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Abstract— We present quantitative predictions of the perfor- theory of nano-antennas. Our calculations should alsoydppl
mance of nanotubes and nanowires as antennas, including the semiconductor nanowire antennas in the quantum mechanical
radiation resistance, the input reactance and resistanceand 4 jimjt, and also to multi-walled nanotube (MWNT) antennas
antenna efficiency, as a function of frequency and nanotube . . . . .
length. Particular attention is paid to the quantum capaciance if swtabl_y genergll_zed. Our theory applies only n the q:uam
and kinetic inductance. In so doing, we also develop a circti Mechanical 1d limit, where only one sub-band is occupied by
model for a transmission line made of two parallel nanotubes the electrons.
which has applications for nano-interconnect technology. Therefore, this work doesot apply to metallic “nanowires”

Index Terms— Nanotube, nanowire, antenna, nanotechnology. (Which are usually not in the 1d quantum limit), nor to
semiconducting nhanowires with more than one occupied sub-
band. A possible future project would be to determine the
crossover from nano-antenna to thin-wire antenna behavior
) ) Some work in this intermediate regime has recently begun[6]

E recently demonstrated the operation of active najy| [g], and we discuss this crossover more extensivelpuel
otube devices at microwave (GHz) frequencies[l]. our work should apply in the microwave, sub-mm, and
However, the electrical properties of nanotubes as passiMaz spectrum, but not in the optical or IR spectrum. In the

high frequency components such as interconnects, mixqEgter, the photon energy is sufficiently large that eletito
detectors, and antennas are currently not well understaod excitations must be taken into account.

this work, we study theoretically the interaction of one dim
sional electronic systems with microwave radiation, lagdi
to a quantitative theory of nanowire and nanotube antenﬁa
performance. This article is divided up as follows: First, we discussestat
In our previous modeling work [2], [3], we briefly consid-Of-the art in nanotube synthesis, paying particular aterto
ered nanotubes as antennas but did not quantitatively sasgtotubes with length of order the wavelength of microwaves
their performance potential. Recently, we have been ablei® cm[4], [5]. Then, we discuss possible applications of
synthesize and electrically contact single-walled carban- nanotube antennas. Third, we present a circuit model for
otubes (SWNTSs) up te- 1 cm in length [4], [5]. These tubes@ two-nanotube transmission line, a necessary pre-step for
are comparable in length to the wavelength of microwavéie following sections. Fourth, based on this circuit model
in free space. This motivates our study of the interactioMe calculate the spatial current distribution for a nanetub
of microwaves with nanotubes, and the exploration of thentenna. Once this current distribution is known, we treat
properties as antennas. each infinitesimal element of current as a radiator and add up
Nanotubes grown in our lab have conductivities severfntegrate) their contributions to the electric field toetetine
times larger than copper [4], [5], but the diameter is smalihe total far-field electric field, hence radiated power. Vige d
so the resistance is h|gh Thus, current nanotube grovﬁ}‘i's first in the no ohmic loss case, and then in the low ohmic
technology allows for very lossy antennas. In spite of heal§ss case, and finally in the high ohmic loss case.
losses, these may allow a wireless, non-lithographic con-Where possible we provide executive summary type con-
nection between nanoelectronic devices and the macrascdpisions of our calculations for performance predictions t

world. If lower resistance nanotubes can be grown, we pré@searchers interested in building and measuring the perfo
dict the antenna properties to be dramatically differentrfr Mance of nanotube antennas. In what follows, we use the same

conventional thin-wire antennas. terminology and symbol definition as our prior papers[2], [3

I. INTRODUCTION

Outline

. . - II. NANOTUBE GROWTH STATEOF-THE-ART
A. Limits of applicability

. . L In our lab, we have grown the longest electrically contacted
The geometry we consider is that of a thin-wire, CentP§WNTS with lengths up to 0.4 cm in length. Our measure-

fed antenna where the wire is made of a single walled S . . :
. o : ments indicate that the resistance per unit length is around
metallic carbon nanotube. This is the first step to a genei?ka/Hm' When scaled by the diameter of 1.5 nm, this gives

The authors are with the Integrated Nanosystems ReseauifityFae-  rise to a conductivity o10° S/m (resistivity of0.1 pQ —cm),
partment of Electrical Engineering and Computer Sciencaijvéssity of \vhich is 10 times Iarger than copper. A similar Conductivity
California, Irvine, CA, 92697-2625. This work was suppdrigy the ONR,

NSF, ARO, and DARPA. was measured on 3@im long SWNTs by one other group[9].

Lorresponding author: pburke@uci.edu Two other groups have been able to synthesize 6®()10]



and several mm to 1.1 cm[11], [12], [13], [14], [15] SWNTs
Therefore, the synthesis of long SWNTSs is possible in séve Proposed architecture
laboratory settings. Frequency-> channel -> interconnect

For the resistance per unit length that we measured, Long nanotube
we show below, this would correspond to a very heavi fg;ﬁgng’a fZCh
damped antenna, with significant ohmic losses. However, { different frequency.
mechanism for the scattering in long SWNTs is still not wel
studied. With sufficient effort it may be possible to lowee th —>
resistance per length by improving the synthesis techniq ]
Therefore, the prospects for low-loss antennas, while g-lon
term possibility, are not entirely unreasonable.

Integrated
Nanosystem

DNA)

A. A solution to the nano-interconnect problem

Progress to date on nanoelectronics has been significi
Essentially all devices needed to make the equivalent of o
modern digital or analog circuit out of nanotubes and/
nanowires have been demonstrated in prototype experime } {

*s
..
’,

[1l. APPLICATIONS OF NANOTUBE ANTENNAS |

and elementary logic circuits have been demonstrated[l
[17], [18], [19]. < ~—

However, one of the most important unsolved problems
in nanotechnology is how to make electrical contact froffig. 1. Possible scheme for wireless interconnection tegiratted nanosys-
nanoelectronic devices to the macroscopic world, withoffims:
giving up on the potential circuit density achievable with
nanoelectronics.

All of the nanotube and nanowire devices developed
date have been contacted by lithographically fabricated-el
trodes. A canonical research theme is to fabricate a n
odevice, contact it with electrodes fabricated with eleair
beam lithography, then publish a paper reporting the étedtr
properties. This is not a scalable technique for massivety p
allel processingintegrated nanosystem3he potential high- A. Single nanotube RF properties
density circuitry possible with nanowires and nanotubeb wi In our recent work [2], [3], we considered the electrical
not be realized if each nanowire and nanotube is contacig@perties of a SWNT above a ground plane in some detail.
lithographically. There, we found that, in addition to electrostatic capacia

One potential solution to this problem is to use wirelessnd magnetic inductance, there were two additional disteith
interconnects, which can be densely packed. If each imerceircuit elements to be considered: the quantum capacitance
nect is connected to a nanotube of a different length (henged the kinetic inductance. We briefly reiterate their pbaisi
different resonant frequency), then the problem of mutiplg  origins here.
input/output signals can be translated from the spatialalom The physical origin of the quantum capacitance comes from
to the frequency domain, hence relaxing the need for highe finite density of states at the Fermi energy. In a quantum
resolution (high cost) lithography for interconnects. g6 particle in a box, the spacing between allowed energy ldsels
in contrast to previous approaches which, ultimately, @ly finite. Because of this, to add an extra electron to the system
lithography and its inherent limitations to make electricaakes a finite amount of energy above the Fermi energy. In one
contact to nanosystems. This idea is indicated schemigticalimensional systems, this can be equated with an energy per
in Fig.[. unit length. From this energy per unit length, a capacitance

per unit length can be calculated. From [2], [3], one finds the
B. Wireless interconnect to nano-sensors following expression for the (quantum) capacitance pet uni

Another application is in the area of sensing. For exampl§ngth: )
nano-devices could be use as chemical and biological sgnsor Co = 2i_ 1)
sensitive to their local chemical environment. A nanotube hve
could be used as an antenna to couple to these nano-senddrs,Fermi velocity for graphene and also carbon nanotubes is
without the need for lithographically fabricated eleciomn usually taken asr = 8 10° m/s, so that numerically

Co = 100 aF/pm. (2)

line consisting of two parallel nanotubes. We first review th
E’F circuit model for an individual nanotube, then discuss th
equivalent circuit model for two spinless 1d wires, thercdss
Ae circuit model appropriate for nanotubes, taking spid an
band-structure degeneracy into account.

IV. TWO-NANOTUBE TRANSMISSION LINE PROPERTIES

In order to understand the nanotube antenna performanthe kinetic inductance has a simple physical origin as well.
we must first develop an RF circuit model for a transmissidh is due to the charge-carrier inertia: electrons due not



instantaneously respond to an applied electric field; there
some delay. For periodic electric fields, the electron \igloc
lags the electric field in phase, i.e. the current lags th&agel
in phase. This appears as an inductance. It can be shown
[3] that in 1d systems, this inductance is given by:

h
Lk = m- ©))
which comes out to be numerically
0 0 0
Lk =16 nH/pm. 4) E chg chg DZCES
This simple model has been put on more rigorous groun

in[20].

In a nanotube, there are four co-propagating quantum chagy: 2. Geometry of two-nanotube transmission line.
nels: two spin-up channels, and two spin-down channelsh Eac
has its own kinetic inductance and quantum capacitancet Al
channels have a common electrostatic capacitance to grot e e
This has a significant effect on the RF properties, as disct o P

in depth in [2], [3]. (é’g 7 I
/.

B. Circuit model for two 1d wires of spinless electrons

In this section, we are interested in the differential mode
of a two-nanotube transmission line system: There will t
a voltage difference between the two nanotubes V(x,t), anc .,
differential current I(x,t). For simplicity, consider twial wires 77

«
of diameter d separated by a distance W, as shown in[Fig. Q
Each wire has its own kinetic inductance per unit length; w
neglect the magnetic inductance because the kinetic indoet R4 7
dominates. s o Ues o~

4

For the two-nanotube transmission line, the issue of tl
guantum capacitance deserves some attention. We are inter-
ested in differential voltages and currents. If a voltageava Fig. 3. RF circuit model for two 1d quantum wires with spirsledectrons.
is excited, then there will be differentially large charge o
one tube and smaller charge on the other tube. In the
model, the energy cost to add charge is the same as to subtrédc
charge. Thus, there is an energy cost for one tube to haved he circuit model for carbon nanotubes is more compli-
excess charge, and there is an additional energy cost $8fed, since each nanotube has four channels (two spin ap, tw
the opposite tube to have decreased charge. In terms of $Ré down), each with its own kinetic inductance and quantum
quantum capacitance, the energy cost for one tube to h&@pacitance. For the differential mode excitations cceersd
excess charge Q {8°/Cq. Thus for a charge 0®. on one herein, the effective circuit model is modified. There are tw
tube and a charge &_ on the other tube, the net energy costpin orientations and two band structure channels that can
is 2p?/Cq. This can be equated to a capacitance between #@pagate current, i.e. 4 1d quantum channels in parallel.
tubes ofCq/2 per unit length. Therefore, the kinetic inductance is 4 times lower than the-o

There will also be an electrostatic cross-capacitance B#annel case, and the quantum capacitance is 4 times higher
tween the wires, which is defined as the voltage drop froffian the one-channel case. The effective circuit diagraan th
one tube to the other when there is an excess charge on &#&s these into account is given in Hij. 4.
tube and a decreased charge on the other tube. This can B8y simple applications of Kirchoff’s laws to the circuit

Fircuit model for two carbon nanotubes

calculated from simple electrostatics to be: shown in Fig[#, we can come up with a differential equation
il Tl for the differential voltage. If we write the voltage and mt
Ces = cosh—l(W/d) ~ In(W/d)’ () ontube 1 ad/; andly, and the voltage and current on tube 2

asV, andl,, and define the differential voltages and currents

Since the energies add, the capacitances add inversﬁ%‘suming a harmonic time dependence) as:
i.e. the capacitances should be in series between the two '

nanotubes, as shown in Fifl 2. The effective circuit dia- Vb = ViV, (6)
gram is given in Fig[I3. It is clear that the circuit model o = IL—1 (7)
of Fig. [d supports wave-like excitations of the current and

voltage. Rather than calculating the wave properties eitiyli then the following differential equation holds:

we move directly to the case of the two carbon nanotube 4%Vp )

transmission line. 32 YoVp =0 (8)




where the propagation constant is given by: ’
Vi = 2(R + 0Lk /4)(i0Crotar) 9) Sy oy

Here we have introduce® as the resistance per unit lengtt

for a single tube in order to account for possible dampinig; th

will be discussed in depth below. We use the subscript “p” o
plasmon, because these excitations are collective dsmilfa

of the 1d electron density, i.e. plasmons.

General solutions for the differential current and voltaga H—
be written as: N
Q\L—

Vb(X) = Vy e YrX+V, eV (10)
ID(X) = |g'e_ypx + |(;eypx (11) ,/ H;# S

v V.- ,7 40q Ogs 40g-

= Le*\/px _ LeVpX, (12) ’
Zc Zc

W_here the characteristic impedance and wave velocity &fg 4. RF circuit model for two-nanotube transmission Jine
given by:

Zc = i\/w (13) theoretical grounds by theoretical physicists, who wound fi
V2 10CT otal an in phase and out of phase coupled charge oscillation mode.
Vp = i; (14) Similar work has been done already on closely spaced 2d
V2 /(L /H)Crotal electron gas systems[32]. Our circuit model describes the o
with of phase (differential) mode.
'Ft}tal = (gcQ)—l + cgé_ (15) Fifth, the propagation constant and characteristic impeea

L . . .are general expression that take into account loss. In the lo
The characteristic impedance is so defined because theofat@oss case, they reduce to the more familiar forms. Howeker, t

the voltage to the current is constant for a given propagatigy ressions above are completely general including the cas

direction, i.e. v V.o of high and low loss.
L =-20 =7 (16)
IO IO
Numerically, for typical cases, we have: V. CURRENT DISTRIBUTION ON A NANOTUBE ANTENNA
h
Ze ® 55 =12kQ (17) " A. Qualitative discussion
V & Vgermi ~ 0.01 c. (18)

Fig.[d shows the standard, textbook geometry to calculate

Note that we are only considering differential mode hergae current distribution on a classical, thin-wire antg88h
There will also be common mode excitations, which will bgjowever, in our case, due to the kinetic inductance and
wave-like as well. We do not discuss those here, nor do Weantum capacitance, the wave velocity is very different
claim that our circuit model is appropriate for common modgan a classical thin-wire antenna, where only the magnetic

excitations. inductance is present.
In Fig.[HA, we consider the excited two-nanotube transmis-
D. Discussion sion line, where the ends are open. In this case, a standing-

First, we neglected the magnetic inductance, which is jugave pattern is built up (as indicated) for the current and
tified because it is numerically much smaller than the kinetvoltage along the two-nanotube transmission line. Because
inductance. the currents on the two nanotubes are in equal and opposite

Second, the wave velocity of this system is about 100 tim@#gection, the far-field magnetic and electric fields getexta
smaller than the speed of light. This is because of the excé¥seach of the wires individual cancels. Therefore, theatzdi
kinetic inductance. power is approximately zero.

Third, the existence of wave-like current excitations idlwe In Fig.[@B, we consider “flaring” the two ends. If the flaring
documented in the theoretical physics literature on 1d twman angle is small, the transmission line properties are almost
systems[21], [22], [23], [24], [25], [26], [27], [28], [29]Such the same, hence the standing wave pattern in the current is
slow-wave structures have been confirmed at GHz frequencigshanged. However, because the wires are no longer close
using 2d systems with kinetic inductance much larger thao each other at the ends, the far-field electric and magnetic
magnetic inductance by experiments performed by some fa#lds generated by the wires near the end do not cancel, hence
us[30], [31]. the system radiates power. Eventually, the flare angle besom

Fourth, our work is the first to consider the coupled na®0 degrees, and that is the geometry considered in this paper
otube transmission line. This should be put on more rigorotife currents are quantitatively calculated below.



A) Il C. Quantitative prediction for arbitrary resistance
We can use the transmission-line equations to develop
expressions for the current distribution on the wire, eithji
and quantitatively including the effect of resistance glone
tube, but neglecting (for the moment) the radiation resista
If there is a positive-going voltage wave of amplitudg, it
will be reflected off of the ends of the transmission line,hwit
reflection coefficient 1 (since the ends are an open circuit).
= Therefore, there will be a negative going voltage wave of
amplitudeV, of equal amplitude. The propagation constant

B ! iS Yp.
) m 4 The voltage along the antenna can be expressed then as

| nanotube — ->I Vo(x) = V0+e7yp(X7|/2) + VO_eyp(XA/Z) (19)
nanotube —> <+ V0+e_yp(X_I/2) —+ V0+eyp(X_I/2) (20)
2V cosh|[yp(x — 1/2)]. (21)

Note that, in this notation, the voltage at the terminalshaf t
antennaVierminals IS related to the amplitude of the positive
going voltage wave/," by:

N Vterminals = 2Vo+COSh [Vp(llz)] (22)

. T We can use equatidn11? to find the differential current on the
line, and it is given by:

| nanotube > | [ |

- > Ib(x) = Vo' qviix-12) Vo oy (x-12) (23)

nanotube —> <+
Zc Zc
+

!

1/2

1

Fig. 5. Flaring.\p is the plasmon wavelength, which is different than thel NiS is referred to in Fid15, before flaring. After flaringeth
free space wavelength. detailed geometry is shown in FIg. 6. It is clear from insjmett

that bothl; and I, are in the same direction (the positive z
direction), and each will be equal to half bf. Therefore, the
current on the active region of the antenna can be written as:

‘4— A2 «— 2,02

nanotube

> —
nanotube —>

kp = plasmon wavelength

7
I

C)

!

A V
iefyp(xflla_ ieyp(xflla (24)

- %sinh e (172 - X)]. (25)

—
Il

Q

B. 2nd Order Flaring Effects R
@) = 2sinh[yp(1/2-2)] 0<z<1/2
The wave velocity for a traditional two-parallel wire trans - gsinh Yoz +1/2)] 0>2z>—I/2.

mission line is independent of the distance between theswire - ) o
and equal to the speed of light. Because of this, it is usua"]/'hese equations describe the nanotube antenna curremt dist

assumed that the current distribution for the flared twdution for arbitrary loss, ”99_'90“29 the radiation resise.
nanotube system has the same wavelength as the unperturb&d e zflbsence of loss (i.62 = 0), the current can be
two-wire transmission line. written as:

(26)

For two-wire nanotube transmission lines, the wave-vgjoci  1(z) = { losin ko(I/2-2)] 0<z<I/2 (27)
depends on the distance between the nanotubes. Therefore, losinlkp(z +1/2)] 0=>2>-1/2.

the wave velocity for the flared nanotubes is different. Theherek, is real, and equal ta/vp, the plasmon velocity given
reason is simple: the kinetic inductance does not depely equatior 4, andy = iV, /Zc. This is what distinguishes
on the distance between the tubes, whereas the capacitamaeganotube antenna from a traditional antenna, where the
does. Therefore, the wave velocity1/+/LC depends on the wavevector for the current is the same as the free-space-wave
distance between the tubes. This means, for the 90 degveetor.

flared nanotubes, that the wavelength of the current digtab In Fig. [, we plot the magnitude of the ac current as a
is different. However, since the electrostatic capacitarsc function of position for various values of R, for a 10 GHz
only sensitive to the log of the distance between nanotub&gquency and 30@um long nanotube antenna, for a voltage
this effect will be neglected herein. Therefore, we willlasg at the terminals oNierminais = 1 V. For low enoughR,

that the current distribution of the flared nanotubes (H@) 5the current distribution is approximately sinusoidal. &s

is the same as that of the unflared nanotubes [Fig. 5A). \ivereases, the resonance behavior gives rise to an anplitud
now calculate that current distribution. that decays exponentially with distance from the terminals
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Fig. 7. Current Distribution for 1 V, 10 GHz excitation on al3@m antenna.

field region is in thed direction, and given by:

Fig. 6. Antenna geometry. ke—ikr +1/2 .
Eo = in sind [ / I (z)e'kze0s0dz (28)
r -1/2
D. Effect of radiation on current distribution Heren is the characteristic impedance of free space, equal to
1201 Q.

Below, we will calculate the far-field electric fields gen-

erated by the current distribution given in equatiGib 26 andThe key result of this paper is that, while for a traditional
3. This is not entirely self-consistent, because the aairré'" antenna the current distribution is periodic with wave
y f ctor given byk = 2n/A, where A is the free space

distribution expression given by equatidiid 26 &iH 27 negle ) .
b 9 y equatidns an! 9 ectromagnetic wavelength, for a nanotube the current is

radiation. In reality, there will be a change in the currerft coomag 4 - .
distribution due to the radiation. The far-field electricld®e periodic with wavevector given by = 2n/Ap, whereh, is the

and the current distribution are related through a set efjirtt- plasmon wavelength. This causes the integral of equiibn 28

differential equations, which can only be solved numelycal to be dlff_erent froria tradlt_|onal thl”"’{"e antenna. .
However, generally speaking for thin wire antennas, the CL#I‘ Numerically, k, ~ 100k, ie. .)\p o .W)\' whgreA is the .
rent distribution is only slightly modified by the radiatiand "€ SPace wavelength. For simplicity, we will assume this
is usually neglected. In this paper, we will assume the m”erelat|onsh|p tp be exact fr_om_ how on. ]

distribution is not significantly changed by the radiation. We can write the electric field then as:

This assumption should be put on more rigorous grounds in ik

. ; Eo =i sing
future work, but seems reasonable given what is known about 6 =M1 anr
traditional thin wire antennas. 0 . | ikzc0sH
In sum, we will neglect the effect of radiation on the current X /4/2 losin| kp (§ * Z) € dz

distribution and take equatiofis]26 and 27 as a given for the 1o
rest of this paper, and turn to the consequences of thisrurre +/ losin |k (l _ z) pikzcost 4 (29)
distribution on radiation hence antenna properties. 0 P

Equation 2P can be evaluated, and the result is:

VI. RADIATION PROPERTIES UNDER NO LOSS CONDITIONS
Once the current distribution is known, we can treat each K loe—ikr cos(%cose) — cos(%)
infinitesimal element of current as a radiator and add ug{int Ep = ir]k— T sin® 1= (k/k)?c0s20
grate) the contributions to determine the far-field eledigld. P P
In this section, we will discuss the no-loss condition. \&hil i L i
this may not be achievable in practice, it gives informatioR- PoYynting vector and radiation intensity
about the “ideal” case. The Poynting vector can be calculated from the electric
field, resulting in:

(30)

A. Electric field

—7 1 2 —
Based on the known current distribution, it is straightfor- Wal =+ q|Ee| B (31)

o
ward to caICl_JIate the radlate_d electric and magnetic fidhds. KA\2 |2 cos(%cose) _ cos(%) 2
follow Balanis[33]. For a wire antenna of arbitrary current (_) o sin® (32)
distribution I along the z axis, the electric field in the far kp /) 8mr 1 — (k/kp)=cos?6




The function (kl, kpl) can be evaluated numerically. The
function & is of order unity, and plotted in the appendix. It
is periodic withkpl.

D. Radiation resistance
The radiation resistance is defined by

2Prad k 2
R, = =(— kl, ko). 38
e i L L NNC,
Since is of order unity, the radiation resistance is of order
n/10% = 0.04 Q.

E. Directivity and effective aperture
The directivity is given by the maximum value of the

radiated intensity divided by its average value, i.e.:
— Wav|max/A (39)
S
180° We have numerically evaluated D as a functiorkbfind find

that it is 2 as long as the length is not néék = 0.02 n, with

n an integer. The pattern is that of a simple thin-wire dipole
radiator. If the length is near one of these multiples, théepa
develops extra lobes, and in that case the directivity caasbe
high as 5-6. In the appendix, we plot the directivity deteraai
Next, the (time-average) radiation intensity can be wmittenumerically as a function dfl.

Fig. 8. E-plane antenna pattern, based on equBfibn 30. Wenasg!1/2 =
.

as The effective area is related to the directivity through:
)\2
Aerf = —D 40
U=rWa = (33) T an (40)
k \212 2n Cos(gcose) — cos(T') Thereforg, for most values &, the effective area is approx-
sin® (34) imately given by:
kp a 1 — (k/kp)?cos? A2
Actr ~ > (41)

The antenna pattern is similar to a regular wire antennaras Io
as the length is not nedsA = 0.02 n, with n an integer. If 11iS IS similar to a thin-wire antenna.
the length is near one of these multiples, the pattern dpgelo _

extra lobes. The radiation pattern is plotted in Elg. 8, asag F. Input impedance

I/A=0.01, i.e. I/A, = 1. The radiation resistance relates the power radiatetyto
the maximum amplitude of the current along the nanotube.
C. Total radiated power However the current at the terminals is equaldsin(ka/Z)
he input resistance due to radiatiéty, is related to the

The total radiated power can be determined by integratl

Ywer dissipated due to radiation throu = I2R;
the radiation intensity over a sphere, i.e. B b Bhaa = m

whereRjn, is the current at the terminals. Therefore, taking this
into account, the input resistance (when there is no intrins
ann loss) is given by:

Prag = ]{v@av-dg //Wavrzsine de do R,
s 00 "7 sin2 (kol/2)
2020 cos(®cos) — cos (X! - - -
(h) 1én /sin36[ 2 2 ](3}9) The input reactance is easy to understand from[Hig. 5 as the

(42)

Kp 1 — (k/Kp)?cos26 input impedance of a two-nanotube transmission line oftleng
I/2. This is given by:
(k—) IOr]E(kl Kol), (36) Zin = —iZccot(kpl/2). (43)
P

There will also be an input reactance due to energy radiated
and absorbed. However, numerically this will not be as large
cos(%cose) _ cos(kT”') 2 as the input reactance of equat[od 43, so is neglected.

do In Fig.[d, we plot the radiation resistance, input resistanc
[ 1 — (k/kp)?cos?6 ] and input reactance as a functionlgh, whereA is the free
(37) space wavelength, assuming thgt= 100k.

where we have defined the functig(kl, k1) as

E(Kl, kpl) = %/sin%

0
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last odd element, the current is not constant but periodic in
Fig. 9. Plot of radiation resistance, input resistance, it reactance space, whereas equatid 44 for a thin-wire antenna assumes a
as a function ofl/A, where A is the free space wavelength, assuming that . L .
ke = 100k. The x-axis isl/A = k1721t = 0.01kp /2. constant spatial current distribution. The average ctifiama
sinusoidal current distribution i&/1/2 smaller than the max,
thus accounting for the factor of 2 difference.

For longer antennas, where the length is comparable to the
Why is the radiation resistance so low, and why is it periodf€€€-Space wavelength, the elements of lengtlare no longer
in kpl/2? The answer to that question is quite simple. TGOS€ to each other compared to the free space wavelength, so
illustrate, we show schematically in FIGJ10 the currentgrat that the situation is quantitatively more complicated. &qu
on the antenna for three different valueskgt/2. Flon IBB quantifies this S|tuat|on..To emph§15|ze this sitmti

The elements form what can be considered a phased affyi9- 13 we show a schematic comparison of the current
of current sources, but each element is out of phase with #iStribution on a thin-wire antenna of lengW/2 vs. the
nearest neighbor by 180 degrees. The far-field electric ﬁemcurre_nt d|str|bl_1t|on on a nanotube antenna of the sameHengt
the sum of the fields generated by each element. Because ead!iS analysis suggests then, for a lossless nanotube, that
element is out of phase, the fields from the individual eleimerf"@king an antenna with length longer that one plasmon wave-
cancel if there is an even number of elements. If there is N9t is not at all beneficial in terms of antenna properties
odd number of elements, all but one of the elements cancetNCe the plasmon wavelength is short, a nanotube antetina wi

This analysis can be carried even further. The analydfsthe best case scenario be only as good as a short thin-wire
suggests that one can neglect all but the last odd elem@Rtenna, with length given by the plasmon wavelength, which
as radiating. This suggests that the antenna properties df £00ut 100 times smaller than the free space wavelength.
nanotube antenna whose length is an odd integer multiple 'gHS: Presumably, is a general property of slow-wave argsnn
the A, is equivalent to short thin wire antenna of lenggp  Of Which a nanotube is an extreme example.

Indeed, this is true quantitatively. The radiation resis&aof
a thin-wire short antenna is given by:

I 2
— 2( _
Rrad = 80T (;\) A. Electric field

If we takel = Ap, we get a radiation resistance 008 Q, In the above sectidnlV, we solved for the current distributio
which is almost exactly that predicted by our theory imnder arbitrary loss conditions. We now use this currert dis
Fig. @. There is a factor of 2 difference because, for thdbution to calculate the radiation properties. On substig

G. Discussion

VIl. RADIATION PROPERTIES UNDER ARBITRARY LOSS
CONDITIONS

(44)



_ C. Input impedance
NT antenna Wire antenna If we neglect the energy radiated, the input impedance is
- o — given by:
Zin = Zcoth(ypl/2). (47)
LT

P This can also be numerically calculated.

VIII. CLASSIFICATION OF LOSS REGIMES

ErEr T

Loss, or resistance, is an important parameter in nanotube
antennas. There are two ways in which low-loss can be
defined. The first is that the frequency is high enough, and
oA []2 the loss low enough, so that the wave propagation on the two-
nanotube transmission line is dispersion-free. Matherathyi
the requirement for this is:

L12

Ay
Ay

Grererererer636063 60606

WLk /4>>TR (48)

If one uses our recently measured valueld6fkQ/um, the
low loss condition translates into a frequency requirenaént

f > 400 GHz (49)

— S — However, if lower resistance tubes are grown this could be
lower. For example, at cryogenic temperatures this remerg
may be different. This issue is further discussed below.adnd

Fig. 11. Current distribution for nanotube vs. wire antefiralengthA/2.  these low-loss conditions, the wave-vector is given by:

Yp = ikp + Q. (50)

the general expression for the current (equafich 26)

. - . A e attenuation constantis given by:
equatiorZB for determining the far-field electric field, vexé: g y

1R
—ikr a= 57- (51)
Eg = in sin@ c
Zr N The physical interpretation of the attenuation coefficisrihe
X / Visinh {yp(l + Z)]eikzcosedz length over Which a propagating wave on the two-.n.anotube
_172 £Zc 2 transmission line decays in amplitude Hye. Addition-
+1/72 \, + | ally, under these conditions (equatibnl 48), the charastteri
+/ 29 sinh [yp(_ - z)}eikzcosedz} (45) impedance is real and given by:
0 Zc 2
Zo~ | LK (52)
Equation4b can be evaluated, and the result is: ©™V 8Crotal’
) K Vol A second, stricter definition of low-loss requires equali@n
Eo= i K Vo e—lkrs_neCOS(chSG) _COSh(T) be satisfied and, in addition, requires that the wave is not
o= —'ﬂy—pz omr o 1+ (k/yp)2c0s28 significantly attenuated over the length of the antenna. In
(46) mathematical terms, this can be expressed as the condition:
%I <<1 (53)

B. Poynting vector and radiation intensity . N
This second condition depends on the length of the nanotube.

The Poynting vector can be calculated from the electric
field. Becauseyp and Zc are complex, the result cannot
easily be simplified, but can be numerically calculated from
equation3lL. The radiation intensity can be numerically cal In this section, we are interested in determining the efbéct
culated from equatioh_B3. The total radiated power can h&ss on antenna performance in the low-loss regime defined as
determined by numerically integrating the radiation isign both eqns[48 anldb3. We seek to find expressions for antenna
over a sphere. The radiation resistance is not meaningéfficiency correct to linear order iaL/2.
when there is intrinsic loss distributed along the antenna.For the following, we will divide the discussion into two
The radiation pattern and directivity can also be numdsicalcases: on-resonance, defined kyl/2 = nm, and off reso-
calculated. nance, defined bi,l/2 Z nm.

IX. LOW LOSS CALCULATIONS
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A. Resonance condition 0
Since the radiation resistance (which is already quite low) \
is highest on resonance, this case would be the most logical -20 \\
case for maximizing the antenna efficiency. \
1) Resistive lossesNeglecting radiation losses, what is __ -40 \\
the loss due to the ohmic dissipation? This depends on ti§& \
resistance per length, antenna length, and frequency. éte fi% 60 N
calculate the input impedance (neglecting radiation t&sc®) 5 oo Low loss \
on resonance. One can show that, on resonance, the real gart approximation |\ e
of the input impedance (equati@nl47) is given approximatelys R Exact numerical ICA
by: ) § result \ ",_
Re(Zin) ~ o 54 2 7% \
This allows us to calculate the ohmic losses in the ultra-low -120 \\
loss condition. Specifically, for a given voltage at the tierais
Vierminals, the power dissipated due to ohmic losses is given _14q
by: 10° 10° 100 10' 10° 10° 120" 10°

_1 |Vterminals|2 RI

— 1 2
Pohmic - Em - §|Vterminals| Eg (55) R*I(Q)

This will be used later. Fig. 12. Antenna efficiency vsRI, assumingl = 0.01A. The result is
Note that the imaginary part of the input impedance dRdependent frequency or length, as long as the equatiaues t
resonance will be zero in the presence of any small amount
of loss. .
2) Radiative lossesWe seek an expression for the radiate&a_Sed on equatidnb4 the above equalfidn 59 can be expressed
power as a function of the voltage applied at the terminals, gs: 1 R, 1
order to compare with equati¢nls5. Prad = §|Vterminals|zz_gz (60)
In the ultra-low loss case, the overall current distribatio ¢
(equation[ZI7) is not significantly altered, and therefore thhis will be used later.
radiation resistance is not significantly altered. For toe-p A commentabout expressibnl60: This is interesting, because
poses of the radiation resistance it is sufficient to assurae tit shows that the radiated power does not depend on the
the current distributing is still approximately sinusdigéth resistance per length of the nanotube, in the low-loss limit
amplitude Io. If we make this assumption, then the powefhis is because the current distribution is assumed to be the
dissipated due to radiation is still related to the radiaticsame regardless of the loss, which is approximately true. Th

resistance through equatibnl 38, i.e.: radiated power depends only on the current distribution, so
1 does not change in this approximation. Only the currentat th
Prad = §|Io|2Rr (56) terminals changes, and only by a small amount in the low-loss

L . ) . approximation.
On resonance, the radiation resistariRe is approximately 3) antenna efficiencyWe define the antenna efficiency as

equal t00.03 Q, as discussed above in sectlon MI-D. the ratio of the power dissipated in radiation to the total@o
When there are resistive losses, the current d'St“bUBO”dissipated (radiation and ohmic), i.e.

slightly modified from being sinusoidal and the current at

the terminals on resonance is given bkysinh(ypl/2). On AE. = Prad (61)

resonance, the current at the terminals can be approximated Prad + Ponhmic

as Based on the above equatidnd 60 55, this can be written
lterminals =~ 2'0(0('/2) (57) as. 1 1

(The factor of 2 comes because the differential current at AE.= 1+ RI/R, = 1+ R1/0.03 O (62)

the terminals is 2 times the current on an individual tub

e.
Therefore, the radiated power can be written as: 'I)h|s means that as soon as the nanotube dc resistance df lengt

) | exceeds0.03 Q, the resistive losses dominate. We plot in
P — 1 2R, = 1 [lterminals| R 5g) Fig.[12 the antenna efficiency as a functiorRif Numerically,
rad |O| r T a2 ( ) . . e . 4
2 2 (al) expressiofif2 is good to within 0.3 dB7l is less tharl0* Q.

This allows us to calculate the power dissipated as radaiatio

Specifically, for a given voltage at the termindgrminals: B, Off resonance condition

the power dissipated due to radiation is given by: . Y
P P 9 y In the off resonance case, the discussion is similar. We want

1 R, (59) to determine the power dissipated due to radiation lossds an
[CON ohmic losses, then calculate the antenna efficiency.

. 2 . 2
_ 1 ||term|nals| 1‘Vterm|nals

T @ T 2| Re@in)
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X. HIGH LOSS CALCULATIONS

=) 10" - A. Loss classification
:: In the above section, we calculated the antenna efficiency
e 10° in the low-loss case according to the crited&/2 < 1. In
‘é‘ this section, we seek to determine the antenna efficiency in
g 7 the high loss case according to the critemil{2 > 1. If this
g 10 criteria is met, and if the antenna is designed for microwave
= frequencies, then it is also going to be true that the system i
= 10° in the high-loss case according to the conditiofk < R.
g I 1 1 We elaborate.

10° Ll L L L L If the antenna is designed for microwave frequencies, then

5 -3 1 1 3 5 7 9 the length will be of order the plasmon wavelength at mi-
crowave frequencies, which is of order 1@QMn. If this is
the case, and it is true thatl/2 > 1, then according to
equation[Bl, the resistance per length will be at least of
Fig. 13. Real input impedance at antenna terminalsRAs.assumingl = 5 .qar 100 K©/um, which is numerically larger thanCx at
0.01A. The result is independent frequency or length, as long @edfuation . . . .
is true. microwave frequencies. Therefore, the high-loss calmnat
to be discussed in the section will be high loss in both senses
(egns[ZB anf33).
1) Resistive lossedFor small damping, off resonance, the
real part of the the input impedance (equafich 47) is givéh Qualitative discussion
approximately by: In the high loss case, the current distribution is dramigica
changed. Essentially, the only spatial region of the argenn
o— al/2 = _ RI74 (63) Which carries currentis the region withirm* of the terminals.
sin?(kpl/2)  sin?(kpl/2) By definitional/2 > 1, this is a small fraction of the entire an-
This allows us to calculate the ohmic losses in the uItra-IoWnn_a‘ T_hls IS seen clearly in FIg. 7, where we plot the curren
loss condition. For a given voltage at the termin&is minats, distribution for various loss values. For t.he hlgh_est yalpé
the power dissipated due to ohmic losses is given by: R, the c;urrent flows only near _the terminals. It is dissipated
as ohmic losses before reaching the end of the nanotubes,
2g,inZ(kaz) which are far away from the terminals on the scalecof'.
| TRl Therefore, the radiated power and radiation efficiency ldl
(64) significantlylower than the low-loss prediction, equatibnl 62.
2) Radiative lossesOff resonance, the current at the ter- ) .
minals is not near a null, so that the sinusoidal approxiomatiC- Numerical calculation

R* 1 (Q)

Re(Zin) =Z

P = }|Vterminals|2 — 1|V i
ohmic ZiRe(Zin) 2 terminals

can be used, i.e.: We have numerically evaluated the radiated power and
ohmic dissipated power as a function of tRé product, and
lterminais = 2 losin(kpl/2) (65) then calculated the antenna efficiency as defined above. The
. o ) ) radiated power is calculated numerically by integrating -
Combining this with equation$6, we find: diation intensity calculated from the electric field (eqoaE3)
1 [lrerminas|? over a spher(_e. T_he numerical_ integration was performedjusin
Prad = So =50 1 0r (66) a simple script in Mathematica. A length= 0.01 A was
24 sin (kpll? assumed for the calculations, which corresponds to the on-
— 1’Vterminals 1 R (67) resonance case in the low-loss condition as discussed above
2| Re(Zin) | 4 sin?(kyl/2) r The ohmic losses are calculated numerically by calculating
the power according to:
= %|Vterminals|25in2(kp|/2)%v (68) P gl
Pohmic = ERe [Vterminalslt*erminals}' (70)

where we have u;gd equatibd 63. This will be used _Iater. and exploiting the input impedance given in equafigh 47 for
3) Antenna efficiencyBased on the above equations 6@, relationship betweeVkerminals

. b and lierminals-
and[B4, this can be written as: emines

In Fig. 12, we plot the exact numerical solution for the
1 antenna efficiency as a function of the param@térinterest-
= 1+ RI/R, (69) ingly, this curve is universal regardless of the frequeticg,

numerical value ofR, or the numerical value of, as long

This is the same as the on-resonance condition. However, #seone assumds= 0.01A. Since we showed in the low-loss
radiation resistancR, is frequency dependent, and maximunecase that the antenna efficiency is maximized on resonance
on resonance. (See Fig. 9.) Therefore, the antenna efficiefiwhich is true ofl = 0.01M), it is reasonable to assume antenna
will be maximum on resonance. operation in the high loss case would be for the same length.

AE.
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D. Discussion XIl. DIsScuUsSION

. From Fig.[I2, it can be seen that the low-loss approxima- | 5ss and efficiency

tion breaks down for arRl value of around 20 ®. For a

nanotube antenna with a microwave resonance frequency, théhe fact that a nanotube current distribution has a differ-

length will be of order 10Qum. For this antenna, the low-ent wavelength than the free space wavelength restricts its

loss approximation will break down at a numerical value dgiroperties, in the best case, to be equivalent to those of a

R ~ 100 Q. This value is about 100 times lower than oushort thin-wire antenna. This means the radiation registan

measured value oR of 10 kQ/um. Therefore, for available is low, and causes any small ohmic resistance to reduce the

nanotube technology, the antenna will most likely operate pverall antenna efficiency significantly. For current naiet

the high-loss region. However, since long-nanotube dewace technology, this is a big challenge.

relatively new, this situation may be improved on in the fafu ~ For impedance matching to quantum devices, it appears

if higher conductivity nanotubes can be grown. For realistthe optimum®RI product is about 10 &, which translates

values ofR, the antenna efficiency is low. This is a drawbachito a resistance per length of about @#um. This may be

of nanotube antennas in the thin-wire geometry discussedaichievable in the near term at room temperature for nanotube

this paper. We return to this issue below. antennas, and is likely achievable at cryogenic tempesatur

According to our calculations, this would correspond to an

antenna efficiency of about -60 dB. Clearly, this is not sléa

for long-range wireless communications systems. However,

We wish now to discuss the input impedance and the issiies generally a large unsolved problem to make electrical

of impedance matching. contact to the nanoworld, and even more difficult to transfer
more abstract information from the macro-world to the nano-
world. In this case, a wireless link from an integrated nano-

A. Numerical evaluation of input impedance system to the macroscopic world may still be advantageous

Above, we found the antenna efficiency is maximized iAver lithographic interconnects fromsystemspoint of view,

the resonant case, which is therefore the most likely regirfeSPite of the somewnhat low antenna efficiency. This problem

of operation. On this resonance, the imaginary part of thatin ©f low-efficiency contact to the nanoworld is not unique to

impedance izera Therefore, one only has to deal with thavireless interconnects. With dc contact to nano-devices th

real input impedance. We plot in FigJ13 the input impedancgontact resistance is typically high and is a complicategsph
calculated from equatiofi 7, as a function®f. We have ical phenomenon. From this perspective, wireless conmesti
again assumed that= 0.01A. offer a much “cleaner” physical system, with less ambigsiti

In the low-loss case, the input impedance diverges, beca&’_s’@_h as Schottky barners_, quantu_m _conta_ct re5|stanc_els, an
the resonance causes there to be a null in the current at ?H'Q"ar |ssues_currently being heavily investigated thii fief
antenna terminals. (See Fifl 7) As the loss increases, fno-electronic devices.
current at the terminals increases, thus decreasing thd inp
impedance. When the input impedance becomes numerically i o
equal to the characteristic impedance, this correspontiseto B+ Transition from nano-antenna to thin-wire antenna

conditional/2 ~ 1. Above this value, the input impedance A question which naturally arises in this context is: How
increases again, this time due to the severe ohmic loss@n does a wire have to be for its behavior as an antenna to
Interestingly, this curve is also a universal curve regsssll pe different than a regular thin-wire antenna? This can be re
of the frequency, the numerical value &f, or the numerical phrased: at what diameter is the kinetic inductance conmra
value ofl, as long as one assumes: 0.01A. to the magnetic inductance? The magnetic inductance is only
Off resonance, the imaginary impedance will be very larg@eakly dependent on the diameter, and is about lpupH/
and frequency dependent, making impedance matching mareough estimate for how the kinetic inductance scales with
complicated. length comes from observing that the kinetic inductance per
unit length is crudely mff, where n is the number of
electrons per length. If one assumes metallic systems with
BRe electron per atom, and atoms of size 1 angstrom, then for
The input impedance is high, of order or larger than thee diameter of d, the number of electrons per meter along the
resistance quantum of 250k This is no surprise, becausewire is approximatelyl/d?, with d in angstroms. Therefore,
in our model the antenna is fed with a high impedance twthe kinetic inductance is approximately/d?) x 10~**H/m.
nanotube transmission line. Thus, the nanotube antennaEmuating this with the magnetic inductance and solving for
resonance can be viewed asatural, quantum transformer d, we find that a value ol = 100 nm is the critical
that transforms the characteristic impedance of free spatiameter demarcating the boundary between nano-antenna,
(120m Q) up to the quantum impedanda/g?), assuming one where kinetic inductance dominates, and thin-wire antenna
is on resonance. Because most nano-devices and circuitsvalnere magnetic inductance dominates. There is clearlytyplen
inherently high-impedance, this is a desired property @f tlof room to engineer antenna performance in the intermediate
system. regime. This is an interesting topic for future study.

XI. | MPEDANCE MATCHING

B. Natural transformer from free space to quantum impedan
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C. Assumptions 1.0

There are a number of unproven assumptions in this work. o g [
First, we argued that the effective circuit model of a two-
nanotube transmission line includes kinetic inductance an 0.6
quantum capacitance as dominant circuit elements. Sea@nd, -
argued that the radiation does not affect the current digign 0.4
on the nanotube significantly. Third, we argued that the-radi 02
ation reactanceis small compared to the kinetic inductance,
but did not explicitly calculate the radiation reactanche3e 0.0 A Al AUV A Al i
arguments, while reasonable, should be put on more rigorous 0.00 0.04 0.08 0.12 0.16 0.20
grounds through self-consistent calculations that ineltite /a
full quantum properties of electrons in coupled two-nabetu
systems and their interaction with microwave radiationr Ou 1.0
work should be viewed as an engineer’s attempt to simplify
a complicated physical system down to its most important
basic elements in order to provide simplified approximation ) ¢

0.8 I

for antenna performance. O
0.4
D. Alternative geometries 0.2 ‘
In our calculations, we have considered the simplest aatenn ‘ |
geometry, that of a thin-wire antenna. In this case, theatafi 0'00 0 0.5 L0
resistance turns out to be very low, so that minimizing ohmic ' i/D ‘

resistance is a critical issue. In other words, for resstiv
nanotubes, the antenna efficiency is low. However, our werk i
only the first step in the design of nano-antennas. For examd'_l
there may be other, alternative geometries that are motedsui
to particular properties of nanotubes, such as the hightikine

inductance and high resistance. This remains an open qoesti Vith future, higher mobility nanotubes, better performanc
for future work. would be possible, although prospects of approaching ef-

ficiencies of order unity seem dim with the simple thin-
wire geometry considered in this work. (For this, altenveti
E. Future work geometries may be required.) Doing so will require nanaube
Our work is really only a baby-step in the field of thewith ballistic transport over 100s qim. That is maybe not
integration of wireless technology with nanotechnologleT totally unrealistic. After almost 30 years of research onBB
next logical question isto what do you connect to thegrowth, it is now possible in 2DEGs at cryogenic temperature
terminals of the antennaThis is related to the nascentto achieve ballistic transport over 100s jo. The reduced
field of nano-electronics architecture, which has manyessuphase space for scattering in CNTs makes it possible to have
remaining to be solved. In this context, our work in this papenuch higher mobilities than 2d systems, so it is conceivable
provides initial steps in understanding the antenna ptigser to achieve. In that case, and for more realistic lossy casgs,
of nanotubes and nanowires, which will be needed for thleory provides quantitative predictions for expectedomédre
future architecture work. and nanotube antenna performance.

ig. 14. Plot of§. The x-axis isl/A = kl/2n = 0.01kpl/2m.

XIll. CONCLUSION

Simply speaking, one cannot think of a nanotube antenna

in the same way as a thin-wire antenna because of the excesgis Work was supported by the Army Research Office
inductance of orde0* time the inductance of a thin-wire (Bward DAAD19-02-1-0387), the Office of the Naval Research

antenna. This translates into performance predictionshvhi(@ward N00014-02-1-0456), DARPA (award N66001-03-1-

are substantially different than thin-wire antennas, etiaty 8914), and the NSF (award ECS-0300557).
because the wavelength of the current excitation is 100stime

smaller than the wavelength of the far-field radiation, ajuei APPENDIX |

situation.

An advantage of nanotube antennas is that the nanotubdn the Fig.[T#, we plo€ assumingk, = 100k.
can serve as an excellent impedance matching circuit to get
from free space to high impedance devices. A disadvantage,
for current growth technology, is the low efficiency. Witheth
nanotubes we are able to grow in our lab, we can achieve dn the Fig[Ib, we plot the calculated directivity as a fuouti
predicted antenna efficiency of -90 dB. of I/A = klI/2m = 0.01kpl/2m.
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