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Low profile and light weight are very important for practical applications of a spoof surface plasmon polariton (SSPP)
coupler, especially at low frequencies. In this paper, we propose and design an ultra-thin, light-weight SSPP coupler based
on broadside coupled split ring resonators (BC-SRRs). The size of BC-SRR can be far less than A/100 and can extremely
well control the reflective phases within a subwavelength thickness. Due to the broadside capacitive coupling, the electrical
size of BC-SRR is dramatically reduced to guarantee the ultra-thin thickness of the SSPP coupler. The weight of the SSPP
coupler is reduced by a low occupation ratio of BC-SRR in the unit cell volume. As an example, a C-band SSPP coupler
composed of phase gradient BC-SRRs is designed, fabricated, and measured. Due to the ultra-small size and low occupation
ratio of BC-SRRs, the thickness of the coupler is A /12 and the surface density is only 0.98 kg/m2. Both simulation and
experiment results verify that the coupler can achieve high-efficiency SPP coupling at 5.27 GHz under normal incidence.

Keywords: ultra-thin, light-weight, poof surface plasmon polariton, broadside coupling

PACS: 03.65.Vf, 41.20.Jb, 81.05.X]

1. Introduction

Surface plasmon polariton (SPP)!!=3! refers to a hybrid
mode of electromagnetic waves and electron density oscilla-
tions bound to the interface, with exponentially decaying field
intensity in the direction perpendicular to the interface. Owing
to a dramatically compressed wavelength, SPPs exhibit many
unique properties!* and have been widely applied to chemi-
cal and bio-sensing, ! plasmonic circuits and waveguides, 6!
super-resolution imaging,!”! etc. To explore these excellent
properties at far infrared, terahertz, and microwave frequen-
cies, spoof surface plasmon polaritons (SSPPs)[3! are excited
by bulky gratings or dielectric prisms, showing very simi-
lar electromagnetic behaviors to SPPs at optical frequencies.
An alternative high-efficiency SSPP coupler has been pro-
posed and demonstrated, which is composed of periodically
arranged phase gradient split ring resonators (SRRs). The
metallic structures are patterned on a planar solid dielectric
substrate, so such couplers are also known as phase gradient
metasurfaces!!*131 (PGMs). Different abrupt phase changes
can be obtained by adjusting the geometric parameters of res-
onators. By designing the phase gradient on PGMs, a pre-
defined parallel wave vector is formed to compensate for the
wave-vector difference between free-space waves and SSPPs.
Once this additional wave vector is larger than that in free
space, propagating electromagnetic (EM) waves can be cou-
pled into SSPPs efficiently. An important advantage of this
approach is that the dispersion characteristics and the spatial
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confinement of SSPPs can be controlled simply by adjust-
ing the geometrical parameters. Benefiting from this, SSPP
couplers based on PGMs have been widely used in perfect
absorbers,[1°! miniaturized frequency selective surfaces,[!7!

ultra-thin cloaks, 8]

etc. Nevertheless, limited by the long
wavelength at low frequency in the microwave regime, the
large size of metallic patterns for the unit-cell and thick dielec-
tric substrates are inevitable to achieve high-efficiency control
of the reflective phases. Heavy weight has seriously hindered
practical applications of SSPP couplers at low frequencies.
Hence, it is necessary to find a new and feasible design method
to reduce both the dimensions and weights of SSPP couplers.

In this letter, we propose and design an ultra-thin and
light-weight SSPP coupler based on the broadside coupled

19201 which consists of mul-

split ring resonators (BC-SRRs), !
tilayer broadside coupled split ring resonators (SRRs) with
strong capacitive couplings. According to the equivalent L-C
circuit theory, the reflection phase can be precisely controlled
and adjusted by varying the relevant geometric parameters of
BC-SRRs. By designing a large phase gradient, an artificial
parallel wave-vector can be obtained along the interface. Ow-
ing to the low occupation ratio and sub-wavelength dimen-
sions of BC-SRRs, the coupler has a much lighter weight and
low dielectric loss. As an example, a C-band SSPP coupler
composed of BC-SRRs with A/12 height is verified in this
paper. We expect that the proposed method can provide an al-
ternative to the designs of low-profile antennas, ultra-thin ab-
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sorbers, and other devices based on SSPPs.

2. Theoretical design and simulation

Split ring resonators (SRRs) are well-known sub-
wavelength unit-cells for designing the PGMs. This kind of
structure possesses both inductive and capacitive parts and be-
haves with the LC resonance-like property in response to inci-
dent EM waves.!2!] To achieve a much smaller electrical size,
the resonance frequency can be actually reduced by further in-
creasing the effective capacitance or inductance. Mostly, in
order to avoid enlarging the electrical size, the meander lines
are usually adopted to obtain larger effective inductance, in-
stead of straight lines. In a similar way, the coupling be-
tween neighboring metallic patterns can bring about consid-
erable capacitive coupling to obtain larger effective capaci-
tance. Single layer BC-SRR is a compact structure composed
of two SRRs etched on either side of a dielectric substrate as
illustrated in Fig. 1(a). Compared with the coplanar double-
ring SRR, broadside coupling can produce an effective capac-
itance Cp, which is significantly larger than the split gap ca-
pacitances Cg and Cyera. The corresponding equivalent cir-
cuit model is given in Fig. 1(c). The total capacitance of
the L-C circuit is dominated by the parallel capacitances be-
tween the two SRRs. The resonance frequency @; is given
by @; = 1/1/L(Cg + Cretal + Co), where L is the total effec-
tive inductance. Due to the large capacitance resulting from

broadside couplings, the resonance frequency of the BC-SRR
is significantly reduced compared with that of the single SRR.
Hence, if larger capacitive couplings are introduced into the
unit-cell, the resonance frequency can be expected to be fur-
ther reduced.

Cmet al

Fig. 1. (color online) BC-SRRs and equivalent circuits: (a) single layer
BC-SRR, (b) multilayer BC-SRRs, (c) equivalent circuit for single BC-
SRR, and (d) equivalent circuit for multilayer BC-SRRs.

Figure 1(b) illustrates the multi-layer BC-SRR composed
of n SRRs with an alternate orientation of split gaps. The
equivalent circuit of the multi-layer BC-SRR is shown in
Fig. 1(d). Resonance frequency wpi, of the multilayer BC-
SRR can be expressed as

Dmin = ]/\/L[(Cl +Cmetal + (I’l - 1)CO] (])

Equation (1) shows that the resonance frequency will be-
come lower as the number of SRR layers in a unit-cell is in-
creased. Let the thickness of one BC-SRR layer be denoted
as t, then the maximal layer number of SRR ina pxpXxp
cubic lattice will be expressed as nmax = p/t. Therefore, the
minimal resonance frequency is

Omin = 1/\/L[Cg +Cmetal + (p/t - I)CO]' (2)

It can be found from Eq. (2) that for a given lattice con-
stant p, we can reduce the resonance frequency by reducing
the thickness ¢ in order to accommodate more SRRs. Taking
into account the air spacing d in a unit-cell, the maximal layer
of SRRs can be further given by nmax = (p —d)/t — 1. There-
fore, the minimal resonance frequency can be obtained from

Omin = 1/\/L{Cg+cmetal+[((pfd)/tfz)co]}' (3)

Equation (3) is applicable to incidences with magnetic
field lines threading through BC-SRRs. The broadside cou-
pled capacitance Cp between two adjacent SRRs can be ap-
proximately calculated by the capacitance formula of the flat
plate capacitor, that is, Co = &w/t, where & is the dielectric
constant of the substrate and w is the width of the metallic
string line while the length per SRR is a constant. Then @y,
can be further expressed as

Omin = 1/y/L{Co +Cunewa + [((p—d) /1 = 2)(&ew/1)]}. (4)

As indicated in Eq. (4), the resonance frequency is a
function of the parameters of L, p, t, €, and w. To demon-
strate this theoretical model, we carry out a numerical simu-
lation by using the frequency domain solver in the CST Mi-
crowave Studio. The metallic SRR patterns are etched on
either side of the 0.25-mm-thick F4B substrate (& = 2.65,
tand = 0.001). Unit Cell boundaries are imposed along the
FE and H vector direction while Open Add Space boundaries
are set to be along the propagation k direction. Figure 1(b)
shows a BC-SRRs unit cell that consists of n =9 BC-SRR
layers in a 15 mmx 15 mmx 15 mm cubic lattice, while the
relevant parameters are fixed at @ = b = 12 mm, [ = 6 mm,
w = g = 0.2 mm. Figure 2(a) shows the plots of the reflec-
tion magnitude and phase under normal incidence versus fre-
quency. It can be found that there is a sharp dip for Sy in the
frequency interval of 196 MHz-211 MHz, where the about
300° abrupt phase change is produced. The center resonance
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frequency is reduced down to 204 MHz, which means that the
electrical dimensions are reduced to 2 /100 x A /100 x A /100.
In fact, by comparison with the scenario in Fig. 2(b), the cen-
ter resonance frequency is shifted to a much lower frequency
regime with the increase of the number n of BC-SRR layers.
Simultaneously, the amplitudes of specular reflections gener-
ally decrease, which indicates that an increasing loss is caused
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by the BC-SRR resonance. The simulated results in Figs. 2(c)
and 2(d) show that the trends of resonance frequency change
with the strip-width w varying from 0.2 mm to 0.4 mm and
the substrate thickness ¢ varying from 0.25 mm to 0.5 mm, re-
spectively. It should be noted that lower resonance frequency

is obtained with the increase of w and the decrease of ¢.
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Fig. 2. (color online) (color online) Specular reflection properties of the unit-cell with n =9 BC-SRR layers: (a) amplitude of S and reflection
phase; (b), (c) and (d) frequency response of the amplitudes of Sy; with different values of n, w, and 7.

An additional wave vector &, as a well-studied method
for PGM design, can be generated by periodically arranged
metallic or dielectric resonators with A abrupt phase, where
& is generally described as & = A® /Ax for one-dimensional
PGM. Under normal incidence, the x-component of reflective
wave vector k, = & is larger than k in free space. Incident
EM waves can be coupled as SSPP waves. Due to the deep-
subwavelength size and low resonance frequency, multi-layer
BC-SRRs can be a good candidate for designing the SSPP
couplers. For minimizing the influence of the resonance loss
and due to the limitation of machining precision and mea-
sured conditions, a single layer is adopted here to design the
spoof SPP coupler working at 5.0 GHz. The unit cell in-
cludes a single BC-SRR layer, with p =5 mm, a = b = 3 mm,
and w = g = 0.2 mm. Metallic SRRs are etched on either
side of a 0.5-mm-thick F4B dielectric substrate (¢ = 2.65,
tan & = 0.001) and vertically placed on a 0.3-mm-thick metal-
lized substrate. To produce an additional parallel wave vector
& along the —x direction, six sub-unit-cells are adopted to form
a super-cell (as illustrated in Fig. 3(d)), with approximately
a 60° phase change step. Each sub-unit-cell is composed of

two identical BC-SRRs as shown in Fig. 3(a). The periodic-
ity of the sub-unit-cell along the x direction is Ax = 10.0 mm.
By precisely optimizing the length parameter /, we finally fix
[, =024 mm, I, =1.17 mm, I3 = 1.45 mm, I4 = 1.55 mm,
Is =1.66 mm, and /g = 2.15 mm. The specular reflections Sy
of six chosen unit cells are plotted in Fig. 3(b). It can be found
that the averaged value is greater than —0.5 dB at 5.0 GHz,
which means that an energy lower than 10% is lost by the res-
onance. As shown by the reflective phase distribution of six
sub-unit-cells and the ratio of the phase gradient £ to the wave
vector k of free space in Fig. 3(c), for good impedance with
the free space, the reflective phase gradient & is designed to
be close to the wave vector of free space at 5.0 GHz, which
is plotted with a red dot curve. To verify the properties of
the SSPP coupler, a relevant simulation is conducted by using
an infinitely large model through using the frequency-domain
solver in CST Microwave Studio. Unit Cell boundaries are set
to be along the E and H vector direction while “Open Add
Space” boundaries are set to be along the propagation direc-
tion.
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Fig. 3. (color online) (a) Perspective view of sub-unit-cell; ((b) and (c)) specular reflections S;1, reflective phase distributions of six sub-unit-
cells and the ratio of the phase gradient & to the wave vector k of free space; (d) super-cell composed of six sub-unit-cells with / = 0.24 mm,
1.17 mm, 1.45 mm, 1.55 mm, 1.66 mm, and 2.15 mm, where the first and second layer present the front and back views, respectively.
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Fig. 4. (color online) (color online) Simulated results of the SSPP coupler at 5.05 GHz: (a) specular reflection S of the infinite
coupler; (b) E, field distributions at different phases as incident wave propagates; and (c) patterns of power flow.
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To eliminate the influence of dielectric loss on the reflec-
tion property, a lossless F4B substrate and perfect electrical
conductor are adopted to build the super-cell model. The spec-
ular reflection S;; under normal incidence is simulated and
plotted in Fig. 4(a). The frequency response of the specu-
lar reflection Sy is drastically reduced down to —20.6 dB at
5.05 GHz.

In order to ascertain whether the low reflection results
from SSPP coupling, E,-field distribution and power flow are
also monitored at 5.05 GHz. It can be seen that strongly-
confined TM-SSPPs (the magnetic vector is always parallel
to the coupler surface) are generated on the coupler as shown
in Fig. 4(b). For clearer observation of the SSPPs, E,-fields at
different phases are also monitored. It is clear to see the E,-
fields move in the —x direction along the surface when the 7
value varies from 0° to 225°, where 7 is defined as the phase
of incident wave at the reference plane of the input port, which
can also be understood as a time point in a periodic time. The
coupled SSPP power also flows in the same direction as il-
lustrated in Fig. 4(c). Within sub-wavelength dimensions, the
EM energy is highly confined on the surface of the coupler,

resulting in a strong field enhancement.

300=mm:

0 200 O

z/mm

(c)

—10

—154

—204

—254

Specular reflection S;;/dB

3. Experimental results

Considering the practical application of the SSPP cou-
pler, a finite-size 300 mm %300 mm (composed of 5 x 5
super-cells) prototype is fabricated by the printed circuit
board technique as shown in Fig. 5(a). In the later pro-
cess of fabrication, 0.5-mm-thick F4B substrate (¢ = 2.65,
tand = 0.001) slices are decorated with the BC-SRR patterns.
Polymer foam bars (& =~ 1) are inserted to keep the spac-
ing between adjacent super-cells fixed, which is described in
the inset of Fig. 5(a).

unit dB is first measured by using a pair of horn antennas.

The specular reflection spectrum in

As plotted in Fig. 5(b), the reflection is significantly reduced
down to —25 dB at 5.27 GHz. This indicates the high ef-
ficiency of the SSPP coupler. Due to the differences in the
material electromagnetic parameter and fabrication error, the
measured results each have a 0.2-GHz blue-shift compared
with simulated ones. The second dip at 5.07 GHz and the
third dip at 5.16 GHz are caused by other phase gradients
achieved by the sub-unit-cells. Since the phase gradient is
realized by a discrete quantity of sub-unit-cells, lower dis-
cretion would finally lead to lower coupling efficiency at the
two dips than at the first dip. To further characterize the
coupled SSPPs, E -field distributions on the x—o0—z plane are
measured by near-field scanning measurement at 5.07 GHz
and 5.27 GHz, as shown in Figs. 5(c) and 5(d), respectively.

(b)

4.0 4.4 4.8 5.2 5.6 6.0
Frequency/GHz

—1
200

0

z/mm

(d)

Fig. 5. (color online) (a) Photograph of SSPP coupler prototype; (b) measured specular reflection S;;; E;-field distribution on the
x—o-y plane of the coupler under normal x-polarized incident at (c) 5.07 GHz and (d) 5.27 GHz.

100304-5



Chin. Phys. B Vol. 27, No. 10 (2018) 100304

A distribution pattern composed of alternating fringes can be seen clearly. The dimensions of BC-SRR sub-unit-cells are only

1/12A x 1/124 x 1/12A, where A is the wavelength at 5.27 GHz. A comprehensive comparison between our results with the
results of the SSPP couplers presented in Refs. [22]-{24] is given in Table 1. The thickness ¢ of the F4B substrate is a bit larger
than that of the FR4 substrate. This is because of the smaller dielectric constant. However, the value of p, and p, of BC-SRR are

comparatively reduced. Moreover, since the much lower occupation ratio, the proposed coupler possesses a much lower surface

density, which is only p ~ 0.98 kg/m?, even though the other listed work operates at a higher center frequency.

Table 1. Comprehensive comparison of our results with those from other similar studies.

Dimensions of unit cell Surface density

References Substrate material Center frequency/GHz - 3
Px*py™t /(kg/m?)
[22] FR4(g, = 4.3, tand =0.025) 0.94 x0.134 x0.034 2.17
[23] FR4(& = 4.3, tand =0.025) 0.134x0.34 x0.054 2.17
[24] F4B((& = 2.65, tand =0.001)) 0.24x0.2A x0.14 591
This paper F4B((& = 2.65, tand =0.001)) 0.082 x0.084 x0.084 0.98

4. Conclusions

In this work, we propose and design ultra-thin, light-
weight SSPP couplers based on BC-SRRs. The resonance fre-
quency of BC-SRRs could be significantly reduced by intro-
ducing large capacitive couplings of BC-SRRs within a sub-
wavelength volume. As an example, a C-band SSPP coupler
is realized by phase gradient BC-SRR arrays. Both the experi-
mental results and simulation results verify the high efficiency
and light weight of the SSPP coupler. With the characteristics
of local field enhancement and deep-subwavelength confine-
ment, such SSPP couplers have great potential applications in
low-frequency devices, ultra-thin absorbers, advanced antenna
design, radar imaging, etc.
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