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Performance Prediction of Bundle Double-Walled Carbon
Nanotube-Composite Materials for Dipole Antennas
at Terahertz Frequency Range
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Abstract—In this paper, the double-walled carbon nanotube composite material (DWCNTs-
composite) and bundle of DWCNT-composite material (CB-DWCNTSs) for antenna applications at
terahertz frequency range are presented and investigated. The mathematical modeling and analysis of
DWCNTs-composite material is presented for the purpose of modelling and simulation approach. The
bundle of DWCNTs-composite material is constructed and designed, based on this modeling approach.
The DWCNT-composite material consists of double-walled carbon nanotube coated by a thin jacket
of another different material. The dependency of the electrical conductivity of B-DWCNTs-composite
on different parameters is presented and investigated. The performance evaluation of B-DWCNTs-
composite and CB-DWCNTs materials are presented based on their electromagnetic properties. For
this purpose, the dipole antennas of these composite materials are designed and implemented using CST
(MWS), where the cross sections of B-DWCNTs-composite and CB-DWCNT materials are circular
geometry. Furthermore, comparative studies are performed to show the dependency of size and
frequency of the DWCNT-composite material. The results obtained from the DWCNTs-composite
and CB-DWCNTs dipole antennas are presented based on S1; parameters, resonant frequency, gain,
bandwidth, and efficiency.

1. INTRODUCTION

In modern antenna technology, CNTs antennas are at the forefront of research, due to their unique
electrical properties [1-4]. Based on the results of these works, poor efficiency and high input impedance
are the main problems of CN'Ts-dipole antennas. Therefore, in our previous research, we proposed using
CNTs-composite material instead of CNTs material without changing CNTs original structure, in order
to enhance the electromagnetic (EM) performance of the CNTs dipole antennas [5-8]. A great deal
of our research and other research were proposed using bundle of SWCNTs (B-SWCNTs), in order to
overcome problems related to SWCNTs-dipole antennas [9-15]. In these works, the dipole antennas of
B-SWCNTs were designed and implemented using different universal techniques, in order to estimate
the EM properties of B-SWCNTSs. Also, the purpose of B-SWCNTs is to mitigate the input impedance
problem of the individual SWCNT, as well as to improve the radiation efficiency of CN'Ts dipole antenna.

On the other hand, CNTs materials are mixed with different materials to produce several types of
CNTs composite materials for antenna and other applications. These composite materials have been
used to designed and implemented different antenna types for several applications [16-21].

Recently, progress on the controlled growth of DWCNTs has been presented and discussed for
different applications [22]. Terahertz electrical properties and optical characteristics of DWCNTs were
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presented in previous work and compared with SWCNT structure [23]. However, there has been no
report so far about utilizing the DWCNT's coated by copper, silver, and graphite in antenna applications.
In this work, the DWCNTs which consist of two concentric single-walled carbon nanotubes are utilized
to construct a new composite material structure (DWCNTs-composite).

In this paper, a new CNTs antenna structure is proposed to operate efficiently in THz frequency
band. The proposed antenna is composed of a bundle of DWCNTs-composite material structure,
where each DWCNT is surrounded by another material jacket. The outer jacket is a thin layer of
graphite or copper material. Mathematical modelling approach is presented for this structure for the
purpose of modeling and simulation for antenna applications. The efficiency, gain, Si; parameter,
resonant frequency, and bandwidth of B-DWCNT-composite material dipole antennas are presented.
The simulation results show that these parameters are considerably enhanced at the THz frequencies
relative to the B-DWCNTs bundle antenna.

2. METHODOLOGY

In this work, the DWCNTs-composite is adopted to construct the bundle of DWCNTs composite
material (B-DWCNTs-composite). Likewise, the DWCNTs-composite material is presented based on
coating the DWCNTs by a jacket of another material, such as graphite and copper. The B-DWCNTs-
composite is presented to produce new material structures, which are necessary for designing dipole
antennas for the future technology.

This paper is presented to study, analyze, design, and estimate the EM properties of B-DWCNTs-
composite dipole antennas at THz frequency band, based on new DWCNTs-composite materials. The
progress of this work is presented as follows: First, present the structure of the new DWCNT-composite
material. Second, explain the configuration of B-DWCNTs-composite material. Third, the main
mathematical modeling and analysis of these structures are presented and explained.

2.1. Structure of DWCNTs-Composite Material

The new material is presented in this work, which consists of DWCNT coated by a thin jacket of
graphite material to construct (DWCNT-graphite) and copper to construct (DWCNT-copper) material
structures. The structure of DWCNTs-composite material is illustrated in Figure 1. In this figure,
the innermost radius of DWCNTs-composite structure is denoted by ri, and the outermost radius is
denoted by 79, while the average thickness of jacket is denoted by ¢, and R is the total radius of
DWCNTs-composite tube (R = ry + t) with length of tube denoted by (Lg). This work assumes
L1 = Ly, which means that the terminals at the two ends of composite tube have the same dimensions
and dependent on the dimensions of DWCNT. The electrical conductivity of new DWCNT-composite
material structure consists of four parts, in which Part1l & Part2 represent the jacket material at the two
ends of composite tube; Part3 represents the jacket material over the DWCNT; and Part4 represents
the DWCNT material.

Jacket

Figure 1. The schematic of DWCNTs-composite material structure.
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2.2. Configuration of Bundles

In this work, the B-DWCNTs-composite structure contains (N) number of metallic double-walled carbon
nanotubes composite material tubes which are identical. These tubes have the same dimensions and
coated by a thin jacket of another material. The bundle B-DWCNTs-composite has configuration
characterized by a closely packed structure with a circular geometrical structure. The B-DWCNTs-
composite tubes are aligned parallel along the axis of bundle, and the lattice constant of the bundle is
(A) to personify the distance between each two contiguous tubes of DWCNTs-composite tubes. The
minimum required radius of the bundle that contains all DWCNTs-composite is (Rp). Figure 2 explains
the sketch of a B-DWCNTs-composite structure with a circular geometrical structure.

Figure 2. Schematic configuration of B-DWCNTs-composite material structure.

2.3. Mathematical Modeling and Analysis of DWCNTs-Composite Structure

In this section, the mathematical modeling and analysis of B-DWCNTs-composite structure is presented
and explained for the purpose of modeling and investigation of this composite structure. The influences
of the DWCNT dimensions and average thickness layer of jacket material are related significantly
with the electrical conductivity of the DWCNT-composite structure. The estimation of the electrical
conductivity for this composite structure is applied for modeling and EM simulation into the CST
(MWS). In this mathematical modeling approach, the electrical conductivity of the new composite
structure is denoted by (opwc). Meanwhile, the conductivity of jacket layer is denoted by (o jacket)-
The mathematical model of the DWCNTs-composite is derived based on the mixture rule, for a simple
parallel model of the radial interface of coating material and DWCNT.

Therefore, the electrical conductivity of this composite structure has been derived to obtain the
general formula of this electrical conductivity presented as follows:

Apwceopwe = CowenTL3opwoNT + Ajacket L30T jacket + 2A4ipLa0 jacket (1)

where (Apwc) represents the cross-sectional area of DWCNTs-composite structure, (Cpwent) the
cross-section area of DWCNT (circumference of DWCNT), (Ajqcker) the radial cross-sectional area of
jacket material, and (ocpwenT) the electrical conductivity of DWCNT presented in previous research
[2,23-25]. Then, the final expression of this conductivity is presented as follows:

2
2
TR*opwe(w) = (2rR*Ly + 7 (R? — r3) L3) Gjacket + 2772 L3 <E Z TnO'DWCNT,n) (2)

n=1

2
1
opwe(w) = -3 (2R?Ly + (R? — 13)L3)0jacer +4L3 > TnUDWCNT,n] (3)

n=1
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—j2e2V, —52e2V,
f f (4)

1
= — |(2R%’L > —13)L3)0jacet +4L
opwe(w) 7 [( R°Ly+(R* —r3)L3)0jacet + 3(T1 2 (w = ) ) P hra(w — jo)

1 2V e2Viw

oowe(w) = {<2R2L2 (B~ 1) La)0 7000 + 32 [WQ e R e UQ)] } (5)
where 7, is the radius of the relevant DWCNT, n the wall numbers of DWCNT, e the electron charge,
h the reduced Plank’s constant (h = 1.05457266 x 10734.J.s), t the average thickness of jacket, V
the Fermi velocity of CNT (V¢ = 9.71 x 10°m/s), and v the estimated phenomenological relaxation
frequency (v = 67'/r) [24], when T is the temperature in kelvin, so F,, = v/27, and w is the angular
frequency.

For the purpose of EM modeling and simulation, the plasma frequency (Wpw¢) is an important
parameter of the DWCNT-composite material that must be computed in this mathematical modeling
approach.

e [32vf +7r2hD]1/2

1%,% = 6
bwe = %R heo (6)
where ( ) 2)
R* — r°)v0qcke
o (=2

The relative complex permittivity of the DWCNTs-composite is derived based on the material
parameters reported in this mathematical modeling approach and the general mathematical relation
between the complex permittivity and plasma frequency.

w%wc
/
Epwce = 1- w2 + v2 (8)
where,
2
E// _ VYV Wphwco (9)
PWE ™ 153 + wo?

Epwe and €, represent the real and imaginary parts of the relative complex permittivity of the
DWCNTs-composite. From the above mathematical representation and analysis for the DWCNTs-
composite, one can conclude that the electrical conductivity, relative complex permittivity, and plasma
frequency are affected by several parameters such as the conductivity of jacket material (0jgcker) and
average thickness of jacket material (¢). In another context, the EM behavior of this composite structure
will be changed corresponding to the changing of these parameters.

2.4. Simulation Modeling of B-DWCNTs Composite

For the purpose of simulation modeling of B-DWCNTs and B-DWCNTs-composite in the CST (MWS),
the important parameters of DWCNT-composite are extracted in this work. Likewise, the important
parameters of DWCNT applied in this work are extracted depending on the previous works [22]. Hence,
these parameters are employed to represent the DWCNT and DWCNT-composite by equivalent bulk
material into CST (MWS). The main objective of this modeling approach is to enable simple and
efficient EM analysis for the B-DWCNT and B-DWCNTs-composite through the CST (MWS). After
inserting the important parameters of DWCNT and DWCNT-composite structures into the CST (MWS)
Drude dispersion model, the B-DWCNT and B-DWCNTs-composite can be designed to extract the EM
properties of the circular B-DWCNT and B-DWCNTs-composite, based on the design of the dipole
antennas for these bundles.

In this work, to design and investigate the B-DWCNT and B-DWCNT-composite dipole antennas,
the DWCNT and DWCNT-composite tube are connected and aligned in parallel in these bundles, in
order to form the dipole antennas structures. The structure of B-DWCNT and B-DWCNTs-composite
dipole antenna includes two packed bundles of the DWCNT and DWCNT-composite, respectively,
separated by a small feeding gap.

Also, each packed bundle is connected to a square contact, in order to make a feeding source
connected to all DWCNT-composites. The dimensions of this contact (length x width) are (Wp x Tp),
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Figure 3. Schematic dipole antenna structures for both (a) B-DWCNTs and (b) B-DWCNTSs-
composite.

while the thickness is equal to the outer radius of the DWCNT-composite (R) for DWCNT-composite
dipole antenna and equal to the outermost radius of DWCNT (r3) for the DWCNT dipole antenna.
Hence, the length and width of this contact are similar and equal to the diameter of bundles 2Rp. The
diagrams of dipole antennas structures for both B-DWCNT and B-DWCNTs-composite are illustrated
in Figure 3.

3. SIMULATION RESULTS

In order to estimate the EM properties of B-DWCNTs and B-DWCNTs-composite materials, their
dipole antennas are designed and implemented using CST (MWS). In this work, the lattice distance
between DWCNT-composite contiguous tubes is approximately 0.34 nm, and the DWCNT consists of
armchair (metallic) walls. The validity of the tube wall conductivity and scattering model for the
single wall case have been discussed in [15,22-25]. The length of these dipole antennas is (L = 20 pm);
innermost radius of DWCNT is (r; = 2.71 nm); the outermost radius of DWCNT is (ro = 3.062 nm);
the length of jacket material at two terminals of the tube is L1 = L3z = 0.010L9; the average thickness
of jacket material is (t+ = 2nm). Four values of the number of tubes DWCNTs (N = 7,19,37 and 61)
are mainly used in those simulation results, in order to investigate the comparison among B-DWCNTs,
B-DWCNTs-graphite, and B-DWCNT-copper dipole antennas.

In order to predict the behavior of the electrical conductivity of B-DWCNTs-composite materials,
several simulations are carried out. These simulations are utilized to explain the behavior dependency
of these structures on different parameters. In these simulation results, the behaviours of the electrical
conductivity of DWCNTs-composite materials are presented to explain the conductivity scaling with
length of DWCNT, outermost radius of DWCNTSs, average thickness of jacket layer, and radius of
DWCNTs-composite tube. In this work, the length of coating material at two terminals of the tube is
L1 = L3 = 0.010Ly. Figure 4 presents the effects of the tube length on the electrical conductivity of
DWCNTs-composite. The dependency of conductivity of DWCNTs-composite structure on the outmost
radius of DWCNT is illustrated in Figure 5. Figure 6 illustrates the dependency of conductivity
of DWCNTs-composite structure on the average thickness of jacket layer. The effect of DWCNTs-
composite radius on the electrical conductivity of these composite structures is illustrated in Figure 7.

As illustrated in these results, the conductivity is directly proportional to the radius of DWCNT-
composite structure and outmost radius of DWCNT, based on Figure 5 and Figure 7, respectively.
The conductivity is directly proportional to the length of DWCNT-composite structure as illustrated in
Figure 4 and the average thickness of jacket layer as illustrated in Figure 6. The electrical conductivity
of the DWCNTs-composite structure will be better with larger length, outmost radius of DWCNT,
radius of DWCNTs-composite structure, and average thickness of jacket layer.

The EM simulation results of the B-DWCNTs and B-DWCNTs-composite dipole antennas are
presented in this work, based on fixed dipole antenna lengths L = 20 um and different numbers of
DWCNTs-composite tubes in the bundle structure such as (N = 7,19,37 and 61). The main material
parameters of DWCNTs and DWCNTs-composite structure are mathematically derived and inserted
into the CST (MWS), Drude dispersion model as a new normal material into CST(MWS). These
parameters are plasma frequency, relative complex permittivity, and phenomenological relaxation. This
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approach makes the representation of these structures into CST (MWS) available. The dipole antenna
of both B-DWCNTs-composite and B-DWCNTs structures are designed and implemented, in order to

estimate their EM properties.

In this work, simulation results of S1; parameter of B-DWCNTs are illustrated in Figure 8, whereas
the simulation results of S1; parameter of B-DWCNTs-graphite and B-DWCNT-copper dipole antennas

are displayed in Figure 9 and Figure 10, respectively.

On the bases of the simulation results for both B-DWCNTs and B-DWCNTs-composite dipole
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Table 1. Summary of comparison results for B-DWCNTs, B-DWCNTs-composite structures.

B-DWCNTs-graphite B-DWCNTs-copper
Total B_DWCNTS After coatgd ‘Ey After coated II;I;
No coating . . .
number graphite material copper material
of tubes in Resonant S11 Resonant S11 Resonant S11
the bundles | Frequency | parameter | Frequency | parameter | Frequency | parameter
(N) (THz) (dB) (THz) (dB) (THz) (dB)
1 0.25 —40 0.13 —45.4 1.0 —45.10
7 0.42 —51.6 0.24 —56.1 1.23 —51.00
19 0.73 —55.4 0.46 —60.20 1.60 —54.80
37 1.0 —60.5 0.63 —66.20 2.0 —61.10
61 1.64 —65.3 1.1 —70.10 2.60 —64.70

Su (dB)

-50 [

N=1
N=7
N=19
N=37
N=61

0 0.5 1 L5 2 2.5

-60

-70

Frequency (THz)

Figure 8. Simulation results of B-DWCNTSs dipole antenna at length (L = 20 pm) and (N = 1,7, 19, 37,
and 61).

antennas, Table 1 presents the summary of comparisons for the simulation results of these structures.

From the presented results in Figures 8-10 and Table 1, the behaviours of S1; parameters of B-
DWCNTs-composite have been enhanced compared with B-DWCNTs. It means that S;; parameter
is changed after coating the DWCNT by a thin jacket of copper and graphite materials. The coating
of DWCNTs by a thin jacket of graphite material leads to shifting-down the resonant frequency of
dipole antenna compared with resonant frequency of B-DWCNT dipole antenna. On the contrary, the
coating of DWCNT by a thin jacket of copper material leads to shifting-up the resonant frequency
of its dipole antenna compared with resonant frequency of B-DWCNT dipole antenna. Therefore,
the B-DWCNTs-copper dipole antenna could be used for high frequency applications; meanwhile, the
B-DWCNTs-graphite dipole antenna could be used for lower frequency applications compared with
B-DWCNTs dipole antenna.

Finally, in order to compare the antenna efficiency among B-DWCNTs, B-DWCNTs-graphite, and
B-DWCNTs-copper dipole antennas, scientific simulations are implemented. These simulations have
been implemented based on antenna length (L = 20 um), inner radius of DWCNT (r; = 2.71nm),
outmost radius of DWCNT (7, = 3.062nm), average thickness of coating layer (t+ = 2nm), and the
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number of tubes (DWCNT, DWCNTs-graphite and DWCNTs-copper) in the bundles is (N = 7). The
simulation results of these comparisons are illustrated in Figure 11. From these results, the efficiencies
of both B-DWCNTs-copper and B-DWCNTs-graphite dipole antennas are higher than B-DWCNTs
dipole antenna. Also, the B-DWCNTs-graphite dipole antenna has a good efficiency at low frequency
band and the B-DWCNTs-copper dipole antenna at high frequency band.

4. DISCUSSION

In order to predict the EM performance of B-DWCNTs, B-DWCNTs-graphite, and B-DWCNTs-copper
material structures, their dipole antennas have been designed and implemented using CST (MWS).
The simulation results of these dipole antennas are illustrated in Figures 8-10. The reported results of
this work display S1; parameters to explain the behavior of different DWCNTs structures with respect
to frequency variations and different numbers of tubes in the bundles. From the results, the resonant
frequency of these bundles shifts up by increasing the number of tubes in the bundle. The coated
DWCNT by graphite material leads to decreasing the resonant frequency (shifting down) compared

N=1
N=7
N=19
N =37
N =61
a a -30 [
) )
% v 40f
50
70 -60 [
80 L L L L L L L L L -70 L L L
0 02 04 06 08 1 12 14 16 18 2 0 0.5 1 1.5 2 25 3 35
Frequency (THz) Frequency (THz)

Figure 9. Simulation results of B-DWCNTs-  Figure 10. Simulation results of B-DWCNTs-
graphite dipole antenna at length (L = 20um)  copper dipole antenna at length (L = 30 um) and
and (N = 1,7,19,37 and 61). (N =1,7,19,37 and 61).

B-DWCNT Antenna

0.014 [ B-DWCNT-graphite Antenna

0.012 [

0.01 [

0.008 [
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Efficiency

0.006 [
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Frequency (THz) Frequency (THz)

(a) (b)



Progress In Electromagnetics Research M, Vol. 88, 2020 187

B-DWCNT-copper Antenna

045

04

Efficiency

0 0.5 1 1.5 2

Frequency (THz)

()

Figure 11. Efficiency of (a) B-DWCNTs dipole antenna, (b) B-DWCNTs-graphite dipole antenna and
(c) B-DWCNTs-copper dipole antenna, at dipole antenna length L =20 um and N = 7.

with the simulation results of B-DWCNTSs dipole antenna. Likewise, by comparing the simulation
results of B-DWCNTs and B-DWCNTs-copper dipole antennas, the coated DWCNT by a thin layer of
copper material leads to (shifting up) the resonant frequency of B-DWCNTs-copper dipole antenna.

From Figure 11, the efficiency of B-DWCNTs dipole antenna is improved after coated the DWCNT
by graphite and copper materials, due to changing the material properties of DWCNTs and influences
of graphite and copper materials.

5. CONCLUSIONS

In this paper, the performance evaluation of the two bundles B-DWCNTs-graphite and B-DWCNTs-
copper have been investigated to present these structures as new materials for designing new dipole
antennas. These dipole antennas could be used for different applications instead of the dipole antennas
of original structures of CNTs. On the bases of the simulation results presented in this paper, the
coated DWCNT by a thin layer jacket of graphite material lesds to decreasing the resonant frequency,
while the coated DWCNT by a thin jacket layer of copper leads to increasing the resonant frequency. In
addition, the efficiencies of dipole antennas of these new structures have been enhanced after coating the
DWCNT by graphite and copper materials. These material structures are represented as new material
structures for different antenna applications at terahertz frequency band.
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