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Using a metamaterial consisting of metals with subwavelength surface patterning, one can mimic surface
plasmon polaritons (SPPs) and achieve surface waves with subwavelength confinement at microwave
and terahertz frequencies, thus bringing most of the advantages associated with the optical SPPs to lower
frequencies. Due to the properties of strong field confinement and high local field intensity, spoof SPPs
have demonstrated the improved performance for data transmission and device miniaturization in an
intensively integrated environment. The distinctive abilities, such as suppression of transmission loss
and bending loss, and increase of signal integrity, make spoof SPPs a promising candidate for future gen-
eration of electronic circuits and electromagnetic systems. This article reviews the progress in spoof SPPs
with a special focus on their applications in circuits from transmission lines to passive and active devices
in microwave and terahertz regimes. The integration of versatile spoof SPP devices on a single platform,
which is compatible with established electronic circuits, is also discussed.

© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

The development of current integrated circuits is now facing
several challenges, such as compactness, bandwidth, loss in the
transmission of signals, gain, etc. In particular, in dense circuits
with multiple layers and a large number of parallel transmission
lines, the reduction of the distance between the layers and trans-
mission lines drastically increases the mutual effects between
the neighboring components. Moreover, at high operating frequen-
cies the current flow in the circuit tends to crowd towards the sur-
face of metal due to the proximity effect, leading to high ohmic loss
as well as large electromagnetic (EM) coupling. Thus, the establish-
ment of signal integrity over a broad band as well as suppression of
crosstalk between wirings is among the most critical problems in
integrated circuits with high packaging density or at high speed/
frequency.

Surface plasmon polaritons (SPPs), defined as collective oscilla-
tions of the delocalized electrons in the metal-dielectric interface,
offer a promising approach to the miniaturization of electro-
optical components for highly integrated circuits, owing to their
ability to confine EM waves in a subwavelength scale with high
intensity. However, in longer-wavelengths, such as the far-
infrared, terahertz, and microwave frequency bands, although con-
ductors can also support EM surface waves, metals behave akin to
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perfectly electrical conductors (PECs) and the fields are only
weakly confined in the dielectric [1-3]. Surface patterning of
metal, such as arrays of holes or grooves, can increase the penetra-
tion of the field into the metal and thus the binding of surface
waves [4,5]. In 2004, this idea was further studied with effective
medium theory and the concept of “spoof SPPs” was firstly
suggested [6]. With a metamaterial consisting of metal surfaces
textured with subwavelength periodic features, one can mimic sur-
face plasmons at much shorter wavelengths and achieve surface
waves with subwavelength confinement at infrared wavelengths
and beyond. As shown in Fig. 1, the SPP dispersion and spatial con-
finement can be controlled by means of surface patterning. For a
2D array of square holes with the size of (a x a) and the spacing
(d), where a and d are much smaller than the wavelength, the
dispersion relation can be obtained as

1 64a*w*

2 2 2
ki, c5 = w* +———
0 2 4
wp,—wz Tt4d

Ssp ) (1)
where ks, is the transverse wave vector of surface waves propagat-
ing along the metal layer, and wy, is the plasma frequency for the
effective medium.
TtCo
Wp = ——, 2
SN @
where g is the speed of light in free space, and ¢, and p,, are the
permittivity and permeability of the material filling the holes,
respectively.
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Fig. 1. Metamaterial description of spoof SPPs on corrugated metal surfaces. (a) Schematic diagram of a 2D array of holes and the associated dispersion relation. Reproduced
with permission [6], Copyright (2004) AAAS. (b) Schematic diagram of a 1D array of grooves and the associated dispersion relation. Reproduced with permission [7],
Copyright (2010), OSA. (c) Single-side spoof SPP TL printed on a flexible and ultrathin substrate. Reproduced with permission [8], Copyright (2013), National Academy of
Sciences. (d) Spoof SPP TL consisting of trapezoidal grooves. Reproduced with permission [9], Copyright (2015), AIP. (e) Spoof SPP TL consisting of oval-ring shaped cells.
Reproduced with permission [10], Copyright (2018), NPG. (f) Spoof SPP TL with meander slots. Reproduced with permission [11], Copyright (2016), IEEE. (g) Spoof SPP TL
consisting of gradient holes. Reproduced with permission [12], Copyright (2015), AIP. (h) Anti-symmetric spoof SPP TL. Reproduced with permission [13], Copyright (2016),

ACS.

A 1D array of grooves perforated on a PEC surface where the
width, depth, and the periodicity of the groove are a, h and d,
respectively, the dispersion relation is given by [14]

G
%" - gtan(koh). 3)
The existence of such spoof SPPs was experimentally observed in
1D [15-17] and 2D [18-21] configurations at microwave and tera-
hertz frequencies. This metamaterial approach allows the transfer
of most of the advantages associated with optical SPPs to lower
frequencies. In particular, spoof SPP devices can achieve higher effi-
ciency and longer propagation length as compared to conventional
SPP devices due to the low loss of metal in terahertz and microwave
spectra. Moreover, the performance of spoof SPP devices can be
engineered by tuning the geometry of the surface patterning, thus
giving us extended freedom in the device design. However, the
bulky structures of all the above-mentioned plasmonic metamateri-
als limit their applications, especially in electronic and photonic cir-
cuits where compactness is highly desired. The inherent 3D design
with dimensional structure vertically below/above the conducting
surface makes those plasmonic metamaterials impossible to inte-
grate with electronic devices or components. As a solution to this
issue, an ultrathin form of spoof SPP transmission line (TL) was pro-
posed, where EM waves can be confined in the subwavelength scale
and can propagate on flexible and curved surfaces [8,22]. This con-
formal spoof SPP TL can be fabricated with the standard printed cir-
cuit board technology. Fig. 1c shows the first experimental
demonstration of an ultrathin conformal spoof SPP TLs printed on
a flexible film, where the propagation of confined spoof SPPs can
adapt to the curvature of the surface [8]. Following this innovative
work, TLs engraved with a variety of different ultrathin structures
have been developed to support spoof SPPs, such as the trapezoidal
grooves [9], oval-ring shaped cells [10], and meander slots [11], as
shown in Fig. 1d-f. Dual-band trapping of spoof SPPs can be
achieved through a microstrip line with periodic holes [12], as
shown in Fig. 1g. Recently, anti-symmetric spoof SPP TLs, which
can be integrated with active devices have been reported as well
[13], as shown in Fig. 1h.

One challenge of applying the spoof SPP TLs in circuit design lies
in the feeding of the TLs and the conversion from conventional cir-
cuits to spoof SPP devices so that the efficiency and bandwidth can
be maximized. Extensive studies have been performed on this
topic, and different techniques have been proposed at both micro-
wave [23-27] and sub-terahertz [28] frequencies. Owing to the
high field confinement property, the conformal spoof SPs do not
suffer from the compactness limitations of traditional circuits.
The near zero thickness, great flexibility, and easy fabrication fea-
ture make this new type of TL a promising candidate for the high-
speed communication devices in the modern era of electronics.

In the following, we review the development of spoof SPP
devices and systems based on spoof SPP TLs. We begin by summa-
rizing the advantages of spoof SPP TLs over the traditional TLs.
Next, we introduce the development of effective circuit models
for spoof SPP TLs and analyze the arising challenges in treating
practical cases. Then, we give a detail review of the diverse imple-
mentations of passive and active spoof SPP devices. Finally, we
envision the integration of the spoof SPP devices of different func-
tions on a single platform, which is compatible with established
electronic circuits. Potential new applications and research direc-
tions are also outlined.

2. Advantages of spoof SPP TLs over conventional TLs

Table 1 summarizes the comparison between spoof SPP TLs and
conventional microstrip lines, in terms of cross talk suppression,
transmission loss and bending loss reduction, and the miniaturiza-
tion feature. The interference between adjacent signals is almost
inevitable when two transmission lines are tightly packed with
deep-subwavelength separation in conventional integrated cir-
cuits. In order to overcome this problem, a special spoof SPPs TL
has been proposed in Ref. [29], where two narrow corrugated
metallic strips are printed on the top and bottom surfaces of a
dielectric substrate with mirror symmetry. It has been demon-
strated theoretically and experimentally that the signals on such
two spoof SPPs TLs have better propagation performance and much
less mutual coupling than the conventional signals on two tradi-



J. Zhang et al. /Science Bulletin 64 (2019) 843-855 845

Table 1
Performance comparison between the spoof SPPs transmission line and the conven-
tional microstrip line.

Performance Spoof SPPs Microstrip  Reference
transmission line
line
Adjacent mutual coupling <-15dB >-15dB Ref. [29]
coefficients -5dB
(>5 GHz) (max)
Transmission coefficients Sz -3 dB (average) -6dB Ref. [30]
(3-9 GHz) -2 dB (max) (average)
-3dB
(max)
Bending transmission -1.5dB -2 dB Ref. [31]
coefficients Sy, (average) (average)
(5-10 GHz)
Reflection coefficient S1; with ~ -10dB ~ -4 dB Ref. [32]

shielding-box structure
(5-15 GHz)

tional microstrip lines with the same size and separation. In Ref.
[29], the crosstalk in the spoof SPPs TLs is lower than -15 dB from
5 to 20 GHz, while that of a conventional microstrip line is higher
than -15dB even up to -5 dB. Hence, the spoof SPPs TLs can
achieve significant interference suppression in very compact space.
In Ref. [33], two kinds of spoof SPP TLs are proposed based on dif-
ferential microstrip lines with subwavelength periodic corruga-
tions. The EM fields can be tightly confined inside the
corrugations and therefore, the crosstalk between the differential
pair and the adjacent microstrip lines can be effectively suppressed
as compared to conventional microstrip lines. The transmission
coefficient in the spoof SPPs TLs with unilateral periodic corruga-
tions is about -2.91 dB at 12 GHz, while that of the microstrip line
is about -4.88 dB. Spoof SPP TLs have also been applied at sub-
terahertz frequencies to improve the signal integrity [34]. Two
on-chip SPP TLs are back-to-back placed so that the crosstalk
between them is significantly reduced. Compared with two tradi-
tional quasi-TEM TLs with line space of 2.4 pum in a standard
65 nm CMOS process, the spoof SPP TL can achieve a wideband
reflection coefficient lower than -14 dB and the crosstalk ratio bet-
ter than -24 dB, which is 19 dB lower on average than that of the
traditional T-lines from 220 to 325 GHz.

Transmission loss is another critical issue which may signifi-
cantly deteriorate the performance of the electronic system, and
spoof SPP provides a method to cope with this problem. In contrast
to conventional microstrip lines in which the coupling coefficient
increases with the propagation constant, the spoof SPPs offer tigh-
ter field confinement as the propagation constant is increased,
making the transmission power insensitive to the coupling length
[29]. A method based on the designable wavenumber of spoof SPPs
TLs is proposed in Ref. [30] to reduce the loss of microwave trans-
mission line. Through the perturbation method and S-parameter
measurements, both simulation and experimental results show
that the spoof SPPs TLs have much smaller transmission loss than
traditional microstrips with the same size within the operating fre-
quency range. The transmission coefficient in the spoof SPPs TLs is
about -3 dB in average from 3 to 9 GHz, while that of microstrip
line is about -6 dB, as shown in Table 1. In Ref. [35], in order to
overcome the problem of large metallic losses and short propaga-
tion length, the concept of dielectric spoof SPPs and subwavelength
high-contrast gratings was introduced. A wideband ultra-low-loss
high-confinement plasmonic waveguide is experimentally
realized with a high refractive-index dielectric array with
deep-subwavelength periodicity on a metal substrate. Simulation
and measurement results on the nearfield distributions and
S-parameters demonstrate the excellent transmission efficiency
across a broad frequency band.

The reduction of bending loss is another common problem in
highly-integrated circuits or systems. Ref. [36] demonstrates theo-
retically that the bending loss can be effectively reduced by
increasing the confinement of EM fields in the spoof SPP TLs. Thus,
the metamaterial feature offers us the freedom of achieving this
goal by tuning the geometrical parameters of the spoof SPP struc-
ture. In Ref. [31], the suppression of radiation loss at small-radius
bend of spoof SPPs TLs by 0.5 dB from 5 to 10 GHz is experimen-
tally demonstrated.

The shielding-box technology is proposed to overcome the
problem of external disturbance in most modern electrical circuits
and systems. However, for traditional microwave planar transmis-
sion lines, it is very difficult to reduce the volume of the shielding-
box. In Ref. [32], a method is proposed to reduce the shielding-box
volume based on the tight field confinements of spoof SPPs TLs. As
demonstrated theoretically and experimentally, the EM signals on
spoof SPP TLs have better propagation performance than those on
traditional microstrip lines with the same size and separation to
the shielding box. The reflection coefficient with shielding-box
structure of the spoof SPPs TLs is about -10 dB from 5 to 15 GHz,
as compared to the microstrip line of which the reflection coeffi-
cient is about -4 dB [32], thus providing a potential solution to
the miniaturization of metallic package.

3. Effective circuit model of spoof SPP TLs

The design and optimization of spoof SPP TL associated devices
require a theoretical model that can characterize the transmission
of EM waves in the spoof SPP TLs. In traditional microwave circuit
engineering, the effective circuit model of the transmission struc-
ture is one of the most important stepping-stones to analyze and
synthesize the microwave device and system. However, different
from the traditional homogeneous TL (i.e. the microstrip, coplanar
waveguide, and so on), the spoof SPPs TL is a new type of inhomo-
geneous TL, whose impedance is dependent on the location in the
propagation direction. In order to overcome this difficulty, the con-
cepts of the Bloch wavenumber and impedance is used to replace
the original wavenumber and impedance concept, respectively,
based on the fact that the Bloch wavenumber and impedance can
be directly obtained through the analysis on the unit of the spoof
SPP TL.

To obtain the Bloch wavenumber and impedance of the ultra-
thin corrugated metallic strip, the mode matching method from
the field view is firstly investigated in Ref. [37], where an analytical
solution is given for the ultrathin corrugated metallic strip. The
field view indicates that this mode results from the resonance
between the metallic structure and the EM wave around. However,
this method cannot be used to describe the case that the strip is
integrated with the dielectric substrate, which is commonly used
in real applications. In order to solve this problem, the effective cir-
cuit model is introduced to describe the EM behavior of the spoof
SPPs from the circuit view [26,38-41]. In Refs. [26,38,39], the unit
structure is dismembered as the metallic patches and grooves
between the metallic patches, and they are further considered as
inductors and capacitors based on the low frequency approxima-
tion, as shown in Fig. 2a. The dispersion curve of this structure
can thus be qualitatively described by this lumped circuit model,
and is gradually deviating from the light line and approaching to
the cut-off frequency.

From the circuit view, the slow-wave properties of the spoof
SPPs transmission line is led by the phase delay caused by reso-
nance oscillation between the lumped capacitors and lumped
inductors. However, the calculated dispersion curve based on the
lumped model does not quantitatively agree with the simulated
result, resulting from ignoring the spatial dispersion of the
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Fig. 2. Schematic structures and effective circuit topologies of the spoof SPPs TLs. (a) The schematic structure, relative effective lumped circuit topologies, and dispersion
curve of the common corrugated metallic strip. Reproduced with permission [26], Copyright (2015), IEEE. (b) The schematic structure, relative effective transmission line
circuit topologies, and dispersion curves of active spoof SPPs transmission line. Reproduced with permission [41], copyright (2017), Wiley-VCH.

structure. Hence, as an improvement scheme, the transmission line
model is introduced into the circuit topology. Furthermore, some
lumped-distributed integrated model is also developed to improve
the accuracy [41-45]. Ref. [41] introduced an active spoof SPPs
transmission line structure, whose EM behavior can be controlled
in real-time coding sequence, as shown in Fig. 2b. Different from
the lumped circuit model, the series branch and the shunt branch
are regarded as a planar Goubau line [46] and an open CPW,
respectively, due to the coupling between adjacent unit cells. Fur-
thermore, a tuning capacitance is introduced into the front end of
the shunt branch of the structure to obtain the ability of control-
lable performance.

As shown in Fig. 2b which displays the dispersion curves of
active spoof SPPs transmission line with different length and
capacitance, the calculated results have very good agreement with
the simulated result, indicating that the transmission line circuit
model provides a possible bridge between spoof SPPs TLs and the
design of microwave devices. By comparing the lumped and trans-
mission line models, we can find that the improvement of the cal-
culation accuracy can be achieved by taking account of the spatial
dispersion, namely, describing the metallic structure as the disper-
sive capacitances and inductance instead of the original lumped
elements. Moreover, by introducing the attenuation constant into
the distributed structure, the lumped-distributed integrated model
can be applied to further analyze the loss properties, which cannot
be treated through the common lumped model and the commer-
cial simulation software, such as CST microwave studio and Ansys
HFSS. However, for complex cases, the lumped-distributed model
still has some challenges to overcome: (1) the method to deal with
the coupling of adjacent structure; (2) the possible high-order
mode around the discontinuous structure.

4. Passive spoof SPP devices

TL is a key element in data transmission and the basis for all
kinds of devices in integrated circuits. The theoretical models of
spoof SPP TLs thus provide a useful guidance for the design and

experimental demonstration of passive and active spoof SPP
devices. The distinctive features of spoof SPPs enable the realiza-
tion of a variety of devices for modern electronics, ranging from fil-
ters, couplers to resonators and antennas, with improved
performance compared to traditional devices.

4.1. Resonator based on spoof SPPs

In 2012, the concept of spoof plasmonics was transplanted to
localized surface plasmons (LSPs) [47]. By texturing closed sur-
faces, a finite metal structure is shown to support multiple surface
modes, resembling natural LSPs [48-50] at optical frequencies.
This powerful approach enables the realizations of various spoof
LSP resonators [51-57], which have been widely used in sensing
[51,58], filtering [22,59-61], dispersion control [44,62], etc. A typ-
ical example is the fan-shaped plasmonic ring resonator [51], as
shown in Fig. 3a. The resonance frequencies can be controlled by
properly designing the inner and outer radii of the structure. In
the experiment, multipolar surface modes were observed, as
shown in Fig. 3b.

Spoof LSPs have several advantages over their optical counter-
parts. First, they can be applied to the design of deep-
subwavelength resonators at low frequencies. Fig. 3¢ depicts one
of such examples realized in previous work [55], where the spiral
shape of the structure enables the accommodation of longer corru-
gations within the same area. Consequently, the effective capaci-
tance of the structure is significantly increased and the resonance
frequency is dramatically decreased. The extinction and field spec-
tra plotted in Fig. 3d clearly demonstrate the low-loss and sub-
wavelength properties of the structure. Another advantage of
spoof LSPs is related to their conformal feature, where the extre-
mely strong interaction between two vertically orientated res-
onators (see Fig. 3e) enables the observations of the many
interesting phenomenon difficult to realize with natural LSPs.
Fig. 3f illustrates one of such examples, where the strong coupling
between the hexapole and octopole leads to the observation of “in-
visibility dip” [50,63] in the near-field spectrum. Spoof LSP reso-
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Fig. 3. (a) and (b) The fabricated samples of spoof LSP resonators and the corresponding spectra for single-layer fan-shaped resonator, Reproduced with permission [51],
Copyright (2014), Wiley-VCH. (c) and (d) single-layer spiral resonator, Reproduced with permission from Ref. [55], Copyright (2016), ACS. (e) and (f) double-layer fan-shaped
resonator. Reproduced with permission [58], Copyright (2016), Wiley-VCH.

nances are very sensitive to the local dielectric environments, thus
providing promising solutions for refractive-index sensing with
high sensitivity [51,64]. Numerical and experimental studies have
demonstrated that higher order modes exhibited better sensitivity
[54,55], and a tunable spoof LSP structure with a ground plane has
been proposed to achieve higher-order azimuthal resonance
modes with improved Q factor and sensitivity [64].

4.2. Filters based on spoof SPPs

In order to remove harmonics in electronic devices and commu-
nication systems, the filters based on spoof SPPs are widely stud-

ied, particularly the passive devices including the band-stop
filters and the band-pass filters. In terms of the band-stop filter,
changing the several groove structures of spoof SPP TL or utilizing
the resonant metamaterials as well prevents the EM wave trans-
mission in specific frequency ranges [59-61,65-69]. Ref. [60] pro-
poses a band-stop filter, whose bottom structure is designed as
CPW and the top is designed as the corrugated metallic strip with
nine defects arranged every three periods. The defects can form a
broadband CPW band-stop filter and the center frequency and
bandwidth can be tuned by the height and numbers of the defect
units. Another band-stop filter is designed by placing a conven-
tional microstrip at the bottom center of a double sided spoof
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SPP TL with defects of variable dimension [61], and a band-
rejection filter is implemented by loading split-ring resonators
embeded on the spoof SPP TL [65]. Ref. [66] introduces the tunable
frequency- rejection filter using the resonant metamaterials near
the spoof SPP TLs to produce tight coupling and mismatch of the

(b)

Exp.S21
Exp.Si1
Sim.S21
Sim.S11

J----'---‘

1
1

(d)

surface impedance. Ref. [67] proposes a spoof SPP band-stop filter
by using several two H-shaped unit cells separated by a gap to
implement capacitive coupling and further lead to the stopband
of spoof SPP TL. Fig. 4 shows the structure of band-rejection filter
by etching split-ring resonators (SRRs) on spoof SPP transmission
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Fig. 4. The sample and S-parameters of filters based on spoof SPPs. (a) The schematic of the rejection filters based on the interaction between spoof SPPs and complementary
split-ring resonators (CSRRs) and the simulated results with four CSRRs (black line) and six CSRRs (red line). Reproduced with permission [68], Copyright (2016), NPG. (b) The
structures of the front and back surfaces of the SPP-SIW hybrid circuits and the measured and simulated results of S-parameters. Reproduced with permission [70], Copyright
(2015), NPG. (c) The photograph of a spoof SPP filter with the tunable high-permittivity dielectric block BST and the transmission coefficient under different BST dielectric
constants. Reproduced with permission [69], Copyright (2018), IEEE. (d) Schematic of the spoof localized surface plasmon filter and the simulated and measured S-

parameters. Reproduced with permission [71], Copyright (2018), Wiley-VCH.
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line [68]. The complementary SRRs (CSRRs) lead to resonant modes
and further prevent the SPP propagation. Simulated results show
that the band-rejection effect is more obvious as the number of
CSRRs increases. When 6 CSRRs are etched, the transmission
coefficient is lower than -40 dB, which is almost totally cutoff. A
novel tunable SPP filter is implemented [69], where the corrugated
metallic and tuning permittivity material is utilized to change the
transmission state. As shown in Fig. 4c, the BST dielectric block,
whose dielectric constant is sensitive to temperature and the
applied electric field, is embedded into a gap of spoof SPP TL with
tuning permittivity. As the dielectric constant of BST increases
from 375 to 475, the notch frequency shifts from 8.7 to 7.6 GHz.

For the band-pass filter, changing the groove structure of spoof
SPP TL or adding extra structure can control the transmission fre-
quency [70-75]|. Ref. [72] proposes an ultra-wideband filter by
using a double side spoof SPP TL decorated with parallel arranged
slots. Introducing parallel arranged slots enhances subwavelength
field confinement and further construct miniaturization. A tunable
band-pass filter, based on spoof SPP TL and the substrate inte-
grated waveguide (SIW), has been reported in Ref. [70]. As shown
in Fig. 3b, the hybrid circuit composing of spoof SPP and SIW can
arbitrarily tune the transmission bands by changing their structure
parameters, where spoof SPP TL and SIW can adjust the high and
low frequency, respectively. Simulated and measured results
demonstrate the filter effect of the hybrid circuit, which are high
efficiency, low loss, and good square ratio. Ref. [73] also proposes
the band-pass filter based on spoof SPPs and SIW, where spoof SPPs
are designed to propagate inside the SIW by employing arrays of
transverse metallic blind holes. Surface wave mode can be excited
and transmitted inside the closed structure of SIW. Similarly, the
band-pass filter is implemented by combining the low-pass feature
of SPPs with the high-pass feature of SIW. Moreover, other types of
filters based on spoof SPPs have also been reported. Ref. [71] intro-
duces a wide band-pass filter based on multipole resonances of
spoof localized surface plasmons (LSP) as shown in Fig. 4d. To join
discrete multipole resonances into a continuous and flat passband,
an interlayer microstrip lines scheme is designed. The working
bands of the filter can be controlled by adjusting the geometric
parameter of the spoof LSP disk. Simulated and measured results
demonstrate the feasibility of the proposed filter, which has the
characteristic of compact sizes and well-balanced shaped. Ref.
[74] proposes a coplanar waveguide filter by using periodic holes
etched on the middle line of the coplanar waveguide, whose merit
is removing the mode conversion and more easily integrated at
microwave frequencies. Ref. [75] reports another type of band-
pass filter, whose lower cutoff frequency controlled by transmis-
sion zero that is created by a pair of shunt stepped impedance
stubs.

4.3. Splitters and couplers based on spoof SPPs

In order to implement the signal separation and preferably apply
the integrated circuits, splitters and couplers are also widely stud-
ied. An ultra-wideband Y-splitter based on spoof SPPs is proposed
in Ref. [76]. The splitter is composed of a straight waveguide with
composite double-side H-shaped structure and two same branches
with H-shaped structures, as shown in Fig. 5a. The dispersive rela-
tion of the straight waveguide is the same as the two branches
structure so that a 3-dB power divider in an ultra-wideband fre-
quency range is implemented. Additionally, a single-conductor
coplanar quasi-symmetry unequal power divider (0, 3, and 5 dB)
based on spoof SPPs of bow-tie cells has been reported [77].

As shown in Fig. 5b, a variety of power dividers with different
structures have been implemented to achieve different power-
dividing ratios. The unequal power divider is a flexible option,
and an ultrathin frequency splitter composed of a straight complex

periodic structure and two branches with the different periodic
groove depths has been reported [79]. Note that the complex peri-
odic structure is separated into two branches with single periodic
grooves and the splitter is constructed by ultrathin plasmonic
metamaterial with the thickness of //1600. Other structure of fre-
quency splitter is reported in Ref. [78]. Based on the coupled mode
theory, a 3 dB directional coupler and a frequency splitter are
designed by changing the coupling length of two adjacent symme-
try spoof SPP TLs. The sample of frequency splitter and the corre-
sponding S-parameters are shown in Fig. 4c, where the EM
energy can be fully output from port 3 at 3.39 GHz and switched
to output port 2 at around 7.42 GHz. As shown in Fig. 5d, a 3 dB
directional coupler based on spoof SPP TL is designed. The corre-
sponding S-parameters are simulated and measured, where the
EM energy from port 1 can be divided equally to port 2 and port
3 from 6 to 9 GHz.

4.4. Antennas based on spoof SPPs

A continuous leaky-wave scanning using periodically modu-
lated spoof plasmonic waveguide has been reported in Ref. [80].
The schematic of leaky-wave antenna based on the spoof SPPs is
shown in Fig. 6a. By changing the grooves of the corrugated metal-
lic strip, whose surface impedance is modulated sinusoidally to
convert spoof SPPs wave to radiating waves. In both & =0° and
@ =90° planes, the measured far-field radiation angles of E-plane
are 63.9° and 43.7° at 8.7 and 9.9 GHz, respectively. Another leaky
wave antenna is proposed in Ref. [84], which is composed of a
single-layered meander spoof SPP unit cells and the converters
between the coplanar waveguide and the spoof SPP structure. As
the frequency change, the leaky-wave antenna can generate the
radiation space waves with forward, backward and broadside
directions. The simulated and measured results show that the
leaky-wave antenna has achieved a wide operating bandwidth of
80% and a reflection bandwidth of up to 95%. In addition,
frequency-controlled broad angle beam scanning of patch fed by
planar spoof SPPs is proposed in Ref. [81].

The schematic of the proposed antenna is shown in Fig. 6b,
where the transitional spoof SPP TL is composed of single-side
grooves and the array of circularly metallic patches is placed near
the spoof SPP TL to form the radiation units. At four different fre-
quencies (6, 7, 8, 9 GHz), simulated and measured results of the
far-field radiation patterns of the propose antenna array show that
the far-radiation radiation beam changes from the backward to
forward directions as the frequency increases. The total scan angle
reaches 55° with an average gain level of 9.8 dBi. According to the
splitter feeding network for array radiations of spoof SPPs, the radi-
ation antenna is reported [82]. The antenna schematic includes a
double-side groove strip and two adjacent branches with the
ant-symmetrical structures as shown in Fig. 6¢c. By loading U-
shaped particles, the linear phase modulations can be controlled,
allowing the EM energy to radiate into the free space. The mea-
sured results show that, at 14 GHz, the broadside far-field radiation
patterns for @ =0° and & =90° has reached effectivity radiation.
Ref. [83] proposes a microwave vortex-beam emitter based on
spoof SPPs, where the emitter consists of a looped double-layer
spoof SPP waveguide and a series of circular patches, as shown in
Fig. 6d. Here, the waveguide can transmit EM waves and the
patches regarded as the radiation units render the phase shifts
owing to resonators. The normalized 3D radiation patterns are cal-
culated particularly for the orbital angular momentum (OAM)
mode numbers of | = -1, 0, 1 appearing at 5.8, 6.0, 6.3 GHz, respec-
tively. Therefore, the vortex beams are generated at different fre-
quencies using different OAM modes.

A multi-beam antenna based on spoof SPPs mode coupling has
been reported in Ref. [85], where the antenna structure consists
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Fig. 5. The samples and S-parameters of power dividers and couplers at microwave frequencies. (a) The photograph of the 3 dB spoof SPPs power divider and the simulated
and measured S-parameters. Reproduced with permission [76], Copyright (2015), OSA. (b) The photograph of the spoof SPPs power dividers and the simulated and measured
S-parameters of the 0-dB equal power divider. Reproduced with permission [77], Copyright (2016), AIP. (c¢) The photograph and S-parameters of a frequency splitter.
Reproduced with permission [78], Copyright (2014), OSA. (d) The photograph and S parameters of a 3 dB directional coupler. Reproduced with permission [78], Copyright

(2014), OSA.

of a feed monopole and N double-side corrugated metallic strips
circling around the feed. The feed fields are coupled into spoof
SPP waves propagating along the strips and radiating at the end,
which divides the omnidirectional radiation pattern into several
beams. Ref. [86] proposes a circularly polarized frequency beam-
scanning antenna fed by spoof SPP TL. Eight periodic symmetrical
patches as the radiation units at the top layer and spoof SPP TL as
the feed network at the bottom layer form the antenna structure.

Measured results show that the main beam scans from -5° to
+37° in xoy plane as the frequency increases (from 12 to 16.5 GHz).

5. Active and real-time control of spoof SPP TL

Active and reconfigurable spoof SPPs have gained increasing
attentions and have become a new research direction of spoof SPPs
in recent years. The research progress on amplification [87], non-
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linear applications [13,88] and active tuning of spoof SPPs [41,89]
are briefly introduced below.

5.1. Amplification and nonlinear applications of spoof SPPs

A subwavelength-scale amplifier has been proposed to amplify
the SPP mode at microwave frequencies [87], as shown in Fig. 7a.
To easily integrate with the amplifier, two ultrathin corrugated
metallic strips with mirror symmetry are printed on the top and
bottom surface of dielectric substrate, respectively. Both the simu-
lated and measured results show that transmission coefficient
between the input and output ports is around from 6 to 20 GHz.
Obviously, the proposed amplifier is a broadband device and has
high efficiency and strong field confinement.

Second-harmonic generation is a very important nonlinear
application of spoof SPPs [13]. The device shown in Fig. 7b is com-
posed of specially designed plasmonic waveguides mentioned in

(2)

Amplifier chip

Input port

(b) v
Acli\'c(‘hip?ﬁ{?/"\’/

(©

Output port

above amplifier and a subwavelength-scale nonlinear active device
integrated on it, and the measured frequency spectrum when the
fundamental frequency is 8 GHz is also shown. This device can
be used as an SPP frequency multiplier directly.

Fig. 7c shows a negative-index nonlinear spoof plasmonic meta-
material, which can achieve the backward phase matching for effi-
cient SHG [88]. This metamaterial is composed of ultrathin
symmetrical corrugated metallic strips loading nonlinear active
devices. The spectra from the nonlinear spoof plasmonic metama-
terial is measured, where the output signal shows a distinct peak at
the double frequency of each excitation frequency.

5.2. Active tuning of SPPs
Programmable designer SPP system provides a novel solution

for the active tuning of spoof SPPs [41]. It can reach at least three
different digital-analog functions based on the huge freedom of
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coding, including SPP logical gate based on 1-bit coding, SPP digital
phase shifter based on 2-bit coding, and controllable slow-wave
generations based on 4-bit coding, as shown in Fig. 8a.

A transmission-spectrum-controllable structure [89] which is
based on the coupling between tunable metamaterial particles
and spoof SPP waveguide is shown in Fig. 8b. Varactor-diodes are
introduced into split-ring resonators (SRRs) to tune its resonance
frequency, and an inter-digital capacitor is also introduced as the
breakpoint of SRR to broaden the dynamic controlling range.
Fig. 8c shows a SPP attenuator with ten complicated SPP units
[42]. It is obvious that with the increase of complicated SPP units,
which perform as cascaded attenuators, the transmission coeffi-
cient is reduced rapidly. The measured results show that attenua-
tion reaches -6.3 dB at 5 GHz and -10.7 dB at 6.5 GHz with ten
complicated SPPs units. Besides microwave frequencies, the effi-
cient and dynamic steering of spoof SPP waves has also been real-
ized at terahertz frequencies for improved performance in terms of
field localization, extinction ratio, and damping attenuation [90].

6. Conclusion and outlook

In this paper, we reviewed the development of spoof SPPs and
LSPs from the engineering perspective. Starting with the equiva-
lent circuit models which enable accurate characterizations of
the ultrathin spoof SPP and LSP structures and offer the useful

guideline for the associated device and circuit designs, we intro-
duced a number of planar passive SPP/LSP devices including the fil-
ters, splitters, resonators, antennas, etc., and active and even
reconfigurable SPP/LSP devices. Due to the high field confinement
property, the spoof SPP/LSP-based TLs and devices do not suffer
from the compactness limitation of the conventional microwave
technology and have less mutual coupling, thus providing an alter-
native for future integrated circuits.

The future work in this area on one hand should produce more
high-performance passive and active devices, but more impor-
tantly needs to make breakthroughs in two directions: system-
level applications and CMOS-based integrated circuits [91]. Taking
the advantages of spoof SPP/LSP TLs, passive and active devices, an
integration study of SPP/LSP systems is highly demanded to reach
new technologies of the wireless communications, radar, and EM
compatibility. However, such integration is not simply putting
the passive and active SPP/LSP devices together. Instead, we need
to develop a general method to synthesize and design the whole
system. Though the current theoretical framework of TL method
is helpful for the system design, it still has some technical difficul-
ties to overcome in the future. For example, how to achieve the
equivalent capacitance and inductance with arbitrary values
through changing the length of the spoof SPP TL? Apparently, we
cannot choose arbitrary lengths of SPP TLs like those in the tradi-
tional TLs due to the periodic structural characteristics. Further-
more, how to accurately control the dispersion properties to
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design the required frequency responses? The synthesis and design
method is also very useful for the study of CMOS-based SPP/LSP
integrated circuits, which will have more impacts for the future
information technologies. The current states of arts and future
directions of spoof SPPs and LSPs at microwave frequencies are
clearly illustrated in Fig. 9. Finally, we remark that the integration
of spoof SPP/LSP devices with traditional microwave components
so as to form hybrid circuits and systems with optimized perfor-
mance is also a challenging task we need to tackle.

Thus far, SPP devices have been developed well at microwave
frequencies but still insufficiently at THz frequency range, due to
the lack of efficient THz sources and detectors. The realization of
future compact THz integrated plasmonic circuits require the
development of integration of a number of key components, such
as high power THz source, high-speed modulators, low cross-talk
TLs, fast tunable antennas, etc. Recently, a THz spoof SPP waveg-
uide consisting of periodic metallic rectangular pillars have been
experimentally realized and a series of waveguide components,
including an S-bend, a Y-splitter, and directional couplers, have
been developed [92]. We anticipate the growth of interests on
THz spoof SPPs and further advancement of on-chip THz intercon-
nects based on spoof SPPs reported in the future.
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