorted by the metal strip. On the contrary, the electric field patterns of differential mode remain almost
the same for plasmonic structures with and without metal strip, as shown in Fig. 4(c).

The photo of the differential SPPs T-lines is shown in Fig. 5(a) and the measured S-parameters are shown in
Fig. 5(b) along with the simulated ones for comparison. It is observed the measured Sy411 is less than —10 dB in
frequency range of 1.7~4.5 GHz, and S4421 is about —1.1dB £ 0.1 in frequency range of 2.2 GHz to 3.8 GHz. Here,
Saqll and Sy421 are the reflection coeflicient and transmission coeflicient of differential mode respectively. It is
also noted that the transmission coefficient S_.21 and reflection coefficient S..11 of common mode are almost the
same as those of the differential mode in the frequency range of interest except for the notch of the common
mode. The experimental S-parameters are agreement with simulations for the sample has 28 mm length of the
loaded strip. Accordingly, the common mode notch occurs at 3.5 GHz and the rejection level is about 6.5dB as
can be observed in the curve of the common mode transmission coefficient S 21. Furthermore, the common
mode rejection frequency can be tuned by the strip length, while differential mode transmission remains
unchanged, as shown in Fig. 5(b). A Fano resonance?*?* like characteristic is observed in the S 21 curve. An
explanation is given as follows. For common mode, the in-phase x components of the TM polarized surface wave
induces surface current flowing in x direction on the central strip. As a result, the strip acts as a dipole or multi-
pole and resonates with the incident EM field when the strip length is approaching to the half wavelength of the
SPPs,i.e. Ly, = N - A Spp/ 2, where LStrip is the strip length, A op is the wavelength of the SPPs, and N is an integer.
The length dependence resonance of the central metal strip determines the rejection frequency of common mode.
On the other hand, the surface current cannot be invoked on the central strip by the anti-phase x components of
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Figure 6. The influence of fabrication mismatch on the S-parameters caused by (a) the metal strip width and
(b) the location deviation.

EM field with the identical amplitude in differential mode operation (Fig. 5(d)). Consequently, the differential
mode transmission is not affected by the metal strip.

Finally, numerical simulations are carried out to evaluate the influence of the fabrication mismatches on the
EM transmission in the differential SPPs T-lines. The effect of the metal strip width on the S-parameters is shown
in Fig. 6(a). It is observed the influence of the metal strip width on the EM transmission can be neglected if the
metal strip is symmetrical about the central symmetrical plane and not too wide. Since the strip width being far
less than the half of wavelength (), /2), the incident electric field cannot stimulate the surface current on the
metal strip in width direction. As aforementioned, the orientation of the induced dipole is in the lengthwise direc-
tion and the resonance is mainly decided by its length as aforementioned. Therefore, a little variation in the metal
strip width should have no obvious effect on EM wave transmission. The influence of metal strip deviating from
the symmetric plane on EM transmission is shown in Fig. 6(b). While the metal strip shifting from the geometry
center with a distance from 0 mm to 1 mm, the S-parameters almost keep unchanged. But as the metal strip devi-
ates further from the symmetrical plane, the requirement for symmetricity by virtual ground boundary is not met
and thus leads to scattering on the differential mode transmission. Considering the general machining accuracy
in PCB is up to 0.1 mm nowadays, a little fabrication deviation in the strip width and location can be acceptable.

Discussion

In this work, a new spoof SPPs transmission line has been constructed by arranging unit cells with open-cross
shape in periodical array. The simulated results show the proposed open-cross array can provide enlarged prop-
agation constant and hence enhanced confinement at metal/dielectric interface as compared to the conventional
designs. Furthermore, a differential transmission line pair has been built with such two close plasmonic arrays.
The common-mode rejection at specific frequency is achieved by placing a narrow metal strip at the symmetrical
plane of the two SPPs waveguides. The notch frequency for common mode can be adjusted by tuning the metal
strip length of the resonator while differential mode propagation remains unaffected. Both simulated and exper-
imental results have been given, showing good agreement. The proposed high-performance spoof SPPs would
be attractive in the applications of microwave/millimeter-wave circuits and devices with either single-ended or
differential topology.

References
1. Barnes, W. L., Dereux, A. & Ebbesen, T. W. Surface plasmon subwavelength optics. Nature 424, 824-830 (2003).
2. Nagpal, P, Lindquist, N. C., Oh, S. H. & Norris, D. J. Ultrasmooth patterned metals for plasmonics and metamaterials. Science 325,
594-597 (2009).
. Pendry, J. B., Schurig, D. & Smith, D. R. Controlling electromagnetic fields. Science 312, 1780-1782 (2006).
. Yu, N. et al. Light propagation with phase discontinuities: generalized laws of reflection and refraction. Science 334, 333-337 (2011).
. Fang, N, Lee, H., Sun, C. & Zhang, X. Sub-diffration-limited optical imaging with a silver superlens. Science 308, 534-537 (2005).
. Pendry, J. B., Martin-Moreno, L. & Garcia-Vidal, E J. Mimicking surface plasmons with structured surfaces. Science 305, 847-848
(2004).
. Hibbins, A. P, Evans, B. R. & Sambles, J. R. Experimental verification of designer surface plasmons. Science 308, 670-672 (2005).
8. Shen, X,, Cui, T. J., Martin-Cano, D. & Garcia-Vidal, E. ]. Conformal surface plasmons propagating on ultrathin and flexible films.
Proc. Nat. Acad. Sci. 110, 40-45 (2013).
9. Hooper, I. R., Tremain, B., Dockrey, J. A. & Hibbins, A. P. Massively sub-wavelength guiding of electromagnetic waves. Sci. Rep. 4,
7495 (2014).
10. Liu, X,, Zhu, L., Wu, Q. & Feng, Y. Highly-confined and low-loss spoof surface plasmon polaritons structure with periodic loading
of trapezoidal grooves. AIP Advances 5,077123 (2015).
11. Yin, J. Y,, Ren, J., Zhang, H. C., Pan, B. C. & Cui, T. J. Broadband frequency-selective spoof surface plasmon polaritons on ultrathin
metallic structure. Sci. Rep. 5, 8165 (2015).
12. Pantoja, M. E, Jiang, Z. H., Werner, P. L. & Werner, D. H. On the use of subwavelength radial grooves to support spoof surface-
plasmon-polariton waves. IEEE Microw. Wireless Compon. Lett. 26, 861-863 (2016).
13. Zhao, L. et al. A novel broadband band-pass filter based on spoof surface plasmon polaritons. Sci. Rep. 6, 36096 (2016).
14. Qiu, T., Wang, J., Li, Y. & Qu, S. Circulator based on spoof surface plasmon polaritons. IEEE Antennas Wireless Propag. Lett. 99, 1-4,
doi:10.1109/LAWP.2016.2605738 (2016).

N U W

~

SCIENTIFICREPORTS|7:2974 | DOI:10.1038/541598-017-03242-6 6


http://dx.doi.org/10.1109/LAWP.2016.2605738

www.nature.com/scientificreports/

15. Liang, Y., Yu, H., Zhao, J., Yang, W. & Wang, Y. An energy efficient and low cross-talk CMOS sub-THz I/O with surface-wave
modulator and interconnect. IEEE/ACM International Symposium on Low Power Electronics & Design. 110-115 (2015).

16. Zhou, L. H., Ma, Y. L., Shi, J., Chen, J. X. & Che, W. Differential dual-band bandpass filter with tunable lower band using embedded
DGS unit for common-mode suppression. IEEE Trans. Microw. Theory Techn. 64, 4183-4191 (2016).

17. Chen, J. X,, Qin, W,, Bao, Z. H. & Xue, Q. Analysis and design of balanced dielectric resonator bandpass filters. IEEE Trans. Microw.
Theory Techn. 64, 1482-1476 (2016).

18. Shi, J., Xu, K., Zhang, W,, Chen, J. X. & Zhai, G. An approach to 1-to-2" way microstrip balanced power divider. IEEE Trans. Microw.
Theory Techn. 64, 4222-4231 (2016).

19. Liao, S., Wu, P,, Shum, K. M. & Xue, Q. Differentially fed planar aperture antenna with high gain and wide bandwidth for millimeter-
wave application. IEEE Trans. Antennas Propag. 63, 966-977 (2015).

20. Wu, J. ]. et al. Differential transmission lines with surface plasmon polaritons at low frequencies. Electronics Lett. 50, 379-381 (2014).

21. Liang, Y., Yu, H,, Zhang, H. C,, Yang, C. & Cui, T. ]. On-chip sub-terahertz surface plasmon polariton transmission lines in CMOS.
Sci. Rep. 5, 14853 (2015).

22. Ma, H. E, Shen, X,, Cheng, Q,, Jiang, W. X. & Cui, T. ]. Broadband and high-efficiency conversion from guided waves to spoof surface
plasmon polaritons. Laser Photonics Rev. 8, 146-151 (2014).

23. Liang, Y. et al. On-chip sub-terahertz surface plasmon polariton transmission lines with mode converter in CMOS. Sci. Rep. 6, 30063
(2016).

24. Fedotov, V. A., Rose, M., Prosvirnin, S. L., Papasimakis, N. & Zheludev, N. I. Sharp trapped-mode resonances in planar
metamaterials with a broken structural symmetry. Phys. Rev. Lett. 99, 147401 (2007).

25. Prosvirnin, S. & Zouhdi, S. Advances in Electromagnetics of Complex Media and Metamaterials (ed. Zouhdi, S.) 281-290 (Springer,
2002).

Acknowledgements

This work was supported by National Natural Science Foundations of China (No. 61371111) and Industrial Key
Technologies Program of Nantong (No. GY22016015). The authors are grateful to Dr. W. Qin for the help on
experimental measurements.

Author Contributions

X.-E Zhang and J.-X. Chen conceived the idea and are responsible for theoretical design, structure construction.
X.-E. Zhang and R.-E Gao wrote the manuscript and performed the simulations and experimental measurements.
C.Xu and Z.-H. Bao provided the constructive comments on this work. All authors contributed to the article.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7:2974 | DOI:10.1038/541598-017-03242-6 7


http://creativecommons.org/licenses/by/4.0/

	Differential surface plasmon polaritons transmission line with controllable common mode rejection

	Results

	Unit cell design and dispersion relations of the designed plasmonic structure. 
	Straight and differential plasmonic transmission line. 

	Discussion

	Acknowledgements

	Figure 1 Schematic shapes of unit cell to construct plasmonic arrays: (a) solid-cross (b) cross with window (c) double solid-cross (d) open-cross.
	Figure 2 (a) Schematic of the straight SPPs T-line constructed with open-cross unit cell, (b) comparison of the curves of simulated and experimental scattering parameters.
	Figure 3 The effect of the coupling gap on transmission coefficient of (a) differential mode (Sdd21) and (b) common mode (Scc21).
	Figure 4 (a) Schematic of the differential plasmonic transmission lines.
	Figure 5 (a) The photo of the prototype sample.
	Figure 6 The influence of fabrication mismatch on the S-parameters caused by (a) the metal strip width and (b) the location deviation.




