
Abstract – Although carbon nanotubes (CNTs) have been
widely proposed as interconnect fabrics for future ultra deep
submicron (UDSM) technologies, there is a lack of system-level
performance analysis using these interconnects. In this paper, we
investigate the performance of four CNT alternatives that may
replace conventional copper (Cu) interconnects at the global
interconnect level – (i) single walled CNTs (SWCNTs), (ii)
SWCNT bundles, (iii) multi-walled CNTs (MWCNTs) and (iv)
bundles of mixed SWCNTs/MWCNTs. Detailed RLC equivalent
circuit models for conventional CNT interconnects are described
and used to calculate propagation delays. These models are then
incorporated into a system-level environment to estimate the
impact of using CNT global interconnects on the overall 
performance of several multi-core chip multiprocessor (CMP)
applications. Our results indicate that MWCNTs can provide the
most significant performance speedup among the CNT
alternatives (up to 1.9×) over Cu global interconnects. With
further improvements in CNT fabrication technology, it is shown
that mixed SWCNT/MWCNT bundles and SWCNT bundles can
also become viable global interconnect alternatives.

Index Terms – carbon nanotube, interconnect, CMP, UDSM
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understand potential benefits and limitations of CNT 
interconnects, but also get a true insight into realistic gains 
that can be achieved by switching to CNT interconnects for 
future CMP applications. This paper addresses such a need. 

CNTs can be broadly classified as single-walled carbon 
nanotubes (SWCNTs) [9]-[11] and multi-walled carbon 
nanotubes (MWCNTs) [12]-[13]. SWCNTs consist of a single 
sheet of graphene rolled into a cylindrical tube, with a 
diameter in the nanometer range (Fig. 1 (a)). MWCNTs 
consist of two or more SWCNTs concentrically wrapped 
around each other, with diameters ranging from a few to 
several hundred nanometers (Fig. 1 (b)). In addition to 
SWCNTs and MWCNTs, bundles of CNTs are being 
evaluated because of their superior conductivity properties. A 
SWCNT bundle (Fig. 1(c)) consists of several SWCNTs 
packed together in parallel [14], whereas a mixed 
SWCNT/MWCNT bundle (Fig. 1(d)) consists of a 
combination of SWCNTs and MWCNTs packed together in 
parallel [13].  

In this paper, we present a system-level performance 
analysis of conventional Cu global interconnects with the four 
CNT global interconnect alternatives shown in Fig. 1 – single 
walled CNTs (SWCNTs), multi-walled CNTs (MWCNTs), 
SWCNT bundles, and mixed SWCNT/MWCNT bundles. Our 
paper makes two novel contributions: (i) investigating the 
performance of the recently proposed mixed SWCNT/ 
MWCNT bundles, and (ii) analyzing the overall performance 
impact of using CNT-based global interconnects at the system 
level, for emerging multi-core CMP applications. We describe 
detailed RLC equivalent circuit models for CNT interconnects 
and use them to calculate propagation delays. The CNT 
equivalent circuit models capture the statistical distribution of 
metallic nanotubes while accurately incorporating recent 
experimental and theoretical results on inductance, crosstalk 
capacitance and ohmic resistance. These models are then 
incorporated into a system-level environment to estimate the 
impact of using CNT global interconnects on the overall 
performance of several chip multi-processor (CMP) 
applications with diverse data traffic profiles. Our results 
indicate that MWCNTs provide the most significant 
performance speedup among the CNT alternatives (up to 1.9×) 
over Cu global interconnects. With further improvements in 
CNT fabrication technology, it is shown that mixed 
SWCNT/MWCNT bundles and SWCNT bundles can also 
become viable global interconnect alternatives. 

II. RELATED WORK

The study of the properties of CNTs has received immense 
interest in the last few years. Researchers have developed 
circuit models for various CNT interconnect alternatives and 
compared their performance with Cu interconnects. RLC 
circuit models have been developed for isolated SWCNTs [9]-
[11], SWCNT bundles [8][12][14] and MWCNTs [12]-[13]. 
Recently, conductance and inductance models for mixed 
SWCNT/MWCNT bundles were also introduced [13][40]. 
Other studies have presented some interesting discussions on 
the impact of process variations on CNT performance [18] and 
the possibility of CNTs replacing Cu interconnects in future 

FPGA fabrics [19]. All of these studies have shown that CNT 
interconnects can be a viable alternative to Cu interconnects in 
future technologies.   

To date however, very little work has been done to 
understand the impact of CNT global interconnect 
architectures for emerging CMP applications. Early work in 
[9] compared the delay of a SWCNT global interconnect with 
that of a Cu global interconnect, and concluded that SWCNTs 
are not able to outperform Cu interconnects. Recently, [17] 
described a dual-walled CNT global bus interconnect and 
presented experiments to show that it outperforms SWCNT 
and MWCNT global bus interconnects, but no comparison 
with Cu interconnects is presented. Our work extends the 
direction of [17] by presenting a comprehensive comparison 
between Cu global interconnects and several CNT global 
interconnect alternatives – SWCNTs, SWCNT bundles, 
MWCNTs, and mixed SWCNT/MWCNT bundles. To the best 
of our knowledge, ours is the first work that analyzes the 
system-level performance impact of various CNT global 
interconnects, for multi-core CMP applications. 

In the next section (Section III), we describe equivalent 
RLC circuit models for various CNT interconnects. These 
circuit models are then used to calculate interconnect 
propagation delays and drive our system-level performance 
analysis in Section IV.  

III. CNT INTERCONNECT CIRCUIT MODELS

In this section, we present an overview of equivalent RLC 
circuit models derived from literature for the different CNT 
interconnects.  

A. SWCNT 
Unlike Cu, the resistance of a SWCNT is not simply a 

linear function of its length. Instead, the SWCNT resistance is 
constant up to a certain length, called mean free path length 
( ) and then increases linearly thereafter. The constant 
(quantum) resistance of a SWCNT can be determined using 
the Landauer-Buttker formula, RQ=h/4e2 [5] and is about 
6.45k . For longer lengths, SWCNT resistance has been 
shown to depend on its length and bias voltage [11]. For bias 
voltage less than the critical bias (< 0.16V for global wires 
[22]), the SWCNT resistance is: 

where h is Planck’s constant, e is the charge of an electron, l is 
the SWCNT length and  is the mean free path (MFP) length, 
given by  = Fdt/ T, (  is the total scattering rate, F is the 
Fermi velocity of graphene, dt is the SWCNT diameter and T
is the temperature, assumed to be room temperature T=300K,
with a more detailed temperature analysis presented in [23]). 
Ideally,  is in the order of several μm. However, a rigorous 
analysis has shown that practically,  is in the order of 1 μm 
[10][22]. 

For SWCNT interconnects, three types of capacitance 
should be considered: an electrostatic capacitance with the 
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ground (CEG), a coupling capacitance with the adjacent 
SWCNT (CEC), and an intrinsic quantum capacitance (CQ)
[6][24]. The electrostatic capacitance per unit length between 
a SWCNT and the ground plane is given by: 

where  is the permittivity of the dielectric and H is the 
distance between the SWCNT and ground plane. For a typical 
value of H/dt, CEG 50aF/μm [6]. Similarly, the electrostatic 
capacitance per unit length between two parallel SWCNTs is 
given by: 

where s is the inter-SWCNT spacing and dt is the SWCNT 
diameter. The SWCNT quantum capacitance per unit length is 
given by: 

where the value of CQ 100 aF/μm. SWCNTs have been 
shown to consist of four co-propagating quantum channels, 
and therefore the effective SWCNT quantum capacitance is 
4CQ [6]. As per the analysis in [24], 4CQ is in series with a 
parallel combination of CEG and CEC. Because electrostatic 
coupling between non-adjacent SWCNTs is very weak 
compared to coupling between adjacent SWCNTs, the 
coupling capacitance between nonadjacent SWCNTs can be 
neglected in parallel global interconnects with more than two 
lines [11][17]. 

A SWCNT also has two types of inductance associated with 
it – kinetic and magnetic. The kinetic inductance (LK) is due to 
charge carrier inertia, since electrons do not instantaneously 
react to an applied electric field. The series inductance which 
represents this phenomenon is given by [6]: 

Since a nanotube has four co-propagating quantum 
channels, the effective value of kinetic inductance in the 
equivalent circuit is LK/4 [6][17]. Kinetic inductance (LK/4
4nH/μm) typically dominates magnetic inductance (~ 
1.2pH/μm) in SWCNTs [6].  

B. SWCNT Bundles 
A SWCNT bundle consists of several individual SWCNTs in 

parallel. An important parameter associated with a SWCNT bundle 
is its metallic density (Pm) which refers to the probability that a 
SWCNT in the bundle is metallic (i.e. conducting). The value of Pm

 1/3 [1] with today’s best fabrication techniques, which implies 
that only 1/3 of the SWCNTs in a bundle are conducting. The 
effective spacing x between SWCNTs in a bundle is given by 
x=  [8][22], where dt is the diameter of a SWCNT in the 
bundle. The number of conducting SWCNTs in a bundle (nCNT) of 
width w and height h is then given as: 

where nw and nh are the number of SWCNTs in a row and along the 
height of the bundle, respectively.  

The resistance of a SWCNT bundle is simply the parallel 
combination of nCNT metallic SWCNTs [8][22]. 

As far as SWCNT bundle capacitance is concerned, the 
electrostatic capacitance to the ground and coupling capacitances 
arise mainly from the SWCNTs lying at the edges of the SWCNT 
bundle. The coupling and electrostatic capacitances to the ground 
of a highly metallic SWCNT bundle (Pm=1) have been analyzed 
extensively in [10] (using the field solver RAPHAEL) and [22] 
(using the 3D field solver FastCap), and found to be equal to the 
respective capacitances of a Cu wire with the same cross-sectional 
dimensions. For more realistic SWCNT metallic densities 
(Pm=1/3), capacitance was shown to decrease very slowly. Even for 
as few as 4 SWCNTs at the corners, capacitance was found to be 
only 20% smaller (mainly due to fringing effect) than for a densely 
packed bundle [10]. It is therefore safe to assume that the SWCNT 
bundle electrostatic capacitance to ground and coupling 
capacitances are the same as that of a Cu wire with the same cross-
sectional dimensions for realistic metallic densities. The effective 
quantum capacitance of a SWCNT bundle is further reduced in a 
bundle and found to be negligible compared to its electrostatic 
counterparts [22].  

The kinetic inductance of a SWCNT bundle is the parallel 
combination of individual SWCNT kinetic inductances. For a 
SWCNT bundle with wire dimensions corresponding to the 22-nm 
technology node and a SWCNT diameter of 1nm, the kinetic 
inductance is ~6pH/μm. The magnetic inductance remains 
relatively constant at ~1.6pH/μm with wire dimensions. The 
mutual inductance between SWCNTs in a bundle is accounted for 
using the partial element equivalent circuit (PEEC) model [22][25]. 
The total SWCNT bundle inductance is then given by: 

C. MWCNT
A MWCNT consists of two or more concentric SWCNTs. 

Since the basic building blocks of a MWCNT are essentially 
SWCNTs of varying diameters, many of the properties of 
SWCNTs hold for MWCNTs. The number of shells (Ns) in a 
MWCNT is diameter dependent, and given by:

where =0.34nm (van der Waals distance) is the spacing 
between adjacent concentric shells, and Douter and Dinner are the 
maximum and minimum shell diameters. The ratio of 
Douter/Dinner has been observed to vary from 0.35 to 0.8 [12]. 

The approximate number of conduction channels per shell 
for a MWCNT is given by [13]: 
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where a = 0.1836 nm-1, b = 1.275, d is the shell diameter and 
P  = 1/3 (similar to a SWCNT bundle). Then the resistance for m
the ith SWCNT shell with diameter di is given by: 

Each shell has its own di,  and Nchan/shell that can be derived 
from Douter. The total MWCNT resistance (RMWCNT) is a 
pa

where RSWCNTi is the resistance of the ith concentric SWCNT. 
Additionally, an inter-shell resistance (Ri 10 k /μm) must be 

 for its inner shells [26]. Thus the 
ca

rallel combination of the resistances of all the concentric 
SWCNTs: 

considered to account for the inter-shell tunnel transport 
phenomenon [17]. 

The metallic shell in a MWCNT constitutes an effective 
electrostatic shield

pacitance between an internal shell and ground, and between 
non-adjacent shells can be safely neglected. The electrostatic 
capacitance per unit length between the outermost nanotube in 
a MWCNT and the ground is given by (2), where dt is the 
diameter of the outermost shell. Similarly, the coupling 
capacitance between the outer shells of adjacent MWCNTs is 
given by (3) and the quantum capacitance is given by (4). The 
electrostatic coupling capacitance between adjacent shells in a 
MWCNT (CESC) is derived from a conventional metallic 
coaxial configuration [27]: 

The quantum capacitance (4CQ) of an external shell is 
co pled with a parallel combination of the three capacitances 
C

u
ESC, CEG and CEC in the equivalent RLC circuit. 
Finally, the total MWCNT inductance is given by a relation 

similar to that for a SWCNT bundle (8): 

where Lk is obtained from (5) and Nchan/shell(di) from (10  m s
ca ated using the equivalent conductivity method [40].  

arious diameters 
 d

). L  i  

Ts 
Dinner

lcul

D. Mixed SWCNT/MWCNT Bundles 
A mixed SWCNT/MWCNT bundle consists of SWCN

with a diameter d and MWCNTs with v
i  Douter. It has been shown [2][13] that the outer diameters 

follow a normal (Gaussian) distribution.  
The total resistance for a mixed SWCNT/MWCNT bundle 

is given by [13]: 

where RMWCNT(Douter, l) is obtained from (12) and N(Douter
the tube count according to Douter’s, with a normal (Gaussian) 

) is 

distribution, a mean diameter , and a standard deviation 
 [2][13].  

For Nbundle CNTs in the bundle, the tube count for a given 
Douter is: 

This relation can be used to derive a distribution curve for 
the tube count. The resulting curve and the corresponding 
MWCNT resistance curve can be used to determine total 
res

by the cross sectional dimensions of a bundle [1]. 
Th

ndle, similar to (8) and (14). Magnetic inductance m is 
cal

NT 
interconnects in the previous section, we now use these 
models to evaluat pagation delays with 
Cu

atives across the 45-22 nm 
t 

we assume 

istance of the mixed bundle from (15). This resistance 
formulation has been validated with experimental results from 
[2] in [13]. 

The capacitive characteristics of a mixed SWCNT/ 
MWCNT bundle have been shown to predominantly be 
determined 

erefore, similar to the case of the SWCNT bundle, we can 
assume that the mixed bundle electrostatic capacitance to 
ground and coupling capacitances are the same as that of a Cu
wire with the same cross-sectional dimensions for practical 
metallic densities (Pm=1/3). The quantum capacitance is 
similarly negligible compared to its electrostatic counterparts 
[22]. 

Finally, the total kinetic inductance of a mixed bundle is 
the parallel inductance value of all the conduction channels in 
the bu L

culated using the equivalent conductivity method [40].  

IV. EXPERIMENTS

Having presented the equivalent circuit models for C

e and compare their pro
. Subsequently, the performance of CNT and Cu global 

interconnects is compared for several multi-core CMP 
applications. Finally, we investigate how CNT global 
interconnects will perform if advances in fabrication 
technology lead to an increase in mean free path (MFP) length 
and metallic densities in CNTs. 

A. CNT vs. Cu Global Interconnect Delay Comparison 
In our first experiment we compare the global wire delay of 

Cu and CNT interconnect altern
process technology nodes. We use the equivalent circui
models described in the previous section to determine wire 
delay for CNTs. The equivalent circuit model for Cu wires is 
obtained from [28]-[30], and used to derive the wire delay for 
Cu. We consider optimal repeater sizing and insertion for both 
Cu and CNT wires, using the formulations presented in [31]. 
The node driver resistance, load capacitance and process 
parameters are obtained from ITRS specifications [4]. Since 
global wire width is typically much larger than minimum wire 
width (Wmin) to improve delay and bandwidth characteristics, 
we consider an aspect ratio of 1 and use a global wire width 
value of 5Wmin which is shown to optimize the power-delay 
product for copper wires [32]. This wire width is in the 
shallow RLC region, where the difference between RC and 
RLC model latencies is only 10% [10]. For comparison 
purposes, we use the same width and aspect ratios for the 
SWCNT bundles and mixed SWCNT/MWCNT bundles. The 
MWCNT outer diameter is assumed to be equal to the wire 
width, and the ratio between outer to inner diameters is 
assumed to be 0.5. For the mixed SWCNT/MWCNT bundle, 

 = 4.2nm and  = 1.25nm [2]. The 
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