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Abstract: Interconnects have become a major obstacle in chip scaling. Spoof surface plasmon po-
lariton (SSPP) modes have gained attention for their ability to manipulate light beyond diffraction
limits at a given frequency, leading to SSPP interconnects. This article investigates the transmission
characteristics of SSPP interconnect pairs placed side by side in the terahertz frequency range with
comprehensive performance analysis. The proposed SSPP waveguide pair exhibits a maximum
transmission coefficient of around —0.05 dB in the —3 dB band in the terahertz frequency range.
Due to field confinement near the metal-dielectric interface, energy remains confined for the
designed SSPP interconnect pair system. The proposed SSPP structure shows several bands in the
terahertz frequency range, whereas conventional interconnects shows almost zero transmission at
such frequencies. Additionally, the effect of geometric parameters on transmission coefficients
(S21) and coupling coefficients (S41) has been investigated. Moreover, it has been shown that
the bandwidth, as well as the upper cutoff frequency, can be tuned by varying the geometric
parameters such as groove height, groove width and groove density. Since global interconnects un-
dergo bending in actual circuits during distant data transmission on chips, geometric mismatches
may occur between adjacent pairs of SSPP interconnects. Hence, it has also been examined how
bending and mismatches affect transmission and coupling coefficients. Several SSPP schemes have
been simulated, among which the best performance is obtained with 2 um mismatch in groove
height. For this optimized design, two corrugated metal interconnects are considered with groove
heights of 20 um and 22 pm, respectively, a groove width of 3 um, a period of 20 um, and the
number of grooves at 50. For this particular configuration, an ultra-wide passband is found having
a bandwidth of almost 400 GHz, with a signal reflection of below —12 dB and little insertion loss
of ~—1.43 dB.

Keywords: interconnect; surface plasmon polariton; terahertz; scattering parameters; bandwidth;
transmission coefficient; coupling coefficient; groove; waveguide; electromagnetic energy
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In 1965, Gordon Moore predicted that the number of transistors on a microchip would

double every two years. The advent of silicon chips has resulted in more than a billion
transistors on a single chip. As the number of transistors kept increasing, scaling had to
be carried out to accommodate the transistors. However, if interconnects are also scaled
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by the same factor, the interconnect RC delay per unit length increases by a factor of
S? [1]. Furthermore, resistance increases by S?, which leads to greater power dissipation.
Furthermore, as the interconnects become closer, cross-talk, i.e., the coupling of signals
from one interconnect to another, also increases. Hence interconnects play a major role in
restricting performance [2].

J.D.Meindl [3] proposed that to maintain Moore’s law in the future, interconnects
must be the foundation of nanoelectronics. One such innovation is the use of optical
interconnects. The concept of such interconnects is similar to optical fibres which are
used for long-distance communication. Optical interconnects have several advantages
over electrical wires in aspects such as cross-talk, latency and frequency-dependent losses
[4,5]. Later on, it was shown that under 15 cm, the use of optical interconnect becomes
less feasible energetically compared to electrical interconnects [6]. Thus, the electrical
interconnect prevails over optical ones around the range of 0.1 cm. As a result, for the
‘last centimeter barrier” [7] (0.1-10 cm), a novel interconnect is proposed that utilizes
surface plasmons as a means of communication. In 2004, J. Pendry [8] proposed corrugated
metal structures along which surface waves (having a frequency in the microwave and
terahertz regions) similar to SPP (Surface Plasmon Polariton) propagation. These artificially
created surface waves are known as Spoof Surface Plasmon Polaritons (SSPPs). In such
interconnects, strongly coupled localized surface waves propagate along the interface of a
corrugated metal and dielectric medium. Owing to this strong confinement [9], cross-talk
in SSPP interconnects is also reduced significantly.

In this work, we investigate the transmission characteristics of SSPP interconnects in
the terahertz frequency range and conduct a comprehensive performance analysis. We
have investigated the possibility of tuning bandwidth and bandwidth density by varying
the geometric parameters of the interconnects, such as their height, width and groove
density. Additionally, we examined the effects of variations between interconnect pairs and
structure bending on transmission and coupling coefficients.

The rest of the paper is organized as follows: Section 2 discusses the related works.
The modeling and detail simulation methodology for the proposed SSPP based interconnect
design are described in Section 3. Section 4 presents the simulation results to evaluate
the performance of the proposed interconnect design. Section 5 provides a performance
summary of the proposed SSPP interconnect design, as well as a performance comparison
with state-of-the-art SSPP interconnects. Finally, Section 6 outlines the conclusions.

2. Related Work

Shen et al. [10] presented the concept of Conformal Surface Plasmons (CSP) in 2012.
Here plasmonic comb-shaped metamaterials that supported CSP were shown. It was
found that 70% of the flux energy of the propagating wave was confined within an area
defined by 0.44A. In 2015, Liang [11] proposed two novel metamaterial devices. These
included a split-ring resonator and SPP (Surface Plasmon Polariton) T-line interconnect with
CMOS on chips. The authors compared the performance of the proposed interconnect with
conventional ones. It was seen that in SPP lines, TM modes propagated, and in conventional
lines, TEM mode propagated along the structure. There was significant reduction in cross-
talk, 19 dB on average, from 220 to 325 GHz. The insertion loss was found to be 1 dB
lower than conventional lines. The SPP lines achieved a high coupling factor of —2 dB
at 140 GHz, which was 3 dB higher than conventional ones, showing great potential for
future applications. Aihara et al. [12] showed a monolithic integrated circuit consisting of a
plasmonic device and MOSFETs. In the plasmonic device, SPPs were excited and guided
through a gold silicon interface. These waves were used to generate a photocurrent by
which the electrical circuits were driven. The propagation loss of the plasmonic waveguide
was found to be 0.02 dB/pm. Chen [13] proposed ultrathin SSPP structures with T-shape
grooves. The author performed a simulation in the range 0 to 15 GHz and showed variation
in the cutoff frequencies with a change in the geometric parameters. As the range was
restricted within 0 to 15 GHz, the feasibility of the model for ultrafast communication was
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not explored in the paper. A series of passive and active devices designed for applications
are shown in Tang et al. [14]. Furthermore, filters, couplers and antennas based on Spoof
Surface Plasmon Polariton are mentioned in [15]. Nevertheless, the precise manipulation
of dispersion characteristics to produce the desired frequency response was not explored
and left to further research and development.

In [16], a model for an effective dielectric constant for terahertz spoof plasmon po-
lariton waveguides was proposed for the first time. Both experiments and simulations
were carried out on these waveguides in the range of 0.25 to 0.3 THz. The measured values
were very close to simulated results, having an average and a maximum error of 2.6% and
8.8%, respectively. However, performance parameters such as the transmission coefficient
and corresponding energies remained undetermined. Plasmonic circuits using CMOS-
compatible processes had been constructed within an area of about a few hundred square
micrometers [17]. Thus, it was verified that low-loss and high-speed plasmonic circuits
would be configurable for on-chip interconnects. In [18], SSPP transmission lines and
splitters have been demonstrated within the frequency range of 2 to 14 GHz. Here the study
of impedance analysis and the design of isolation resistor had been left for future work. The
viability of plasmonic circuits has been further illustrated by plasmonic detectors that can
sample terahertz pulses with high efficiency [19]. The use of SSPP structures to generate
ultrabroadband terahertz radiation [20] is another important field that has been worked
upon in recent times. In [21], a design is presented that provides a high-performance
transition in between coplanar and SSPP waveguides. In the frequency range of 0.25 to
0.3 THz, it achieved a minimal loss of —0.5 dB to —1.2 dB. Compact SSPP transmission
lines have been designed that do not use the conventional gradient transition for SSPP
excitation [22]. Another recent advancement involves the experimental verification of SSPP
behaviour beyond 1 THz [23]. Three structures with band-edge frequencies of 0.53 THz,
0.63 THz and 1.04 THz have been designed and transmission characteristics were verified
using a terahertz-time-domain spectrometer system.

To overcome the shortcomings of the existing approaches, this paper presents a design
of an SSPP interconnect and points out several features that makes it suitable for data
transmission in the terahertz range. The proposed model demonstrates a very large
transmission bandwidth and also bandwidth tuning by varying the geometric parameters.
Finally the performance of the presented model has been compared to some existing works.

3. Modeling and Simulation Method

SSPP waveguide performance is greatly influenced by the geometric parameters of
the simulated model. Therefore, the design and the selection of dimensions are the most
important features of this study. At first, the simulated two dimensional scheme is pre-
sented, with necessary justifications for the chosen parameters. Then the overall simulation
methodology in COMSOL Multiphysics is discussed in brief in the following subsections.

3.1. Two Dimensional Design of SSPP Interconnect Pair

In this study, 2-dimensional architecture has been used instead of a 3-dimensional
model. Because the later uses the lumped port feature of COMSOL for the excitation of
the aggressor transmission line, which has an issue of impedance mismatch between the
input signal i.e., the excitation port and the micro-strip line. Furthermore, the thickness of
the SSPP waveguide plays an insignificant role in determining its dispersion relation [24].
Therefore, a 2D model can provide us with a clear and concrete insight regarding transmis-
sion, coupling, cross-talk, bandwidth parameters, etc., which are discussed in the ‘Results
and Discussion’ section.

In Figure 1a, the two dimensional model of two neighbouring SSPP interconnects is
shown. The overall 2D structure can be divided into three major parts: section A, B and
C. Figure 2a—c show the detailed descriptions of these parts. There are four ports among
which two are in the transmitter side (port 1 and port 3), and the other two ports are in
the receiver side (port 2 and port 4). From Figure 1a, it can be observed that ports 1 and
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2 are the transmitter and receiver ports for interconnect 1, respectively, while ports 3 and
4 are the same for interconnect 2. The labelled dimension of an interconnect is shown in
Figure 1b. The grooves are uniform in all geometric parameters and have a height of #,
width g, period d and thickness .

One of the aims of this study is to investigate the effect of the field distribution of one
interconnect on other. Therefore, the input signal is provided only in interconnect 1 and the
other ports (2, 3, 4) are left without any excitation. Thus, how much interference is imposed
upon interconnect 2 from interconnect 1 can be easily observed. Hence, interconnect 1
is considered as the aggressor wire, while interconnect 2 is termed as the victim wire
throughout the study.

LRIPLALALPLALALALALALAL AL ALALALALALAL AL AL ALALALALALALAL AL FLALA ALALRL AL AL g N
L L e e e N =
Dielectric
LS IFLALALALAUALALALAUALAL AL AL ALALRLALSLALALSL AL LA AL LA AL LA AL A s
3 L e e B e e e e e
2 d
TRl Uy S gk igl
e o U N
l . Section B / (
(SSPP Waveguide pair)
Section A Section C
(Transmitter side) (Receiver Side) Grooves
(a) (b)

Figure 1. (a) Pair of adjacent SSPP interconnects in two dimension (top view). (b) The dimensions of
the grooves including height, width and period (top view).

The configuration for the transmitting and receiving end of the actual 2D system is
depicted in Figure 2a,b. The device features an adapter that transforms the transverse
electromagnetic mode (TEM) into a surface-bound mode for the electrical signal to be
transferred via the SSPP interconnect. Each adapter consists of a Vivaldi waveguide
transition and grooves, with increasing height, to match the TEM mode with the SSPP
mode. The geometry of the waveguide transition is determined using the expressions
derived in [25], where the height (H) and width(W) of the waveguide transition are given
by the equations H > M and W > W, respectively. Here, A, i, and Amax
represents the minimum and maximum operating wavelength, respectively. In this work,
the maximum and minimum frequency for SSPP excitation are considered to be 2.8 and
3.25 THz. This corresponds to Amax = 107.14 um and A, i, = 92.31 um. Thus, according
to the above equations, H should be greater than 99.73 um and W should be greater than
49.86 um. Hence, the geometry of the waveguide transition is set as follows: W = 60 pm
and H =100 um. The opening rate, «, is kept at 0.8. Furthermore, for SSPP to be excited,
the width of the rectangular ports (1,2,3 and 4) should be %, where d represents the period
of the grooves. As a result, the width of the ports are given as 5 um and the value of the
heights is 2.5 um.

This adapter configuration causes the TM mode to propagate through the SSPP waveg-
uide (Figure 2c) of interconnect 1. The receiving end also consists of a similar structure that
converts the SSPP mode back into the TEM mode. As shown in Figure 2c, each interconnect
has periodic metallic corrugation on both sides. In this study, the mutual coupling, or the
cross talk phenomena, between the neighbouring wires has been investigated. Only the
portions of both interconnects which face each other would interact. Therefore, the modi-
fied geometry of Figure 3a is more suitable for this study instead of the overall 2D geometry
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of Figure 1a. In Figure 3a, only the face-to-face parts (enclosed by red box in the figure)
from both interconnects are considered for simulation, rather than the overall structure.
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Figure 2. Different parts of an SSPP interconnect pair: (a) transmitter side having input ports (1,3) and
Vivaldi waveguide transition, (b) receiver side having ports (2,4) and Vivaldi waveguide transition,
and (c) SSPP waveguide pair.

Further, some modifications are made on this structure in Figure 3a, in order to
create a convenient architecture of SSPP interconnect pairs for successful simulation in
the COMSOL Multiphysics environment. This conversion, or the modification of geome-
try, is demonstrated in Figure 3b. From Figure 3b, the portion between the two metal
lines consists of a dielectric. Surface plasmon involves the oscillations of electromagnetic
waves in the dielectric medium and also the collective electron oscillations on the metal
surface. This results in extremely high field confinement in the dielectric-metal interface.
Thus, the electric and magnetic field distributions are found over the dielectric surface
between the two metals. Hence the entire region between the two metallic interconnects
has been chosen for further analysis. Finally, we have ended up with the form of ge-
ometry as shown in Figure 4a. In this figure, the internal dielectric domain is modelled
with two horn-link structures at the transmitter and receiver ends, having four ports in
total. Furthermore, a typical portion of identical grooves on both sides of the interim
dielectric domain is zoomed and displayed as an inset image in Figure 4a. The four
arrows represent the edges or the corners of metal-dielectric interfaces, where the sur-
face wave field distribution is most likely to be concentrated. In Figures 5 and 6a,b, the
electric field is observed to be highly confined within these metal-dielectric interfaces,
typically indicated by the four arrows in Figure 4a. The upper two arrows represent
the metal-dielectric interface 1 and the lower two arrows represent the metal-dielectric
interface 2. Throughout the study, this converted geometry is considered for analyzing
the prospects and aspects of SSPP interconnect pairs.
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Figure 3. (a) The face-to-face portions from both interconnects (enclosed by the red box) considered

Metal

in the study. (b) Actual modified geometry of SSPP interconnect pair that is designed and simulated
in COMSOL Multi-physics environment.
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(a) (b)

Figure 4. (a) Final geometry of SSPP interconnect pair system considered in this study. (b) Dispersion
curve of a pair of SSPP interconnects having h =20 um, d =20 um, a = 3 pm, m = 50.
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Figure 5. Top view of electric field distribution in a portion of proposed SSPP waveguide.
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Figure 6. (a) Elimination of cross-talk in between two interconnects comprising the SSPP pair, and

(b) Periodic oscillation of electric field between two metal-dielectric interfaces on both sides of the
dielectric channel.

3.2. Geometric Dimensions of Simulated SSPP Waveguide

The geometric dimensions considered in this study are listed in Table 1. These geomet-
ric parameters are determined in such a way that the surface plasmon becomes excited and
the interconnect pair should operate within a desired frequency range.
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Table 1. Parameters of our basic SSPP structure.

Geometric Varied Parameter Constant Parameter
Fundamental Values
Parameters Values Values
. h =20 um, 21 um, a=3um;d=20 um;
Groove height (i) 20 um 22 um 1 = 50
Groove width (a) 3 um a=3um, 4 um, 5 um h=20 uy:l’—té(:) 20 pm;
Groove period (d) and d =40 pum, 20 um,

d =20 um and m =50 a =3 um; h=20 pm

Number of grooves (1) 10 um; m = 25, 50, 100

The more we approach the plasma frequency, the more the propagating wave number
is deviated from the free space-wave number, which in turn increases the field confinement,
self coupling and also reduces the mutual coupling.

Figure 4b shows the dispersion curve of one of the simulated SSPP models with
h =20 um, d =20 um, a =3 pm and m = 50. From Figure 4b, it can be observed that the SSPP
dispersion curve coincides with the light line for smaller values of the propagation vector,
indicating dispersionless transmission. This also refers to smaller self coupling and higher
mutual coupling between two corrugated metal pieces, located on both sides of the interim
dielectric, resulting in less electric field confinement. There is an upper cutoff frequency
over which the electric field is tightly confined within the metal-dielectric interface. Up to
this cutoff, the SSPP channel provides the passbands and above this, it blocks the signal to
be transmitted. This cutoff is called the plasma frequency (w)) or the resonant frequency of
the SSPP waveguide pair.

The SSPP plasma frequency has been chosen to be around 3.25 THz, as shown in
Figure 4b. It has been found that if the operating frequency is far away from the plasma
frequency, specially within the lower £ portion of the dispersion curve (along the Y axis),
then mutual coupling dominates over self coupling [24] and so the cross-talk increases.
Therefore, in order to avoid mutual coupling and to obtain tight field confinement, the
operating frequency should be chosen above this cross-talk region of the Y axis, particularly
in the upper 1 part of the dispersion curve (along the Y axis), shown in Figure 4b.

An analytic expression was derived in [26] incorporating the relation between plasma
frequency and the groove height: w, = 77, where w,, is the desired plasma frequency,
c is the speed of light and h is the height of the grooves. As the plasma frequency is
around 3.25 THz, groove height / is taken to be 20 pm. Later on,  is varied between
20 um and 22 um to observe the effect of groove height on transmission bandwidth, cross-
talk, coupling etc. performance parameters. To support the SSPP mode, the required
relation to be maintained between the groove height and groove period is, 2k > d [24,27].
So, the minimum value of g ratio should be 0.5 to excite the surface wave. To fulfil this
postulation, the groove period (d) is considered as 20 pum, so that the % ratio becomes 1 in
the proposed design.

For a given period ‘d” in metasurface, if the ratio % decreases, then the field confinement

increases for a broader range of frequencies on the fundamental band. It also reduces the
cross-talk and ohmic loss in the metal. So, the groove width a is chosen in such a way that
coupling factor § is small. In this design, the groove width (a) is taken as 3 um so that
£ =0.15.
’ The spacing between two interconnects should be 2k according to [26]. Hence, the
spacing (x) is considered as 40 um. At first, the number of grooves considered are 50. So,
the interconnect length becomes = number of grooves x groove period = 1000 um or 0.1 cm.
The last centimetre barrier for a chip-to-chip interconnect is 0.1 cm to 10 cm [28]. Thus the
proposed 2-dimensional SSPP interconnect pair system also satisfies this criterion.
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3.3. Simulation by Varying the Dimension

Column 2 of Table 1 represents the initial or the fundamental values of different
geometric parameters. Further, these values are varied in a certain range in order to
investigate the dependence of the performance of SSPP channel pairs on these geometric
parameters. The fundamental dimensions of the grooves were explained in the previous
section. In this section, we discuss about how these fundamental parameters (a, i, d, m)
were varied to observe their effects on the high-frequency data transmission through the
SSPP waveguide. While a particular parameter is varied, others are kept constant at their
fundamental values, determined by the process described in Section 3.2.

Table 1 (Column 3) also shows the variation in different parameters used in the study.
For instance, the groove height (k) is varied from 20 um to 22 pum to examine how the
transmission, cross-talk, bandwidth etc. performance factors change as a result of the
change in ‘h’. Whenever the groove height is varied, the other groove parameters such as
width (a), period (d) and number (1) are kept constant at their fundamental values (listed in
the 4th column of Table 1). Thus, each geometric dimension is changed to explore its effect
on signal transmission through the SSPP interconnect pair. For all the cases, the distance
between interconnects (x) and the length of the interconnects (L) are kept constant at their
respective fundamental values of 40 pm and 1000 pm.

3.4. Simulated Schemes

The trajectory of SSPP interconnects can be of various types on a chip. So, along with
the geometric variations in a straight one, four different types of potential wave paths have
been considered. Each of these are shown in Figures 7. The straight interconnect pair is
displayed in Figure 4a. The 45° and 90° bent, and the zigzag SSPP interconnect pairs have
also been considered in this study. These are illustrated in Figure 7a, 7b and 7c, respectively.
The performances of these structures have been compared with the straight one.

3.5. Simulation Method

For simulation, the frequency domain analysis was used under the RF module of
COMSOL Multiphysics 5.5. For this study, several boundary conditions are defined in
order to incorporate the surface plasmon polariton physics into the geometry. For a pair
of interconnects, two metal-dielectric interfaces exist in the design, as shown in Figure 4a.
One is in between the aggressor wire and interim dielectric, and another one is in between
the victim wire and the dielectric.

N

1
M = )
%\.\) A C WY/ ,‘\\(/
R X = / \ ¥ \
N = ¥ 5
YR = Y A \ o
\X 3 = / Af \ ¥ \\ (\/ |
YOO 5 i / \) VAN
y & = VEEN N AN Y
\:\/ A - ;“ N\ / \/
Vo = \>’ T (\ NV
{ “‘\ = / 4 / \\ 4 \/
QO - / /
& £ = . A ) W,
\\‘ I NN NN = \(\\ A ’/\)’
2 = /N 4
Irrrrerrrrrrrrrerrerrrrreets "\ o /v
(b) (c)

Figure 7. Proposed structures: (a) 45° bent, (b) 90° bent and (c) zigzag-patterned SSPP waveg-
uide pairs.

The main goal of this work is to explore the prospects of SSPP interconnect pairs for
ultrafast data transmission. Hence, the converters (TE to TEM, TEM to SSPP and finally
SSPP to TE) have been excluded in the model; rather, direct port excitation is given in the
from of a Transverse Magnetic (TM) mode, which is supported by the SSPP waveguide.
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For direct excitation of the SSPP mode, the ‘port’ feature of COMSOL has been used.
Four ports are declared among which two ports (port 1 and port 2) are associated with the
aggressor interconnect and another two ports (port 3 and port 4) belong to the victim wire
(Figure 2).

The SSPP mode propagates along the metal-dielectric planar surface and the am-
plitude of this evanescent component is maximum at the groove and it decays exponen-
tially into the dielectric with increasing distance. Therefore, the surface plasmon mode is
modelled with two decaying exponent functions e #1¥ and ef2¥ along the y direction for
interface 1 and interface 2, respectively. Here, 81 and 3 are the propagation constants of
the SSPP mode at two opposite interfaces. For interface 1, amplitude decreases as we move
downwards in the y direction (into the dielectric medium) and for interface 2, amplitude
decreases as we go upwards along the y axis. Hence, the TM mode has exponents e~#1¥
and eP2¥ for the respective ports.

With these excited surface wave components, the actual TM wave passing through the
surface looks like

Hy; = Ae*XeF1y @)

Hy, = Belk+¥eP2y )

Here, ¢’*:* is the propagating wave along the x direction. A and B are two constants,
representing the amplitude of the magnetic field components.
Using Maxwell’s equation,

oD .
V X Hy; = o] + 5= —iwegEq; 3)

i ] k

o) J J

V X le == a @ E

0 0 Hy,

. 0 . 0
= la(le) ]a(le)

= —B1Hy,1 — ikyHy,j

—(,Blle’i\ + ikXlei) = —iCLJGdElz

H1z 2 g R
Ei, = —= 4
= Bl = (B11 + ikyj) 4)
Similarly
H. % PR
Ey, = w; (—Boi + iky}) (5)

E1; and Ey; are the corresponding electric field components at opposite metal-dielectric
interfaces. The conductor edges are defined by the Perfect Electric Conductor (PEC) bound-
ary condition, so that the simulator considers it as the boundary of the metallic interconnect.
A scattering boundary condition is used to model the outer environment.

4. Results and Discussion

In this section, we will present the simulation results of the designed SSPP interconnect
in detail and conduct a comprehensive performance analysis. Simulations of several SSPP
schemes will be performed. In addition, the effect of variations in geometric parameters on
SSPP waveguide performance will be investigated thoroughly.

4.1. Electric Field Distribution of SSPP Interconnect Pair

The electric field distributions observed in the finite element study are shown in
Figures 5 and 6a,b. When excitation is provided in port 1 of the aggressor wire, a surface
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wave travels the entire region of the dielectric in an oscillatory fashion by coupling both
interconnects periodically. During this travel of the surface wave, the electric field distri-
bution is found to be confined within the metal dielectric interface as shown in Figure 5.
The electric field is trapped inside the cavity, created in between the neighbouring metal
interconnect edges. For this high confinement of the electric field within the metal-dielectric
interface, the surface wave signal transmission system renders lower cross-talk or inter-
channel interference. However, there is still a possibility of intra-pair cross-talk. The signal
passes through the SSPP interconnect pair with a pulsating nature by engaging both of
the interconnects, as shown in Figure 6b. The electric field distribution is found in the
metal-dielectric interface 2, even though the second interconnect of the pair does not have
any input excitation. This phenomenon can be regarded as intra-pair cross-talk, since it
occurs in between the two connectors of the same pair. This intra-pair interference can also
be minimized or mitigated according to Figure 6b. In Figure 6b, Ic is called the coupling
length. The distance covered by the surface wave, while completing one oscillation, is
termed as the ‘coupling length’. For the SSPP pair, shown in Figure 6a, we can observe
that the interference from connector 1 to connector 2 can be reduced to a greater extent, if
the length of the pair is half of the coupling length, symbolically L = Ic/2. In that case, the
surface wave may reach the receiver of interconnect 1 from the transmitter, without being
coupled with connector 2. As a result, the cross-talk in between two connectors of same
SSPP pair can be reduced significantly.

4.2. Effects of Variation in Geometric Parameters on Transmission Bandwidth

An important aspect of SSPP technology is that the transmission zones or the bands
show prominent dependence on groove height, width, period, groove density, spacing
between the corrugated metal pair, etc., geometric configurations of the waveguide pair.
These structural parameters can be tuned to transmit a signal within a suitable band through
the SSPP waveguide. The dependence of transmission bandwidth on these geometric
parameters is discussed in the following subsections, with the necessary simulated plots in
COMSOL. The findings of this study have been verified by relevant analytical expressions,
empirically derived in previous works.

For all simulations, the port excitation is given in port 1 of the first metal interconnect,
and the second one is not provided with any input signal. Therefore, Sy; is considered as
the transmission coefficient, i.e., the fraction of the signal being propagated to the other
terminal of interconnect 1 and Sy4; is considered as the coupling coefficient or fraction of the
input signal, being coupled with interconnect 2.

4.2.1. Variation in Groove Height

To examine the dependence of the SSPP bandwidth on groove height, three different
heights have been considered: & = 20 pm, 21 pm and 22 pm. In all three cases, the width of
the grooves (a2 = 3 um), the period of the grooves (d = 20 um), the number of the grooves
(m = 50) and all other design parameters were kept constant.

Referring to Figure 8a,b, it can be observed that the transmission and the coupling
coefficient show an oscillatory nature and fluctuate periodically. Furthermore, when the
transmission reaches its maximum value, the coupling reaches its minimum value and vice
versa. For example, at 2.91 THz, the transmission becomes maximum (Figure 8a) and the
coupling coefficient becomes minimum (Figure 8b). This is true for all the points within
the simulated frequency range. This pulsating nature of Sy; and Sy validates the field
confinement within the metal-dielectric interface.

From Figure 8a, it is also observed that the upper cutoff frequencies of the SSPP
channel are around 3.25 THz, 3.12 THz and 2.98 THz for groove height 20 um, 21 pm and
22 um, respectively. So, it is possible to draw a relationship between the groove height and
the transmission bandwidth. The upper bandwidth frequency decreases as the height of
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the grooves increases and vice versa. This phenomena can be explained by the analytical
expression derived in [24] as follows:

Bty = (5 ~ o) (W)

|

Coupling Coefficient, S, (dB)

(6)

e (ﬂ B a)
27mg,effh 2 4h2 _ d2
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Figure 8. (a) Transmission Coefficient (Sp1) and (b) Coupling Coefficient (Sy1) of SSPP interconnect
pair for three different groove heights, 1 = 20 um, 21 pm and 22 pm. Other parameters are a = 3 um,
d =20 pm and m = 50.

According to Equation (6), the SSPP bandwidth is inversely proportional to the height
of the groove (h). So, this theoretical prediction matches with the simulated result for a pair
of SSPP interconnects.

The bandwidth change with the variation of groove height can also be explained from
the perspective of the wave vector and plasma frequency. The relationship between the
SSPP wave vector and the free space-wave vector was derived in [29] as follows,

k= ko\/l + (%>2tan2(k0h) @)

where, kg, 2 and & refer to the free space-wave vector, groove width and height, respectively.
As the groove height increases, the SSPP wave vector k|| differs more and more from the free
space-wave vector kg and deviates from the light line (Figure 9). So, the saturated frequency
or the bandedge frequency is achieved quite early,which results in a lower-valued plasma
frequency. As the operating frequency goes closer to the plasma frequency, the electric
field confinement becomes more and more tight. After the plasma frequency, the electric
field is strongly or tightly confined within the metal-dielectric interface. Hence, the carrier
surface wave cannot propagate and the signal cannot be transmitted further. This particular
frequency is termed as the upper cutoff frequency, above which the SSPP channel pair does
not allow any signal to propagate.

In Figure 9, the plasma frequencies for groove height 20 um, 21 um and 22 um
are found to be 3.25 THz, 3.12 THz and 2.98 THz, respectively. That means the plasma
frequency decreases as the groove height increases. Therefore, the SSPP channel pair
reaches the saturated bandedge frequency i.e., the upper cutoff frequency, earlier and so
the bandwidth decreases.



Electronics 2023, 12, 3719

13 of 26

3.25
T 3.00-
=
o
g 2.75
(]
=]
o 2.50-
[ ——Light Line
295 Groove Height 20pum
) Groove Height 21um
Groove Height 22um
2.00

0.3 04 0.5 0.6 0.7 08 09
Kk, d/r

Figure 9. Dispersion curves of SSPP interconnect pair for three different groove heights, = 20 um,
21 um and 22 um.

4.2.2. Variation in Groove Width

To examine the dependence of the SSPP data transmission bandwidth on the width of
the grooves, three different widths have been considered: 4 =3 pm, 4 pm and 5 pm. In all
three cases, the height of the grooves (h =20 um), the period of the grooves (d = 20 um),
the number of the grooves (im = 50) and all other design parameters were kept constant.
Here the periodic nature of transmission and coupling coefficient holds as before, e.g., for
the groove width of 5 um, at 2.9 THz frequency, the Sy; reaches at its maximum value
(Figure 10a), while S41 goes to its minimum value (Figure 10b). This is true for all other
frequencies within the simulated frequency range.

In Figure 10a, the upper cutoff frequencies are around 3.25 THz, 3.165 THz and
3.09 THz for a groove with widths of 3 um, 4 um and 5 um, respectively. The upper
bandwidth frequency decreases as the width of the groove increases. This can be explained
by Equation (6), which shows that increase in groove width causes a decrease in bandwidth.

In Figure 11, the plasma frequencies decrease as the groove width is increased. That is
because, according to Equation (7), the increase in groove width causes a larger deviation
of the SSPP wave vector from the free space-wave vector. So, with a 5 um groove width,
the SSPP channel pair obtains the maximum field confinement at comparatively lower
frequency, which results in smaller bandedge frequency and therefore the upper bandwidth
frequency is reduced.

A similar type of dependence of bandwidth on groove height has been observed earlier.
However, the effect of width change is comparatively less than that of height change. As
per Equation (6), the SSPP bandwidth has an inversely proportional relation with height
but a linear subtractive relation with groove width. Therefore, the groove height is a more
prominent or critical factor than groove width to determine the transmission bandwidth
of an SSPP channel pair. By comparing Figures 9 and 11, it can be observed that the
dispersion curves are comparatively closer to each other for width change than the change
in height. That means the upper bandwidth frequency is less sensitive to groove width
than groove height.
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Figure 10. (a) Transmission Coefficient (S;1) and (b) Coupling Coefficient (S41) of SSPP interconnect
pair for three different groove widths: a = 3 pym, 4 um and 5 pm. Other parameters are & = 20 um,
d =20 um and m = 50.
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Figure 11. Dispersion curves of SSPP interconnect pair for three different groove widths: a = 3 um,
4 um and 5 pm

4.2.3. Variation in Groove Density

To investigate the effect of groove density on the SSPP channel bandwidth, the number
of grooves were varied by keeping the length of the waveguide pair constant. Hence, the
period of the grooves (d) was changed to keep the interconnect length (L) the same. In
this study, three different groove numbers are taken into consideration: m = 25, 50 and 100.
Therefore, the period of the grooves (d) varies by 40 pm, 20 um and 10 pm for three
different designs on a 1000 um length. The other parameters, such as groove height
(h =20 um), groove width (a = 3 um), waveguide length and spacing, etc., are kept constant
for all three cases.

The upper bandwidth frequencies (in Figure 12a) and the plasma frequencies (in
Figure 13) are found to be 3.125 THz, 3.25 THz and 3.365 THz for groove number 25, 50 and
100, respectively. The upper bandwidth frequency of the SSPP channel increases with the
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increase in groove density, i.e., the decrease in the groove period (d). As the groove density
increases, the grooves becomes closer. Hence, the electric field is more efficiently confined
within the metal-dielectric interface, which results in better transmission and eventually
larger passbands.
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Figure 12. (a) Transmission Coefficient (S;1) and (b) Coupling Coefficient (S41) for a pair of SSPP
interconnects for three different groove densities: d = 40 pm, 20 um and 10 pm, and m = 25, 50 and
100. Other parameters are a = 3 um, i = 20 um and L = 1000 pm.
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Figure 13. Dispersion curves of SSPP interconnect pair for three different groove densities.

This phenomena of an increase in the SSPP bandwidth with the increase in groove
density can also be explained from the perspective of coupling length. In Figure 14a—c, Ic is
called the coupling length. The distance covered by the surface wave, while completing
one oscillation, is termed as the ‘coupling length’. The coupling length of the SSPP channel
is represented as follows [24],

lim [ ~ exp [T[ a__ 2 } 8)

2wh— e EH 7tc — 2wh
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As the groove density increases, the periodic gap between the grooves (d) decreases.
The decrease in d will result in an exponential increase in the coupling length according
to Equation (8), which is visually demonstrated by Figure 14a—c. As the coupling length
increases, the magnetic field distribution is less spread over the interim dielectric; rather, it
is more confined within the metal-dielectric interface. It causes more self coupling and less
mutual coupling of the magnetic field between two adjacent corrugated metal wires. Thus,
the increase in groove density causes an increase in self coupling and a decrease in mutual
coupling, resulting in better transmission and larger passbands. The simulated results are
verified by the analytical expression of coupling length (Equation (8)) derived in [24].

Figure 14a—c show the magnetic field distributions for groove numbers 25, 50 and 100,
respectively. These magnetic field distributions of simulated designs support the theoretical
prediction as well. For grooves number 25, the magnetic field of both the aggressor (metal 1)
and victim wire (metal 2) overlap with each other (Figure 14a), resulting in higher mutual
coupling and lower self coupling. Hence, in Figure 12a, the transmission coefficient is
found to be smaller for groove number 25 than the other two cases. Furthermore, there is
no —3 dB band available to transmit data. The magnetic field is mostly distributed over the
interim dielectric material. So, the field confinement across the metal-dielectric interface
is comparatively lower, and coupling between two interconnects is substantially high (in
Figure 14a).

For a groove number of 50, the magnetic field confinement increases as compared
to before (Figure 14b). In Figure 14c, for the groove number of 100, the magnetic field
distribution is mostly found within the metal-dielectric interface and much less is spread
over the interim dielectric. Moreover, the coupling length goes beyond the SSPP pair length
considered in this study for m = 100 (Figure 14c). Half of the coupling length for the groove
number 100 is almost two times that of the total coupling length for a groove number of
50. Therefore, the coupling length is maximum for the groove number of 100 among three
cases. That means self coupling is very high and so transmission, along with bandwidth,
also increases for the groove number of 100. Thus, field confinement increases with groove
density and results in better transmission.

In Figure 14b, the coupling length increases for a groove number of 50, compared with
before (m = 25). Hence, the mutual coupling or cross talk is expected to be decreased. A
further increase in groove number (m = 100 in Figure 14c) causes a significant increase in Ic
that results in a reduction in mutual coupling or cross-talk. This observation can be verified
by Figure 12b. The coupling coefficient decreases for higher groove density and vice versa.
In Figure 12b, seven minima (below —10 dB) are observed for a groove number of 100;
four minima are found for a groove number of 50, while, in the case of a groove number
of 25, a single minima is achieved at 2.93 THz. That is, the coupling coefficient seems to
increase with a lower groove density, indicating a greater mutual coupling between the
two interconnects of the pair. In short, a higher groove density is recommended for greater
transmission and less coupling or cross-talk.

I Ic «
1 H l H l I 1 : 1 } 1 JE NN NN NN EEEE| N EEEEENEEEEENEEEEE
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Figure 14. Magnetic field distributions when number of grooves are (a) m = 25, (b) m = 50 and
(c) m =100 at 1.237 THz frequency. Ic represents the coupling length in (b,c).
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4.3. Effects of Geometric Mismatches

So far, it has been considered that both the interconnects comprising the SSPP channel
pair have the same geometric configurations. In this section, the transmission and coupling
coefficients have been measured in the presence of mismatches in the geometry. In this
study, 1 pm and 2 pm mismatches are introduced in both groove height and width. One
metal wire has 1 =20 um, a =3 pm and d = 20 um and another one has & =21 um, a = 3 um
and d = 20 um. Thus, a 1 um mismatch is created in the groove height. Similarly, for a 2 um
mismatch in height, one interconnect is considered with # =20 pm, a =3 pm and d = 20 pm
and the other one is considered with 7 =22 um,a=3 um and d =20 um.

In Figure 15a, it is found that for a 2 um mismatch in height, the spectral oscillations
near the upper bandwidth decrease and a larger flat zone of transmission is achieved than
the 1 um mismatch or no mismatch case. The more mismatch is introduced to the height, the
more the middle lobs become flat and consequently the transmission increases. For larger
mismatches in height, Sy; almost coincides with the 0 dB line, rendering a low insertion
loss and better transmission. For instance, a much larger passband of almost 400 GHz is
obtained when a 2 pm mismatch is present in the groove height of both interconnects of
the pair (in Figure 15a).

For no mismatch in height, two minima are found near 2.89 THz and 3 THz, which
are below —30 dB (Figure 15a). The transmission improves, when a 1 pm mismatch is
introduced in the height of the groove. There is only one minima at 2.84 THz, which renders
~—15 dB transmission coefficient. After 2.9 THz, no minima is found, rather transmission
improves significantly. Finally, for 2 um mismatches in groove height, there is no minima
within the simulated terahertz frequency range. That means the transmission loss is nearly
zero and almost a lossless transmission is possible. Thus by introducing mismatches in the
groove height during fabrication, the transmission can be improved to a larger extent.

) 10 — Tum mismatch in groove height 0 30 —— 1um mismatch in groove height
T —2um mismatch in groove height T —— 2um mismatch in groove height
5 30 —— No mismatch in groove height U‘J; 20 ——No mismatch in groove height
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g 10 g 0
] — :
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0 10 8 2
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£ 50 o -5 | . | ' '
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Frequency (THz) Frequency (THz)
(a) (b)

Figure 15. (a) Transmission coefficient (S»1) and (b) coupling coefficient (S41) of mismatched pair of
SSPP interconnects for three different mismatches in groove height.

Furthermore, from Figure 15b, it can be observed that the coupling coefficient Sy
is greatly reduced (below —10 dB) for a 2 um mismatch in height, while the coupling
coefficient is much higher for the no mismatch case. Thus, due to mismatches in height,
the coupling coefficient gradually decreases, which means that the electric field is mostly
confined within metal 1 and less coupled with metal 2. Due to the mismatches in groove
height, the two corrugated metal wires show less mutual coupling. So, the electromagnetic
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energy is more decoupled and confined within the aggressor metal wire (metal 1), which
results in better transmission and a lower coupling coefficient.

The effect of mismatches in the groove width has also been explored. For a 1 um
mismatch in width, two interconnects are considered. Among them, one has & = 20 um,
a =3 um and d = 20 um and the other interconnect has & =20 um, 2 = 4 um and d = 20 pm.
For a 2 um mismatch in width, one interconnect is considered with & = 20 um, a = 3 um
and d = 20 um and the other interconnect with h =20 um, 2 =5 um and d = 20 um.

The same conclusion stands for mismatches in width as well. In Figure 16a, the trans-
mission bandwidth increases as the mismatch in the groove width is increased. The upper
bandwidth frequency is measured as 3.2 THz for a 2 um mismatch in the groove width,
which is greater than the 1 pm mismatch (3.16 THz) and no mismatch cases (2.98 THz).
Furthermore, the transmission coefficient curve almost always remains near the 0 dB line
without any sharp fall for the geometry with a mismatch. In Figure 16a, there is only
one transmission minima below —10 dB at 2.85 THz for the 2 um mismatch. However,
for the no mismatch case, 5,1 has two abrupt decreases at 2.89 THz and 3.01 THz, where
transmission goes below —30 dB, resulting in a high insertion loss.

The result achieved in the transmission graph of Figure 16a are in line with the insight
of the coupling coefficient curve of Figure 16b. S4; generally stays above —10 dB up to
3.12 THz for the geometry without any mismatch in width, while it mostly remains below
—10 dB for the geometry with a groove width mismatch. That is, the coupling coefficient
(S41) is reduced significantly due to the mismatch in the groove width, as compared to
the geometry with no mismatch. That means the mutual coupling or cross-talk will be
less in the SSPP pair with a mismatch, as compared to the geometry with no mismatch
(Figure 16b).

40 40
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—— 2pm mismatch in groove width
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Figure 16. (a) Transmission coefficient (S»1) and (b) coupling coefficient (S41) of mismatched pair of
SSPP interconnects for three different mismatches in groove width.

4.4. Effects of Bending

This section investigates the EM energy confinement over a curved path as shown in
Figure 7a,b. In this study, 45° and 90° bent SSPP channels were considered to explore how
the transmission and coupling coefficients change due to bending of the waveguide pair.

The upper cutoff frequency of the SSPP channel is found to be approximately 3.25 THz
(Figure 17a) for both straight and bent SSPP channel pairs. That means the upper bandwidth
frequency remains almost the same for both types of SSPP waveguide pairs.
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In Equation (6), the upper cutoff frequency of the SSPP channel depends on the
geometric parameters of the grooves, such as the groove height, width, density, etc. As all
of these parameters are considered to be the same for both straight and bent waveguide
pairs, the upper bandwidth frequency remains almost the same for both cases.

However, there is a decrease in the coupling coefficient for bent SSPP channels. For
instance, in Figure 17b, the coupling coefficient mostly remains below —10 dB for the 90°
bent interconnect pair, while a larger portion of the S4; curve lies above —10 dB for the
straight pair SSPP interconnects. As the channel is bent, it creates an inevitable mismatch
and so the period of the groove is different in the corrugated interconnects on both sides
of the dielectric channel, resulting in two different wavenumbers. Due to the mismatch
in groove period, these two metals or interconnects are less coupled to each other when
they are bent. For less mutual coupling between the pair of metal wires, the electric field
is mostly confined to the aggressor metal (metal 1) itself and so self coupling increases,
resulting in an increase in Sy; and a reduction in Sg;.

Coupling Coefficient,5,,(dB)

—70- —— Straight SSPP interconnect pair -70 { — Straight SSPP interconnect pair
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Figure 17. (a) Transmission coefficient (Sp;) and (b) coupling coefficient (S41) of straight, 45° bent and
90° bent pairs of SSPP interconnects.

4.5. Effects of Zigzag Pattern

The performance of a more disordered SSPP structure with a zigzag pattern is explored
in this section. Figure 7c shows the geometric design used for the simulation.

From Figure 18a,b, it can be seen that zigzag patterning causes the transmission and
coupling coefficients to change significantly. In Figure 18b, the coupling coefficient Syq
falls below —20 dB for most half-power frequency bands. The coupling coefficient also
decreases for zigzag SSPP interconnect pairs. The reason behind the reduction in coupling
is the structural mismatch introduced in the metal pair, due to the zigzag patterning.

For straight pairs of SSPP interconnects, the interim bands are symmetric and are
of equal bandwidths, as shown in Figure 18a. However, in the zigzag arrangement, the
strong coupling between the Sy; and Syq has been lost. The internal passbands or the lobes
have lost their symmetric shapes and that is why the —3 dB bands show several different
bandwidths. Thus, the oscillatory nature of electromagnetic energy deteriorates while the
SSPP waveguide pair is patterned in a zigzag path.
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Figure 18. (a) Transmission coefficient (S;1) and (b) coupling coefficient (S41) of zigzag patterned and
straight SSPP interconnect pairs.

5. Performance Summary and Comparison

In this section, the proposed surface plasmon polariton-based interconnect technology
is compared with state-of-the-art SSPP interconnects. Several performance parameters such
as transmission coefficient (Sy;), reflection coefficient (S11), bandwidth, available passbands
of SSPP channel pair, etc., have been considered for comparison. These parameters obtained
from this study are listed in Table 2, while these performance parameter values achieved in
the state-of-the-art works are shown in Table 3.

The performance of the SSPP waveguide due to variations in geometric parameters has
been investigated thoroughly. Seven designs are selected from various simulations performed
in this study and are summarized in Table 2. In designs 1-3, the groove width (a) is varied
from 3 to 5 um and the groove height (h), period (d) and number of grooves (1) are kept
constant. Designs 4 and 5 maintain a constant groove density and width while varying the
groove height from 21 to 22 um. In design 6, the groove density is doubled as compared to
previous ones. Finally, in design 7, a 2 um mismatch in height is introduced.

Designs 1-3 show that as the groove width increases, the upper cutoff frequency de-
creases. This relation has already been verified in the previous sections. The simulations in
section 4 shows that several lobes are present within the simulated frequency. These lobes are
referred to as internal passbands. The third column in Table 2 represents the range of frequen-
cies within the internal passbands for which the transmission coefficient is above —3 dB. To
give an example, for the straight SSPP interconnect pair (Design 1) with & = 20 um, d = 20 um,
a =3 um and m = 50, there are six available passbands in the THz range. The bandwidth
gradually increases from 21 GHz to 34 GHz and again starts to decrease as we approach
the upper cutoff frequency of the SSPP channel, and finally end up with a band of 20 GHz
before the cutoff. Furthermore, the number of passbands decreases as the groove width
increases. However, the bandwidth of the internal passband tends to increase. Additionally,
column 6 and column 9 of Table 2 provide the average transmission and reflection coefficients
inside the internal passbands. The inverse relationship of the upper cutoff with the groove
height is illustrated in designs 4 and 5. The number of passbands decreases as the bandwidth
decreases, and this trend continues. Design 6 summarizes the results of bandwidth tuning
by changing the groove density. In comparison to design 1, the groove density is doubled,
which results in an increase in the upper cutoff and internal passband bandwidth as well.
This happens as the waveguide’s internal self coupling increases. Design 7 does not follow the
trend explained from designs 1 to 6. This is because mismatch is introduced between the pair
of SSPP interconnects for which coupling between them decreases significantly. Therefore, the
oscillatory nature is diminished and a single band of around 400 GHz is obtained.
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Table 2. Performance summary of proposed SSPP-based interconnect.

Internal Number of Reflection Freq. of Transmission Tralr\\:f;?sgseion U Cutoff
. . . Passbands —3 dB BW of Intl. Available Coefficient Maximum Coefficient at .. pper b-uto
Design Dimensions . 1 . Coefficient (dB) freq. Of the SSPP
(—3 dB Band) Passbands (GHz) Passbands in the (within —3 dB Transmission Centre frequency (within —3 dB Channel (THz)
(THz) SSPP Channel Band) (THz) (Approx.) Band)
2.846-2.867 21 —18 dB 2.8515 —0.5dB —1.16
h=20 um 2.896-2.924 28 —22.49dB 2.907 —0.2dB —1.07
Design d =20 pm 2.956-2.988 32 6 —20.98 dB 2.972 —0.23dB —0.86
1 a=3pum 3.022-3.056 34 —16.96 dB 3.039 —0.3dB —1.27 3.25
m =50 3.091-3.12 29 —11.05dB 3.105 —0.02dB —1.41
3.16-3.18 20 —7.35dB 3.17 —0.036 dB —-2.19
h=20 um 2.828-2.862 34 —25.43 dB 2.845 —0.05dB —1.08
Design d =20 pm 2.9-2.935 35 —16.7 dB 2917 —0.04 dB —0.98
2 a=4pm 2.975-3.0115 36.5 4 —12.06 dB 2.998 —0.4dB —1.47 3.165
m =50 3.053-3.083 30 —7.82dB 3.073 —0.2dB —2.03
h =20 um
Design d =20 um 2.88-2.92 40 —19.43 dB 2.895 —0.2dB —7.28
3 a=5um 2 3.09
m =50 2.96-3.00 40 —11.91dB 2.98 —0.25dB —4
h=21pum 2.855-2.883 28 —22.54dB 2.87 —0.1dB -1.14
Design d =20 pm 2.91-2.94 30 —16.39 dB 2.927 —0.05dB —1.30
4 a=3pum 2.97-3.00 30 4 —11.97 dB 2.99 —0.3dB —1.64 3.12
m =50 3.03-3.05 20 —8.29dB 3.047 —0.15dB —2.24
h=22pm 2.81-2.836 26 —16.38 dB 2.824 —0.1dB —1.10
Design d =20 um 2.863-2.888 25 3 —11.43dB 2.872 —0.46 dB —1.50
5 a=3um 2.918-2.92 18 —7.54dB 2.925 —0.6dB —1.94 2.98
m =50
h=20 um 2.887-2.936 49 —13.76 dB 2913 —0.05dB -1.27
Design d=10 pm 2.99-3.04 50 3 —10.41 dB 3.011 —0.35dB -1.77
6 a=3pum 3.11-3.14 30 —6.08 dB 3.14 —0.1dB —2.74 3.365
m =100
hp =20 pm
hy =22 um
Design d =20 pm 2.82-3.22 400 1 —12.01dB 2.94 —0.3dB —1.43 3.23
7 a=3um

m =50
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Table 3. Performance comparison of proposed SSPP based interconnect with state of the art SSPP interconnect.

Reference Slmulatlai::;:quency Coi{fiifi?::to(rliB) CE:;ES:Z?SE) Bandwidth (—3 dB) Type of SSPP waveguide
Ref. [11] 0-400 GHz ~—2.5dB ~ 20 GHz SPP T-line
Ref. [18] 2-14 GHz <—10dB ~—1dB ~13 GHz Oval-Ring SSPP unit
Ref. [22] 0-0.6 THz <—12dB ~ —2dB ~300 GHz Ultra Compact SSPP TL
Ref. [23] 0.2-1.4 THz - >—4dB ~250 GHz Coplanar Strip (CPS) SSPP
Ref. [30] 0-10 GHz <—15dB >—1dBand <—0.1dB - Unilateral Subwavelength Periodic Corrugations (USPCs)
Ref. [30] 0-10 GHz <—15dB >—0.9dBand <—0.1dB - Bilateral Subwavelength Periodic Corrugations (BSPCs)
Ref. [31] 0-0.9 THz <—10dB >—4.3dBand <—3 dB No —3 dB band is found H-shaped structure with Y-splitter
Ref.[32] 6-11 GHz <-—10dB ~—1.5dB ~4 GHz Frequency Selective SSPP structure
Ref. [33] 46.1-73.7 GHz <—10dB ~—1.08 dB 27.6 GHz SIW BPF based on SSPP
Ref. [34] 0-14 GHz <—10dB ~—0.37 dB (minimum) 5.9 GHz SSPP waveguide with fishbone slot unit cell
Ref. [35] 0.3-0.5 THz - ~—0.6 dB ~100 GHz SSPP waveguide with V grooves
Ref. [36] 0.4-1.6 THz <-10dB ~—1.0dB ~ 90 GHz Plasmonic waveguides based on spiral-shaped units
Ref. [37] 0.3-0.8 THz - <—1.5dB ~100 GHz Curved terahertz surface plasmonic waveguide
Ref. [38] 0.18-0.32 THz <—20dB >—2dB ~60 GHz Surface-integrated plasmonic waveguide (SIPW)
Ref. [39] 0.04-0.12 THz <-10dB ~—1.5dB 40 GHz Millimetre-wave E-plane waveguide

This work >4 THz <_12dB ~ _143dB 400 GHz SSPP interconnect pair with 2 um mismatch in

groove height
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From Table 3, it can be observed that most of the previous researchers have worked
with SSPP interconnects operating in the gigahertz range. For example, 2-14 GHz, 0-10 GHz,
6-11 GHz and 46.1-73.7 GHz are the simulated frequencies found in [18,30,32,33], respec-
tively. However, the existing electrical connectors show fairly good performance in the
gigahertz frequency. So, it is not feasible to install a novel technology, e.g., an SSPP waveg-
uide, for data transmission in the gigahertz range. Rather, the conventional interconnects
suffer from phenomena such as cross-talk, energy loss, signal reflection, etc., which severely
degrade the data transmission performance in the terahertz frequency range. In this regard,
surface wave signal transmission can be a good alternative due to high field confinement,
larger bandwidth and less reflection. That is why performance evaluation of the SSPP
waveguide within or beyond the terahertz range is more viable and relevant. Therefore, this
study aims to explore the terahertz characteristics of surface plasmon channels for ultrafast
data communication. Table 2 shows the summary of the proposed design, simulated in the
terahertz range. As shown in Table 3, some recent research on SSPP waveguides based on
terahertz frequencies [22,23]. In addition, we compared the proposed SSPP design with the
research reported in [35-39]. The simulated structures of this study perform significantly
better than the existing ones in terms of SSPP channel bandwidth. In the proposed design,
multiple —3 dB bands are available to transmit data for each SSPP waveguide as listed in
Table 2. Additionally, design 7 provides the maximum available bandwidth among the
other ones within a single band. For designs 1-6, the bandwidths of internal passbands
are large enough to use them as an ultra-wideband channel. Furthermore, approximately
50% of the total bands have bandwidth in the range of 20-30 GHz; 36% of bands have a
bandwidths in the 30—40 GHz range. Furthermore, few bands are found to have much a
larger bandwidth (>40 GHz). In the existing works, —3 dB bandwidths are found to be
20 GHz, 13 GHz, 4 GHz, 27.6 GHz, 60 GHz and 40 GHz in [11,18,32,33,38,39], respectively.
The bandwidths are significantly higher in [35-37], about 100 GHz. In addition, bandwidths
of 300 GHz and 250 GHz are observed in [22,23]; however, design 7 of this study, as shown
in Table 2, far exceeds them (~400 GHz).

The proposed structures are designed to operate in the frequency range of 2.8 to
3.25 THz. Design 7 has a bandwidth of 400 GHz with an upper and lower cutoff frequency
of 2.82 THz and 3.22 THz, respectively. Thus, the structure has a transmission coefficient of
higher than —3 dB for almost the entire simulated range. In terms of fractional bandwidth
(FBW), design 7 has a value of 13.25%. This value is lower than those of [22,32,33,35,38],
which have values of 32.2%, 25%, 45.8%, 27.03% and 20.7%, respectively. Although a rela-
tively large bandwidth (400 GHz) is available, the value of the FBW indicates narrowband
transmission of signals in the terahertz regime.

From the perspective of reflection and transmission coefficients, the proposed designs
exhibit improved performance. The transmission coefficient is found to be within 0 dB
to —0.5 dB for all of the simulated designs in Table 2. Especially for Design 6 (Table 2),
the transmission coefficient is measured to be almost 0 dB (—0.05 dB). That means nearly
lossless transmission is possible in this geometric configuration of SSPP waveguide. Signal
reflection is also significantly reduced in the simulated SSPP structures. For most of the
designs in Table 2, the reflection coefficient is below —11 dB. For some bands, S41 goes
below —20 dB (design 1 and design 2), which is better than the designs compared in Table 3.

In addition, the designs support odd mode SSPP. This can be verified by Figure 7,
which shows the electric field distribution in between the two SSPP waveguides. The
figure shows that the electric field is confined within the grooves at the metal-dielectric
interface, i.e., it does not penetrate deep inside the metal region. Thus, if a single SSPP
waveguide is considered, an antisymmetric field distribution can be observed. This anti-
symmetrical distribution is referred as an odd mode SSPP, the significance of which has
been discussed in [40,41]. Generally, SSPP propagation can be classified into two types:
odd and even mode.

In even mode, the electric field penetrates deep inside the metal surface and creates
a continuous electric field inside it. As a result, the conductor’s internal field distribu-
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tion is symmetric, and the integral of the electric field is zero along its cross section.
Consequently, the even mode cannot support the internal potential difference. Thus, an
external ground is required for signal propagation. On the other hand, in odd mode,
the integral of the electric field has a non-zero value along the cross section because of
the asymmetrical field distribution. Hence, an internal electric potential difference is
generated. Thus, no external ground is required for signal transmission. Therefore, the
designs presented in this work are also suitable for single-conductor integration. In chip
designing, the exclusion of a ground wire allows for more compact assembly and space
savings. Additionally, unlike electrical interconnects where both power and ground wire
are present, a significant amount of mutual capacitance is observed, whereas for single
conductors, no such phenomenon occurs.

According to the previous findings in Section 4, the transmission improves with a
lower groove height, width, period and higher number of grooves. Among all of our
simulated structures, design 6 has the required dimension with smaller groove height,
width and higher groove density. Hence, design 6 in Table 2 shows best performance,
with higher transmission (—1.27 dB) and minimum reflection (—13.76 dB). However, with
respect to bandwidth, design 7 has the clear edge over the others. So, it can be concluded
that the SSPP interconnect pair of design 6 and 7 are the winning designs of this study.

6. Conclusions

In this article, the transmission characteristics of an SSPP interconnect pair in the tera-
hertz frequency range has been investigated with a comprehensive performance analysis.
We have investigated the effects of geometric parameters such as groove height, width,
period and groove density on the performance of SSPP interconnects. Two important S
parameters, Sp1, the transmission coefficient, and S41, the coupling coefficient, were taken
into account when conducting the investigation. We found that the transmission bandwidth
has a reciprocal relation with the groove height and groove width. However, the trans-
mission bandwidth is directly proportional to the groove density. Due to the larger field
confinement, transmission increases with groove density. We also investigated the impact
of mismatch on the height and width of the pair of interconnects. Due to the mismatches, it
was found that the transmission coefficient increases and the coupling coefficient decreases
considerably in the system. In particular, an ultra-wide band of 400 GHz bandwidth is
achieved, while introducing a 2 pm mismatch in the groove height of the two interconnects
of the SSPP pair. Finally, we considered the 45° and 90° bent SSPP interconnect pair. It
was observed that the transmission bandwidth is higher for a bent interconnect pair than
a straight one. The electromagnetic waves are highly self-coupled to the metal-dielectric
interface itself due to the high confinement of surface waves in the interface, resulting in
periodic fluctuations in the transmission and coupling coefficients. A discrete number of
bandwidths were obtained with coupling minima present in the middle of each band. The
results of this investigation demonstrate the potential of designed SSPP interconnects in
enabling next-generation, fast and reliable data transfer processes while retaining high
signal integrity.

Author Contributions: Conceptualization, KM.D., S.B.A., ABM.H.-U.R. and M.S5.A.S; Data cura-
tion, KM.D., S.B.A.,, ABM.H.-UR. and M.S.A.S; Formal analysis, KM.D., S.B.A., ABM.H.-UR. and
M.S.A.S.; Funding acquisition, M.S.A.S.; Investigation, KM.D., S.B.A.,, ABM.H.-UR. and M.S.AS;
Methodology, KM.D., S.B.A., A.BM.H.-UR. and M.S.A.S.; Project administration, A.B.M.H.-U.R. and
M.S.AS.; Resources, KM.D., ABM.H.-U.R. and M.S.A.S,; Software, KM.D. and S.B.A.; Supervision,
A.BM.H.-U.R. and M.S.A.S.; Validation, KM.D., S.B.A., ABM.H.-U.R. and M.S.A.S.; Visualization,
KM.D, S.B.A, ABMH.-UR, and M.S.A.S ; Writing—original draft, KM.D., S.B.A., ABM.H.-UR,,
and M.S.AS.; Writing—review and editing, KM.D, S.B.A., A . BM.H.-U.R,, and M.S.A.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This material is based upon work supported by the U.S. National Science Foundation,
Industry-University Cooperative Research Centers, Center for High-Frequency Electronics and
Circuits for Communication Systems.



Electronics 2023, 12, 3719 25 of 26

Data Availability Statement: Not Applicable

Conflicts of Interest: The authors declare no conflict of interest. The funder had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Weste, N.H.E.; Harris, D. CMOS VLSI Design: A Circuits and Systems Perspective; Pearson India: Delhi, India, 2015.

2. Miller, D.A.B.; Ozaktas, HM. Limit to the bit-rate capacity of electrical interconnects from the aspect ratio of the system
architecture.]. Parallel Distrib. Comput. 1997, 41, 42-52. [CrossRef]

3. Meindl, J.D. Beyond moore’s law: The interconnect era. Comput. Sci. Eng. 2003, 5, 20-24. [CrossRef]

4. Mishra, S.; Chaudhary, N.K,; Singh, K. Overview of optical interconnect technology. arXiv 2013, arXiv:1303.3954.

5. Haurylau, M,; Chen, G.; Chen, H.; Zhang, J.; Nelson, N. A.; Albonesi, D.H.; Friedman, E.G.; Fauchet, PM. On-chip optical
interconnect roadmap: Challenges and critical directions. IEEE . Sel. Top. Quantum Electron. 2006, 12, 1699-1705. [CrossRef]

6. Cho, H.; Kapur, P,; Saraswat, K.C. Power comparison between high-speed electrical and optical interconnects for Interchip
Communication. J. Light. Technol. 2004, 22, 2021-2033. [CrossRef]

7. Gu, QJ. THz interconnect: The last centimeter communication. IEEE Commun. Mag. 2015, 53, 206-215. [CrossRef]

8.  Pendry, ].B.; Martin-Moreno, L.; Garcia-Vidal, EJ. Mimicking surface plasmons with structured surfaces. Science 2004, 305,
847-848. [PubMed]

9.  Raether, H. Surface Plasmons on Smooth and Rough Surfaces and on Gratings; Springer: Berlin/Heidelberg, Germany, 1988.

10.  Shen, X.; Cui, T.J.; Martin-Cano, D.; Garcia-Vidal, F.J. Conformal surface plasmons propagating on Ultrathin and flexible films.
Proc. Natl. Acad. Sci. USA2012, 110, 40-45. [CrossRef] [PubMed]

11. Liang, Y,; Yu, H,; Yang, C; Li, N.; Li, X,; Liu, X.; Zhao, J.; Yang, W.; Wang, Y. CMOS sub-thz on-chip communication with SRR
Modulator and SPP interconnect. In Proceedings of the 2015 IEEE MTT-S International Microwave Workshop Series on Advanced
Materials and Processes for RF and THz Applications (IMWS-AMP), Suzhou, China, 1-3 July 2015.

12. Aihara, T,; Sakai, H.; Takeda, A.; Okahisa, S.; Fukuhara, M.; Ota, M.; Ishii, Y.; Fukuda, M. Coherent Plasmonic Interconnection in
silicon-based electrical circuit. J. Light. Technol. 2015, 33, 2139-2145. [CrossRef]

13.  Chen, C. A new kind of spoof surface plasmon polaritons structure with periodic loading of T-shape grooves. AIP Adv. 2016, 6.
[CrossRef]

14. Tang, WX,; Zhang, H.C.; Ma, H.E,; Jiang, W.X.; Cui, T.J. Concept, theory, design, and applications of spoof surface plasmon
polaritons at microwave frequencies. Adv. Opt. Mater. 2018, 7, 1800421. [CrossRef]

15. Zhang, J.; Zhang, H.-C.; Gao, X.-X.; Zhang, L.-P,; Niu, L.-Y.; He, P-H.; Cui, T.-J. Integrated spoof Plasmonic Circuits. Sci. Bull.
2019, 64, 843-855.

16. Unutmaz, M.A.; Unlu, M. Terahertz spoof surface plasmon Polariton Waveguides: A comprehensive model with experimental
verification. Sci. Rep. 2019, 9, 7616. [CrossRef]

17.  Fukuda, M.; Tonooka, Y.; Inoue, T.; Ota, M. Feasibility of plasmonic circuits for on-chip interconnects. Solid-State Electron. 2019,
156, 33-40. [CrossRef]

18.  Zhou, S.; Wong, S.-W.; Luo, C.; Lin, J.-Y;; Li, Y,; Zhang, L.; He, Y.; Tu, Z.; Yu, L. Overview: Spoof surface plasmon Polariton
Transmission Line and splitters. In Proceedings of the 2019 Computing, Communications and IoT Applications (ComComAp),
Shenzhen, China, 26-28 October 2019.

19. Salamin, Y.; Benea-Chelmus, L.-C.; Fedoryshyn, Y.; Heni, W.; Elder, D.L.; Dalton, L.R.; Faist, J.; Leuthold, J. Compact and
ultra-efficient broadband plasmonic Terahertz Field Detector. Nat. Commun. 2019, 10, 5550. [PubMed]

20. Wang, C,; Zhang, Z.; Zhang, Y.; Xie, X.; Yang, Y.; Han, J.; Li, E.; Chen, H.; Gu, J.; Sha, W.E,; et al. Enhancing directivity of terahertz
photoconductive antennas using spoof surface plasmon structure. New J. Phys. 2022, 24, 073046. [CrossRef]

21.  Unutmaz, M.A.; Unlii, M. Optimizing the performance of the CPW-to-spoof surface plasmon polariton waveguides for 0.3 thz
band. Terahertz Photonics II 2022, 12134. [CrossRef]

22. He, PH,; Yao, D.; Zhang, H.C.; Wang, J.; Bao, D.; Cui, T.J. Ultra-compact on-chip spoof surface plasmon polariton transmission
lines with enhanced field confinements. J. Phys. Photonics 2022, 4, 044002.

23. Haghighat, M.; Darcie, T.; Smith, L. Demonstration of a terahertz coplanar-strip spoof-surface-plasmon Polariton low pass filter.
Sci. Rep. 2023. [CrossRef]

24. Joy, S.R.,; Erementchouk, M.; Yu, H.; Mazumder, P. Spoof plasmon interconnects—Communications beyond RC Limit.
IEEE Trans. Commun. 2019, 67, 599-610. [CrossRef]

25. Dhawan R.; Kaur, G. Vivaldi antenna simulation on defining parameters, parametric study and results. IJCTA 2016, 9, 5129-5138.

26. Erementchouk, M,; Joy, S.R.; Mazumder, P. Electrodynamics of spoof plasmons in periodically corrugated waveguides. Proc. R.
Soc. A Math. Phys. Eng. Sci. 2016, 472, 20160616. [CrossRef] [PubMed]

27. Tang, W.; Wang, ].; Yan, X,; Liu, J.; Gao, X.; Zhang, L.; Cui, T.]. Broadband and high-efficiency excitation of spoof surface plasmon
polaritons through rectangular waveguide. Front. Phys. 2020, 8, 582692. [CrossRef]

28. Bari, M.E,; Roy Joy, S.; Baten, M.Z.; Mazumder, P. Process variation in spoof plasmon interconnect: Consequences and compensa-

tions. In Proceedings of the 2020 IEEE Radio and Wireless Symposium (RWS), San Antonio, TX, USA, 26-29 January 2020.


http://doi.org/10.1006/jpdc.1996.1285
http://dx.doi.org/10.1109/MCISE.2003.1166548
http://dx.doi.org/10.1109/JSTQE.2006.880615
http://dx.doi.org/10.1109/JLT.2004.833531
http://dx.doi.org/10.1109/MCOM.2015.7081096
http://www.ncbi.nlm.nih.gov/pubmed/15247438
http://dx.doi.org/10.1073/pnas.1210417110
http://www.ncbi.nlm.nih.gov/pubmed/23248311
http://dx.doi.org/10.1109/JLT.2015.2395537
http://dx.doi.org/10.1063/1.4964619
http://dx.doi.org/10.1002/adom.201800421
http://dx.doi.org/10.1038/s41598-019-44029-1
http://dx.doi.org/10.1016/j.sse.2019.03.066
http://www.ncbi.nlm.nih.gov/pubmed/31804476
http://dx.doi.org/10.1088/1367-2630/ac8116
http://dx.doi.org/10.1117/12.2620946
http://dx.doi.org/10.21203/rs.3.rs-3179604/v1
http://dx.doi.org/10.1109/TCOMM.2018.2874242
http://dx.doi.org/10.1098/rspa.2016.0616
http://www.ncbi.nlm.nih.gov/pubmed/27956883
http://dx.doi.org/10.3389/fphy.2020.582692

Electronics 2023, 12, 3719 26 of 26

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Maradudin, A.A. Surface electromagnetic waves on structured perfectly conducting surfaces. Mod. Plasmon. 2014, 4, 223-251.
Wu, C.H.; Shen, L.; Zhang, H.; Yan, J.; Hou, D.J.; Zhou, G.; Wu, Y.L. Equivalent circuit parameters of planar transmission lines
with spoof surface plasmon polaritons and its application in high density circuits. Sci. Rep.2019, 9, 18853. [CrossRef] [PubMed]
Gao, X.; Zhou, L.; Yu, X.Y.; Cao, W.P; Li, H.O.; Ma, H.F,; Cui, T.]. Ultra-wideband surface plasmonic Y-Splitter. Opt. Express 2015,
23,23270. [CrossRef]

Yin, J.Y;; Ren, J.; Zhang, H.C.; Pan, B.C.; Cui, T.J. Broadband frequency-selective spoof surface plasmon polaritons on Ultrathin
Metallic Structure. Sci. Rep. 2015, 5, 8165. [CrossRef]

Pan, D.; You, B.; Wen, X.; Li, X. Wideband substrate integrated waveguide chip filter using spoof surface plasmon Polariton.
Micromachines 2022, 13, 1195.

Guo, Y.J.; Xu, K.D,; Liu, Y.; Tang, X. Novel surface plasmon polariton waveguides with enhanced field confinement for microwave-
frequency ultra-wideband bandpass filters. IEEE Access 2018, 6, 10249-10256. [CrossRef]

Fernandez-Dominguez, A.I; Moreno, E.; Martin-Moreno, L.; Garcia-Vidal, FJ. Guiding terahertz waves along subwavelength
channels. Phys. Rev. B 2009, 79, 233104. [CrossRef]

Ye, L.; Zhang, W.; Ofori-Okai, B.K; Li, W.; Zhuo, J.; Cai, G.; Liu, Q.H. Super Subwavelength Guiding and rejecting of terahertz
spoof spps enabled by planar plasmonic waveguides and notch filters based on spiral-shaped units. J. Light. Technol. 2018, 36,
4988-4994. [CrossRef]

Yuan, M,; Lu, Y;; Zhang, Y.; Zhang, Z; Li, Y.; Liu, H.; Zhang, X.; Han, J.; Zhang, W. Curved terahertz surface plasmonic waveguide
devices. Opt. Express 2020, 28, 1987. [CrossRef]

Zhu, H.; Zhang, Y.; Ye, L.; Li, Y;; Xu, Y.,; Xu, R. On-chip terahertz bandpass filter based on substrate integrated plasmonic
waveguide. Results Phys. 2021, 27, 104553. [CrossRef]

Liu, Y;; Xu, K.-D.; Li, J.; Guo, Y.-J.; Zhang, A.; Chen, Q. Millimeter-wave e-plane waveguide bandpass filters based on spoof
surface plasmon polaritons. IEEE Trans. Microw. Theory Tech. 2022, 70, 4399-4409. [CrossRef]

He, PH.; Niu, L.Y,; Fan, Y.; Zhang, H.C.; Zhang, L.P; Yao, D.; Tang, W.X,; Cui, T.J. Active odd-mode-metachannel for single-
conductor systems. Opto-Electron. Adv. 2022, 5,210119. [CrossRef]

Niu, L.Y,; He, PH.; Fan, Y.; Zhang, L.P.; Zhang, H.C.; Cui, T.J. Gain-associated nonlinear phenomenon in single-conductor
odd-mode plasmonic metamaterials. Laser Photonics Rev. 2022, 16, 2100619. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1038/s41598-019-55200-z
http://www.ncbi.nlm.nih.gov/pubmed/31827144
http://dx.doi.org/10.1364/OE.23.023270
http://dx.doi.org/10.1038/srep08165
http://dx.doi.org/10.1109/ACCESS.2018.2808335
http://dx.doi.org/10.1103/PhysRevB.79.233104
http://dx.doi.org/10.1109/JLT.2018.2868129
http://dx.doi.org/10.1364/OE.385676
http://dx.doi.org/10.1016/j.rinp.2021.104553
http://dx.doi.org/10.1109/TMTT.2022.3197593
http://dx.doi.org/10.29026/oea.2022.210119
http://dx.doi.org/10.1002/lpor.202100619

	Introduction
	Related Work
	Modeling and Simulation Method
	Two Dimensional Design of SSPP Interconnect Pair
	Geometric Dimensions of Simulated SSPP Waveguide
	Simulation by Varying the Dimension
	Simulated Schemes
	Simulation Method

	Results and Discussion
	Electric Field Distribution of SSPP Interconnect Pair
	Effects of Variation in Geometric Parameters on Transmission Bandwidth
	Variation in Groove Height 
	Variation in Groove Width
	Variation in Groove Density

	Effects of Geometric Mismatches
	Effects of Bending
	Effects of Zigzag Pattern

	Performance Summary and Comparison
	Conclusions
	References

