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Broadband Plasmonic Circuitry Enabled by Channel Domino

Spoof Plasmons

Liangliang Liu1, 2, 3, 5, *, Li Ran1, Huadong Guo1, Xinlei Chen1, 2, 4, and Zhuo Li4,*

Abstract—Building of compact plasmonic integrated circuits based on domino spoof plasmons (DSPs)
is an important requirement and still a challenge. In this work, we report the first demonstration of
two kinds of channel domino plasmonic circuitries, which consist of an easy-to-manufacture periodic
chain of metallic box-shaped elements inside two finite metallic plates. We reveal that only the
channel DSPs itself rather than the hybrid TE10 and DSPs modes is supported in the part of the
channel domino plasmonic waveguide with or without the metallic vias on both sides. Two channel
domino plasmonic filters based on the efficient transition structures are designed, and the simulated S-
parameters and near electric field distributions show excellent transmission performance in broadband.
Utilizing the lateral insensitive property of these two channel DSPs, two kinds of broadband plasmonic
power dividers/combiners are firstly implemented. Excellent transmission performance validates our
optimizations and indicates that the proposed scheme can be easily extended to other bands. This
work provides a new route for construction of deep-subwavelength DSP devices in application of high
integration of microwave and terahertz circuits.

1. INTRODUCTION

Surface plasmon polaritons (SPPs) are surface electromagnetic (EM) mode propagating on the interface
between metal and dielectric in the optical regime [1–3]. However, in low frequencies [e.g., microwave
and terahertz (THz) regimes], metals behave as perfect electric conductors, which cannot support SPP
modes. To address it, a method of etching metal surface with periodic grooves or holes has been
proposed and experimentally verified in the past decade to support spoof SPPs when being textured at
the subwavelength scale [4–6]. The unique ability of these spoof SPPs to mimic optical-frequency SPPs
at much lower frequencies has opened novel routes for wave control at far-IR, THz, and microwave and
arouses a research boom. More importantly, their physical properties can be engineered at will by tuning
the geometrical parameters [7–17]. Recently, the versatility of these concepts has been substantially
extended with the demonstration of a novel class of geometry-induced modes supported by an easy-to-
manufacture periodic chain of metallic box-shaped elements protruding out of a metallic surface [the
so-called domino spoof plasmons (DSPs)] [18–21]. The dispersion relation of the DSP modes is rather
insensitive to the waveguide lateral width, preserving tight confinement and reasonable absorption loss
even when the waveguide transverse dimensions are in the subwavelength regime. This property enables
the simple implementation of key devices, such as tapers [22] and power dividers [18, 23]. Additionally,
directional couplers [18, 20, 23, 24], waveguide bends [25], and ring resonators [18] are characterized,
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demonstrating the flexibility of the DSPs, and their inherent design advantages (including deep-
subwavelength confinement, low bending losses, and broadband operation [26–31]) are bringing closer
the prospect of developing practical surface plasmonic circuitry for microwave and THz applications
requiring high integration density.

Within general endeavor, the building of compact plasmonic integrated circuits would stand out
as an important accomplishment. This requires the design of plasmonic waveguides carrying tightly
confined electromagnetic modes, preferably with subwavelength transverse cross section. Recently,
a hybrid spoof SPPs has been put forward, which is composed of periodically rectangular air square
grooves [32, 33] or holes [34] etched on the metal surface of one side of the substrate integrated waveguide
(SIW, which is a common transmission line in the high-performance microwave or millimeter wave planar
components and circuits) or a series of metallic vias with finite depth [35] inside the SIW to mimic a box-
shaped elements of the traditional DSPs. Nevertheless, the most outstanding property of the DSPs that
the dispersion relation is insensitive [18–31] to the waveguide transverse dimension cannot be achieved.

In this work, we report two classes of channel domino plasmonic functional devices, which consist
of periodical metallic box-shaped elements inside a SIW with or without two-side metallic vias.
Two optimized transition structures composed of two tapered SIWs connected by a channel domino
array with gradient heights and lateral widths are designed to realize high efficiency and broadband
conversion between the conventional TE10 guided waves and the channel DSPs, respectively. Two
broadband plasmonic filters based on the efficient transition structures are designed, and the simulated
S-parameters and near electric field distributions show excellent transmission performance in broadband.
On the other hand, utilizing the lateral insensitive property of these two channel DSPs, two broadband
plasmonic power dividers/combiners are implemented. Excellent transmission performance validates
our optimizations and indicates that the proposed scheme can be extended to other bands, and these
results provide a new insight application of the DSPs in the high integration of microwave or THz
circuits with plasmonic devices [36–38].

2. DISPERSION PROPERTIES OF CHANNEL DOMINO SPOOF PLASMONS

The basic properties of the channel DSPs are described with the dispersion characteristics, which are
essential in the momentum matching for the design of broadband plasmonic circuitry. As we know, a
periodical domino metallic block array attached on a metal plate shown in Fig. 1(a) can support the
propagation of the so-called DSPs [15, 16], in which the domino array periodicity is d, and the domino
height and lateral width are denoted by h and w, respectively. The interval between two adjacent domino
metallic blocks is denoted as a. When the transverse magnetic (TM) polarized waves propagate along
the x direction, only the fundamental surface mode is considered. An approximation for the dispersion
relation of the DSPs in the limit w → ∞, neglecting the diffraction effects and for λ � d, a (λ is the

operation wavelength), can be expressed as kx = k0

√
1 + a2

d2 tan2(qyh), where kx is the modal wave
vector along x direction; k0 = 2π/λ is the wave vector in free space; and the y component of the wave
vector inside the grooves, qy, is related to the corresponding x and z components by q2

x + q2
y + q2

z = k2
0 .

The EM fields inside the grooves are independent of x and z for the chosen longitudinal polarization
and thus qx=qz = 0, qy=k0. This means that the dispersion of the DSPs presents an asymptote for
k0h = π/2, and when 0< k0h < π/2, kx will be a real number and kx > k0.

As shown in Figs. 1(b) and 1(c), different from the traditional DSPs in Fig. 1(a), the channel DSP
modes will be supported by the periodical domino metallic blocks attached between two infinite metallic
plates and denoted by Case I without two-side metallic vias and Case II with metallic vias. Firstly, to
understand the difference of the basic EM property for the traditional and channel DSPs, we obtained
simulated dispersion curves by the eigenmode solver of the commercial software CST Microwave Studio
and plotted them in Fig. 1(d). For the sake of clarity, the dispersion curves with varying height h
(h = p, 1.5p, 1.8p) are obtained. It is shown that the asymptotic frequency is mainly controlled by
domino height h when other parameters are fixed. Within the propagation band, as h increases, the
dispersion curve of the channel DSPs deviates more away from the light line than that of the traditional
DSPs, indicating a stronger confinement characteristic and lower cut-off frequency of the channel DSPs
than that of the traditional DSPs. The dispersion evolution of the channel DSPs can be used to design
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Figure 1. (a) Schematic drawing of the periodical box-shaped domino array etched on a infinite metallic
plate to support the traditional DSPs. (b) and (c) Schematic drawing of the channel periodical domino
array inside two finite metallic plate without (Case I) or with (Case II) metallic vias,respectively. (d)
Dispersion curves of the DSPs and the channel DSPs (Case I) with varying metallic block height h,
where p = 1mm, a = 0.5p, w = 4p, T = 1.9p, t = 0.018p and εr=1. (e) Dispersion curves of the channel
DSPs with (Case II) or without (Case I) two-side metallic vias. (f) Dispersion curves of the channel
DSPs (Case II) with varying interval L (L = L1 = L2) between the metallic block and the via.

some efficient functional devices such as the broadband plasmonic filter later by optimizing the gradient
domino height.

Secondly, to demonstrate the difference between these two channel DSPs, the dispersion curves of
Case I and Case II are obtained and shown in Figs. 1(e) and 1(f). We observe that the surface EM
modes supported by these two cases are almost coincident, except for the low frequency region. In
the low frequency, the cutoff frequency of Case II is higher than that of Case I (see Fig. 1(e)), which
may be caused by the coupling between the metallic via and domino metallic block. As expected, as
interval L increases (L = L1 = L2 = p, 2.5p, 5p, see Fig. 1(f)), the low cutoff frequency of Case II
gradually decreases, indicating that the coupling between the metallic via and the domino metallic
block is gradually weakened as L gradually increases.

Moreover, the most intriguing characteristic of the DSPs is their dispersion in insensitive to the
lateral width w. As shown in Figs. 2(a) and 2(b), we obtained dispersion curves of these two cases with
varying lateral width w (w = 0.1p, 0.5p, p, 5p, 10p) when other parameters are fixed. It is obvious that
the dispersion curves of these two cases are both insensitive to the variation of lateral dimension w. The
described behavior shows that when the lateral size of the structure supporting such modes becomes
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Figure 2. (a) and (b) Dispersion curves of the two Cases with varying lateral width w of the metallic
blocks without two-side metallic vias and with metallic vias, respectively. (c) and (d) Dispersion curves
of two Cases with varying interval g between two split metallic blocks without two-side metallic vias
and with metallic vias, respectively.

subwavelength, either the modal size grows, or the effective index increases. A stripe of large lateral
width essentially supports an SPP mode, but as this width is decreased and becomes subwavelength, the
plasmonic modes that are not cutoff become either highly confined but quite lossy, or otherwise highly
delocalized. The insensitivity of these two channel DSPs to the lateral dimension, which constitutes
the foundation of some of the devices such as the power divider/combiner later, can be linked in an
intuitive way to the structure geometry.

3. BROADBAND AND HIGH-EFFICIENCY CHANNEL DOMINO PLASMONIC
BAND-PASS FILTER

According to the aforementioned two channel DSPs, as shown in Figs. 3(a) and 3(b), we design two
band-pass channel domino plasmonic filters by utilizing the high-pass and low-pass characteristics of
the SIW and channel DSPs, respectively. Each channel domino plasmonic filter is divided into three
regions. Region I of two cases is a transition part between the conductor-backed coplanar waveguide
and SIW [39–41]. Region III is the proposed channel domino plasmonic waveguide with a periodic
domino array in the x direction. It is obviously seen that the main difference between the two cases is
that Regions III of Case I have no metallic vias on both sides, whereas Case II is in contrast. Hence, for
Region II of Case I, we need to ensure the efficient conversion between the SIW and the pure channel
domino plasmonic waveguide with a gradient domino height varying from h1 to hm (see Fig. 3(d)) to
realize smooth momentum and impedance matching between them. On the other hand, a taper with
gradient domino lateral width varies from w1 to wn (see Fig. 3(c)), and a flaring curve consists of a series
of metallic vias with angle degree of θ (it is remarked that the flaring curve can be different [29-31]) which
need to be simultaneously introduced to avoid the transverse energy leakage of the surface EM waves.
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Figure 3. (a) and (b) The schematic configuration of the two channel domino plasmonic filters with the
cross-section in the xy plane, in which each plasmonic filter is divided into three regions, and the Regions
I, II and III correspond to a transition part between the conductor-backed coplanar waveguide and the
SIW, an efficient conversion part between the SIW and the channel domino plasmonic waveguide, and
the channel domino plasmonic waveguide itself, respectively. (c) and (d) The gradient domino lateral
width w varies from w1 to wn with a step of Δw and the domino height h varies from h1 to hm with a
step of Δh in Region II of the two Cases, respectively.

However, the second requirement is not needed in Case II due to the EM field confinement of the SIW
with two-side metallic vias. In the SIW part, we only consider TE10 mode as the dominant excitation,
whose magnetic field has only x and y components, so as to excite the channel DSPs propagating on the
surface of the domino array. Through the above designs, the conventional TE10 wave supported in the
SIW can be efficiently converted into the channel DSPs and only the channel DSPs itself is supported
in Region III of both cases rather than their hybrid modes.

To obtain a broadband and high-efficiency channel domino plasmonic filter, we adopted the
optimization scheme in [29–31]. After a series of optimized designs and simulations, two optimal hybrid
plasmonic filters are achieved. The length of each region is optimized as Li = 20 mm, Lii = 22 mm,
Liii = 56 mm. In Region I, a common SIW with cutoff frequency of fc1 = 4.75 GHz is employed (for the
SIW, the diameter of the metallic via is 0.2 mm, and the interval between two adjacent vias is 0.35 mm
along x direction and 10 mm along y direction, thus the operating frequency of the SIW can be obtained
by Equation (9) in [41]), and the corresponding S-parameters are shown as the solid lines in Fig. 4(b).
In Region III, the period p = 1.25 mm, interval a = 0.625 mm, height h = 1.76 mm, lateral width
w = 1 mm, and the dispersion curves are displayed as the red solid (Case I) and blue dotted (Case II)
lines in Fig. 4(a) with the upper cutoff frequency fc2 = 9.6 GHz. We remark that the dimensions of
the domino array are cautiously chosen so as to ensure that the operation frequency of channel DSPs is
in the fundamental mode band of the SIW. Otherwise, the transition performance will be deteriorated
since the electric field intensity distribution for the high-order modes of the SIW in the cross section
may lead to inefficient field confinement of the DSPs. More importantly, the lateral decay lengths δd (δd

is defined as the lateral distance of the DSPs away from the surface of the domino plasmonic waveguide
when the magnitude of its surface electric field in the lateral space decays to e−1 times of the original’s,
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Figure 4. (a) The dispersion curves and the corresponding lateral decay lengths of the two channel
DSPs in Region III, where the material of Rogers 6010 (εr = 10.2, tanδ = 0.0023) is chosen as the
dielectric substrate with thickness T = 1.905 mm. (b) The simulated S-parameters of the SIW, Cases
I and II, respectively. (c) and (d) The simulated near-field distributions (Ez component, V/m) of the
two channel DSPs at 9 GHz on the xy plane slightly 0.1 mm above the domino array.

e.g., |E|e−kyδd = |E|e−1 [31], ky =
√

k2
x − εrk2

0 and εr is the relative permittivity of the medium around
the domino plasmonic waveguide) of these two DSPs in Region III are donated as black line in Fig. 4(a).
As expected, the lateral decay lengths of both two DSPs are less than 2 mm in the whole operation
frequency band from fc1 to fc2, which ensure efficient transmission of the DSPs on the surface of the
domino array with or without the two-side metallic vias. In Region II, a transition taper with gradient
domino height h varies from h1 = 0.09 mm to h19 = 1.76 mm with a step of Δh = 0.09 mm, and gradient
domino lateral width w varies from w1 = 4mm to w19 = 1.3 mm with a step of Δw = 0.05 mm, as well
as θ = 30◦ for Case I.

To quantitatively characterize the two plasmonic filters, their corresponding S-parameters are
obtained and shown in Fig. 4(b), in which S11 is less than −10 dB from 5 GHz to 9GHz, and S21

is higher than −0.5 dB from 5 GHz to 9 GHz, indicating an efficient transmission performance of these
two plasmonic filters in broadband. As expected above, we observe that the S-parameter curves of the
two plasmonic filters agree well with each other, verifying our aforementioned discussions in Section 2.
In addition, in order to visually demonstrate the efficient transmission performance of the two plasmonic
filters, we plot in Figs. 4(c) and 4(d) the near-field distributions of the two plasmonic filters at 9 GHz
on the xy plane which is 0.1 mm away from the surface of the domino array. The gradually increasing
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surface electric field intensity distribution clearly shows how the transitional TE10 guided waves are
smoothly converted into the DSPs and tightly confined on the surface of the domino array.

4. BROADBAND CHANNEL DOMINO PLASMONIC POWER
DIVIDER/COMBINER

Figs. 2(a) and 2(b) show that the dispersion relations of the proposed two channel DSPs are both rather
insensitive to the waveguide width, which preserve tight confinement and reasonable absorption loss even
when the waveguide transverse dimension is far below the subwavelength scale. This property enables
the simple implementation of some key devices, such as tapers and power dividers/combiners. Moreover,
flexibility and high-efficiency of the transition structure allow us to design a variety of efficient functional
devices for microwave and THz applications [8–17]. In this work, a plasmonic power divider/combiner
shown in Fig. 5(a) is proposed and easily built, where the width of the domino array in Region III
is w = 1.3 mm, w1 = w2 = 0.6 mm, the interval g = 0.1 mm [see the inset in Fig. 5(a)], and other
parameters are the same as that in Fig. 3(a). The radii and angles of two bending arc lines are
r = 18 mm (as discussed in [18], the greater the radius is, the lower the loss is). As shown in Fig. 5(a),
the simulated near-field distributions (Ez component) of Case I are slightly 0.1 mm above the domino
array at 9 GHz which is plotted on the xy plane. We observe that a single DSP mode on a wide domino
array (input chain 1) is split into two arms (output chains 2 and 3), and the total loss is mainly generated
in the bend region [18–31]. In Fig. 5(b), the simulated S11, S22 and S33 are all lower than −10 dB from
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Figure 5. Two kinds of domino plasmonic power divider/combiner. (a) and (b) are the cross-section of
simulation model and the simulated near-field distributions of Ez component (V/m) at 9 GHz on the xy
plane for Case I, respectively. (c) and (d) are the cross-section of simulation model and the simulated
near-field distributions of Ez component (V/m) at 9 GHz on the xy plane for Case II, respectively.
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5GHz to 9 GHz, indicating an efficient conversion between the SIW and domino plasmonic waveguide.
Moreover, S21 and S31 are the same and more than −4.3 dB from 5GHz to 9GHz, which show that the
input power on chain 1 is equally divided into two output powers on chains 2 and 3, respectively. In
addition, a good isolation between chains 2 and 3 shown as S32 below −14 dB is achieved in the whole
band. For comparison, the surface electric field distributions and simulated S-parameters of the second
domino plasmonic power divider/combiner are obtained and shown in Figs. 5(c) and 5(d), respectively.
These results highlight that two efficient double chains broadband plasmonic power dividers (or the vice
versa, i.e., power combiner) are achieved, and we believe that n-chain ones can be similarly designed
based on the insensitive dispersion property of the DSPs.

5. CONCLUSION

In summary, we have presented two channel DSPs supported by a periodic chain of metallic box-shaped
blocks inside two finite metallic plates. Two optimize transition structures to realize the high-efficiency
and broadband mode conversion are proposed respectively. The transition structure consists of two
tapered SIWs connected by a channel domino array with gradient heights and lateral widths. Two
efficient and broadband plasmonic filters based on the efficient transition scheme are designed, and two
broadband plasmonic power dividers/combiners based on the lateral insensitive property of the channel
DSPs are implemented. These results indicate that the channel DSPs can find a variety of applications
in the integration of conventional microwave or THz circuits with plasmonic devices.
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