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This paper investigates the radiation characteristics of metal single-walled zig-zag carbon nanotubes as a dipole

antenna at terahertz wave range. The current distribution, input impedance and mutual impedance are calculated for

various geometrical parameters of vertically-aligned carbon nanotubes. The numerical results demonstrate the properties

of the antenna depending strongly on the geometrical parameters such as the radius, the lengths of carbon nantobues,

and the spacing between nanotubes. It is found that the zig-zag carbon nanotubes exhibit very high input impedance

and the mutual impedances for antenna array applications. These unique high impedance properties are different from

the conventional metal thin wire antenna. The far-field patterns and gain of antenna array are also calculated. The

maximum gain of array of 100-element array is up to 20.0 dB, which is larger than the gain of 0.598 dB of single dipole

antenna at distance d = 0.5λ.
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1. Introduction

Since the first discovery of single-walled car-

bon nanotubes (SWNTs),[1,2] experiments and theo-

ries have revealed a great deal about their intrigu-

ing electronic and mechanical properties. Scanning

tunnel microscopy measurements of individual tubes

have verified that they are either a one-dimensional

conductor with excellent conductivity or semicon-

ductor with a band gap inversely proportional to

the diameter of the tube, depending on their dif-

ferent helicity.[3] Just as based on their outstand-

ing electronic properties, unique nanostructure and

vertically-aligned carbon nanotubes and array synthe-

sized successfully, carbon nanotubes are extremely at-

tractive for a wide field of applications such as field

emitters,[4,5] transistors,[6,7] chemical sensors[8] and

unusual nano antennas[9] for communications between

microscopic and macroscopic fields.

In recent years, there has been increasing inter-

est to develop carbon nanotubes as an antenna for

visible light and infrared frequency regions. In pre-

vious research, light scattering properties of an ar-

ray of aligned randomly multiwalled carbon nanotubes

have firstly been investigated and the basic antenna

effects of carbon nanotubes have been performed in

experiments.[10] Further researches show that the ra-

diation characteristics of a single multi-walled carbon

nanotubes acts as optical antenna, whose response is

consistent with traditional radio antenna theory and

simulations in quantity.[11] Until recently, the infrared

radiation properties of finite-length carbon nanotubes

dipole antenna have been studied based on the Hallén

integral equation, and the current on an infinite-length

carbon nanotubes antenna has been analysed by a

Fourier transform technique under the condition of ne-

glecting the edge effects.[12,13]

The generations of THz wave[14,15] with photo-

conductive switching and optical rectification have

been extensively investigated.[16−18] However, the re-

searches of single-walled carbon nanotubes and array

proposed for THz transmission are at initial stages

and their THz radiation properties have not been in-

vestigated thoroughly.[19] To complete the preliminary
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studies of THz wave generated from nanotubes an-

tenna, the method of moment based on the integral

equation is utilized to perform the detailed antenna

radiation properties in the THz range. The fundamen-

tal characteristics such as current distribution, input

impedance and mutual impedance of zig-zag carbon

nanotubes antenna are studied in the THz range by

the integral function. The overall results will serve as

the development and the design of carbon nanotubes

antenna.

2. Modeling description

2.1.Modeling for a carbon nanotube an-

tenna and antenna array

The nanotubes are essentially a sheet of graphitic

carbon rolled into a cylindrical tube. The way of

the rolling graphene sheet determines the fundamen-

tal properties of the tube. In order to describe such

a fundamental characteristic of the nanotubes, we in-

troduce a vector Ch which defines the circumference

on the surface of the tube connecting two equivalent

carbon atoms. Here, Ch = na1 + ma2, a1 and a2
are the two basis vectors of graphene, and n and m

are integers, respectively. Indexes n and m determine

the chiral angle θ = tan−1
√
3(n/(2n +m)), which is

used to separate carbon nanotubes into three classes

differentiated by their electronic properties: armchair

(n = m, θ = 30◦), zig-zag (m = 0, n > 0, θ = 0◦), and

chiral (0 < |m| < n, 0 < θ < 30◦) carbon nanotubes.

Armchair carbon nanotubes are always metallic, as

are zig-zag carbon nanotubes with the value (n −m)

divided by three. The radius of carbon nanotubes is

given by

R =
Ch

2π
=

√
3

2π
aC−C

√
n2 + nm+m2, (1)

where aC−C = 0.142 nm is the C–C bond length. Here

attention will be focused on metallic single-walled zig-

zag carbon nanotubes

The typical structure of carbon nanotubes an-

tenna is shown in Fig. 1. The radius and total length

of the antenna are R and L, respectively, and the gap

between dipole is D (D ≪ L). Theoretically, a simple

dipole thin antenna maximizes its response to a wave-

length λ under the condition L = mλ/2, where m is a

positive integer.

Fig. 1. Structure of carbon nanotubes (zig-zag) antenna.

Figure 2 depicts the linear antenna array, where

d is the intertube distance in the x direction.

Fig. 2. Structure of carbon nanotubes antenna array.

2.2. Formulation

As depicted in Fig. 1, we can regard a zig-zag

carbon nanotubes dipole antenna having large aspect

ratio L/R as a sufficiently thin tube. So the transverse

current can be neglected, and just only the longitudi-

nal current Iz(z) distributes on the carbon nanotubes.

The axial component Az(z) of the vector potential A

on the surface of a carbon nanotubes antenna that

has the surface impedance per unit length zi and car-

ries a total tangential current Iz(z) satisfies the one-

dimensional Pocklington’s integral equation[20](
d2

dz2
+ k20

)
Az (z) = i

k20
ω
[ziIz(z)− Ei

z (z)], (2)

where k0 is free-space wave number, ω is the frequency,

and Ei
z(z) is incident electric field. Because of the

symmetry of carbon nanotubes antenna, the radius R

and k0 satisfied k0R ≪1, and neglecting edge effects

(carbon nantobues having high aspect ratio L/R), we

obtain approximately the vector potential on the sur-

face of carbon nanotubes antenna

Az (z) = µ0

∫ +L/2

−L/2

Iz(z
′)K (z, z′) dz′, (3)

where µ0 is the permeability of free space, z and z′

represent the observation point and the source point,

respectively, and

K (z, z′) ≈ 1

4π

e−ik0

√
R2+(z−z′)2√

R2 + (z − z′)2
. (4)

Let us assume that the carbon nanotubes antenna

is fed by an electromotive force V i
z , thus the incident

electric field can be expressed by

Ei
z(z) =

V i
z

D
δ(z), (5)

where D is the smaller width gaps, δ(z) is delta gap

source. Then, equation (1) can also be expressed in a
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more detailed form as(
d2

dz2
+ k20

)∫ +L/2

−L/2

Iz(z
′)
e−ik0

√
R2+(z−z′)2√

R2 + (z − z′)2
dz′

= i
4πk20
µ0ω

[
ziIz(z)−

V i
z

D
δ(z)

]
. (6)

This equation relates the unknown current distri-

bution on the carbon nanotubes antenna to the volt-

age impressed across the gap, which cannot be eval-

uated analytically. To resolve such problems, we as-

sume that the surface current Iz(z) is approximated

by a series of expansion function. Therefore, we will

adopt the method of moment to solve the integral

equation numerically by writing N equation in N un-

known quantity.

3. Numerical results and discus-

sions

3.1.Current distribution characteristics

One of the most fundamental parameters of any

antenna is the current distribution on the antenna,

which determines the radiation pattern, impedance,

and other parameters of antenna.

As presented in Ref. [21], the movements of the

free charges on the carbon nanotubes create a travel-

ing wave which makes the carbon nanotubes act differ-

ently from a traditional metallic line. For the model of

carbon nanotubes transmission line, the parameters of

kinetic inductance and electrostatic capacitance must

be taken into account, which leads to the wave propa-

gation velocity on the carbon nanotubes transmission

line being the plasmon velocity υp rather than the

speed of the light c. In Refs. [21] and [22], υp ≈ 0.01c.

Therefore, the wave number is much larger on the car-

bon nanotubes in comparison with that on the typical

metallic thin wire. In the metallic zig-zag carbon nan-

otubes, the surface impedance zi is specified by

zi =
1

2πRσz
CN

, (7)

and

σz
CN = i

2e2γ0

nπh̄2 (ω + iν)
, (8)

where σz
CN is the conductivity of the zig-zag carbon

nanotubes, e is the electric quantity, γ is the overlap

integral for electron wave functions between two near-

est atoms (here γ0 = 2.7 eV), n is the index of zig-zag

carbon nanotubes, h is the Planck constant, and ν is

the relaxation frequency and ν = 0.25× 10−14 Hz for

the zig-zag carbon nanotubes.[23]

To further illustrate the point on the variation of

the current distribution on a carbon nanotubes dipole,

based on Eqs. (6), (7) and (8), it has been calculated

by method of moment and plotted in Fig. 3 for L =

λ/2 with a carbon nanotube radius of R = 0.705 nm,

R = 2.466 nm, and R = 4.932 nm, respectively.

In Fig. 3, we can see that the current waveforms

are approximately a half sinusoid. It is apparent that

the changes in the radius of the carbon nanotubes do

not influence to a large extent the distribution of the

L = λ/2 antenna, but it has a major impact on the

magnitude of current distribution at the feed point,

especially for Fig. 3(b).

Fig. 3. Current distributions along the zig-zag carbon nanotubes antenna, corresponding to the frequency of f =

2.4 THz, the radius of R = 0.705 nm (solid line), R = 2.466 nm (dashed line), and R = 4.932 nm (dotted line). (a) The

real part of current, and (b) the imaginary part of current.

Figure 4 depicts the current distribution on the carbon nanotubes antenna having length of L = 3λ/2 when

the frequency f = 5.0 THz. As can be seen from Fig. 4(a), the current distributions along the carbon nanotube
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are approximately an ideal standing wave pattern with a null at the ends, and the influence of the changes

of radius of the carbon nanotubes on the real parts of the current distributions is not obvious, as plotted in

Fig. 3(a). However, it has a profound effect on the imaginary of the current distributions of L = 3λ/2 at the

feed point [see Fig. 4(b)]. From Figs. 3, 4, and 5, it can also be found that the current profiles depend on the

length of the carbon nanotubes. Therefore, the input impedance of carbon nanotubes antenna is quite different

in the cases of Figs. 3 and 4, which will be discussed in the following contents.

Fig. 4. Current distribution along the zig-zag carbon nanotube antenna, corresponding to f = 5.0 THz, the

radius is the same as thtat in Fig. 3. (a) The real part of current, and (b) the imaginary part of current.

In order to illustrate the influence of the frequency on the current on the antenna further examples are shown

in Fig. 5, where the current patterns of the L = λ and L = 2λ antenna with a given radius of R = 2.466 nm

have been compared and the results are given in Figs. 5(a) and 5(b), respectively. Due to the increase of the

length of carbon nanotubes, the current distributions oscillate heavily, especially at higher frequencies.

Fig. 5. Comparison of current forms of the different operating frequencies of f = 1.0 THz (solid line), f =

2.4 THz (dashed line), and f = 5.0 THz (dotted line) at R = 2.466 nm. (a) L = λ, and (b) L = 2λ.

3.2. Self-impedance and mutual impedance characteristics

In practice, the calculation of the input (or self) impedance of each radiator and the mutual impedance

of an antenna array need to be considered. For the conventional thin wire antenna, sufficient data have been

presented to solve the input impedance and mutual impedance. However, the similar problems of the carbon

nanotubes antenna are less investigated. Therefore, it is necessary to study the input and mutual impedances

for the carbon nanotubes antenna for better understanding of its characteristics.

Once the unknown current distribution has been obtained from Eq. (6), the characteristics of the carbon

nanotubes antenna array, such as input impedance, mutual coupling between elements, and radiation patterns,

can be obtained.

The input impedance can be expressed by

Zin = Rin + iXin, (9)

where Rin is the input resistance and Xin is the input reactance.
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Figure 6 plots the input resistance and reactance as a function of z/λ of the carbon nanotube antenna. It

can be seen from Fig. 6(a) that the input resistance is periodic. A main reason is that the current distribution

patterns of the carbon nanotubes undergoes 180◦ phase reversals between adjoining half cycles, which leads to

the current in all parts of the nanotubes having the different phase [typically in Fig. 4]. As a result, significant

interference and canceling effects are observed in the formation of the impedance pattern. Furthermore, an

infinite impedance (but, very large) has been gained since the zero current at the centre of the standing wave

distribution.

Fig. 6. The input resistance and input reactance as a function of z/λ, (a) the radiation resistance (dashed line)

and input resistance (solid line) at R = 2.466 nm, (b) the input reactance at f = 5 THz with different radius of

R = 0.705 nm (solid line), R = 2.466 nm (dashed line), and R = 4.932 nm (dotted line).

It is worth while pointing out in summary that the radius has a little effect on the input resistance because

the radius of the carbon nanotubes is very little (R ≪ L) In order to illustrate the influence of the radius on

the reactance, its values have been calculated and plotted in Fig. 6(b) for the different radius at frequency of

f = 5 THz. The values of the reactance of the zig-zag carbon nanotubes elucidate the difference of the ability

of the power stored in near field of the antenna. However, though the radius is different, it is evident that the

reactance will be focused on the same point at the fixed cycle.

In our discussions on the mutual impedance of the zig-zag carbon nanotubes line array, it can be seen that

array parameter (the distance d between array elements in Fig. 2) must be considered in order to analyse its

influence on the mutual coupling. The bottom-left part of Fig. 7(a) shows the mutual impedance values at

d/λ = 0.2− 0.7, and the top-right part shows the values at d/λ = 0.7–1.5. It is apparent that the interference

effect is contributed from the different parts of the array. At d/λ > 1.5, considering different nanotubes lengths,

we have calculated the mutual impedance values, and the similar phenomenon can be gained.

Fig. 7. (a) The mutual impedance in the THz range for L = λ/2, R = 2.466 nm zig-zag carbon nanotubes

antenna elements. (b) The comparisons of mutual impedance values between zig-zag carbon nanotubes antenna

(left arrowhead) and the conventional metal antenna (right arrowhead).
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In Fig. 7(b), it is shown that the mutual

impedance values for the carbon nanotubes array will

have more variation than a conventional compared-

sized metal array. Also, it is shown that the mutual

impedance values of the carbon nanotubes array os-

cillate periodically and are less than the conventional

array in the condition of the same distance between

antenna elements.

For the practical configurations of the carbon nan-

otubes antenna, it is necessary to point out that no

matter the input impedance or the mutual impedance

that are difficult to predict analytically but must be

taken into account due to their significant contribu-

tions.

3.3.Radiation characteristics

Radiation patterns describe the relative strength

of the radiation field in various directions from the an-

tenna. The field patterns of antenna can be obtained

from the following expression:

Eθ = i
30k0e

−ik0r

r

∫ +L/2

−L/2

Iz(z
′)eik0z cos θdz′. (10)

For the single carbon nanotubes dipole antenna,

its field radiation pattern can be calculated and plot-

ted in Fig. 8(a). It is apparent that its radiation pat-

tern is isotropic and its maximum gain is 0.598 dB. In

order to increase gain of carbon nanotubes antenna,

the array structure will be taken into account. In the

following contents, considering the array factor form

as:

F =

N−1∑
n=0

ein(k0d cos θ+β), (11)

Fig. 8. Normalized three-dimensional radiation patterns of zig-zag carbon nanotubes antenna at f = 2.4 THz, R =

2.466 nm. (a) Single carbon nanotubes antenna; (b) 10 elements array antenna; (c) 50 elements array antenna and (d)

100 elements array antenna.
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where F is the amplitude, N is the number of antenna

element, and β is the phase between two elements, we

have discussed the radiation patterns of antenna array

shown in Fig. 2. The following figures, at given fre-

quency of f = 2.4 THz and radius of R = 2.466 nm,

show the typical radiation patterns of carbon nan-

otubes liner array of 10 elements in Fig. 8(b), 50 el-

ements in Fig. 8(c), and 100 elements in Fig. 8(d),

respectively. It is obvious that the directionality of

an array can be improved notably with the increase

of carbon nanotubes element. The gain of the array

of different elements as a function of N is shown in

Fig. 9.

Fig. 9. Gain of antenna array at different elements of N ,

(d = 0.5λ with symbol △, d = 0.25λ with symbol ◦).

4. Conclusions

In summary, the current distributions, input

impedances and mutual impedance, radiation pat-

terns of the zig-zag carbon nanotubes antenna at THz

band are investigated by using the Pocklinton’s in-

tegral function. The numerical results demonstrated

that the carbon nanotubes antenna can operate at

THz wave range. It is also found that, due to the

slower wave velocity on the carbon nanotubes and

the conductivity properties of the zig-zag carbon nan-

otubes, the carbon nanotubes antenna exhibits very

high input impedance in the THz frequency that will

be beneficial to match to high impedance devices, but

low radiation resistance, which will lead to low gain

and efficiency. On the other hand, another signifi-

cant conclusion of this paper is, for the first time,

that the mutual impedance of the carbon nanotubes

antenna exhibits oscillation periodically and much dif-

ferent from the conventional metal thin wire antenna.

It is obvious that the directionality of an array can

be improved notably with the increase of carbon nan-

otubes element. Other new properties of the zig-zag

carbon nanotubes antenna still need to be found for

the future work.
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