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Abstract— The full models of meander spoof surface plas-
mon (SSP) cells are presented for the design of slow wave trans-
mission lines (SW-TLs) with the minimum loss and controllable
mutual coupling (MC). In addition to the modeling of dispersion
curve and characteristic impedance, the proposed circuit model
based on geometrical parameters calculates the ohmic loss of
the SW-TLs composed of meander SSP cells. Being verified with
the full-wave analysis, the model provides a clear understanding
of the mechanism of the SSP-based SW-TLs and a new way to
design with other circuits at a system level. The model is applied
to minimize the ohmic loss in the meander SW-TLs up to at
least 10 dB per 10 wavelengths lower than that of conventional
TLs. The MC of the SW-TLs can be controlled either up to three
orders of magnitude lower or one order of magnitude higher than
that of the conventional TLs. This paper proposes methods to
decrease the ohmic loss of single-layered meander SW-TLs and
also controls MC between them. The proposed methods open
new avenues for complex and compact circuit designs.

Index Terms— Compact circuit modeling, crosstalk, impedance
matching, periodic structures, plasmons, transmission line (TL)
transition.

I. INTRODUCTION

SPOOF surface plasmon (SSP) modes are highly localized
surface waves mimicking the characteristics of real optical

surface plasmon polariton modes [1] and are ranging from
subgigahertz [2] to terahertz regime [3], [4]. Shen et. al. [5]
proposed an ultrathin planar corrugated metal strip supporting
SSP modes.

Conversion of confined SSP modes to radiating modes
was studied in [6]–[12]. In [8], an SSP-based waveguide
feeds an array of microstrip patch antennas. Another study
applied SSP-based waveguides to control the radiation from
dielectric slabs [9]. Wu et. al. [10] studied the leaky-wave
radiation from the SSP modes. Leaky-wave antennas with
single-layer configurations based on SSP modes were also
proposed in [12] and [13].

In fact, Goubau [14] first introduced the concept of “single
wire” transmission line (TL) which was a metal wire coated
with dielectric. Goubau line was then developed in later
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works [15]–[17]. Recently, several efficient transitions have
been introduced to connect single-layered SSP structures to
microstrip TLs and coplanar waveguides (CPWs) [18], [19].
SSPs have been applied to design microwave components such
as frequency splitters [20], filters [21]–[26], couplers [27], and
multiband TLs [28]. SSP mode-based-TLs have also found
their ways into on-chip CMOS designs [29]. The ohmic
loss in spoof plasmon TLs has been studied widely in the
literature [19], [29]–[31]. Zhang el. al. [30] showed that comb-
shaped structures have a lower ohmic loss in comparison with
conventional TLs. Despite the number of works on SSP loss,
a reliable model for this important parameter is still needed
for further SSP-based design purposes.

Meander lines have been applied in electromagnetic (EM)
structures. A circuit model is developed for meander-line net-
works and formation of circular polarizers [32], [33]. Meander
SSP structures were studied in [34]. A recent work [11] has
shown that single-layered meander structures support SSP
modes. These structures are also beneficial to excite the TE
modes of dielectric resonator antennas [11] as well as to form
wideband leaky-wave antennas [12].

The U-shaped and H-shaped SSP cells were modeled with
circuit elements in [19] and [35]. The EM fields are distributed
only over one side of single-sided U-shaped SSP cells. On the
other hands, H-shaped cells benefit from their double-sided
structures and are more compatible with conventional TLs;
however, their profiles are two times as wide as U-shaped cells
at the identical frequency range. In contrast, meander SSP cells
with their double-sided configuration provide high compati-
bility with conventional TLs while benefiting from their low-
profile configuration as wide as single-sided U-shaped SSP
cells.

The meander SSP cells need reliable and repeatable cir-
cuit model in order to further promote their implementation
and enhance their compatibility with other circuit elements.
This paper extends the previous geometry-based modeling
of SSP structures to the meander cells and further develops
the model by incorporating the ohmic loss for the very first
time using a parallel conductance to provide a full modeling.
Being verified by simulations and experiments, the model is
applied to minimize the ohmic loss of meander-line slow wave
TLs (SW-TLs).

On the other hand, one of the major challenges for miniatur-
ization of the integrated circuits is the mutual coupling (MC)
of the circuit components and to acquire highly compact
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Fig. 1. (a) One unit cell of meander SSP. (b) Equivalent circuit model. (c) Effective areas for equivalent capacitors. (d) Effective areas of current paths for
equivalent inductors.

circuits, it is required to minimize the MC effects between
the elements to suppress any possible interference. In contrast,
highly coupled TLs are also required in circuits, for example,
couplers. Consequently, the possibility of MC control is an
advantageous feature for TLs.

Wu et al. [36] added corrugation to microstrip TLs to reduce
the MC between the TLs. Liang et al. [37], [38] studied
the MC between the U-shaped SW-TLs with a coplanar
back-to-back configuration in subterahertz in CMOS. In [39],
the double-layered corrugated strips supporting time-domain
SSPs were applied to significantly decrease the crosstalk
between TLs. In [35], the MC and loss of H-shaped SW-TLs
were investigated.

The MC between the conventional TLs is determined by
the configuration of two closely located lines and cannot
be changed within a fixed arrangement. The SSP cells of
SW-TLs with their controllable geometries, on the other hand,
provide extra degrees of freedom to control the MC within
a fixed configuration. The presented work first demonstrates
this feature of SW-TLs and evidences the dynamic range of
40-dB MC control for the coupled SW-TLs with the coupled
line length of 5λ. A method for the suppression of the
MC between SW-TLs is proposed. The presented coupling
adjustment method can be applied for suppression of the
coupling between any SW-TLs.

Furthermore, the equivalent circuit model for the meander
SSP cells is presented and discussed. After that, the ohmic
loss in the meander SW-TLs is numerically and experimentally
studied and modeled using circuit elements. The MC between
the meander SW-TLs is studied as well.

II. CIRCUIT MODELING

A single-layered meander structure as shown in Fig. 1(a)
supports SSP modes and acts as a low-profile SSP cell. Similar
to U-shaped and H-shaped SSP cells, meander cells need a
reliable and repeatable circuit model to increase their compat-
ibilities with other circuit components in circuit designs. One
unit cell is depicted in Fig. 1(a) with the following geometrical
parameters: the period length of p, width of w, groove width
of g, groove depth of d , and thickness of t .

Fig. 1(b) presents the circuit model. The voltage is defined
as the voltage difference between the cell and infinity, while
the current is defined as the surface current at the SSP cells.
The inductors and capacitors model the EM behavior of SSP

modes. To model the electric fields inside the gap, the capac-
itor C1 connects the two sides of the grooves. To initiate the
connection of the cell to a ground plane, the capacitance of
the isolated metal is modeled by C2 and C3. The equivalent
inductors L1 and L2 model the surface current at the SSP
cells.

In the proposed model, the SSP unit cell is divided into
several segments where each segment has an inductive
or capacitive response. The model applies the electrostatic
approximation to calculate the equivalent inductors and capac-
itors. This approximation requires knowledge of the surface
charge and current distribution over the SSP cell. However,
these distributions are not uniform through the cell, and
consequently, it is necessary to define the effective areas
for the calculation of the equivalent circuit elements. This
section defines the effective areas for meander SSP cells
with 0.5w < p < 6w. Fig. 2(c) and (d) depicts the effective
metallic plates for capacitors and the current paths for induc-
tors, respectively. As it can be seen, C1 includes parts of
the neighbor periods. The dimensions of the effective current
paths in Fig. 1(d) are as follows: l1 = g, l2 = h/3, and
w2 = (p − 2 × g)/4. To minimize the effect of geometry
change on the modeling accuracy, two different geometry
ranges are defined for w1. For the meander SSP cells with
0.7w < d , w1 = (w−d)/2 and for the meander SSP cells with
0.7w > d , w1 = (w − d)/4. The capacitors are modeled using
electrostatic calculation in the CST EM Studio. The inductors
are calculated using electrostatic approximation given in [40].

To validate the equivalent circuit, SSP cells of various
widths and period lengths are modeled, and the dispersion
curves are compared with the results from full-wave analysis.
The transient solver of CST Microwave Studio is applied for
the full-wave solution of the periodic structure with waveguide
ports defined as the excitation sources. The electric fields are
observed at different frequencies. Fourier transform over space
is applied to the field at each frequency, the maximum result
value is located and the wavenumber of the SSP mode is
extracted. The procedure is repeated for the monitored fields
at all the frequencies.

Fig. 2(a) compares the results for varying cell widths (w).
The other parameters of the cells are as follows: p = 3 mm,
d = 0.85w, and g = 0.25 p. Fig. 2(b) compares the results
for varying cell period lengths (p). The other parameters are
as follows: w = 2.3 mm, d = 0.85w, and g = 0.25 p.
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Fig. 2. Comparison between dispersion results of SSP modes in meander cells from equivalent circuit model and full-wave analysis for varying (a) cell
widths and (b) cell period lengths. (c) Characteristic impedance of meander SSP cell.

TABLE I

CIRCUIT ELEMENT VALUES FOR MEANDER SSP CELLS

The comparison validates the model. The values for
the equivalent circuit elements of the SSP cells studied
in Fig. 2(a) and (b) are tabulated in Table I.

The proposed circuit model is helpful to find the character-
istic impedance of the periodic arrangement of SSP cells [41].
Fig. 2(c) plots the real and imaginary parts of impedance for
an SSP cell with the following parameters: p = 4 mm, w =
5 mm, d = 0.85w, and g = 0.25 p. Similar to U-shaped [19]
and H-shaped cells [35], the real part is almost constant over
the frequency range from 2 to 7 GHz. However, in contrast to
the zero imaginary part of the impedance in the two SW-TLs
mentioned earlier, the imaginary part Xc for the meander cells
is positive showing an inductive characteristic and increases
from 0 to 10 � over the frequency range of 2–7 GHz.

The equivalent circuit model predicts the effect of dielectric
substrate on the dispersion curve. Presence of a dielectric
substrate introduces an effective permittivity to the model.
An approach similar to [19] and [35] is helpful for calculation
of the effective permittivity by comparison of the full-wave
analysis results of SSP cells on the substrate layer with that
in a uniform medium of the effective permittivity. It is worth
mentioning that the presence of the substrate layer only affects
the capacitance values. Consequently, the equivalent inductors
calculated for SSP cells in free space do not change, while
the capacitors are multiplied by the effective permittivity.
Fig. 3 compares the dispersion curves of the SSP cells in free
space and on pieces of substrate material. Here, Rogers 4003C
0.8 mm and FR4 0.26 mm are considered with the calculated
effective permittivity of 1.7 and 1.3, respectively. The SSP
cell’s parameters are as follows: p = 6 mm, w = 2.3 mm,
d = 0.85w, and g = 0.25 p. Fig. 3 suggests that the agree-
ment between the results and full-wave simulations shows the
accuracy of the SSP model on different substrate layers.

To apply the meander cells in microwave circuits and effi-
ciently excite the SSP modes, a compact and high-performance

Fig. 3. Effect of dielectric substrate layer on dispersion results.

transition to conventional TLs is required. The design proce-
dure for a mode converter for the connection to CPW lines
is proposed in [11]. The mode converter is composed of
unit cells with the same period length as the TL but with
gradually varying width and groove depth. This configuration
provides smooth polarization, momentum, and impedance
matching simultaneously. A meander SW-TL was designed
and fabricated with the following geometrical parameters:
p = 10 mm, w = 5 mm, d = 3.5 mm, and g = 0.25 p on
a piece of Rogers 4003 0.5 mm. The fabricated prototype is
depicted in Fig. 4(a). The mode converter is composed of six
cells. Fig. 4(b) presents the simulated and measured scattering
parameters and indicates the efficient excitation of the SSP
modes and desired performance of the SW-TL.

III. LOSS IN SW-TLS

This section examines the different types of losses in mean-
der SW-TLs. Tranmission results from the meander SW-TL as
shown in Fig. 4(b) indicate that the total loss in the SW-TL is
around 1.2 dB at 2.8λ0 length of the TL (λ0 is the wavelength
at 7 GHz), which includes all the leaky loss, conversion loss,
and ohmic loss.

The leaky loss is the EM wave loss by the undesired radia-
tion from the SSP cells. The generation of the leaky modes by
meander SSP cells is studied in [12], where an efficient leaky-
wave antenna is designed using meander structures. Here,
in order to study the leaky loss, three SW-TLs with varying
lengths are compared. To remove the ohmic loss from the
calculation, the metal and substrate in SW-TLs are defined as
perfect electric conductor and lossless dielectric, respectively.
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Fig. 4. (a) Fabricated meander SW-TL. (b) Experimental and simulation scattering parameter results of meander SW-TL. (c) Leaky loss in SW-TLs.

Fig. 5. (a) Equivalent circuit model of meander SSP cells on lossy dielectric substrate. (b) Comparison between insertion loss of microstrip TL, CPW, and
SW-TLs A and B with geometrical parameters given in Table II. (c) Experimental evaluation of SW-TL A.

Fig. 4(c) depicted |S21| for the SW-TLs with three different
lengths of λ0, 5λ0, and 10λ0 (λ0 is the wavelength in free
space at 7 GHz). The conversion loss is a fixed value and only
caused by the mode converter, while the leaky loss depends
on the length of the TL. As it can be seen, by increasing the
length, |S21| slightly changes. These results indicate that the
constant insertion loss of these SW-TLs with lossless materials
is mainly caused by the conversion performance and the leaky
loss in the TL is negligible.

The conversion loss is the loss by two-mode converters
that connect the meander cells to two CPW lines. For the
design in Fig. 4(a), the leaky loss is about 0.4–0.5 dB for each
transition. By increasing the number of cells in the converter
from 6 to 12, this loss reduces to 0.2 dB.

The ohmic loss in the SW-TL is mainly caused by the
imperfect metal and lossy dielectric. The metal loss is modeled
by resistors in series with the inductors. The dielectric loss is
caused by the current inside the substrate between the edges of
the grooves and modeled by the resistors in parallel with the
capacitor C1. Here, the dielectric loss is considered as the main
part of the ohmic loss. Fig. 5(a) presents the modified model
with additional two resistors in parallel with C1 modeling the
leaky current of this capacitor. The resistor’s value is 1/0G,
where G is simply calculated as

G = C1σ/εr (1)

where εr and σ are the dielectric constant and electric con-
ductivity of the substrate, respectively.

In order to suppress the ohmic loss of SW-TL, G should
be reduced. According to (1), G is directly proportional

Fig. 6. (a) Proposed configuration for loading meander SW-TLs. (b) Field
distribution of coupled SW-TLs.

to C1. By reducing the tagged metal area for this capacitor
in Fig. 1(c) (A1)C1 is decreased, which is realized by employ-
ing SSP cells with smaller groove depth d . Fig. 5(b) plots the
ohmic loss per 10λ1 (λ1 is the wavelength in free space at
20 GHz) for two SW-TLs A and B as well as a microstrip TL
and a CPW line. The four cases are on FR4 substrate layers
with the thickness of 0.26 mm. SW-TL A has the following
parameters: p = 4 mm, w = 2 mm, d = 0.9 mm, and g =
0.25 p. For SW-TL B, w and d are increased to 6 and 5 mm,
respectively. The geometrical parameters of two SW-TLs are
tabulated in Table II. The decay constant is calculated from
the proposed circuit model by finding the imaginary part of
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Fig. 7. MC calculation setup. (a) MC calculation setup. Comparison between meander SW-TLs and microstrip TLs at three frequencies of 16, 19, and
21 GHz for (b) varying coupling gap and (c) coupled line length. Difference between MC of SW-TLs and microstrip TLs for (d) varying coupling gap and
(e) coupled line length. (f) Effect of groove depth of SSP cells on the MC between SW-TLs.

TABLE II

GEOMETRICAL PROPERTIES OF SW-TL A AND B

the propagation constant in the periodic structure. The ohmic
loss modeling is verified by the results from full-wave analysis
by CST Microwave Studio in Fig. 5(b) and good agreement
between them is observed for both SW-TLs.

SW-TL A achieves a much lower loss in comparison with
the two conventional TLs on the same substrate over a wide
frequency range from 5 to 26 GHz. These results show that by
tuning the geometrical parameters of the SW-TL, both the low
loss and lossy TLs can be designed. The ohmic loss calculation
for the SW-TL is experimentally evaluated. To exclude the
losses caused by the connectors and the mode converter from
the measured results, two prototypes of SW-TL A with total
lengths of 10 and 21 cm were fabricated. The insertion loss
of the longer SW-TL by that of the shorter one is offset to get
the ohmic loss over 11 cm of the TL. The measured scattering
parameters are compared with the simulation in Fig. 5(c). The
experimental results are in good agreement with simulation
and confirm the proposed ohmic loss modeling method.

IV. MUTUAL COUPLING BETWEEN SW-TLS

The MC is an important feature of TLs and is defined as the
coupling between the adjacent lines. In this section, the MC
between the meander SW-TLs is studied and compared with
MC between the microstrip TLs.

A. Broadband Loading for Meander SW-TL

To properly assess the MC between the matched SW-TLs,
broadband loadings are required to be designed for the TLs.

For this purpose, loading resistors can be placed through the
current path of the SW-TLs. A design method of resistive
loading for H-shaped SW-TLs is proposed in [35]. Here,
a similar approach is applied; the TL is cut and then resistive
loads bridge the gaps. Fig. 6(a) depicts a truncated SW-TL,
which is loaded by four resistors: R1, R2, R3, and R4.

The broadband loading for an SW-TL composed of the SSP
cells with the following parameters is designed: p = 2 mm,
w = 1.9 mm, d = 0.85w, and g = 0.25 p. The supporting
substrate is Rogers 4003 with the thickness of 0.8 mm. The
designed loaded SW-TL is used to study the MC here.

To achieve a broadband loading, the resistors are optimized.
While using full-wave analysis is time consuming, the pro-
posed equivalent circuit model in Section II eases the process
significantly and can be integrated into the equivalent circuit-
based models of systems. The loaded cells are included in
the circuit model shown in Fig. 1(b) by additional resistors in
series with the corresponding inductors. The following values
are optimized for the resistors: R1 = 10 �, R2 = 20 �,
R3 = 36 �, and R4 = 56 �. The resistors gradually increase
from 10 to 56 � to provide a smooth transition from unloaded
to loaded SSP cells.

B. MC Between Meander SW-TLs

The electric field distribution near two coupled SW-TLs
is plotted in Fig. 6(b). The high field confinement of SSP
modes causes low mutual effect between the two SW-TLs
in comparison with that between guiding mode-based TLs.
Fig. 7(a) shows two closely located SW-TL sections with
the coupled line length of lmc and coupling gap of dmc.
Fig. 7(b) and (c) compares the MC of the SW-TLs and
microstrip TLs for varying dmc and lmc, respectively. For
the results as shown in Fig. 7(b), lmc is 50 mm and for
those in Fig. 7(c), dmc is 4 mm. The supporting substrate
is Rogers 4003C with the thickness of 0.8 mm. The strip
width of the microstrip TL is set as 1.9 mm to achieve the
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Fig. 8. (a) Setup for studying the MC between vertically separated SW-TLs. Comparison of the simulated MC between meander SW-TLs and microstrip
TLs for varying vertical separations at three frequencies of 16, 19, and 21 GHz. (b) MC value and (c) difference between MC values.

Fig. 9. (a) Transmission results from SW-TLs with different groove depths. (b) Effect of the groove depth ratio of two SW-TLs on their MC. Abscissa is
the ratio between the groove depths of two coupled SW-TLs (d2/d1). Vertical axis is the MC difference between microstrip TLs and SW-TLs. Coupling gap
and coupled line length are 4 and 50 mm, respectively. (c) MC of closely located SW-TLs and microstrip TLs.

50-� characteristic impedance. As seen, increasing dmc and
decreasing lmc lower the MC. Moreover, at higher frequencies,
where the field confinement of SSP modes is stronger, the MC
between SW-TLs is lower.

Fig. 7(d) and (e) depicts the MC difference (�MC) between
the microstrip TLs (MCmicrostrip) and SW-TLs (MCSW-TL)

�MC = MCSW-TL − MCmicrostrip. (2)

With these results, SW-TLs show slightly higher coupling
in comparison with the microstrip TLs at 16 GHz; how-
ever, as the frequency increases, the MC between SW-TLs
decreases. The MC is directly proportional to the field con-
finement of SSP modes, which is directly related to their
momentum: the SSP modes with larger momentum feature
higher field confinement. Here, as the frequency increases the
momentum increases, which results in lower the MC between
SW-TLs and at 21 GHz, the MC between SW-TLs reaches the
minimum.

Moreover, Fig. 7(b) indicates that the MC for SW-TLs more
strongly depends on the coupling gap in comparison with that
for the microstrip TLs. As the coupling gap increases, the MC
between SW-TLs significantly decreases, and according to the
results in Fig. 7(d), �MC is lower than −20 dB for dmc = 0.4λ
at 21 GHz. This is due to the higher field amplitude of the SSP
modes near the meander structure, where the mutual effect of
the SW-TLs is stronger.

Similar to the ohmic loss, the MC between the mean-
der SW-TLs can be minimized by adjusting the geometri-
cal parameters of SSP cells. Adjustability of the coupling
enables design of highly isolated as well as highly coupled
TLs based on the meander cells for different applications.

Fig. 10. Fabricated prototype of coupled SW-TLs.

Fig. 7(f) compares the MC between the SW-TLs for varying
groove depths (the abscissa is d and is scaled to the SSP
width). This figure plots the �MC between the microstrip TLs
and the SW-TLs. The other parameters are set as p = 2 mm,
w = 1.9 mm, and g = 0.25 p. The coupling gap and the
coupled line length are set as dmc = 4 mm and lmc = 50 mm.
Decreasing d decreases the momentum of the SSP modes and
consequently increases the coupling, as seen in Fig. 7(f). With
the results, by choosing d = 0.53w, the coupling between
the SW-TLs is about 10 dB higher than the MC between the
microstrip TLs.

The MC between the vertically separated SW-TLs as
depicted in Fig. 8(a) is studied in Fig. 8(b) and (c). The results
are plotted for the coupled line length (lmc) of 50 mm and
variable vertical separation (hmc). As the benchmark, the MC
between the vertically separated microstrip TLs is compared
with the results. For the microstrip TLs, the energy is mainly
distributed in the dielectric substrate, and consequently, the
MC for this configuration is very low. As seen, at lower
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Fig. 11. Experimental evaluation of the scattering results of coupled SW-TLs for three cases. (a) SW-TLs (open ended) with the coupling gap of 2 mm.
(b) SW-TLs (loaded) with the coupling gap of 4 mm. (c) SW-TLs (loaded) with the coupling gap of 6 mm.

frequencies with weak field confinement of the SSP modes,
the SW-TLs show higher MC in comparison with that of
microstrip TLs; however, as the frequency increases, the MC
between the SW-TLs decreases and at 21 GHz, the �MC
reaches −7 dB.

The results in Fig. 8(c) indicate that the MC dependence
on the TL separation hmc between the SW-TLs is much
higher than that between the microstrip TLs because of the
strong field confinement of the SSP modes. In other words,
the majority of the energy distributes close to the SSP cells
and it decays in space with a higher rate in comparison with
microstrip TLs.

C. Suppression of MC Between Meander SW-TLs

Cumulative coupling along two adjacent TLs is caused by
matching of the phase distribution of the modes over the two
lines. In contrast, changing the phase distribution of one line
could significantly decrease the MC. Considering two SW-TLs
by the change of the SSP cells of one line, the two lines
no longer support identical SSP modes. Different SSP modes
have different dispersion characteristics and different phase
distributions, and consequently, nonidentical SW-TLs feature
lower MC in comparison with the identical SW-TLs. This
subsection studies the MC between two SW-TLs (SW-TL I and
SW-TL II) with different groove depths. SW-TL I composed
of SSP cells with the following parameters: p1 = 2 mm,
w1 = 1.9 mm, d1 = 0.85w1, and g1 = 0.25 p1, while
SW-TL II is composed of similar meander cells but with
different groove depth: p2 = p1, w2 = w1, g2 = g1, and
d2 �= d1.

The change of the groove depth affects the cutoff frequency
of the SW-TLs. Fig. 9(a) depicts the transmission spectrum of
the SW-TL II for varying d2. As seen at d2 = d1, the cutoff
frequency is 25 GHz. By changing d2 to 0.9 d1 and 0.8 d1,
the cutoff frequency increases to 27 and 29 GHz, respectively;
however, all the three cases operate efficiently within the
frequency range from 15 to 25 GHz.

Fig. 9(b) studies the MC between SW-TLs I and II for vary-
ing d2 against frequencies for dmc = 4 mm and lmc = 50 mm.
The abscissa is the groove depth ratio between SW-TL I
and SW-TL II (d2/d1). The vertical axis is �MC defined
in (2). As seen, by decreasing d2 from d1 to 0.8 d1, the MC
significantly decreases, where �MC hits −30 dB at 21 GHz.
The MC reduction between the SW-TLs with different SSP

cells is due to the different supporting modes of the two
TLs, which suppresses their coupling effects. This result is
far below the realized MC between the single-layered SSP-
based TLs with coplanar face-to-face configurations reported
in [35]. Moreover, these results along with the high �MC of
10 dB achieved in Fig. 7(f) demonstrate the dynamic range
of 40 dB for the control of the MC of meander SW-TLs. This
MC controlling feature is a unique advantage, which enables
the further changes of the MC between the SW-TLs within a
fixed configuration.

The proposed MC suppression method is also effective
for very closely located SW-TLs. Fig. 9(c) compares the
MC of SW-TLs and microstrip TLs with a coupling gap
of dmc = 1 and 0.5 mm. The MC between the microstrip
lines exceeds −1 dB. This high coupling is expectable of a
very small spacing of less than half of the strip width. The
SW-TL, on the other hand, shows significantly better isolation,
especially at higher frequencies.

For experimental verification purposes, closely located
SW-TLs I and II are fabricated for three line separations of
dmc = 2, 4, and 6 mm. One of the fabricated prototypes
is shown in Fig. 10. The groove depth ratio is 0.8 and the
coupled line length is lmc = 50 mm. Fig. 11(a) displays the
MC between two SW-TLs with dmc = 2 mm when the ends are
open. Fig. 11(b) and (c) plots the scattering parameter results
from the loaded SW-TLs with dmc = 4 and 6 mm, respectively.
As seen, the experiment well matches the simulation and
shows the accuracy of the MC calculation setup.

V. CONCLUSION

This paper has proposed a geometric-based equivalent cir-
cuit model for the meander SSP cells. The ohmic loss caused
by meander SSP cells has been modeled by adding parallel
conductance to the capacitor, where the modeling has applied
to minimize the ohmic loss of meander SW-TLs. Moreover,
the MC between meander SW-TLs has been compared with
conventional microstrip TLs. It has been shown that meander
SSP cells have provided the extra degrees of freedom to adjust
the coupling between the SW-TLs at the desired frequency, and
consequently, enabled the design of highly isolated as well as
highly coupled TLs. The equivalent model and the simulation
results have been verified experimentally by measuring the
transmission, return loss, ohmic loss, and MC of fabricated
SW-TLs.
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