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Abstract 
The upper and lower bounds of the time-delay due to the 

variations of some physical and geometrical characteristics of 
a nano-interconnect based on Multi Wall CNTs, suitable for 
the 32 and 22nm technology, are evaluated. Interval Analysis 
is used to define the ranges of the of the p.u.l. parameters of a 
Transmission Line modeling the interconnect. The Vertex 
Analysis is then exploited on the parameter space to obtain in 
a reliable way the time-delay bounding without extensive and 
costly simulation burden. The obtained results are compared 
with those of scaled down copper-based structures. 

Introduction 
Carbon NanoTubes (CNTs) have been proposed as a 

possible alternative to copper interconnects for future very 
large scale integration (VLSI) systems [1]. The CNTs, 
characterised by electron mean-free path of the order of the 
micrometers, high current carrying capability and remarkable 
thermal and mechanical stability may be single-walled 
(SWCNTs, i.e. only one shell) or multi-walled (MWCNTs i.e. 
nested tubes). The most promising interconnect solutions 
allowing the reduction of the considerable contact resistance 
of a SWCNT are based on bundles of SWCNTs and on 
MWCNTs due to the possibility to contact also their interior 
conducting shells [3]. A comprehensive state-of-the-art 
concerning the different research efforts connected with the 
production use of CNTs in future nano-interconnects can be 
found in a very recent paper [4].  

In order to predict the propagation characteristics along 
CNTs structures equivalent Transmission Line (TL) models 
have been developed which take into account the peculiar 
CNTs conduction characteristics [5]. However, studies based 
on these models do not usually take into account the variations 
of different physical properties and geometric parameters of 
the interconnect structure, which in turn may sensibly affect 
the propagation performances [10]. Indeed, a knowledge not 
only of the nominal value, but also of the range in which the 
desired performance is expected to vary may prove  useful for 
a more accurate and reliable design of the considered system. 

Therefore, in this paper the range of the 50% time delay, 
due to the variability of some relevant process-dependent 
parameters for two MWCNTs-based interconnect (22 and 
32nm), in presence also of variability on both driver and load 
characteristics, is evaluated by exploiting the peculiarities of 
the Interval Arithmetic (IA) and the Vertex Analysis (VA). In 
particular, the monotonic inclusion property of IA [11] is used 
in order to obtain the ranges, due to the uncertainties, assumed 
by the per unit length (p.u.l.) parameters of a widely used 
Transmission Line (TL) modelling the electrical dynamics of 

the MWCNTs-based interconnect. The VA is then exploited 
on the parameter space to identify proper sets to be adopted in 
a few simulations leading to a reliable time-delay bounding 
without repetitive simulator runs, as required, for example, 
with Monte Carlo approach. A commercial circuital simulator 
(Simulink®) is adopted to perform the time domain 
simulations allowing to evaluate the time-delay. Also the 
variability of the driver and load parameters are taken into 
consideration. The results obtained for the MWCNTs 
interconnect are compared with those of scaled down copper-
based structures. 

Nano-IC based on MWCNTs and associated TL model 
The schematic set-up of the considered device is shown in 

Figure 1 a) whereas the cross section of the MWCNT-based 
line is shown in Figure 1 b). Two values are assumed for the 
linewidth w=22 or 32nm, according to the technological 
developments described by the ITRS [13]. An aspect ratio 
Ar=1 is adopted. The MWCNT, with external radius rN=w/2, is 
at the distance d from a perfect electric conductor (PEC) 
ground plane and is immersed in a medium characterised by a 
relative permittivity εr.
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Figure 1. Schematic illustration of the MWCNT-based nano-IC, 
a) and the cross section of the MWCNTs structure, b). 

The number of shells (walls) N is chosen by fixing the internal 
radius r1 of the MWCNTs to be ½*rN and the distance between 
adjacent shells δ to be 0.34 nm (van der Waals distance): 

N = int_part [(rN - r1)/δ] −1 (1)

where int_part represent the integer part of the number.  
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The ranges, chosen by considering either technological 
uncertainties or future manufacturing improvements, of the 
relevant geometric and physical parameters of the considered 
nano-IC configurations are indicated in Table I.  

Table I. Variable parameters and their ranges 

parameter Nominal value Variation/Range 

w=2×rN [nm] 22, 32 ±10% 
εr 3 [3, 10] 

d [nm] 50 ±10% 
T [K] 293.15 [293.15, 393.15] 

r1 [nm] w/4 ±10% 
Rmj [kΩ] 100 [0,120] 

According to [9] the interconnect is modelled by an equivalent 
Single Conductor lossy TL, as depicted in Figure 2.  

Figure 2. TL modeling the MWCNT-based nano-IC. 

The lumped parameter Rm takes in to account the contact 
resistance, Rmj, of each shell and the intrinsic resistance, Ri, of 
each conducting channel: 
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where nj is the number of conducting channels of the j-th shell 
in the statistic conduction model [5]. This quantity is 
dependent from the operating temperature T and the shell 
radius rj
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with a =3.87×10−4 nm−1K−1, b=0.2, and dT = 1300 nm K.
The total number of conducting channel, ntot, is given by the 

sum of the conducting channel of each shell �
=

=
N

j
jtot nn

1

. The 

conduction mechanism taking place in the CNTs may be 
nominally ballistic (lossless) or dissipative. In fact, every shell 
is characterized by a different mean free path, jmfp,λ , that can 
be expressed as: 
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with T0=100°K. When the length of the interconnect is lower 
than the critical mean free path corresponding to the external 
tube Nmfp,λ , the wall is characterised by ballistic transport. 
Thus it short-circuits all the other walls leading the entire 
structure to ballistic transport. Therefore, depending on the 
length of the interconnect the TL model may include or not the 
p.u.l. resistances R’ associated to the conduction mechanism:  
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The p.u.l. inductance L’ takes into account both the magnetic, 

MWCNTmL  and the kinetic inductance of each conducting channel, 

( )Fk ehL υ22= :

tot

k

N

N

tot

k
m n

L
r

dr
n
LLL

MWCNT 2
cosh

22
' 10 +��

	



��
�

 +=+= −

π
μ

(6)

The p.u.l. capacitance C’ includes the effect of the 
electrostatic capacitance of the MWCNT, Ce and the quantum 
capacitance of each conducting channel, ( )Fq heC υ22= :
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Range evaluation of the circuital parameters by using IA 
In [14] it has already been shown that, in presence of 

parameters variations, IA permits a straight determination of 
an interval that certainly includes the true range of a function. 
In particular, by substituting the operations on real numbers 
x∈ℜn with those on intervals X∈Iℜn, we get the Interval 
Extension (IE) F(X) of a function f(x): ( ) ( )XFxfXx →�→ .

Due to the “inclusion property” [11], the IE certainly 
includes the range of f(x) ∀x∈X, f(X), i.e. ( ) ( )XFXf ⊆ .
Therefore, the ranges of the circuital parameters in Figure 2 
can be obtained by considering f(·)={Rm,R’,L’,C’} and  
x=(w,εr,d,T,r1,Rmj).

In presence of variations on the input variables, the 
hypercube 
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X=[wmin,wmax]×[εr,min, εr,max]×[dmin,dmax]×[Tmin,Tmax]×[r1,min,r1,ma

x]×[Rmj,min,Rmj,max] gives the parameter space in which the range 
assumed by the circuital elements of Figure 2 must be 
evaluated. In Table II the nominal values and the ranges for 
the two considered technologies are reported. 

Table II. Nominal values and ranges of the circuital parameters  

w=22nm 
nominal range 

Rm [kΩΩΩΩ] 6.07 [0.08, 13.85] 

l<12.19 μm [0, 0] 
 l<=28.60μm 0

l∈[12.19,31.93]μm [0.0, 15.41]R’ [MΩ/Ω/Ω/Ω/m]

l>28.60μm 10.04
l>31.93 μm [3.10, 15.41]

L’ [μμμμH/m] 230.25 [95.50, 638.60] 
C’ [pF/m] 68.90 [63.30, 245.40] 

w=32nm 
Rm [kΩΩΩΩ] 4.26 [0.04, 8.79] 

l<18.03 μm [0, 0] 
l<=33.97μm 0

l∈[18.03,45.14]μm [0, 5.02] R’ [MΩ/Ω/Ω/Ω/m]

l>33.97μm 3.50
l>45.14 μm [1.12, 5.02]

L’ [μμμμH/m] 116.22 [48.91, 273.75] 
C’ [pF/m] 79.19 [73.07, 283.00] 

Bounds for the propagation delay by means of VA 
The driver and load components are modelled respectively 

by means of the input resistance and load capacitance. Their 
values, reported in Table III, are chosen according to ITRS. In 
particular, given the values at Minimum Size Gate (MSG), the 
adopted figure depends on the length of the interconnection 
according to the following analytical expressions: 

Rt = Rt_MSG  /  K;  CL = CL_MSG  ×  K; 

where K is a scaling parameter which in the present case is 
chosen in the range [10, 50]. 
Then, the simulation of the network in Figure 1a requires the 
selection of the values of 6 parameters, i.e. 4 relative to the TL 
and the other 2 associated to the driver and load. By 
performing time domain simulations on such a circuit, the 
minimum and maximum value assumed by the 50% time-
delay, τ50%, can be evaluated. 

Table III. Driver and load parameters and their ranges 
w parameter Nominal value Range 

CL [fF] 4.2 [1.4, 7] 
22 nm  

Rt [kΩ] 0.556 [0.333, 1.667] 
CL [fF] 7.5  [2.5,12.5]  

32 nm 
Rt [kΩ] 0.462 [0.277,1.385]  

The use of the Vertex Analysis [15] is computationally 
appropriate when n is small and the evaluation of the function 

is not too heavy. In this case, in order to find the range of τ50%,
only 26 simulations in the hypercube vertexes are required. 

Results and Discussion 
Intermediate nanoICs i.e. with l in the range 10-200 μm are 

considered. The simulations, are performed on the circuit of 
Figure 1a by using the commercial package Simulink®. The 
TL is modeled by considering a fixed dz=5um in order to have 
a comparable quality of the results. In order to consider also 
the nominal combination of the parameters, for each length 
26+1 simulations are performed. The bounding of the 
propagation delay, together with its nominal behaviour, is 
reported for the two technologies in Figure 3.  
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Figure 3. Bounds of ττττ50% for the two technologies 

If only the nominal values (central curves in Figure 3) are 
taken into account, it can be noted that the 22nm technology 
exhibits better performances (lower propagation delay) than 
the 32nm solution for interconnect lengths up to about 90μm. 
But, if the worst case is considered (uppermost curves in 
Figure 3 corresponding to upper bounds) the 32nm solution 
surpasses the performances of the 22nm realization for IC 
lengths as low as about 30 μm. Moreover, the wider (32nm) 
linewidth is characterized by a greater robustness since, as 
shown in Figure 4, the amplitude of its variability range is 
lower than that corresponding to the narrower linewidth. 

To assess the actual improvement introduced by the use of 
a MWCNT solution, it is appropriate to refer to the delay 
ratios of the MWCNT with respect to that of a Cu-based 
interconnect. The Cu-based interconnect is modeled as a lossy 
TL [16] with variable resistivity and therefore characterized by 
uncertain parameters. The comparison among the two 
solutions is shown in Figure 5. It can be noted that, while for 
the nominal values, the ratio becomes lower than unity (i.e. the 
MWCNTs performs better that the Cu-interconnect), for 
interconnect length of about 30μm, in the worst case (the 
uppermost curves corresponding to the upper bounds), the 
ratio never reach unity in the considered length range. These 
results clearly indicate that for a reliable design of future 
interconnects it is appropriate to perform an analysis not 
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limited to nominal conditions, but including the performance 
ranges. 
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Figure 4 Amplitude of the �50% range for the two technologies: the 
higher values corresponding to the 22nm technology denotes a 
lower robustness of this solution. 
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Figure 5. Signal delay ratios of MWCNT interconnect with 
respect to Cu interconnect at the intermediate level, for 32-and 
22-nm technology nodes. 

Conclusions 
Reliable bounds of the time-delay due to the variations of 

some physical and geometrical characteristics of the a nano-
interconnect based on Multi Wall CNTs, suitable for the 22 
and 32nm technology, have been evaluated. Also the 
variability of the driver and load parameters have been taken 
into consideration. A commercial circuital simulator 
(Simulink®) is adopted to perform the time domain 
simulations allowing to evaluate the time-delay. The combined 
use of Interval Analysis and  Vertex Analysis allows to 
identify proper sets of parameter values to be adopted in time 
domain simulations which allow the evaluation of the 
minimum and maximum value assumed by the 50% time-

delay. A sensible reduction of the number simulations is 
achieved when compared for example, with Monte Carlo 
approach. Moreover the 32nm technology is characterized by 
a variability range narrower than that relative to the 22nm-
solution. In any case a choice of a MWCNTs-based 
interconnect exploited only on the basis of the nominal values 
of the propagation delay may prove not appropriate. The 
uncertainties may, in fact determine inferior performances of 
such solution with respect to Cu-based devices. 
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