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Abstract This paper deals with frequency and stability response of single wall
carbon nanotube bundle (SWB) and multiwall carbon nanotube bundle (MWB) at
global interconnect lengths. The performance of SWB and MWB interconnects are
analyzed using driver-interconnect-load system. It is analyzed that MWB inter-
connects are more stable than SWB interconnects. It is illustrated that stability of
both SWB and MWB interconnects increases with increase in interconnect length.
The analytical model for stability and frequency response using ABCD matrix has
been formulated. Using frequency response, it is observed that the bandwidth of
SWB and MWB interconnects are 7.94 and 22.2 GHz respectively for an inter-
connect length of 500 µm. The results are verified using SPICE simulations. The
time delay analysis has been performed for different interconnect lengths. Further, it
is investigated that delay reduces with increasing number of shells in MWB
interconnect.

Keywords Carbon nanotubes (CNT) � Kinetic inductance � MWCNT � Quantum
resistance � Quantum capacitance � SWCNT

1 Introduction

In VLSI technology, the chip performance and signal integrity is dependent on
interconnect delay in deep submicron technology (DSM) [1]. As technology scales
down interconnects are a major concern as these degrades system performance and
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causes reliability problems. With scaling technology, grain boundary and surface
scattering phenomenon increases in copper interconnects [2]. At high frequencies,
issues like skin effect, operational bandwidth and stability response affect the
performance of copper interconnects [3]. To overcome these limitations, the carbon
nanotubes (CNT) have been proposed as potential materials for interconnect
applications as these possess extremely long mean free path (MFP), large current
capability [4]. CNTs are made by graphene sheet that are rolled up into cylindrical
structure. CNTs are classified into single wall carbon nanotubes (SWCNTs) and
multiwall carbon nanotubes (MWCNTs). SWCNTs are either metallic or semi-
conducting depending on their chirality [5]. But, MWCNTs are always metallic in
nature [6]. Also, MWCNTs are easier to fabricate as compared to SWCNTs due to
their growth process. The most promising material for global interconnects is
MWCNTs due to its high current carrying capability than SWCNTs.

To analyze the performance of SWB and MWB interconnects for on-chip
applications, frequency and stability response have been performed. It is important
to note that stability and the frequency responses are affected by interconnect
parameters, such as resistances, capacitances, and inductances.

Li et al. [7] have analyzed on-chip inductor design of CNTs at high frequencies.
Nasiri et al. [8] derived input-output transfer function of a MWCNT using trans-
mission line model. The stability and Nyquist plot for CNT bundle interconnect
have been presented in Fathi et al. [9]. It is assumed that the driver parasitic and
contact resistances are only for local interconnects.

This paper deals with stability and frequency response of CNT based inter-
connects. Rest of the paper is organized as follows. A brief description of SWB and
MWB interconnect is presented in Sect. 2. In Sect. 3 transfer function and its
analytical formulation is using driver-interconnect-load (DIL) system is presented.
Stability and frequency domain analysis have been performed in Sect. 4. Finally,
conclusions are drawn in Sect. 5.

2 Interconnect Model

This section presents a comprehensive analytical model for SWB and MWB
interconnects. SWB and MWB of width (w), diameter (d) and thickness (t) is placed
above the ground plane at a distance (h) as sown in Fig. 1.

The number of SWCNTs in a bundle as shown in Fig. 1a along x and y direc-
tions are expressed as [10]:

nx ¼ w� d
sp

ð1Þ

ny ¼ 2 t � dð Þffiffiffi
3

p
sp

þ 1 ð2Þ

where sp is inter-CNT distance of interconnect.
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Using (1) and (2), the total number of SWCNTs in bundle are given as

NS ¼ nxny � ny
2

if ny is even ð3aÞ

NS ¼ nxny � ðny � 1Þ
2

if ny is odd ð3bÞ

The number of MWCNTs in a bundle as shown in Fig. 1b along x and y di-
rections are given as:

nx ¼ w� dN
dN þ d

þ 1 ð4aÞ

ny ¼ 2 t � dNð Þffiffiffi
3

p
dN þ dð Þ þ 1 ð4bÞ

Using (1) and (2), the total number of MWCNTs in bundle are given as

NMWCNT ¼ nxny � ny
2

if ny is even ð5aÞ

NMWCNT ¼ nxny � ðny � 1Þ
2

if ny is odd ð5bÞ

Figure 1c represents the equivalent single conductor model of SWB/MWB
interconnects. The RLC parasitic values in the figure are calculated from Das and
Rahaman [11].
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Fig. 1 a Cross sectional view of SWB. b MWB. c Equivalent single conductor model for
SWB/MWB interconnect
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3 Stability Analysis of SWB and MWB Interconnects

The transfer function (TF) of the SWB and MWB interconnect distributed line is
derived to get the frequency and stability response at global interconnect lengths
using DIL system.

The TF accurately considered the driver parasitics i.e. resistance (Rd) and
capacitance (Cd) as shown in Fig. 2a. To obtain overall gain (Vo/Vi), the DIL system
is represented as a cascaded connection of two-port networks as shown in Fig. 2b.
Here, the two-port system is represented by ABCD parameters. The ABCD
parameters of each of the two-port networks are denoted as f1, f2, f3, f4 and f5. The
Telegrapher’s equation of distributed interconnect line is used to obtain ABCD
matrix parameters f4. Using the method, voltage and current at any point x of the
DIL are expressed as [12, 13]

dV
dx

¼ � Resc þ sLescð ÞIðxÞ ð6Þ

dI
dx

¼ �sCesc:VðxÞ ð7Þ

To obtain overall gain, it is needed to evaluate transmission matrix (Tfinal) from
Fig. 2b.

Tfinal ¼
1 Rd

0 1

� �
1 0

sCd 1

� �
1 Rlump

0 1

� �

� cosh ðcpxÞ Z0 sinh ðcpxÞ
1=Z0 sinh ðcpxÞ cosh ðcpxÞ

� �
1 Rlump

0 1

� �
¼ A B

C D

� � ð8Þ

The resultant transmission matrix of (8) can be obtained in terms of input and
output parameters as

Vi

Ii

� �
¼ A B

C D

� �
V0

I0

� �
ð9Þ

CdVi

Rlump

Cl

Ceesc

Cqesc
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Fig. 2 a A driver-interconnect-load system. b Cascaded connections of the DIL of (a)
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Thus, the TF is given as

TF ¼ Vo

Vi
¼ 1

Aþ sBCl
ð10Þ

The parameters A and B of (10) are detailed in Appendix.

4 Results and Discussion

The Nyquist stability and frequency responses for SWB and MWB interconnects
are evaluated using (10). The cross-sectional dimensions considered for intercon-
nects are w = 48 nm and t = 144 nm. The parameters for 32 nm technology node
are taken as per international technology road map (ITRS) [14]. The RLC values for
SWB interconnect are 4.4 X/µm, 2.75 pH/µm, 14.97 aF/µm. The parasitic values
for MWB interconnect are 1.6 X/µm, 2.17 pH/µm, 13.37 aF/µm. The driver
resistance and capacitances are 13.8 KX and 0.07 fF respectively. The load
capacitance (Cl) is 1 fF.

4.1 Stability Analysis

The Nyquist stability response of MWB for 500, 1000 and 2000 µm interconnect
lengths is shown in Fig. 3a.

It is observed that for global interconnect lengths, the encirclement moves away
from point (−1, 0) that interprets to higher system stability [15]. At the same time
the Nyquist diagram imaginary values decrease leading to lower fluctuations in the
system.

The Nyquist plot of SWB and MWB for an interconnect length of 1000 µm is
shown in Fig. 3b. It is noticed that encirclement moves far away from point (−1, 0)
for MWB interconnect as compared to SWB interconnect. This clearly states that
MWB interconnects is more stable than SWB interconnects.
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Fig. 3 a Nyquist plot for MWB interconnect at different interconnect lengths. b Nyquist plot for
SWB and MWB interconnects
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The Nyquist response of MWB interconnects for 5, 10, 15 and 20 shells is
shown in Fig. 4. As number of shells increases in MWCNT, the point (−1, 0)
moves inside the encirclement. It is due to the number of shells increase in MWB
interconnect, the damping coefficient (n) decreases. Higher quantitative value of
nmakes system becomes more stable.

4.2 Frequency Analysis

The open loop TF of (10) is used to analyze the frequency response of SWB and
MWB interconnects. It is observed from Fig. 5a that MWB interconnect offers
higher operating frequency as compared to SWB interconnect.

The cut off frequency for SWB and MWB interconnects are 7.8 and 22.2 GHz at
interconnect length of 500 µm respectively.

Figure 5b plots the frequency response of MWB for different global interconnect
lengths ranging from 500 to 2000 µm. It is noticed that operating frequency reduces
for longer interconnects. It is observed from Fig. 5b, that SPICE simulation and
analytical results are good in agreement. The average percentage error between
SPICE and analytical results is 3.79 %.
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Fig. 5 a Frequency response of SWB and MWB interconnects. b Frequency response of MWB at
different interconnect lengths
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4.3 Delay Analysis

The time delay of SWB and MWB interconnects for different global interconnect
lengths is shown in Fig. 6a. It is known that 50 % time delay (s) for SWB and
MWB interconnect can be obtained as the time it takes to reach 50 % of output
voltage steady value [16],

s50% ¼ 1:48þ e�2:9n1:35
� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Lescl CesclþClð Þ
p

ð11Þ

where

n ¼ 0:5 1þ Cl

Cescl

� ��0:5

0:5Resclþ 2Rlump þRd
	 
 ffiffiffiffiffiffiffiffi

Cesc

Lesc

r�

þ Resclþ 2Rlump þRd
	 
 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

C2
l

LescCescl2

s 3
5 ð12Þ

It is observed from Fig. 6a, that 50 % time delay (s) of the DIL system of SWB
and MWB at interconnect length 500 µm is 51.77 and 49.38 ps respectively. The
delay calculated from SPICE simulation for SWB and MWB interconnects are
54.25 and 51.72 ps respectively. Thus the average error between analytical and
simulation is 2.86 %.

Figure 6b shows that the delay of MWB with different number shells at global
interconnect length ranging from 500 to 2500 µm. It is noticed that the delay
reduces significantly with increasing number of shells.

The delays for 5 shells and 20 shells MWB interconnect for a length of 1000 µm
are 96.1 and 98.4 ps respectively. The average error between simulative and ana-
lytic is 1.67 % and 2.34 % for 5 shells and 20 shells respectively.
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Fig. 6 a Time delay analysis of SWB and MWB at different interconnect lengths. b Time delay
analysis of MWB with different number of shells
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5 Conclusion

The present paper analyzes frequency and stability response of SWB and MWB
interconnects. The driver interconnect load is considered. The interconnect is rep-
resented by equivalent ESC model for SWB/MWB interconnects. The transfer
function is derived using ABCD model. At different global interconnect lengths,
operating frequency and the 50 % time delay are computed for SWB/MWB
interconnects. It is found that the MWB interconnect exhibits lesser time delay as
compared to SWB interconnects. Further, it is observed that as the number of shells
increases in MWB interconnect, the delay reduces substantially.

Appendix

A ¼ 1þ s RescCesc pxð Þ2
2 þRdCd þCesc pxð Þ Rlump þRd

	 
h i
þ s2

LescCesc pxð Þ2
2 þ R2

escC
2
esc pxð Þ4
24

þ RescRdCescCd pxð Þ2
2

"

þ RescC2
esc pxð Þ3 Rlump þRdð Þ

6 þRlumpRdCdCesc pxð Þ
�

9>>>=
>>>;

ðA1Þ

B ¼ 2Rlump þRd þResc pxð Þ	 
þ s RescCesc pxð Þ2
2 2Rlump þRd

	 
h
þ 2RlumpRdCd þ RescCesc pxð Þ3

6

þ Lesc pxð Þ þR2
lumpCesc pxð ÞþRescRdCd pxð ÞþRlumpRdCesc pxð Þ

i
þ s2 2Rlump þRd

	 
 LescCesc pxð Þ2
2 þ R2

escC
2
esc pxð Þ4
24

� �h
þRlumpRdRescCescCd pxð Þ2

þ 2RescLescCesc pxð Þ3
6 þ R3

escC
2
esc pxð Þ5
120 þ RlumpRescC2

esc pxð Þ3
6

þ R2
escRdCdCesc pxð Þ3

6 þRdCd Lesc þR2
lumpCesc

� �
pxð Þ

i

9>>>>>>>>>=
>>>>>>>>>;

ðA2Þ
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