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Experimental characterization of dielectric
properties of carbon nanotube networks

mahmoud a. el sabbagh

This paper explores the characterization of dielectric and conductive properties of carbon nanotube (CNT) networks. This is
carried out by building planar transmission lines where conventional metallic traces are replaced by CNT networks. The pro-
posed transmission lines with CNT networks are presented. Experimental realization and repeated two-port microwave
measurements of proposed transmission lines enable the accurate extractions of their fundamental parameters showing per-
colation effects due to presence of CNT networks. The frequency-dependent phase velocity characteristics show a dramatic
reduction compared to the speed of light in vacuum. The large magnitude of extracted complex permittivity for CNT networks
also exhibits its percolation performance. The effects of CNTs’ bulk density on measured and calculated parameters are
explained. The results presented in this paper demonstrate the feasibility and the potential of building transmission lines
and radio-frequency (RF) circuits elements using CNT networks.
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I . I N T R O D U C T I O N

Since the discovery of carbon nanotubes (CNTs) [1], the
material has been investigated in many applications (e.g.
[2–7]). There are efforts to characterize all the properties of
CNTs, which is a necessary step for exploring new potential
applications. For example, chemical properties are investi-
gated in [8–10]. The variation of dc conductivity of thin
films of CNTs is presented in [11] as a function of film thick-
ness and temperature. Kilbride et al. [12] measured the
frequency-dependent conductivity of polymer-multi-walled-
carbon nanotubes (MWCNTs) (MWCNT is a structure that
consists of several sheets of graphite that have been rolled
up into concentric tubes nested inside each one other.) com-
posite thin films in the frequency range 10 Hz–1 MHz using
impedance analyzer, and the dc conductivity using a source
meter. In [13, 14], the frequency-dependent conductivity of
single-walled carbon nanotubes (SWCNTs) thin films is
measured up to 30 GHz. The frequency-dependent conduc-
tivity is extracted from the measurements of reflection coeffi-
cient. There are also theoretical studies about the modeling
and prediction of CNTs properties. For example, in [15],
Burke developed a radio-frequency (RF) circuit model for a
single CNT transmission line placed parallel to a ground
plane. Hanson [16] developed a model for a single CNT
working as a dipole transmitting antenna. However, the theor-
etical models were developed for a SWCNT. It is to be noted

that the CNTs as initially produced are a mixture of both met-
allic and semiconducting nanotubes.

From literature overview about nanotechnology, the prop-
erties of CNTs may be categorized into physical and electrical.
First, the physical properties are obtained through measure-
ments and testing. Then, the electrical properties follow the
physical properties. This paper studies the physical and the
electrical characterizations of CNT networks in the RF/micro-
wave frequency range.

The first step toward understanding and developing new
CNT-based RF/microwave devices is the characterization of
complex permittivity and electrical properties for the material
under test (MUT). To achieve that goal, different lengths of
the same planar transmission line structures are fabricated.
In each transmission line, the metallic traces are replaced by
CNT networks. For proof of concept, the CNT networks
used in this work are in dry-powder form. The objectives of
this paper are as follows: (1) developing a systematic
microwave-based measurement procedure for the extraction
of the equivalent circuit elements and the complex permittiv-
ity of CNTs when they are used to build a transmission line;
(2) computing the fundamental parameters of the constructed
transmission lines such as inductance, capacitance, resistance,
phase velocity, and complex dielectric constant; and (3)
demonstrating the possibility of implementing CNTs in
microwave circuits. To fulfill these objectives, the measure-
ments are repeated N times for every fabricated transmission
line. Each measurement corresponds to a different bulk
density of CNTs. The results are averaged and smoothed
leading to minimized measurements errors and giving the
most accurate values. It is noted here that preliminary
results of this work are reported in [17]. However, this work
is a major expansion where it studies the repeatability of

Corresponding author:
M.A. EL Sabbagh
Email: msabbagh@ieee.org

Department of Electrical Engineering and Computer Science, Syracuse University,
Syracuse, NY 13244, USA. Phone: +1 479-287-9074.

465

International Journal of Microwave and Wireless Technologies, 2011, 3(4), 465–475. # Cambridge University Press and the European Microwave Association, 2011
doi:10.1017/S1759078711000134

https://doi.org/10.1017/S1759078711000134 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078711000134


measurements and the effects of varying the density of CNT
networks as well as the effect of their randomly oriented
nature on measured scattering parameters and extracted elec-
trical properties. Physical interpretations and discussions are
included to enhance the understanding about the electrical
properties of CNT networks and their potential usage in the
design of RF circuits. The theoretical model of transmission
line and extraction of its electrical parameters is included.
Also, characterization of CNT networks using scanning elec-
tron microscopy and transmission electron microscopy
(TEM) are presented for more insight and visualization of
CNTs nanotubes used in this experiment. Based on the
results reported in this paper, an independent work to
design a miniaturized-RF resonator is developed to validate
the high values of relative complex permittivity obtained at
low frequencies as presented in this paper. The results and
performance of the prototype of a miniaturized-RF resonator
fabricated using the same CNT networks utilized in this
research work are presented in [18] and validates results
reported herein.

The paper organization is as follows. The theoretical mod-
eling, equivalent circuit-based, of a transmission line is intro-
duced in Section II. Experimental setup and realization are
presented in Section III. Experimentally measured results
are discussed in Section IV. The effect of bulk density of
CNTs on measured and extracted parameters is explained in
Section V. Section VI summarizes the potential of CNTs
in planar transmission lines. Finally, conclusions are drawn
in Section VII.

I I . T H E O R E T I C A L M O D E L I N G

As described in the introduction, several transmission lines
are fabricated where the regular metallic traces are replaced
by a continuum of CNT networks. Before introducing exper-
imental setup, measurements, and extracted parameters, basic
equations required to extract the parameters of the equivalent
circuit per unit length shown in Fig. 1 are presented in this
section. In that model, L, C, R, and G are the total inductance,
capacitance, resistance, and conductance per unitlength of the
transmission line, respectively. The extraction of these par-
ameters requires four equations. The measured complex
propagation constant and characteristic impedance of the
transmission line are related to these parameters as [19]:
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����
ZY
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Equating the real and the imaginary parts of (1) and (2)
gives four equations. However, the obtained equations are
not linear functions of the transmission line parameters.
Thus, it is difficult to obtain explicit expressions in terms of
g and Zc. There are several scenarios as indicated in [19, 20]
where it is possible to obtain simplified and explicit relations
between attenuation and phase constant and those equivalent
circuit parameters shown in Fig. 1. In this work, the conduc-
tance per unit length G is neglected. This is justified since G
represents the losses in dielectric substrate. The microwave
substrates used in this research have very small loss tangent.
This simplification results in the explicit expressions of equiv-
alent circuit elements in terms of measurable parameters.
With that approximation, the expression for complex propa-
gation constant becomes
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, (3)

and the complex characteristic impedance is given by
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where a, b, Zcr, and Zci are the attenuation constant in Neper/
m, phase constant in rad/m, real, and imaginary parts of the
characteristic impedance in V, respectively. Based on the
formula of scattering matrix given in [21], the complex
characteristic impedance and propagation constant are
obtained from measured scattering parameters using the fol-
lowing relations:
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where Zsys is the measuring system impedance, normally equal
to 50V:
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Simple algebraic manipulations of (5) and (6) gives
expressions for attenuation and phase constants per unit
length in terms of measured scattering parameters as follows:
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Fig. 1. Equivalent circuit model per unit length of a transmission line.
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Inductance, capacitance, and resistance per unit length
are obtained from complex propagation constant and charac-
teristic impedance as:

L2 =
b2 − a2
( )

Z2
cr − Z2

ci

( )
v2

, (9)

C2 = b2 − a2

v2 Z2
cr − Z2
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, (10)

R2 = −4abZcrZci. (11)

The phase velocity and real part of the effective complex
permittivity are computed from the inductance and capaci-
tance per unit length using the relations:
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The imaginary part of the effective complex permittivity is
related to the attenuation and phase constants as follows:

1′′reff =
2ab

v2m010
. (13)

In the above equations, m0 and 10 are the permeability and
the permittivity of free space, respectively.

I I I . E X P E R I M E N T A L S E T U P A N D
R E A L I Z A T I O N

A sketch of the proposed transmission line structure used to
test the CNTs is shown in Fig. 2. It consists of two substrates
cut with identical length l, width S, and height h. The bottom
substrate shown in Fig. 2(b) has a longitudinal groove
machined using a dicing saw. The depth g and width
W of groove are designed such that g , , W, g , , h, and
W , , S. Hence, the volume of the groove is very small com-
pared to that of its hosting substrate. The top substrate, shown
in Fig. 2(a), is not subject to any machining and does not have
any groove. It is used as the top cover. In this scenario, the
groove is located only in the bottom substrate and it is asym-
metric with respect to the whole structure of top and bottom
substrate. Figure 2(c) shows the CNTs filling the groove and
covering the inner conductors of SMA connectors to assure
good contact between CNTs and connectors at the input
and output ports. The dielectric substrate used to hold the
CNTs is alumina 96% with thickness 1.016 mm(40 mil).
Several samples of transmission lines are fabricated. Their
common features are as follows: the substrate width S ¼
31.25 mm, groove depth g ¼ 0.2 mm, and groove width W ¼
1.45 mm. It is noted that the width and depth of groove are
chosen initially to give a 50-V characteristic impedance to
reduce the reflections at input and output of the test structure
when connected to a 50-V measurement system. Also, they are
chosen wide enough to allow CNT networks to be easily
inserted inside the groove. The samples have different length,

l [ {2 cm, 3 cm, 4 cm, 5 cm}. All outer surfaces, except the
location of input and output of the transmission line, are
shielded and continuously grounded with copper tape as
shown in Fig. 3. The outer body of SMA connector is soldered
to the ground plane on theother side of structure which is not
shown in Fig. 3. As will be explained later, this structure oper-
ates as asymmetric stripline waveguide or in another words it is
considered as coaxial structure with rectangular cross section
where the inner core is not vertically centered.

The CNTs under test are in dry-powder form as obtained
from BuckyUSA (Nanotex Corporation). The product
number is BU-203. According to the supplier’s data sheet, it
is described as cleaned single-wall nanotubes with purity

Fig. 3. Configuration of the actual manufactured transmission line structure.
The units of the background ruler are in inch.

Fig. 2. Configuration of the proposed transmission line structure: (a) top
substrate, (b) bottom substrate, and (c) top view of bottom substrate
showing CNTs inserted in the groove between SMA connectors at input and
output. Dimensions are not to scale. Figure 3 gives picture of actual
fabricated transmission lines.
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.90 wt%, ash ,1.5 wt%, diameter 1–2 nm, and length 5–
30 mm. The CNTs are used as provided from the supplier.
A transmission electron microscopy is done in-house to
enhance the understanding about the CNTs. The transmission
electron microscopy experiments are conducted on a Titan-S/
transmission electron microscopy equipped with a field emis-
sion gun operating at 300 kV and an image corrector. Figure 4
is a low-magnification image taken withoutany objective aper-
ture showing the general aspect of the as-provided material
(clustered networks of CNTs). The material mainly consists
of bundles of SWCNT, MWCNT, and graphite sheets as
shown in Fig. 5. By taking several images at other locations
within the sample, it is found that the diameter of the inner-
most tube for many of the MWCNTs varies from 2 to
8 nm. It is to be noted that the diameter of MWCNTs could
range from 6 to 100 nm [22]. The CNTs are mechanically
packed inside the groove. The mechanism of filling the
groove consists of picking the CNTs from their container
then inserting them gently inside the groove using tweezers.
No further process is necessary. The CNTs adhere efficiently
to the surfaces of the groove due to Van Der Waal forces.

To ensure the existence of a continuum of CNT networks in
the groove, the dc resistance between the input and output
SMA connectors is always measured. The average measured
dc resistances are 1.77, 2.78, 4.64, and 5.81 kV corresponding
to l ¼ 2, 3, 4 and 5 cm, respectively.

The configuration of the experimental setup used for
testing is shown in Fig. 6. The measurements are carried
using the S-parameters performance network analyzer
(PNA): Agilent E8361A. The PNA is calibrated in the fre-
quency range 10–400 MHz with a 0.975 MHz frequency
step. The intermediate frequency bandwidth is set to 20 Hz
to reduce the effect of random noise and reach the PNA
maximum dynamic range.

I V . R E S U L T S A N D D I S C U S S I O N

As mentioned in the introduction, the measurements are
repeated five times (N ¼ 5) for each length, l, of fabricated
transmission lines. For each measurement, the previous
mass of CNTs, if any, is removed; the substrate is thoroughly
cleaned; and a fresh sample of CNTs is packed into the groove.
The mass is measured using analytical balance of sensitivity
0.1mg. In Figs 7–18, all the results reported for each individual
length correspond to the average obtained from five indepen-
dent measurements.

Before discussing the results reported here, it is necessary
to clarify the operating mode of the fabricated transmission
line. According to established literature (e.g. [2, 22, 23]), the
CNTs are produced as the mixture of metallic and semicon-
ducting tubes in the approximate ratio of 1:3. Thus a continu-
ous conductive path between the terminals of the transmission
line always exists through the mixture of CNTs. The proposed
transmission line is considered as atwo conductor system. The
first conductor is the outer grounding copper and the second
is the connected stream of conducting CNTs between input
and output. So, the transmission line is performing as asym-
metric stripline waveguide in the frequency range under
consideration and propagating mode is transverse electromag-
netic (TEM). This is confirmed by measured transmission
starting from the beginning of the frequency range of interest.
Thus, the theoretical equations developed in Section II can be
used to extract the equivalent circuit parameters of the trans-
mission line.

It should be noted that the groove dimensions are initially
designed to result-in 50-V characteristic impedance under the
expectation of excellent-conducting nanotubes filling the
groove. However, the magnitude of the reflection coefficient,
shown in Fig. 7, indicates that the characteristic impedance
is far from the intended 50 V. This is due to the nature of
CNT networks produced as the mixture of metallic and semi-
conducting nanotubes. As technology improves, advanced
CNT fabrication techniques are expected to produce at
low-cost separate metallic or semiconducting CNTs.

As shown in Fig. 8, there is a transmission from very low
frequencies which confirms the existence of TEM mode.
However, the magnitude of the insertion loss is more than
20 dB. The decay of transmission magnitude with frequency
is confirmed by the increase of attenuation with frequency
as shown in Fig. 9. The decay of transmission magnitude
with frequency and length may be explained as follows.
According to [24], there are different types ofjunctions that
are created between metallic and semiconducting CNTs

Fig. 4. Phase-contrast image of the as-provided sample of CNTs used in this
study. The figure shows the bundled networks of CNTs.

Fig. 5. Multi-wall (a) CNTs as well as graphite layer stacking (b) are identified
in this high-resolution electron microscopy image.
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Fig. 6. Configuration of the experimental setup used to test the constructed transmission line. Dimensions are not to scale.

Fig. 7. Magnitude of reflection coefficient in dB versus frequency in MHz for
transmission lines with length l ¼ 2, 3, 4, and 5 cm.

Fig. 8. Magnitude of transmission coefficient in dB versus frequency in MHz
for transmission lines with length l ¼ 2, 3, 4, and 5 cm.

Fig. 9. Attenuation constant in Np/m versus frequency in MHz for
transmission lines with length l ¼ 2, 3, 4, and 5 cm.

Fig. 10. Propagation constant in rad/m versus frequency in MHz for
transmission lines with length l ¼ 2, 3, 4, and 5 cm.
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such as: metallic–metallic, metallic–semiconducting, and
semiconducting–semiconducting. The resistance of each junc-
tion is determined by the probability of an electron arriving
at the junction to tunnel from one CNT to the other. As the
frequency increases, the wavelength gets shorter compared
to the separation between CNTs. The probability of tunneling
between CNTs in each junction decreases. Moreover, as the
length of transmission line increases, the number of junctions
increases leading to a reduced transmission between input and
output ports. To fully explain this attenuation, further inves-
tigations are needed. However, to verify this assumption, a
systematic study on samples with controlled contents is
needed. At low frequencies, the attenuation is proportional
to the square root of frequency then changes linearly with fre-
quency. The attenuation coefficient of TEM mode is attributed
to the fact that the maximum electric field component occurs
at the same location where the CNTs are located.

The phase propagation constant extracted from (8) is
shown in Fig. 10. In all measurements, the magnitude of
measured phase shift is always less than 3608. Thus, there is

no phase ambiguity affecting the computed phase constant.
In the same graph, the free-space propagation constant
versus frequency (air light line) is included for comparison
purposes. The phase constant curves for all cases indicate
that the corresponding phase velocity is always less than the
speed of light in free space. The phase constant variations
with length l of transmission line is explained in Section V.

In Fig. 11, the inductance in (mH/m) is plotted versus fre-
quency for the fabricated transmission lines. In the reported
frequency range, the inductances are varying from the
maximum value of 0.7 mH/m to the minimum value of
5.7 mH/m. The inductance is decreasing rapidly up to the
offset frequency, which is also called percolation threshold,
of 50 MHz after which the inductance is almost constant.
This behavior follows the pair approximation model as
reported in [11–14] and explained in [25]. The pair approxi-
mation model is a commonly observed property for randomly
oriented networks inside a host medium, which follows the
percolation theory [25]. In mathematics, percolation theory
describes the behavior of connected clusters in a random

Fig. 11. Inductance per unit length in mH/m versus frequency in MHz as
extracted for the manufactured transmission lines with length l ¼ 2, 3, 4,
and 5 cm.

Fig. 12. Capacitance per unit length in nF/m versus frequency in MHz as
extracted for the manufactured transmission lines with length l ¼ 2, 3, 4,
and 5 cm.

Fig. 14. Normalized phase velocity versus frequency in MHz as extracted for
the manufactured transmission lines with length l ¼ 2, 3, 4, and 5 cm.

Fig. 13. Resistance per unit length in kV/m versus frequency in MHz as
extracted for the manufactured transmission lines with length l ¼ 2, 3, 4,
and 5 cm.
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graph. In the current scenario, percolation theory explains the
behavior of wave propagation through a random network of
CNTs filling the groove of aTEM transmission line. Below
an offset frequency, the electrical properties of transmission
line are decreasing with the square root of frequency. As oper-
ating frequency is increased above offset frequency, wave-
length gets smaller and connected clusters of CNT networks
appear to be a continuous medium for traveling wave,
hence, the electrical properties of transmission line are quite
constant. It is to be noted that the inductance per unit
length is constant for a coaxial transmission line filled with
acontinuous lossless dielectric medium and operating only
through its dominant TEM mode. For example a cylindrical
coaxial with inner radius 0.61 mm, outer radius 2.1 mm,
and filling dielectric material with relative permittivity 2.2,
the inductance per unit length is 0.25 mH/m, which is very
small compared to the values reported here. In [15], Burke
reported a large kinetic inductance of 16 mH/m at dc for
purely metallic CNTs. Burke’s results are based on
Luttingerliquid theory [26], which is a theoretical model

describing interaction between electrons in a one-dimensional
conductor such as CNTs, and formulation reported in [27].

Figure 12 presents the frequency dependence of capaci-
tance per unit length (nF/m) for the different lengths l of
the tested transmission lines. The capacitance values vary
between a maximum of 3.8 nF/m and a minimum of 0.37
nF/m. The capacitance changes with the frequency until the
offset frequency of 50 MHz where it reaches a quite constant
minimum value. For the same parameters of coaxial trans-
mission line mentioned in the previous paragraph, the capaci-
tance per unit length is 0.1 nF/m. The quantum capacitance
per unit length reported in [15] is 0.1 nF/m.

The dependance of resistance per unit length (kV/m) on
frequency is depicted in Fig. 13. This graph presents a fre-
quency dependence similar to that of the inductance. The
resistance drops from the maximum value of 79 kV/m at
10 MHz to the minimum value of 6.5 kV/m at 400 MHz.
The graph shows that the resistance versus frequency is con-
stant up to an offset frequency around f0 ¼ 50 MHz after
which the resistance decreases with frequency according to

Fig. 15. Real part of the relative dielectric constant of CNT networks versus
frequency in MHz as extracted from the manufactured transmission lines
with length l ¼ 2, 3, 4, and 5 cm. Y-axis is in log scale.

Fig. 16. Imaginary part of the relative dielectric constant of CNT networks
versus frequency in MHz as extracted from the manufactured transmission
lines with length l ¼ 2, 3, 4, and 5 cm. Y-axis is in log scale.

Fig. 17. Loss tangent of CNT networks versus frequency in MHz as extracted
from the manufactured transmission lines with length l ¼ 2, 3, 4, and 5 cm.

Fig. 18. Locus in the complex plane of the relative complex permittivities
divided by the bulk density. The averaged data correspond to those extracted
from the manufactured transmission lines with length l ¼ 2, 3, 4, and 5 cm.

carbon nanotube networks 471

https://doi.org/10.1017/S1759078711000134 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078711000134


the pair approximation model as explained above:

R f
( )

= R0

1 + k f /f0
( )s , (14)

where R0 is the resistance at low-frequency end, k and s are
two constants to be obtained from linear curve fitting. The
fitting gives approximately k ¼ 1.52 and s ¼ 0.5 for the case
of l ¼ 2 cm.

The results shown in Figs 11–13 indicate that the values of
L, C, and R per unit length are not varying monotonically with
length. This is due to the randomly oriented networks of the
mixture of metallic and semiconducting CNTs in the used
dry-powder samples. For conventional metallic coaxial trans-
mission lines, the values of L, C, and R per unit length are con-
stant for any length of same metal.

It is interesting to observe that both the inductance and the
resistance per unit length are decreasing with frequency. They
represent the impedance related directly to CNT networks.
The capacitance is viewed as that of the network of CNTs
placed distant from a ground plane.

The normalized phase velocity with respect to the speed of
light in vacuum is shown in Fig. 14. The phase velocity is quite
constant until the onset frequency 50 MHz where it increases
quickly with frequency. Within the frequency rangeof interest
studied in this paper, the phase velocity in CNTs is much
smaller than the speed of light in vacuum: 0.004 , vp/c ,

0.08. This indicates that the designed transmission lines are
behaving as slow-wave structures. The reduced speed is due
to the large value of both real and imaginary parts of the rela-
tive dielectric constant corresponding to the CNT networks as
shown in Figs 15 and 16, respectively. The highest value of the
real part of relative complex permittivity, 9.1 × 106 at
10 MHz, is decreasing rapidly with frequency until 50 MHz
where it gradually drops with frequency to reach the value
of 5.3 × 104 at 400 MHz. The imaginary part of relative
complex permittivity followsthe same movement where it
decreases significantly from 13.6 × 106 at 10 MHz to 9.4 ×
103 at 400 MHz. The vertical axes in Figs 15 and 16 are in log-
arithmic scale to stress on the fact that the realand imaginary
parts of relative dielectric constant are not equal. Moreover,
loss tangent shown in Fig. 17 varies from a minimum value
of 0.28 to a maximum value of 7.48 which indicates that
CNT networks in their current status without anychemical
processing are very lossy materials. These losses indicate
that used CNTs are not purely metallic nanotubes, they are
a mixture of metallic and semiconducting nanotubes. The
presence of metallic tubes mixed with semiconducting tubes
creates plasma effect which is considered the reason for
large values of complex permittivity at low frequencies.
Also, this mixture of nanotubes creates interfacial polarization
which contributes to the high permittivity. It is noted that
initially CNTs were intended to be used as replacement to
copper trace according to the claimed conductivity of CNTs
to be 10 times the conductivity of copper. However, the
measurement results revealed high values of relative permit-
tivity at low frequencies which might be used to design and
fabricate slow-wave devices. The value of relative complex
permittivity is way higher than the relative complex permittiv-
ity of microwave materials. Figure 18 shows the complex-
plane locus of the relative complex permittivities divided by
the bulk density. The averaged data correspond to those

extracted from the manufactured transmission lines with
length l ¼ 2, 3, 4, and 5 cm. The following formula is used
to extract the complex relative dielectric constant of the MUT:

1reff =
1rsub × Asub + 1rgroove × Agroove

Asub + Agroove
, (15)

where Agroove and Asub are the cross-sectional areas of groove
and substrate, respectively. The groove space is where the
CNT networks are packed. It is to be noted here the possible
existence of air gaps between the nanotubes in addition to the
already existing air medium inside the tubes themselves. (The
tubes under test are not filled.) As a first-order approximation,
(15) is used to estimate the effective complex permittivity of
the mixture of CNTs and air. Further work may seem necess-
ary to predict the percentage of air and to extract the complex
permittivity of only CNTs. However, the large values of
extracted relative dielectric constant imply that they are
strongly dominated by CNTs.

V . E F F E C T O F C N T S B U L K
D E N S I T Y O N P A R A M E T E R S

In this section, the effect of varying bulk density on measured
and computed electrical parameters is explained. The bulk
density is defined to be

r = MCNT

V
, (16)

where MCNT is the mass of CNTs added inside the groove of
volume V. For a fixed volume of air, as more mass of CNTs
is added, the percentage of the volume occupied by air is
reduced. This leads to a denser material. Moreover, the
number of metallic and semiconducting nanotubes, existing
inside the volume, increases. For the different lengths of trans-
mission lines, the discrepancy in values of each extracted elec-
trical parameter with packing variation of CNTs is an inherent
property of randomly oriented networks subject to percola-
tion theory mentioned before. CNTs used in this study are
in dry-powder form. The packing of this material inside the
groove is done manually (material is picked from the con-
tainer then inserted inside the groove). This manual-filling
mechanism yields varying densities for each tested case. To
overcome this limitation, the measurements are repeated
five times for each length l and the results are averaged.
This smoothes the final data and gives the bestrepresentative
values of electrical parameters. However, the variation of
results with the length l of transmission line is due to the
different quantities and densities of the tested sample. In
fact, the electrical parameters are function of the groove
length l as explained by the percolation theory. Through the
process of repeated measurements, the mass of CNTs varies
from one length to the other and from one set of measure-
ments to the other. For the same structure even if the same
mass of CNTs is packed, the orientation of nanotubes might
not be the same and results may slightly vary. These expla-
nations are supported by recorded permittivity and measured
scattering parameters at different densities as follows. The
variation of the real part of relative dielectric constant
versus density of CNTs is shown in Fig. 21 at two different
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frequencies 50 and 100 MHz. The corresponding imaginary
part is given in Fig. 22. It is observed that the real and imagin-
ary parts of complex permittivity decrease as the bulk density
increases until they reach aconstant value at the actual density
of CNTs of 1.1 g/cm3. Figure 19 shows the variation of |S11|
versus frequency at different bulk densities of CNTs filling
the groove of the 3-cm transmission line. Figure 20 shows
that as the bulk density increases, the transmission between
input and output becomes stronger. This may be attributed
to the fact that the percentage of conductive CNTs is increas-
ing. In another words, the conductive path between the trans-
mission line terminals is enhanced (Figs 21 and 22).

The standard deviation of extracted electrical parameters is
computed to confine the range of possible values. For
example, in Fig. 23, the bars plotted on the mean curve
(solid line) represent the standard deviation of the resistance
per unit length versus frequency. The graph shows that devi-
ations are decreasing with frequency. Similarly, in Fig. 24, the
bars plotted on the mean curve represent the standard devi-
ation of the phase velocity normalized with respect to the

Fig. 19. Magnitude of reflection coefficient versus frequency in MHz for the
3 cm transmission line at different bulk densities.

Fig. 21. Variation of the real part of relative dielectric versus density of CNTs
at two different frequencies 50 and 100 MHz.

Fig. 22. Variation of the imaginary part of relative dielectric versus density of
CNTs at two different frequencies 50 and 100 MHz.

Fig. 23. Standard deviation of the mean resistance per unit length versus
frequency in MHz. These data are extracted for the 3 cm transmission line.

Fig. 20. Magnitude of transmission coefficient versus frequency in MHz for
the 3 cm transmission line at different bulk densities.
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speed of light in vacuum versus frequency. The data corre-
spond to the 3-cm transmission line for both figures.

V I . P O T E N T I A L O F C N T s I N
T R A N S M I S S I O N L I N E S

This study initially started based on theoretical results
reported in literature which states that CNTs have a conduc-
tivity 10 times the conductivity of copper. This superior con-
ductive properties suggest that CNTs may be used to replace
conventional metallic conductors in electric circuits, in
general, and RF/microwave circuits in particular. However,
as demonstrated in this study, the losses of CNT networks
are very high compared to copper. This is due to the
low-cost CNTs used, with 1:3 metallic to semiconducting
composition. As manufacturing techniques for the prep-
aration of CNT networks and separation between metallic
and semiconducting nanotubes improve, it is anticipated
that materials consisting of only metallic CNTs would be pro-
duced at low cost. Thus, the overwhelming advantages of
CNT-based transmission lines will be fully exploited.

V I I . C O N C L U S I O N S

Networks of CNTs replace conventional metallization in
planar transmission lines which function as stripline wave-
guides in the frequency range studied in this paper. The
measured two-port scattering parameters enable the extrac-
tion of the equivalent circuit elements of the transmission
lines. The measurements are repeated and average results
are presented. The presented results are in good agreement
with the predictions of percolation theory. The computed
phase velocity is significantly reduced compared to the
speed of light in the frequency range of interest. This shows
that the constructed transmission line is behaving as a slow-
wave structure. The extracted complex dielectric constant of
CNTs exhibits large values which potentially lead to miniatur-
ized components. The data reported here are expected to be
useful for designers of CNT-based RF circuits.

In this study, CNTs in dry-powder form are used.
However, the procedure is valid for CNTs grown on micro-
wave substrates and the electrical parameters are expected to
be in the same order of magnitude as those reported here.
The advancement in technology will allow precise control
of growth parameters to achieve the electrical parameters
required for a specific design purpose.

This paper suggests that the production of high-purity and
low-cost metallic or semiconducting CNTs will lead to many
developments in RF and microwave circuits and devices.
Numerous innovative concepts and functions will be realized.
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