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Abstract

We propose ran=ultrascompact spoof surface plasmon polariton (UCSSPP) transmission line (TL)
based on a meander line, which can achieve almost the same transmission performance as the
conventional rectangular-groove SSPP TL, but the linewidth is greatly reduced by more than 40%.
The couplingieffect between two UCSSPP TLs in different line arrangements has been well studied,
revealing that excellent crosstalk suppression can be achieved when two TLs are arranged back-to-
back, while strongsecoupling occurs when they are arranged face-to-back or face-to-face. The signal
integrity of back=te=back UCSSPP TLs is analyzed and demonstrated, which shows that the signal
integrity can be greatly improved compared with microstrip (MS) TLs. In addition, based on the
principle of made mismatch, MS and UCSSPP TLs are arranged alternately to solve the mutual
coupling problem insmulti-line systems. On the other hand, benefiting from the strong coupling of
face-to-face UGSSPPTLS, an ultra-miniaturized SSPP coupler working at 9 GHz is designed, whose
size can be reduced by over 75% compared with conventional MS coupler. The measurement results
show good agreement with full-wave simulations, indicating that the proposed UCSSPP TL has
significant advantages in signal integrity and device miniaturization over previously reported SSPP

TLs.
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1. Introduction

Surface plasmon polaritons (SPPs) are electromagnetic (EM) surface waves propagating along the
interface between conductor and dielectric at optical frequencies, which are tightly confined to the
metal surface in the direction of propagation and decay rapidly in the plane perpendicular to the
direction of propagation. SPPs have excellent physical characteristics such as strong field
confinement and controllable transmission dispersion.[*? However, at lower frequency bands (such
as microwave.and-terahertz), where the metal behaves as a perfectly electrical conductor (PEC) rather
than a plasmon, SPPs cannot propagate along the metal surface. In 2004, the concept of spoof SPPs
(SSPPs) supported.by.a sub-wavelength periodic metal structure was first proposed at low frequencies,
and SSPPs have'similar characteristics to natural SPPs.Bl In previous works, most of the structures
are three-dimensional’ (3D) volume structures, which are difficult to be integrated with planar
circuits.*®! 1n#2013, an ultra-thin SSPP waveguide was proposed to support and propagate SSPPs
mode on arbitrarily ctirved surfaces.l’! In 2014, a matching transition was proposed to realize high
conversion efficiency. between the guided waves and SSPPs.[el Later, some gradient transition
structures were used.to achieve the impedance matching between the MS TL and SSPP TL,[*-*? which
promote the reseéarch of SSPP devices to be integrated with microwave circuits.

In recent years, many SSPP devices, such as filters,*3171 splitters, (821 frequency dividers and
couplers,?224] |gaky-wave antennas, 2> and SSPP systems,?®2°1 have been reported, and some
works to reduce thesSize: of SSPP structure have also been proposed for miniaturization design of
circuits.3%-%2 In‘addition to miniaturization, crosstalk suppression is always an important issue to be
solved in highly integrated circuits. Thanks to the strong confinement characteristics of SSPPs, they
have naturally exhibited unique advantages in crosstalk suppression.[®*3¢1 However, most of the
previously repoarted works either have a complicated double-layer structure that is difficult to be
compatible with theseconventional MS circuits or have wide linewidth that is not conducive to the
design of highlysintegrated circuits. Hence, the development of TL with narrow linewidth and good
signal integrity can realize the miniaturization of devices and greatly improve the degree of
integration of planar circuits.

In this paper, we propose an ultra-compact SSPP (UCSSPP) TL based on a meander line structure,
which can achieve almost the same transmission performance as the conventional rectangular-groove

SSPP TL, while the linewidth is reduced by 42%. Considering the asymmetry of UCSSPP structure,
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the mutual coupling with different line arrangements between two UCSSPP TLs has been discussed.
It is revealed that excellent crosstalk suppression can be achieved when two TLs are arranged back-
to-back, while strong mutual coupling occurs in both face-to-back and face-to-face arrangements. In
addition, based on the principle of mode mismatch, UCSSPP and MS TLs can be alternately arranged
to achieve crosstalk suppression in multi-wire system. On the other hand, taking the advantage of the
strong couplingsof UCSSPP TLs in face-to-face arrangement, an ultra-compact coupler with cross-
transmission funetion is designed, fabricated and measured, which shows almost the same good
coupling performance as the conventional MS coupler, but the size can be reduced by over 75%.
Since the proposed®CSSPP TL can achieve good field confinement within ultra-narrow linewidth,
and the propagation constant can be flexibly controlled by adjusting its geometric parameters, which

may find great potential application value in modern high-speed and high-density integrated circuits.
2. Design of UCSSPP TL

Figure 1a,b,c shows unit structures of three different TLs, in which Figure 1a is the conventional MS
TL, Figure 1b is the canventional SSPP TL, and Figure 1c is the proposed UCSSPP TL, respectively.
These unit structures,are supported by a grounded dielectric substrate of FABM220 with relative
permittivity of 2:2, tangential loss of 0.001, and thickness of ts = 0.508 mm. The yellow parts of the
upper and lower layers are copper with a conductivity of 5.8 x 107 S/m and a thickness of 0.018 mm.
The other parameters,shown in Figure 1a,b,c are a = 0.9 mm, g = 0.3 mm, and hm, hs, hy, ds, dy are
variables. Figurestd shows the dispersion curves of different units with the same period of p = 2.4
mm. The dispersion=curves of SSPP units gradually deviate from the light line and MS line, and then
approach different asymptotic frequencies. When these three units have the same linewidth, such as
hm = hs = hy = 1.8 mm, the dispersion curve of UCSSPP structure (I = 2.1 mm, dy = 1.2 mm) deviates
more significantlythan those of MS structure and conventional SSPP structure (ds = 1.4 mm), which
is because the“current path is greatly extended due to the design of meander line, resulting in the
significant increase of propagation wave number at a certain frequency. In order to obtain the same
dispersion curve as that of UCSSPP structure, the linewidth of conventional SSPP unit needs to be
increased to hs = 3.1 mm (ds = 2.7 mm), as shown in Figure 1d with pink and green lines. Figure 1e
demonstrates the dispersion curves of UCSSPP structure with different d, and l,. The results show

that the asymptotic frequency and propagation constant can be flexibly adjusted by changing these
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two parameters.

The transmission performance of both UCSSPP TL and conventional SSPP TL with the similar
dispersion characteristics was compared by both full-wave simulations and experimental
measurements, as shown in Figure 2. The photographs of experimental samples of UCSSPP TL and
conventional SSPP TL are illustrated in Figure 2a,b, respectively. The TLs consist of three parts: the
MS line transition séction with the port impedance of 50 Q (region 1), the MS-SSPP matching
transition section“(region 2), and the SSPP transmission section (region 3). The lengths of each part
isL1=12 mm, Lp = 4.4 mm, L3 = 28.8 mm, and the linewidth of 50 Q MS port is Wo= 1.5 mm. The
parameters of the=MS-SSPP matching transition section are optimized to make smooth mode
conversion.[B1t In SSPP transmission section, the dimensions of UCSSPP structure are selected as
hy = 1.8 mm and.l = 2.1 mm, and the dimensions of conventional SSPP structure are selected as hs =
3.1 mm and ds =.2:7 mm, both of which have the similar dispersion curves, as shown in Figure 1d
with green and pink.lines, respectively. Figure 2c displays the simulated S parameters of two TLs,
showing that they almost have the same transmission coefficient (S21), with the same cut-off
frequency of 15(8 GHz, which is consistent with the dispersion curves shown in Figure 1d. In addition,
compared with conventional SSPP TL, the reflection coefficient (S11) of UCSPP TL is much lower
than that of conventional SSPP TL, because the UCSSPP TL has a similar linewidth with 50 Q ports,
which makes it'easierto achieve a good impedance match. The measured results are generally in good
agreement withthe simulations, as shown in Figure 2d. However, it should be noted that the measured
S21 is slightly lower than the simulated one, especially at high frequency band, which may be caused
by excessive solder.accumulation on the probe and shell during manual welding of SMA, resulting
in limited worKing bandwidth of SMA and loss at high frequency. In addition, the minor errors of
dielectric substrate parameters at high frequency also lead to the degradation of the transmission

coefficient.

3. Analysis ofithe signal integrity

Since the UCSSPP TL is an asymmetry structure, we discussed the mutual coupling between two
UCSSPP TLs lines under three different cases of A, B and C, i. e. back-to-back, face-to-face and face-
to-back, as shown in Figure 3a. Each pair of transmission lines is composed of the MS transition part
(region 1), the MS-SSPP conversion part (region 2) and the SSPP coupling part (region 3). The

separation between two UCSSPP TLs in region 3 is s, and the coupling length is Ls. Figure 3b shows
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the simulated transmission coefficient (S21) and coupling coefficient (S41) of these three cases when
s = 0.4 mm and Lz = 38.4 mm, where the power is fed from portl. The results show that the best
crosstalk suppression between two UCSSPP TLs can be achieved by case A (back-to-back), whose
S41 is below -16 dB in whole frequency band, while both cases B and C have significant mutual
crosstalk. Figure 3c shows the simulated near-field distributions of electric fields on the cross section
of the UCSSPP unit. The results demonstrate that the electric field is mainly concentrated on the “face”
side of the structure;’showing a strong field enhancement, while the electric-field energy on the “back”
side of the structure is obviously weak. Therefore, only when two UCSSPP TLs are arranged back-
to-back, there willsbe weak field coupling between two lines, and good crosstalk suppression can be
achieved.

To demonstrate the performance of UCSSPP TL in crosstalk suppression, we make a comparison
between UCSSPP,TL (back-to-back) and MS TL, as shown in Figure 4. The simulation models of
UCSSPP TL and'™S TL are shown in Figure 4a,b, respectively, in which the separation between two
TLs is s and the power is fed from port 1. The simulated S21 and S41 are illustrated in Figure 4c,d,e,f.
The results show that'both TLs have good transmission performance for different s, especially when
s > 0.2 mm, as shewn in Figure 4c,d. However, when s is gradually increased from 0.2 to 0.6 mm,
the performance.of crosstalk suppression becomes better and better based on UCSSPP TL, which can
achieve -28 dB'when's = 0.6 mm, as shown in Figure 4e, while crosstalk almost does not change for
conventional MS TL, whose coupling interference remains at -10 dB from 8 to 12 GHz, as shown in
Figure 4f. Hencegmcompared with the conventional MS TL, the better crosstalk suppression can be
achieved by using.the'proposed UCSSPP TL in back-to-back case.

Figure 5ab shows the simulated electric field distributions of z component on two UCSSPP and
MS TLs at 11 GHz with the separation s = 0.6 mm. Compared with MS TL, the EM waves have
shorter wavelength=and stronger field confinement when propagating along the UCSSPP TL, and
there is almostno mutual coupling between two adjacent TLs, as shown in Figure 5a, while the strong
coupling occurs when' EM waves propagate along the MS TL, as shown in Figure 5b. The cross-
section electric field distributions of two TLs on the yoz-plane at 1.2mm along the x-direction from
the middle position of the coupling part are demonstrated in Figure 5c,d, respectively, where the white
dotted boxes are the positions of two TLs. It can be clearly seen that the electric fields are strictly
confined on the primary line when propagating along UCSSPP TLs, but mutual interference is serious

when propagating along MS TLs.
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The closely arranged TLs with s = 0.3 mm and s = 0.6 mm are fabricated and measured, as
illustrated in Figure 6, in which Figure 6a,b shows the photographs of UCSSPP TLs and MS TLs,
respectively. The measured S21 and S41 for the cases of s = 0.3 mm and s = 0.6 mm are demonstrated
in Figure 6¢,d, respectively. The results show that compared with MS TLs, the S41 of UCSSPP TLs
can be reduced by up to 10 dB and 20 dB when s = 0.3 mm and s = 0.6 mm, respectively.

The signaldntegrity of TLs with s = 0.6 mm is further analyzed by full-wave simulations, as
shown in Figure7."The time-domain input signals of broadband Gaussian pulses (8 —12 GHz) with
0.5 ns time intervalssfrom port 1 and port 3, respectively, as shown in Figure 7a. The output signals
of UCSSPP TL and*MS TL from port 2 and port 4 are demonstrated in Figure 7b,c, respectively. The
results show that the signals are nearly distortionless after passing through two close UCSSPP TLs,
but significantly.distorted after passing through two close MS TLs, which further proves the better
crosstalk suppression of UCSSPP TLs.

Consideringthat UCSSPP TLs can achieve good crosstalk suppression when arranged back-to-
back, they can be used to solve the signal integrity problem of two-wire system, but cannot be applied
to multi-wire syStem, such as three or more closely arranged TLs. In order to solve this problem, the
mode mismatch method may be a good choice to achieve low crosstalk by alternately arranging the
UCSSPP TL and,MS<TL.?® Figure 8a,b shows two different arrangements of UCSSPP TL and MS
TL, named Case-1"and Case-2, respectively. The simulated S21 and S41 of two cases with s = 0.1
mm, 0.3 mm and 0.5 mm are shown in Figure 8c,d, respectively. The results show that good S21 are
achieved in a widesband for both cases, and the S41 all can keep at a low level, which are lower than
-20 dB for Case=L with s = 0.1 mm and Case-2 with s = 0.3 mm. Figure 9a,b shows the fabricated
samples of Case-1 (s = 0.1 mm) and Case-2 (s = 0.3 mm), respectively, and the measured results of
S21 and S41 aresshown in Figure 9c, which are in good agreement with the simulations, indicating
the good crosstalkesuppression performance. Therefore, the alternate arrangement of UCSSPP and
MS TLs is a.good choice to realize low crosstalk transmission for multi-wire system. It is worth
noting that there should be a phase delay between the output signals of two TLs due to the different

propagation constants, but it is possible to be solved by extending the length of MS TL.

Compared to the previously reported works,3-%! the proposed UCSSPP TL has narrower
linewidth and can achieve better crosstalk suppression performance at a smaller separation, as

summarized in Table 1.
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4. Design of the compact SSPP Coupler

According to the above discussion, the proposed UCSSPP TLs have strong coupling when they are
arranged by face-to-face, it is not conducive to crosstalk suppression, but can be adapted to the
coupler design. Based on the coupled-mode theory, the transmitted power ratio (T) and coupling

power ratio (C) of the adjacent waveguide system can be expressed ast®’]

{ T = cos®(xL;)e **"

C =cos*(kL;)e **&

@)

where Ls is the coupling length of TL, « is the imaginary part of the propagation constant, and « is
the frequency-dependent coupling coefficient.
Suppose thatthe power is fed from port 1, if all energy is required to output from the straight-

through port (port2), C should be equal to 0, then the coupling length Lzis calculated as L3 = 2nLo, n
=1,2,3..., where Lois defined as L, = ;—K.BB] However, if all energy is required to output from the

coupling port (port 4), T should be equal to 0, then the coupling length is calculated as Lz = 2(n-1) Lo,
n=1,2,3.... Inaddition, « is positively correlated with the frequency f and separation s between two
TLs, and inversely correlated with the coupling length Ls. Hence, a coupler with cross-transmission
function at desired frequency f can be designed by adjusting s and La.

Here, we.designed a coupler for cross-transmission at 9 GHz based on the proposed UCSSPP
TLs, as shown in Figure 10a. The separation between two UCSSPP TLs is s = 0.2 mm, the coupling
length is optimized as Lz = 38.4 mm, and the linewidth is hy, = 1.8 mm. As a comparison, an MS
coupler with the same linewidth hy and separation s is also designed, as shown in Figure 10b. To
make the MS coupleriwork at the same frequency of 9 GHz, the coupling length must be increased
to L3 =170.4 mm, which is nearly 4.5 times of UCSSPP coupler. Figure 10c,d shows the electric field
distributions of‘z_component on the xoy plane at 9 GHz when the power is fed from port 1. As
indicated, the input power of two couplers is almost fully coupled to the adjacent TL and outputs
from port 4. The simulated S parameters are displayed in Figure 10e. The results show that both
couplers almost have the similar S parameter curves, especially below 11 GHz, which demonstrate
good coupling performance at 9 GHz. In addition, the size of the coupler can be further reduced by
adjusting the geometric parameters of UCSSPP unit to increase the propagation constant. The inset
in Figure 10e shows the S parameters of new designed UCSSPP coupler when the linewidth of

UCSSPP structure is increased to hy = 3.1 mm (dy = 2.5 mm), as shown in Figure 1c. It shows that

This article is protected by copyright. All rights reserved



the coupler also works at 9 GHz with good performance, but the coupling length Lz is only 19.2 mm,
which is half of the previous UCSSPP coupler with hy = 1.8 mm. Hence, the dimension of UCSSPP
coupler can be flexibly designed at a certain working frequency, on the other hand, the working
frequency also can be flexibly designed under a certain dimension. Figure 11a illustrates the photos
of the fabricated couplers with hy = 1.8 mm. The measured results show that the UCSSPP coupler
almost has the same EM response as the MS coupler but in a much smaller size, as shown in Figure

11b.

5. Conclusion

An UCSSPP TLsbased on the meander-line has been proposed in this work, which can achieve a
compact size and.a. lower asymptotic frequency. The coupling between two UCSSPP TLs with
different line arrangements has been well studied. Compared with MS TLs, the UCSSPP TLs have
excellent crosstalk suppression and signal integrity when arranged back-to-back. On the other hand,
a super miniaturized SSPP coupler for cross-transmission at 9 GHz has been designed by taking
advantage ofithesstrong coupling of UCSSPP in face-to-face arrangement, and its working frequency
can be adjusted-arbitrarily. In addition, the alternate arrangement of UCSSPP and MS TLs has been
adopted to solve the mutual coupling issue in multi-line system. All the performances of UCSSPP
have been verified by both simulations and experiments, which have good agreement with each other.
The proposed UCSSPP TL can not only suppress crosstalk and improve signal integrity, but also can
be used to design miniature microwave devices, which is of great significance and potential value in

modern communigation systems and equipment.
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Figure 1. The cture of a) MS line, b) conventional SSPP TL, and ¢) UCSSPP TL. d) Dispersion diagrams

of different units, in which p =2.4 mm, a=0.9 mm, | = 2.1 mm, g = 0.3 mm. e) Dispersion diagrams of the proposed
ultra-compact SSPP unit with different | and dy.
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I3= 1.3 mm, l4=2:65.mm, Is= 1.9 mm, ls= 2.05 mm, d; = 0.15 mm, d2= 0.4 mm, dz=0.55 mm, ds= 0.7 mm, ds =
0.8 mm and ds = 0.85 mm. b) The schematic diagrams of conventional rectangular-groove SSPP TL, in which hs =
3.1mm, ds=2.7 mm, d;=0.3 mm, d2=0.75 mm, ds= 1.2 mm, d2s= 1.65 mm, ds= 2.1 mm and d¢ = 2.5 mm. ¢) The

simulated and d) the measured transmission coefficients (S21) and reflection coefficients (S11) of UCSSPP TL and
conventional SSPP T Lz
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-40 || =~ S$21 of back-to-back UCSSPP TL (Case A)
~~- 841 of back-to-back UCSSPP TL (Case A)
-50 | =~ S21 of face-to-face UCSSPP TL (Case B)
~ 841 of face-to-face UCSSPP TL (Case B)
60| ==S21 of face-to-back UCSSPP TL (Case C)
~— 841 of face-to-back UCSSPP TL (Case C)

0 2 4 6 8 10 12 14 16
Frequency (GHz)

Figure 3. a) SPru two adjacent UCSSPP TLs arranged in cases A, B and C, in which, L1 =184 mm, L, =
14 mm, Lz = 38.4 mm and the separation of two UCSSPP TLs is s = 0.4 mm. b) The simulated transmission
coefficient (521) hling coefficient (S41) of three cases. ¢) Simulated electric field vector distribution on the
yoz-plane of cross section of the UCSSPP unit.
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Figure 4. a) The es of two adjacent UCSSPP TLs in back-to-back case. b) The structures of two adjacent
MS TLs. c-f) SiuHZl and S41 of UCSSPP TLs and MS TLs with different separations.
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Figure 5. Simulate ctric field distributions (E;) of @) UCSSPP TLs and b) MS TLs on the xoy-plane with s =
]

0.6 mm at 11 GHz. Simulated electric field distributions (E;) of ¢) UCSSPP TLs and d) MS TLs on the yoz-plane.
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Figure 6. Fabricated samples of a) UCSSPP TLs and b) MS TLs. Measured S21 and S41 of MS TLs and UCSSPP
TLs with c) s=0.3 mmand d) s = 0.6 mm.
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Figure 7. a) The input signals from port 1 and port 3 of broadband Gaussian pulses (8—12 GHz) with a 0.5 ns time
interval. The ignals of port 2 and port 4 of b) UCSSPP TLs and ¢) MS TLs.
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Figure 8. The strm a) Case-1 and b) Case-2. The simulated S21 and S41 of ¢) Case-1 and d) Case-2.
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Figure 9. Fabricated samples of a) Case-1 with s = 0.1 mm and b) Case-2 with s = 0.3 mm. ¢) Measured S21 and
S41 of Case-1 and Case-2.
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Table I

COMPARISON BETWEEN UCSSPP TLs AND PREVIOUS WORKS.

Tvoe Ref Linewidth | Separation S41 from 0 to Asymptotic
w (mm) (mm) 12GHz (dB) frequency (GHz)
[26] 2.4 0.8 <-15 15
Two SSPP
TLs )
This.work 1.8 0.6 <-28 15.8
[27 1.2 3.6 <-20 40
[28] 2.5 0.4 <-10 15.5
SSPP TL &
MS TL
[29] 2.44 2.4 <-20 16
This work 1.8 0.1 <-30 15.8
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Figure 10. The structure of a) UCSSPP coupler and b) the MS coupler, in which hy = hn =1.8 mm, s =0.2 mm. The
electric field distributions (E;) on the xoy plane at 9 GHz of ¢) UCSSPP coupler and d) MS coupler. ) Simulated S
plers, and the inset is the simulated S parameters of the UCSSPP coupler with hy = 3.1

8

parameters of t.he two cou
mm, s = 0.2 mm and L3 5319.2 mm.
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Figure 11. a) The fabricated samples of the UCSSPP coupler and MS coupler. b) Measured S parameters of two
couplers.

An ultra-compaet'spoof surface plasmon polariton (UCSSPP) transmission line (TL) that can achieve
great linewidth“reduction is proposed, and the coupling effects between two UCSSPP TLs under
different arrangements are further studied. The results show that the proposed UCSSPP TL has
significant advantages in linewidth reduction, crosstalk suppression, device miniaturization design,
and so on.
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