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Abstract

In this paper, the effect of crosstalk noise in a mutually coupled multiwalled carbon nanotube (MWCNT) interconnect were
investigated. The multiresolution time-domain method (MRTD) is used to analyze the crosstalk noise model. On the victim
line of MWCNT interconnects, the worst-case propagation delay and peak voltage have been measured and compared to
those obtained using the conventional finite difference time domain (FDTD) method, and HSPICE simulations for the 22
nm technology node have been validated. The results of the proposed method shows that the crosstalk induced propagation
delays in both dynamic in-phase, out-phase, and peak voltage timing and peak voltage in functional crosstalk of the
MWCNT interconnects are an average error less than 2% for the proposed model and conventional FDTD model with
HSPICE simulations. It has been observed that the simulation results of the proposed model match accurately with HSPICE
and dominate the conventional FDTD model. For various cases of input switching, the proposed numerical model is
extremely time efficient and effective in evaluating crosstalk mediated propagation delay and peak voltages. The suggested
approach could also be used to fix problems including electromagnetic interference and on-chip interconnect reliability.

1 Introduction

Interconnections are becoming more critical with technol-
ogy scaling, particularly in the nano-scale range for very
large integration circuits (VLSI). the latest Copper on-chip
interconnects fail to comply with the specifications. The
speed and reliability of high-density copper wires on-chip
is reduced due to the surface, grain boundary scatterings,
and Joule heating (Meindl 2003). Carbon nanotubes
(CNTs) and graphene nanotubes are being investigated as
alternate material for interconnects solutions, the CNTs
properties have made them potential materials, with
applications to VLSI circuits (Wong 2011).

Carbon nanotubes (CNTs) are graphene sheets which
are rolled up to form hollow cylinder. They can typically
be labelled as multi-walled CNTs (MWCNTs) and single-
walled CNTs (SWCNTs). Since all of the shells are
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connected correctly with metal contact, MWCNTSs have a
higher current carrying capacity. Since MWCNTs are often
metallic in design, they are very promising for VLSI on-
chip interconnect applications (Li et al. 2009). Multicon-
ductor transmission line circuits are also used to model
MWCNTs. When using the complete multiconductor
transmission line circuit model to simulate and evaluate a
large-scale MWCNT interconnect network, however, it
will be difficult and time consuming. In order to prevent
the problem, a simple single-driver equivalent model for
the MWCNT is proposed in Sarto and Tamburrano (2009),
which can be used to rapidly and precisely evaluate multi-
wire MWCNT interconnects (D’Amore et al. 2010).
MWCNTs were therefore viewed in this work as inter-
connected material.

In order to evaluate crosstalk noise, previous models
interpreted the non-linear CMOS driver to be a Simply
linear resistor (Agarwal et al. 2006; Cui et al. 2011) which
appears to deviate from the effects. MOSFET operates
approximately 50 percent of its operating in the saturation
region during the transient period, and later in linear (or)
cutoff regions. Several methods with different analytical
solution, Finite Difference Time Domains (FDTD)
approach and SPICE results have been documented in
recent works for the DIL system in Kaushik and Sarkar
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(2008). In the current state, several researchers have
researched the crosstalk results based on the algorithm of
the traditional finite-difference time-domain (FDTD) as it
is precise (Li et al. 2011) and Kumar et al. (2014a) applied
the FDTD approach to a nonlinear driver of CMOS by
using the model of alpha-power law and the model of nth-
power law, respectively, and studied the effects of crosstalk
in Cu interconnects. Process variation has become a major
concern in the design of many nanometer circuits, includ-
ing interconnect pipelines. The purpose of this research
work is to provide a comprehensive overview of types and
sources of all aspects of interconnect process variations.
The impacts of these interconnect process variations on
circuit delay and cross-talk noises along with the two major
sources of delays, parametric delay variations and global
interconnect delays have been discussed (Verma et al.
2009).

For CNT interconnects, the FDTD approach was used in
Liang et al. (2011; Kumar et al. (2015b). Liang et al.
(2011) used the FDTD approach to model MWCNT
interconnects for crosstalk noise analysis compared with
Cu interconnects, and the nonlinear CMOS driver is known
to be a linear resistive driver. But there was no discussion
about the validation of the model using HSPICE. Kumar
et al. (2015a) studied the issues of inclusion crosstalk noise
of FDTD, two-coupled MWCNT interconnects and also
evaluated HSPICE as a linear resistive driver with the
nonlinear CMOS driver. In order to study crosstalk noise in
coupled MWCNT interconnects, Kumar et al. (2015b)
continued the FDTD approach to a nonlinear CMOS driver
using the modified alpha-power law model. Agrawal et al.
(2016) enhanced MWCNT interconnect accuracy on the
basis of the FDTD model over the Cu interconnects.

The FDTD approach is an important computational
procedure used to solve problems of electromagnetic and
partial differential equations. The FDTD approach is
numerically distributive (Tentzeris et al. 1999) and is used
for propagation along the discretization. Thus, there is an
extreme need for a model with an edge in numerical dis-
tribution properties. Tentzeris et al. (1999) have suggested
a multi-resolution time domain (MRTD) approach with an
additional advantage of the numerical dispersion charac-
teristics (Alighanbari and Sarris 2006; Krumpholz and
Katehi 1996). Grivet-Talocia (Grivet-Talocia 2000) sug-
gested the MRTD model in view of the Haar Scaling
function as a basic function and gives the same precision
with respect to the FDTD model. And MRTD technique
used as a basic function based on Daubechies’ scaling
function, is proposed by Fujii and Hoefer (2000) as three
and four extinguished moments, which are more precise
than the FDTD system. Transient analysis for two-con-
ductors transmission lines with admirable numerical dis-
persion, Tong et al. (2016) proposed an MRTD model.
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Features and improved precision with SPICE, relative to
the FDTD model.

Rebelli, Nistala in Rebelli and Nistala (2018a, 2018b)
also suggested the MRTD approach to evaluate the signal
integrity of coupled Copper interconnect driven by linear
resistive and a nonlinear CMOS dependent on the Daube-
chies scaling function at four extinct moments. Rebelli and
Nistala (2019) applied the MRTD approach driven to non-
linear CMOS using the nth-power law model to evaluate
crosstalk noises in coupled-MWCNT interconnects,
resulting in increased accuracy relative to the FDTD
method.

In this paper, the analyses of crosstalk effects of next
generations graphene based MWCNTs interconnect were
studied using the MTRD technique and considered the
nonlinear CMOS driver model using modified Alpha-
power law model. The most effective time domain analysis
is presented for mutually coupled MRTD based MWCNT
interconnect. The obtained results using the MRTD model
is compared with the conventional FDTD method and
HSPICE as well.

The rest of the paper is arranged as follows. In Sect. 2
involves the electrical modeling of the interconnects of the
MWCNT. The transmission line-based MRTD model is
discussed in Sect. 3 and the MRTD Model Comparisons
and Evaluation is presented Sect. 4. Finally, Sect. 5 con-
clusions are given.

2 MWCNT interconnects ESC model

Figure 1 shows the structure of a MWCNT interconnect
line for which the model was created (Das and Rahaman
2017). In this diagram the diameters of the outer and
innermost CNT shells are represented by Dmax and Dmin.
Furthermore, H is the distance above the ground plane, 1
represents the length of the interconnect, and d represent
the van der Waals gaps, with d = 0.34 nm. MWCNT
consists of several graphene sheet nesting shells and is
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Fig. 1 MWCNT structure on a ground plane
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represented by equivalent distributed transmissions lines
model. In this analysis, the ESC (equivalent single con-
ductor) model was used. Figure 2 shows the ESC model of
two-coupled MWCNTs interconnect with driver and load.
The parasitic capacitances of CMOS are expressed by C,,
which stands for gate-to-drain coupled capacitance, and Cy,
which stands for drain/source diffusion capacitance. Ry, is
the scatter resistance in per unit length (p.u.l.) and Ryiq is
the average equivalent resistance value introduced by
absolute imperfect contact resistance (R,.) and quantum
resistances (R;), The MWCNT distributed capacitance
p.ul. C, is calculated using shell-to-shell and quantum
capacitance coupling capabilities. distributed inductance
Pul L; is measured using shell-to-shell and kinetic
inductances. Any of these parameters are from reference
(Sarto and Tamburrano 2009; Maxwell 2D Student Version
2005). Similarly, the Ansoft Maxwell field solver (Maxwell
2D Student Version 2005) is used to extract the p.u.l.
coupling capacitances between coupling interconnects
lines (Cyp, Cy1), electrostatic capacitance (C,), mutual
inductance between coupling interconnects lines (Ljz,L1)
and magnetic inductance (Lj).

3 MWCNT interconnects in MRTD model

The MRTD model for on-chip mutually two-coupled
MWCNT interconnects is built in this section using basis
function of Daubechies’ scaling function with four van-
ishing moments (D4).

3.1 Model formulations for two-coupled
interconnects line

The Telegrapher’s equations can be used to describe the
coupled interconnects mathematically. The coupled on-
chip interconnects are defined as Paul (1994) using these
equations.

zFl
c——=Az-———— PY
RgAz LAz LAz Rpear
o Aianillin iLiw iy
Vv .': ! :E.‘- Cu
= i T L
LIZE. 4 Cp,
Red R,,Az LAz ‘-,!,thz '; Rnr
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Fig. 2 CMOS drivers driven two-coupled MWCNT interconnect
lines, which are terminated by capacitive loads

V(z,1) 0l(z,1)

- _ 1

0 L=, I(z,1)R (1)
0l(z,1) oV (z,1)

= 2

o HC—5 =0 (2)

where z and t are the positions and time, respectively. Ry,
Lgg, and Cy are two-dimensional interconnect impedances
that are measured using Paul (1994). The current and
voltage variables for a two-coupled interconnect line are
I=1[I,5]" and V = [V}, V3]".

R = diag[Rds, Rds]

I {Lkl + L L }
Ly, Lo + Ly

—1
(C;,l + C;,l) - Cn (3)

—Cy

€= -1
(Cq‘zl + C;z‘)

where subscript 1 corresponded to a line 1 and subscript 2
corresponded to a line 2. The voltage and current evalua-
tions point on interconnect line 1 are shown in Fig. 4.

Alternatively, current and voltage points are considered
in time and space to evaluate telegrapher equations. The
currents and voltages are separated by % in time and % in
space for better accuracy, as shown in Fig. 3, whereAz is
time and Az is space represent in discretization intervals.

The interconnects line 1 of length is resistive driver at
z = 0 and terminated at z = [ is capacitive load. The line is
divided consistently to NDZ segments of a length
Az = ﬁ, indicating the discretization voltages(V) and
currents(I) nodes, which are coefficients of unknown as
seen in Fig. 4, where source current represents I.

The voltages and currents terms can be extended using a
known function (h,(r) and ®;(z)). the coefficients of
unknown in order to solve Egs. (1) and (2) by following the
method defined in Krumpholz and Katehi (1996) as:

Time(t)
n+=
3 [ 7
(VZ‘FE)AZ‘ k+5
V n+l 1 V n+1
(n+1)At L < m K1
nt— A
| I 7%7 % ]n+%
(n+E)At 2 » < ks
At
nAt}-—2¥ inn
- Az
2

(k—%)Az kAz  (k +%)Az (k+nAz Space(z)

Fig. 3 Space and time discretizations on MWCNT interconnect line
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Fig. 4 Spatial discretization for I and V on MWCNT interconnect line
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> VB (2)ha(t) =0 (4a)
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Z 130" ()hy(1) = 0 (4b)
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n+i . . . .
where [ | is the coefficient of expansion current and VEis
2

the coefficients of the voltage expansion in terms of
functions scaling, and the indices n and k are discrete time
and space indices related to time and space organizes via
t = ndt, and z = kAz. Functions h,(¢), and @ (z) defined
as:

t

ha(1) = h(o- =) = 0 (5a)

where pulse function h(t) is defined as

1 for|(] < %

h(t) = % forlt] :% (5b)
0 for|t] > %

24(2) =0~ K (50

where, ®(z) signifies the scaling function of a

Daubechies, and h(t) represents the Haar scaling func-
tion The following integrals (Pan George 2003) are con-
sidered in order to derive the MRTD technique for a
Egs. (1) and (2):

[ ::O B (1) hy (2)dt = (O A1) (6a)
/:o (1) %T?@‘” = (Onr = du) (6b)
[ wnuian= () ”
/:" Pz )6% Z; b(i)Oksi (6d)

where the Kronecker symbol is represented by *d;,° and
"0nn” The effective support sizes of the basis functions is
indicated by the Ls. By considering the scaling function of
Daubechies as the basis functions with four vanishings
moment (D4). The coefficients b(i) are called connections
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coefficients. Table 1 shows b(i) for 1 <i < L,,, whereas b(i)
for i <1 it can be accomplished by symmetry condition b(-
1-i) =-b(i), and zero for i > L;

1 o0

b(i) =+

N B |
i) |D(2)] )Vszn}v(l—ki)d/l (7)

where the scaling function of Fourier transform f (z) is
(7).

The follow iterative calculations for currents and volt-
ages were carried out to employing the Galerkin technique
(Krumpholz and Katehi 1996) in Egs. (1) and (2) and by
using the test functions ®ih,,,1(7) and Dy, 1k, (1):

I R | . n n
Lt —1!3IIZ+I2 _A_ZL B, (Zb( ) (Vs = Viti)

i=1

(8a)

vt v -2 c-‘Zb (-1 o)
where,
Bi=(1+4RL™")""(1 —4RL)
= (1+4RL )"

In the iterative equations (8a) and (8b), the near-end
voltage V{! and the far-end voltage V), are obtained
and the iterative equation of the currents and voltages near
the boundary necessity to be modiﬁed Near the boundary

the currents are expressed by I it and , fori=

NDZ +1-

1,2,3,-- — 1 and voltages are V™! and Vﬁg}7i+l for
i=2, 3, e ,LS Many of these currents and voltages have a

number of terms that surpass the index ranges in iterative
equations (8a) and (8b)

Equations (8a) and (8b) need to be decomposed using
the relationship in Dogaru and Carin (2001) to update the
iterative equations of currents and voltages, which satisfies
the connection coefficients b(i) provided by the connection
coefficients b(i) given by

Table 1 Connections coeffi-
cients b(i) for Daubechies’
scaling’s function (D4) (Fujii
and Hoefer 2000)

b(i) b(i) for D4

1.3110340773
— 0.1560100110
0.0419957460
— 0.0086543236
0.0008308695
0.0000108999
0.0000000041

~N N AW~
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Ly

> (@i—1)b(i) =1 (9)

i=1

By Substituting (9) into (8b), to get

Zb(z Zb

i o 1 ((Zi — 1)b(i) (11: IZ+12+2))
(10)

)2i — DVt = )(2j — 1)V}

i=1

To decompose (8b) considering a corresponding term with
ias:
At 1

DV = b(i)(2i — 1)V —

n+7 n+
< (@i (177, - 17,))
(11)
forati=1,2,3,---, Ly — 1

Equation (11) is further adapted by employ the at
boundary conditions as proved in Sects. 3.3 and 3.4.

3.2 Modeling of CMOS driver

Figure 2 shows a two-coupled MWCNT interconnect line
equivalent electrical circuit model. The input voltage (Vs)
is a two-dimensional vector with the formula
V, = [Vsl,ng]T. The interconnects line is driven by a
CMOS driver (International Technology Roadmap for
Semiconductors (ITRS) 2012) that follows a modified
Alpha power law model. The velocity saturation effects, as
well as the finite drain conductance parameters, are
included

Ksn(Vs - th)an(l + anvl)

In = Kln(Vx - th)%vl (12)
0
Ky (Vop — Vs — |V,py)°‘"( +0,(Vop — V1))
I = Kip (Voo — Vip — Vs) J (=Vi+ Vpp)

0

(13)
The latest equations for PMOS and NMOS are signified by
m x 1 vectors, i.e. I, = [IPI,IPZ]T and In = [I,1,1,,]". The
linear region transconductance parameters, threshold volt-
ages, saturation region transconductance parameters, drain
conductance parameters and velocity saturation index of
NMOS(PMOS) are K, (Kjp),  Vin(Vyp),andKy, (Kyp)
respectively. The NMOS/PMOS model parameter values

for the 22nm technology node as seen in Table 2 are used
for this analysis.

3.3 Modeling at near-end boundary condition

The DIL system’s modeling is used under boundary con-
ditions. The current and voltage node points are at the near-
end terminals defined by Iy and V|, respectively. where the
nodal analysis of the terminal equation is given
1
Rfivea
d(Vs — V1) vy

—Cy =21, —
dt agr T

Applying discretization and Galerkin technique to (14a)
and (14b) respectively, then

I = (Vo —Vy) (14a)

Iy =C,y, (14b)

1
= RTM (v = i) (150)
C E I:(V’H_l V;l) - (V(I)H—l - Vg)] (15b)
-GVt = vg) + o -1t

then

1 n
Vi =g e v =) = (- - )|

(Cm + cd) =
X [ —
At

the near end terminal a voltage is carry out at k=1 from
(8b)

By following the steps from the Egs. (9) to (11) to
decomposed Eqgs. (16a) to (16¢) as

At n n
Vi—b(1) g C 1(12+2 "y *2)

(15¢)

b1V =p(1) (16a)

Table 2 Model parameter of 22nm (International Technology Road-
map for Semiconductors (ITRS) 2012)

Parameter PMOS NMOS
K;(mho 0.005 0.009

K, (mho 1.3x 103 1.5 x 10°
a(V7h 3.43 1.25
Vi(V) 0.35 0.32

o 1.065 0.977
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A "
36(2) Vi =36(2)V1 — 3b(2) 2L (1 mh —1_+5)

34z
(16b)
b(Ly)(2Ls — 1)V = b(L,) (2L, — 1)V}
At 1{ 3 n+}
= (2L = DB(L) G5y 12 € (ILX i +%)
(16¢)

Iterative equations (16a)-16c¢) to be considered as CAD,
i.e., central difference equations. in the particular calcula-
tions, the subscript to the terms

n+i o+l n+1
17%2,17%2’ R ’17L5+%
solve this, substitute the central difference scheme by using
the forward difference scheme. By leaving the weight
coefficient in each equations unchanged, iterative equations
can also be obtained.

have surpassed the index range. To

At 1 1
ntl _ n_ i ant U B dax R Lax 1
BV =b(1)V} ~ b(1)-C (1% I ) (17a)
At L n+i
n+1 __ n __ 7
3BV =36V}~ b(2) 5 C 3( — 1 )
(17b)
b(L)(2Ls — 1)V = b(Ly) (2L — 1)V}
At —1 n+i n+1
L, - D)bL) (1 -
(2Ls—1))AzC (2L )(‘)(L.Hr% 0 )

(17¢)

From the above Eqgs. (17a)—(17c), the iterative equation
at the near-end boundary node voltage of V{'“ is obtained
through the following:

At 1 ot
- S (1 - 1)

n n At 1 7+
Vi =y —A—c ZZb (Hl — I 2)

n n_ g+l
In Eq. (18b), substituting by I, = UAEHR

(15a), (15¢) we obtained the equation as
Vit = A1 A Vi+

L_S
A1As <Z b(i Ve +vg) = > 2b(i)1j’j

1 Rﬁx‘-’d i=1

(18a)

(18b)

and equation

N——

(19)

where,
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-1
At CV &

A= (14— b(i

! < AZRfixed; ()>
At €' &

Ay=1|1—— b(i

g < AZR_ﬁxed; O)

At
Ay =—C"'

Az

3.4 Modeling at far-end boundary condition

Similarly, the nodal analysis equation at load current
Inpz+1 1s given by the far-end terminal (k = NDZ+1) is:

1
Inpz 41 = (Vnpz+1 — Vpz+2) (20a)
fixed
dv,
Inpz+1 =CL 7]\:52“ (20b)

Applying discretization and Galerkin technique to (20a)
and (20b) respectively, then

1
In+1 (20C)

1 1
NDZ+1 — Ros (V;\l/BZH - Vzr\lrgzw)
fixed
n+1 n At n+1
VNDZ+2 :VNDZ+I + = C INDZ+1 (20(1)

The final iterative equations given at the far end of the
terminal is

=A A2V11\1/DZ+1 + A]A3 X
(o

1+ AAs Z 2b(i) "

NDZ+1 i+3
i=1

n+1
VNDZ+1

n+1 n
VNDZ+2 + VNDZ+2)>

Rﬁxed (2 1 )

where Some of the term indices surpass the index ranges
for all the nodes between the terminals in the algorithm
extension to obtain and update the iterative equations, so a
truncation method is applied by taking V,’g“as an examples
fork = 2,3, ..., L; and by subsequent the steps of Egs. (10)
and (11), it can be decomposed (8b) as an example for
k=2,3,...,L

n n At — n+t n+t
B)VE™ =b()V{ —b(1) - C I(IH%Z flkfg) (22a)
n n At n+ n+
3BV =36Q)V} - 3b(2) 5 - C (1k+_2 I 2_)
(22b)
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bk —1)(2k = 3)Vi™ = bk — 1)(2k - 3)V}
At IR ntt
~blk = 1)(2k = 3) i C (B =)
(22¢)
b(k)(2k — D)V = b(k)(2k — 1) V!
At Lt gy (22d)
b2k = 1) o C (-1

bk +1)(2k + 1)Vt

At _ n+i ntt
k4 Dbk+1)— 1(124 2)
@k Db+ D m Ty ¢ e =14

=bk+1)2k+ 1)V}

(22e)
b(Ly)(2Ls — 1)Vi*! = b(Ly)(2Ls — 1)V} — b(L,) x
At —1 n+% n+s
(2Ls - 1) (ZLS . 1))AZC (IkJrLJ. Ik L+2)
(22f)

From the Egs. (22a) to 22(f) stated above, it is also
observed that the indices of the equation do not surpass the
index ranges for the first k terms. In addition, all calcula-
tions for which the index terms surpass the index spectrum
appear in the remaining L; — k term. As L; — kterms are
out-of-bound these equations are not available for iterative
equations in MRTD model. To prevent problem, a trun-
cations is built in calculations where the index range is
surpassed. first k terms by summing up the in Egs. (22a)—
22(f), iterative equations can be updated for at
k=2,3,...,L

k -1
Vil =y~ (Z(Zi - 1)b(i)>

i=1

sz<Zb( - Zia))

Using the same steps illustrated in Egs. (22a)-(22f), a
altered iterative equation of voltages at interiors point as
presented in Eq. (23) and voltages near a load as presented
in Eq. (24) is.

foratthe k=L, + 1,L;+2,NDZ — L, NDZ — L, + 1

-1
Vit = v,g(zk:(zil)b(i)> X

i=1
n+ n+
B (Zb (k+12 L 12+‘)>

for at the k = NDZ — Ly + 2,NDZ — L, + 3, ...,NDZ.

(23)

(24)

NDZ—k+1 -1
v;g“:v,g-( > b(i)(2i—1)>

i=1
NDZ—k+1
b n+2 n+2
§ : k+z k i+}

Iterative current equations can also be modified by subse-
quent the same voltages iterative equations with minor
modifications. As seen in Fig. 5, it is observed that at the
half-integer points the current nodes appear. It implies that
at the interiors points of the terminals, all the currents are
located. Therefore, the current near the terminals need
alteration. For iterative current equations near to the ter-
minals, it is necessary to decompose (8a) using the steps of
iterative voltage of the equations. The final updated itera-
tive current equations are given as
V{‘“))

(25)

for at the k =1, near at the source

L
n+3 n+i _p At * . 1
=Bl - Bl oo (Z b(i) (Vi —

(26)
for k=2, 3,....... , L
1,:‘13 311”2 — B,L!
—1
At [ n+1 nt1
x Az Z(Vk+z Vil :+1 Zb )(2i—1)
i1
(27)

for at the k=L;+ 1,Li+2,---,NDZ — L, NDZ — L; +
1. at the Interior point iteratives equations
k+%

At : ' n n (28)
A (Sro0 -wen)
i=1

for at the k=NDZ—-L;+2,NDZ—L;,+3,---,NDZ,
Near the load, iteratives equations are

In-‘r% _ Blln+2

ki BoL™!

n | At
— B B, L

In-‘r%
k+% AZ

k+3

NDZ—k+1
. ( S by v -

i=1

NDZ—k+1 -1
< > b(i)2i- 1))

i=1

V1?+11+1)> X (29)

In the context of this bootstrapping method, modified
voltage and current iterative equations are tested. Firstly, in
terms of historical Voltages and current values, voltages
iterative equations are solved at a rigid time using
Egs. (19), (21), (23)—(25). Then, Egs. (26)—(29) solve the
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iterative equations of currents in terms of voltages mea-
sured initially and past values of current. The courant
stability condition (Tong et al. 2016; Dogaru and Carin
2001) is thus known as the stable output for MRTD iter-
atives equations.

A
Atg H

(30)
Which states that for each cell, the time of propagation
must be higher than the time step. Where q is the current
numbers given by ¢ = 1/ 3% |b(i)| = ¥4t/ Az and ¥ and
v is the phase velocity of the line propagation. However,
the boundary conditions will always gratify the stability
requirement as these are explicitly derived out of a implicit
expression.

4 The MRTD model is compared
and validated

Performance analyses of two-lines coupled MWCNT
interconnects structure is presented. The proposed model is
validated by comparison it to conventional FDTD model
and with HSPICE simulation. The interconnects load is
driven by CMOS driver, the interconnects dimensions are
taken from ITRS (International Technology Roadmap for
Semiconductors (ITRS) 2012; Kumar et al. 2017). At 22
nm technology node, the interconnect is placed from a
ground plane is 48 nm. the aspect ratio is taken 3. the ratio
of diameters inner to outer is 0.35. the interconnect width is
32nm. Imperfect metal contacts resistance is 3.2k€. and the
distance between shells to shells in MWCNT is 0. 34 nm.
The length and load capacitance of the interconnects are
1 mm and 2fF. The voltage V4, is 0.8V. The signal voltage
swings from 0 to 0.8 V (Low—High) or 0.8 to OV
(High—Low). The input source voltages have a transition
time is 20ps. The proposed MRTD model implemented by
MATLAB using Intel(R) Xeon(R) CPU E3-1225v6 oper-
ating at 3.30GHz and HSPICE tool ( Synopsys for HSPICE
tools 2008). The parasitic values of RLC for a two-coupled
interconnect line structure are

R {2.2 0 ] wa | [16.35 0.66} .
ds — o ds — o
0o 22/,, 0.66 1635, ,
83.68 —68.23 N
Cus = o
—68.23 8368 |, "
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Table 3 Victim line’s computational error for peak voltage timings in functional crosstalk

Input Transition time (ps)

Peak voltage timing (ps)

HSPICE Proposed model Conv.* FDTD) Yoerror proposed model Yoerror Conv.* FDTD
10 64.103 64 62 0.16 0.33
20 69.085 69 68 0.12 0.16
30 81.139 79 78 0.26 0.38
40 82.36 82 80 0.43 2.86
50 94.589 93 92 1.68 2.73
60 98.913 98 96 0.92 2.94
70 100.36 100 98 0.36 235
80 113.53 112 111 1.34 2.23
90 114.27 114 113 0.23 1.11
100 128.27 128 126 0.21 1.77

Table 4 Victim line’s computational error for peak voltage values in functional crosstalk

Input Transition time (ps)

Peak voltage value (V)

HSPICE Proposed model Conv.* FDTD Yoerror proposed model Yoerror Conv.* FDTD
10 0.36247 0.3624 0.3748 0.02 —3.40
20 0.36118 0.3606 0.3685 0.16 —2.03
30 0.35866 0.3549 0.3636 1.05 —1.38
40 0.35723 0.3507 0.3614 1.83 —1.18
50 0.35457 0.3492 0.3585 1.51 —1.11
60 0.35243 0.3427 0.3527 2.76 —0.07
70 0.3488 0.3389 0.3595 2.83 —3.08
80 0.34763 0.3372 0.3495 3.0 —0.54
90 0.34252 0.3451 0.3438 —0.75 —0.37
100 0.34025 0.3561 0.3403 —4.65 —0.01

Table 5 Computational error for dynamic in-phase switching propagation delay for various transition times

Input Transition time (ps)

In-phase Propagation delay (ps)

HSPICE Proposed model Conv.* FDTD %error proposed model Yoerror Conv.* FDTD
10 29.718 29 28 241 5.78
20 36.505 36 35 1.38 4.12
30 42.905 42 40 2.10 6.77
40 49.182 48 46 240 6.47
50 55.241 54 52 2.24 5.86
60 61.216 59 58 3.61 5.12
70 67.067 66 65 1.59 3.08
80 72.821 70 69 3.87 5.24
90 78.56 77 75 1.98 4.53
100 84.216 84 81 0.25 3.81
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Table 6 Computational error for dynamic out-phase switching propagation delay for various transition times

Input Transition time (ps) Out-phase Propagation delay (ps)

HSPICE Proposed model Conv.* FDTD %error proposed model Yoerror Conv.* FDTD
10 186.94 185 183 1.04 2.10
20 192.44 192 189 0.23 1.79
30 198.86 198 196 0.43 1.44
40 205.03 204 201 0.50 1.96
50 211.80 211 207 0.38 2.26
60 217.97 217 215 0.44 1.36
70 225.03 225 223 0.01 0.90
80 231.4 231 229 0.17 1.04
90 237.74 236 235 0.73 1.15
100 242.94 242 241 0.38 0.80
160 — 0.8

g 0.6

21 S

go 'E 0.4 y

S —e— HSPICE 3

3 807 —— Proposed model - e HSPICE

[ —v— Conv*. FDTD 0.2 —4— Proposed model

—w— Conv*. FDTD
H+———T—T T T T T 1 0.0

T 1
70 80 90 100 110

Input Transition Time (ps)

Fig. 6 Peak voltage timing with varied input transition time for victim
line

4.1 Analysis of transients and crosstalk in two
coupled MWCNT interconnects

This section covers the transient and crosstalk studies of a
two-line coupled interconnects system. Line 1 is the
aggressor in the coupled two MWCNT interconnects sys-
tem seen in Fig. 2, and line 2 is the victim line. On the
other end of the victim spectrum, the effect for functional,
dynamic in-phase, and dynamic out-phase switching has
been found using the proposed model, HSPICE, and the
conventional FDTD model. On the victim line, the tran-
sient reaction is investigated. The effect of functional
crosstalk is explored by modifying line 1’s aggressor input
from 0.8V to OV while holding line 2’s victim in quiescent
mode. When both aggressor and victim stimuli turn at the
same time, the impact of in-phase or out-phase is also

@ Springer
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Fig. 7 Peak voltage with varied input transition time for victim line

explored. At the far end of the victim line, the transient
graph results based on the above conditions are compared.
Figure 5a—c displays the functional, dynamic in-phase, and
dynamic out-phase transient responses. Figure 5b, c¢
demonstrate that the victim-line peak solution has higher
dispersion errors than the conventional FDTD method. The
proposed model, on the other hand, is superior to the
conventional FDTD model in terms of precision due to its
significant superiority in numerical dispersion properties.
Figure Sc illustrates how miller coupled capability allows
signal transitions to take longer during out-phase than
during in-phase switching. The simulation results of pro-
posed MRTD model match HSPICE correctly in all input
switching situations and outperform the conventional
FDTD method.

In comparison to HSPICE, Table 3 indicates the com-
putational error associated with estimating functional
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crosstalk effects over victim line2 for conventional FDTD
and then suggested MRTD models. Efficacy at multiple
input transition times. The proposed model’s average error
in predicting crosstalk peak voltages is found to be 0.57
percent, compared to 1.68 percent for the conventional
FDTD method. Table 4 also indicates that the proposed
model correctly predicts peak voltage timing, with an
average error of 0.77 percent compared to 1.31 percent
using the conventional FDTD method.

With respect to HSPICE, Table 5 indicates the compu-
tational error associated with estimating dynamic in-phase
crosstalk effects over victim line2 for conventional FDTD
and proposed MRTD models. sturdiness of input transitions
at different times the proposed model is observed to have a
2.18 percent average error in propagation delay estimation,
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Fig. 10 Peak voltage timing with varied Load capacitance for victim
line
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Fig. 11 Peak voltage with varied Load capacitance for victim line

compared to 5.07 percent for the conventional FDTD
method.

With respect to HSPICE, Table 6 indicates the compu-
tational error associated with estimating dynamic out-phase
crosstalk effects over victim line2 for conventional FDTD
and proposed MRTD models. sturdiness of input transitions
at different times the proposed model has a 0.431 percent
average error in propagation delay estimation, compared to
1.48 percent for the conventional FDTD method. The
simulation results of proposed MRTD model match
HSPICE correctly in all input switching situations and
outperform the conventional FDTD method.

The graphs for peak voltage timing and peak voltage
value on the victim line as a result in functional crosstalk
generated by a varied in input transition time are seen in
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Figures 6 and 7. At different input transition times, Fig-
ures 8 and 9 illustrate dynamic in-phase and out-phase
crosstalk propagation delays.The results for both functional
and dynamic crosstalk are MRTD model validated with
HSPICE and outperform the conventional FDTD model
Figures 10 and 11 demonstrate the peak voltage timing
and peak voltage on victim line2 in functional switching
with varying values of load capacitance C;. The compar-
ison of the Dynamic propagation delay response of cross-
talk switching on victim line for two-coupled interconnect
lines between the proposed MRTD method, HSPICE and
the conventional FDTD method with reference (Kumar
et al. 2014b). It is observed that the proposed MRTD
method is in good agreement with the HSPICE simulation
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results.It is observed from Fig. 12 that the proposed MRTD
method dominates the existing conventional FDTD and is
in good agreement with HSPICE. The power delay product
(PDP) signifies energy dissipation in a system and is an
important figure of merit. Thus, a low value of PDP is
desirable for any high-performance integrated circuit
design (Kumar et al. 2006). The PDP for MWCNT inter-
connects using MRTD and Conventional FDTD has been
analyzed and presented in Fig. 13. Fig. 14 demonstrates
the CPU computing time specifications for crosstalk study
of coupled-MWCNT interconnect lines in various scenar-
ios. The simulation results of the proposed MRTD model
fit HSPICE adequately and outperform the conventional
FDTD model, according to the results.

5 Conclusion

The modified alpha power law model is used in this paper
to build an analytically dependent MRTD model for
functional and dynamic crosstalks study of coupled two
transmission lines driven by a CMOS driver. For coupled
two MWCNT interconnects, in this work provided a
detailed study of functional, dynamic in-phase, and out-
phase induced effects on the victim line. The Courant
condition is strictly followed by the suggested model’s
stability. The influence of input transition time on crosstalk
propagation delay under dynamic and peak voltage timing,
as well as the peak voltage value for functional crosstalk, is
studied. The proposed MRTD model’s effects are in
comparison to the results of conventional FDTD and
HSPICE simulations. With regard to HSPICE, the pro-
posed MRTD model and the FDTD validate that the
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proposed MRTD model is in good agreement with
HSPICE. The findings show that the average error of
crosstalk-induced propagation delays in both dynamic in-
phase and out-phase MWCNT interconnects is 2.18 percent
and 0.431 percent, respectively, according to the proposed
model. Functional crosstalk has a peak voltage timing of
0.57 percent and a peak voltage value of 0.77 percent.
Furthermore, the suggested MRTD model and FDTD
model are validated with HSPICE for peak voltage timing
and peak voltage value on victim line for functional cases
for various values of load capacitances with an average
error is less than 1%. The proposed model time efficiency
over the FDTD model and HSPICE is reported, suggesting
that it has the ability to analyses crosstalk in on-chip
interconnects quickly and accurately. The analysis was
performed on two coupled interconnect, but it can also be
generalised to M- mutually coupled MWCNT intercon-
nects and it can be extended to Through Silicon
Vias(TSVs).
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