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ABSTRACT 

Carbon nanotube antennas and antenna arrays are 
discussed as possible nanoantcnnas in the GHz frequency 
range. Due to their exceedingly small radi~, car~on 
nanorubes present unique measurement and stmulallon 
challenges. unlike those encountered in ordinary antenna 
applications. In this paper, we present preliminary results 
for measurement and simulation of carbon nanotube 
based antennas. 
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I. Introduction 

Fundamental propenies and potential applieations of 
nanoseopic and mesoseop1e systems are of great current 
interest. An important consideration is establishing a 
wireless communication link. and/or wireless power 
transfer, to nanoscopic circuits and devices. Obviously, 
for interfacing with a nanoscale device, a similarly 
physically small antenna would be desirable. Potential 
applications are to inter- and intra-chip corrununications, 
and to ultra-small autonomous electrieaJ-mechaoical 
devices. 

Particularly tmportant components in emerging electronic 
applications are carbon nanol\Jbes (CNs). Single-wall 

77 

earbon nanotubes (SWCNTs) are hollow tubes with the 
tube wall being a mono-atomic layer of hexagonally
bonded carbon atoms (I]. Carbon nanotubes bave typical 
radius values of 1-2 nanometers, and lengths into the 
centimeter range. They have very desirable meehanieal 
and electrical properties; carbon nanotubes have the 
highest tensile strength and thermal conductivity of any 
known material, and can be metallic or semiconducting. 
Carbon nanol\Jbcs can support much higher current 
densities than ordinary metals, and are stable and resistant 
to elcetromigration. The conductivity of metallic carbon 
nanol\Jbes is much larger than metal wires at similar 
radius sizes (in general, sub-50 nanometer radius metal 
wires have much lower conductivity compared to bulk 
material, due Lo grain boundary scattering, surface 
scattering, and fabrication difficulties, and these problems 
are panicularly severe below I 0 nm). Some resistance 
measurements on SWCNTs are reported in [2]-[3]. 

Given the possibility of centimeter lengths, carbon 
nanotubcs are nal\Jral candidates for wire-like antennas 10 

the Gllz-THz range. Wave velocities tend to be 
approximately I 00 times slower on carbon nanotubes 
(and on other nano-radms conductors) than on macro
radius wire antennas, leading to shorter resonant devices. 
However, their extremely small radius leads to large input 
impedances, large resistive losses, and very low radiation 
efficiencies. Dense arrays of carbon nanol\Jbes or other 
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nanotube-based structures may lead to higher efficiencies, 
and could lead to practical nanoradius antennas in the 
GHz-THz frequency range. 

In this work, we will present work-in-progress simulation 
results and measurements on both single tubes and tube 
arrays, and discuss challenges in measurement and 
simulation of these antennas. 

2. NanoRadius Wire Antennas 

The radiation efficiency (power radiated divided by 
power input) of a typical half-wavelength dipole antenna 
is excellent. usually above 98% for frequencies in the 
microwave regime [4]-[5]. This assumes that the antenna 
is constructed using high-conductivity metals, and that 
wire radius values are in the typical (macroscopic) range. 
However, in the range 1 GHz to 1 THz, wavelength 
varies from l 08 to 105 nanometers, and an electrically 
very short, extremely thin wire nanoscaJe dipole bas 
exceedingly small radiation efficiency. For example, at I 
GHz a 200 nm long, 50 nm radius eopper wire dipole 
antenna has radiation efficiency Erod- 10"8 %, and Grad- 10·

2 

% at 1 THz [5]. Even a half-wavelength dipole has very 
poor radiation effieiency when the radius falls below 
several hundred nanometers, as shown in Fig. L 
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Fig. 1. Radiation efficiency for a half-wavelength 
copper dipole at f=IO GH.z, 100 GHz, and l THz, as a 
function of wire radius. Reprinted from 15). 

However, if the conductivity (or effective conductivity) 
can be inereased, good radiation efficiencies can be 
obtained even at nanoscale radius values, as shown in 
Fig. 2. 
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Fig. 2. Requ ired conductivity to achieve 50% 
radiation efficiency for a balf-wave dipol~ antenna as 
a function of radius at f=lO GHz. o8 is the bulk 
conductivity of copper. From J5J. 

The question remains as to how to achieve sueb high 
effective conductivities, and/or high radiation efficiencies 
for nanoscale antennas. 

3. Carbon Nanotubes 

Some fundamental properties of carbon nanotube 
antennas were discussed in [6]-[7] . Fig. 3 depicts a 
carbon nanotube dipole antenna, where the eross 
between the feed arms depicts where the tube would be 
cut to form a dipole. 

li $ 

1\onotube 
L~0.1-1 mm 

G 

Fig. 3. Carbon naootube dipole antenna. 

The CN dipole is fed through ground-signal-ground 
(GSG) contact pads via a probe station. The 
experimental set-up is shown in Fig. 4. 



Fig. 4. Experimental set-up showing transmit dipole, 
carbon nanotube antenna wafer, and probe station 
(connected to a netwo rk analy:zt>r acting as the 
receiver). 

Fig. 5 shows an image of the electrodes and contact 
pads, wnh a few carbon nanotubes lying across the 
electrodes. 

fig . S. Image of electrodes and GSG contact pads, and 
a few carbon nanotubes forming a dipole antenna. 

In Fig. 6 we show the measured $21 berween a transmit 
dipole and the carbon nanon1be receive antenna. We see 
tantalizing dillerences between the dummy (wi thout 
nanotubes) and nanotube devices. However, the low 
signal expected from a single nanorube antenna, and the 
potential influence of the metallic pads and surrounding 
structures evident in Fig. 4, lead us to worry that these 
differences arc not due to the nanorube. 
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fig. 6. Measurement of carbon nanotube antenna test 
structure with nanotubes and without (d ummy). 

This is consistent with simulation, which predicted rhat 
the response of the carbon nanorubes would be below 
the noise floor of the measurement. Hov. ever. simulation 
usmg Ansoft HFSS of the electrode-contact pad 
strucmre (without nanotubes) did show fairly good 
agreement with mea5urement, as shown in Fig. 7. We 
fee l that the difference berween measurement and 
simulat ion at the lower frequencies is due to objects in 
the near field of the device (see Fig. 4). 1.ince, e.g., at I 
Gl lz wavelength is 30 em, and there are clearly many 
metallic objects within 30 em of the device. 
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Fig. 7. Comparison behveen simu lation and 
meas urement for the dummy antenna structure. 

Note that Fig. ·~ 6 and 7 show raw data ($21 ), which is 
dependent on transmit-receive distance and properties of 
the transmit dipole. as well as properties of the device
under-test. It would be beller to perform a gain 
measurement of the carbon nanotubc antenna, but this 
has not been done yet. 



4. Measurement and Simulation Difficulties 

At this point, a brief discussion of the challenges of 
performing experiments and simulations of these 
antennas is warranted. Selling aside the obvious 
fabrication problems, which arc beyond the scope of this 
paper, performing measurements at these size scales is 
quite difficult. Since the entire antenna structu re is on 
the order of microns in dimensions, a probe station and 
microscope must be used . This introduces measurement 
artifacts into the resnlls due to objects being present in 
the near-field, especially at lower frequencies. 
Furthennore, due lo the low efficiencies of the antennas 
it is very difficult to obtain a measurable signal from the 
devices, since the picknp of the much larger metullic 
electrodes and contact pads corrupts the resul ts. 

Significant challenges are also encountered m 
perfom1ing simu lations of nanoscale antennas. 
Peripheral metallic Sti1JCtures such as contact pads and 
electrodes may be on the order of several hundred 
microns. substrate thicknesses may be on the order of 
millimeters, and transmit-receive distances may be on 
the order of centimeters. Given the nanometer radius 
values of carbon nanotubes. the ratio of largest 
dimension to sma llest dimension in the computational 
domai u can be I 0; or larger, and most finite-elemcn rand 
finite-difference codes can nor perform accnrate 
simulations at th is ratio. For example, Ansoft HFSS, 
which is an industry-standard finite-e lement code, can 
supposedly hand le ratios up to I 06

• but we were unable 
to obta in reliable results even at lhis ratio. We have 
found that for carbon nanorubes it is berter to use 
integral-equation methods, but even these are severely
taxed to accommodate the size disparities encountered in 
the considered devices. Simplifi ed array geometries 
shown below were simulated using Wipl-d. which is a 
commercial thin-wire integral-equation based method. 

5. Carbon Nanotube Arrays 

Given th e poor response of single carbon nanoh1be 
dipole antennas, it is natural to examine the pcrfom)ance 
of carbon nanotube arrays, as depicted in Fig. 8. 

, .... - _ ..... ; 

Fig. 8. A ca rbon nanotube array antenna. 
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A close up of a fabricated array suueture is shown in 
Fig. 9. where the horizontal lines are catalyst pads for 
carbon nanotube gro.,.vth (the nanotubes are 
perpendicular 10 the electrodes and catalyst pads). 

Fig. 9. Carbon nanotube array antenna. 

To predict array performance, simulations were 
perfonned for a simplified str1Jcture, depicted in Fig. 10. 
Wire elec~rodes were assumed, and contact pads were 
ignored. 

eecrode 'Mre. rad~t..s a 

Ls 

500 

250um 

N CNs 

Fig. 10. Ca rbon nanotube antenna array geometry 
for simulation. 

Simulation results arc shown in Fig. II at f= I 0 GHz, 
predicting that as the number of nanotubes in the array 
increases, the response of the array to incideut radiation 
should increase. at least for nanorubes having lengths 
L=Lcn suitably large. Unforrunately, at th is point only 
short (L - 10 urn) ru be arrays have been measured, 
which, consistent with simu lation, have not shown an 
increase in received signal as the number of tubes 
becomes large. We are cnrrently working on increasing 
the length of the nanotubes in the array. 
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Fig. 11. Simulation results at f=lO GHz showing 
received voltage in dB as the number of nanotubes in 
an array is increased. L is the length of the 
nanotubes. 

6. Summary 

Communication with nanoscale circuits and devices is 
an important emerging antenna application. Carbon 
nanotubes are one possible method of fabricating 
nanoscale antennas. However, single nanotubes exhibit 
extremely low radiation effieiencies. High density carbon 
nanotube arrays may offer improved efficiencies, 
although research is still at an early stage. 
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