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Applications and Performance of a Nanoreceiver
with a Carbon Nanotube Antenna Forest

C. Emre Koksal, Eylem Ekici

Abstract— We introduce an RF nanoreceiver, based on a forest
of carbon nanotube (CNT) antennas packaged together. Based
on the physical model of a charged carbon nanotube under RF
exposure, which is significantly different from a typical RF an-
tenna, we analyze the performance of our nanoreceiver. We show
that, for low signal-bandwidth applications, our nanoreceiver is
highly robust, allowing for a continual operation over extended
periods of time at low probabilities of error at reasonably low
SNR values. For the high signal-bandwidth applications, weshow
that, at a given SNR, the achieved rate grows asn1/4 with the
number, n, of the CNTs, at reasonably low probabilities of error.
Due to extremely small scale of the CNTs, many millions of CNTs
can be packed into very small areas (e.g., hundreds of millions in
1 mm2) to achieve rates comparable to the commercially available
wireless receivers. Hence, a significant spatial miniaturization is
achieved by our nanoreceiver compared to a classical RF receiver
without a loss in the achievable rates.

Index Terms— nanocommunication, nano-scale networks, car-
bon nanotube transceivers, detection theory

I. I NTRODUCTION

Nanoscale systemsare envisioned for many crucial future
applications ranging from targeted medicine and drug delivery
to high fidelity sensors [1]–[5]. Miniaturization of commu-
nications systems has been in the forefront of research and
development efforts for decades. Until very recently, commu-
nication system sizes and design alternatives were considered
limited by the circuit, battery, but most importantly, antenna
sizes. For instance, the use of common operating frequencies
of 100s of MHz to several GHz meant an antenna size in the
order of centimeters. Such limitations render incorporation of
communication into nanoscale systems impossible. Electro-
magnetic communication in such scales is reserved for the
THz range, which has extremely high attenuation through
matter [6]. Therefore, traditional EM-based communication
had very limited use in nanoscale devices and systems. Instead,
other paradigms were considered to facilitate communication
of nanoscale devices for short distances [1], [7] via molecular
communication and longer distances [8], [9] via bacteria and
nano-motors.

Recently, new EM-based radio receivers and transmitters
have been proposed usingCarbon Nanotubes (CNTs)[10],
[11]. These communication systems are fundamentally dif-
ferent from traditional antenna-based systems: Rather than
relying on the oscillation of electrons inside the antenna in
response to EM waves, CNTs oscillate themselves when they
are charged. Oscillations lead to variation of the distance
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of the tip of the CNT from a cathode plate. The distance
variations are then detected as fluctuations of the emission
current. CNT-based receiver systems have been validated in
implementation [10] and further analyzed in [12]. The ground-
breaking property of CNT-based communication systems is
that it is possible to establish communication in the 100s of
MHz range with systems that are 100s of nm in size. Even
more recently, we have developed a communication-theoretical
analysis of CNT-based receiver systems [13], [14]. Almost
concurrently, system and networking aspects of nanoscale
devices with CNT-based radios have been discussed in [15].

In this work, we analyze the behavior of forests of CNT
antennas, which are composed of thousands or more CNTs
vertically aligned on the same substrate. Using the unique
response characteristics of charged CNTs under RF exposure,
we introduce two threads of analysis, highlighting two distinct
use cases of CNT-based nano communication systems. For the
low signal-bandwidth applications, we show that our proposed
receiver system is highly robust, allowing for a continual
operation over extended periods of time at low probabilities
of error at reasonably low SNR values. For the high signal-
bandwidth applications, we show that the achieved rate grows
asn1/4 with the number,n, of the CNTs, at reasonably low
probabilities of error at a given SNR. Since CNT antennas
can be packed very densely (e.g., hundreds of millions in1
mm2), a significant spatial miniaturization is achieved by our
nanoreceiver compared to a classical RF receiver without a
loss in the achievable rates.

II. PHYSICAL MODEL

The basic operation of the CNT-based nanoreceiver is
illustrated in Fig. 1. It consists of a CNT attached to an anode
with the other end free to move. CNTs behave like cantilevers
with high elastic strength, and an elastic constant in 100 GPa
range. A longitudinal electric field applied on a CNT induces
a charge density at the tip of the CNT. Under electromagnetic
excitation, the oscillating electric field perpendicular to the
CNT exerts an oscillating force on it and causes it to move.
Near the resonance frequencyf0 of the CNT cantilever, EM
energy couples most efficiently into the CNT, and the CNT vi-
brates with a large amplitude. Fundamental properties suchas
mass, length, and diameter determine the resonance frequency
and quality factor (Q) of the cantilever vibration. Overall, the
resonance frequency is inversely proportional to the square of
the length and the square root of the cross section area of the
CNT. The response of the vibration amplitude to an oscillating
electric field perpendicular to the CNT is proportional to
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, wheref0 is the resonance frequency of

the CNT,fc andErad are the carrier frequency of the signal
acting on the CNT and its amplitude, respectively, andQ is
the quality factor. The response of the vibration amplitude
peaks atfc = f0 and dies off rather fast asfc moves “out of
tune” from the resonance frequencyf0, as shown in Figure 1.
A simple theoretical model for electromagnetic excitationof
CNTs is provided in [10].

The electric field between the free tip of the CNT and the
cathode causes electrons to jump across the gap and results in
tunneling current. The tunneling current varies exponentially
with the distance between the tip and the cathode, governed
by the Fowler Nordheim equation. Since the tunneling current
depends exponentially on the inverse of the distance, small
deviation of the CNT due to bending can lead to large changes
in the tunneling current. The tunneling current resulting from
the oscillation of the CNT has also been depicted in Figure 1.
Here, the variation in the current is proportional to the square
of Erad [10], [13] and is amplified by a factor,I0, identical to
the tunneling current observed when the CNT is at rest. This
leads to a square-law behavior for the observed signal with
respect to the incident radiant electric field strength.

III. N ANORECEIVER MODEL

The block diagram of our nanoreceiver is illustrated in Fig.2.
The nanoreceiver is composed of two parts: the front end
and the energy detector. The basic components of the front
end summarizes the physics of the charged CNTs under and
incident RF wave. The front end includesn parallel CNT
antennas andn associated square-law devices followed by
an amplifier each. Here,hCNT,j(t) is the impulse response of
the linear filter that captures the input-output behavior ofthe
jth CNT antenna, where the inputs(t) is the electric field
intensity of the incoming RF wave and the outputYo,j(t)
is the amplitude of the associated vibrations in CNTj. The

magnitude response of thejth CNT antenna is:

HCNT,j(f) =

∣

∣

∣
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wherefc,j is the resonance frequency of thejth CNT antenna,
q is the charge at the tip, andmeff is the effective mass
of the CNT. We assume the length of each CNT antenna
to be random. We model this randomness using a normal
distribution, i.e.,fc,j ∼ N (f0, σ

2
f0
), independently offc,j′ for

all j′ 6= j. The 3-dB bandwidth,B, of the antenna response
HCNT,j(f) can be found by solvingHCNT,j(fc,j)/

√
2 =

HCNT,j(fc,j + B/2). With the additional assumption that the
the bandwidth is much smaller than the center frequency,
B ≪ f0 (which is highly reasonable since the CNT have
a narrow pass-band), one can findB ≈ f0

Q for all the CNTs.
The assume that the signal is corrupted by noise at two

levels: Theacoustic noise, Wa,j(t), is the mechanical com-
ponent caused by radio static within the band of the antenna.
Acoustic noise directly affects the amplitude of the vibrations
Yo,j(t). The second one is thethermal noise, WT (t), due to
the electronic components of the detector and it is additiveon
the total detected current. We assume both the acoustic and the
thermal noise are additive white Gaussian. In our analysis,we
assumed that the acoustic noise is the dominant noise source
for two reasons: 1) the size of the CNT forest is large (n ≫ 1)
in our systems; 2) every branch of the front end contains an
amplifier with a very large gain (e.g., this gain is reported to
be at the range of 50dB in [10]).

The second component of the nanoreceiver is the energy
detector. Since the signal

∑n
j=1 Ir,j(t) is the current at the

output of the front-end of the receiver, the integrator can be
realized by a merecapacitor. The integrator is followed by
the sampler, sampling the output of the integrator once every
T seconds (symbol period), i.e., the data rate is1/T bits/sec.
Each sampleYs[k] is compared with a pair of predetermined
thresholdsτ1 andτ2 and a ‘0’ or a ‘1’ bit is decoded depending
on these comparisons.

For information transmission, we assume that the simple
ON-OFF Keying (OOK) signalling scheme is used. Apart
from the simplicity of the scheme, there are other reasons
that make OOK suitable for our nanoreceiver design. In
OOK, during the ON period, the transmitter transmits pure
sinusoids of durationT , i.e., for each antennaj, we have
s(t) = a cos(2πf0t + φ), where φ is the random phase.
Depending on the rate of information transmission desired
by the application, the bandwidth of the input signals(t)
can be large or small compared to the CNT bandwidth.
The performance of our nanoreceiver under the low signal-
bandwidth regime was studied in [14]. Here, we illustrate the
performance under the high signal-bandwidth regime as well,
and discuss the fundamental differences between the two.

The square-law device at each branch acts as ademodulator
for the signal component (filtered by the antenna response
hCNT,j(t)) of each waveformYo,j(t). This avoids the need
for complicated components such as the phase locked loop
to be implemented at the nano scale. The energy detector
integrates

∑n
j=1(ICNT,j(t)) + WT (t) over T and a sampler
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Fig. 2. System model of our nanoreceiver.

samples the output of the integrator everyT seconds. Due to
the square-law device, there are three components ofICNT,j(t)
under the activation attempt:signal component; signal-noise
cross component, which is a Gaussian process; andnoise-noise
cross component, which has Chi-squared samples. Under both
low signal-bandwidth and the high signal-bandwidth regimes,
we assume that the thresholds of the detector are chosen
optimally, to minimize the probability of error. Hence, we use
a maximum a posteriori or maximum likelihood decision rules.

IV. A PPLICATIONS AND PERFORMANCE

We consider two different types of applications, depending
on the bandwidth of the RF signal. Inlow signal-bandwidth
regime, the signal bandwidth is much smaller than the band-
width of the CNTs. Given that the typical CNT bandwidth
varies between tens to hundreds of kHz [13], the low band-
width regime allows for applications at rates lower than a
few kbps. The candidate applications include the activation
of nanosystems, in which the system needs to remain inactive
for a period of time and is expected to become active only
when it receives an activation signal. The main performance
goal in such applications is to simultaneously achieve low
probabilities of false activation and unsuccessful activation.
Consequently, the nanoreceiver can operate reliably over ex-
tended periods of time without observing an undesirable false
activation, but becomes active correctly upon receiving an
activation signal.

In high signal-bandwidth regime, the signal bandwidth is
much larger than the bandwidth of the CNTs. In this regime,
our objective is to achieve data rates, comparable to those of
traditional RF receivers. We first analyze the achievable data
rates as a function of the number of CNT antennas. Note that,
due to extremely small scale of the CNTs, many millions of
CNTs can be packed into very small areas (e.g., hundreds
of millions in 1 mm2). Exploiting this large number of CNT
antennas, we show that it is possible to achieve data rates
comparable to the commercially available wireless receivers
at reasonably low bit error rates. Hence, a significant spatial
miniaturization is achieved by our nanoreceiver compared to
a classical RF receiver without a loss in the achievable rates.

1) Low Signal-Bandwidth Regime: In this regime, we con-
sider applications which do not require a high data rate, but
a robust operation for extended amounts of time. In particu-
lar, in certain applications, nanosystems can be activatedby
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Fig. 3. Spectra of the signal and the CNT for high signal-bandwidth and
low signal-bandwidth regimes

activation signals sent remotely so that they initiate various
tasks. For instance, nano-scale agents that are injected in
human body can be used for targeted drug delivery. Once
the activation signal is detected, they can release the drug.
In such applications, the critical issue is the reliable operation
for extended durations, rather than a high-data rate. Thus,in
this regime, we assume the duration,T , of the activation signal
to be large, i.e.,T ≫ 1/B, whereB is the bandwidth of a
CNT.

The shapes of the spectra,Hs(f) and HCNT(f), of the
activation signal and a CNT, respectively, are illustratedin
Fig. 3. There, one can see that the variations in the resonance
frequency of the CNTs significantly affect the amount of signal
energy that the system absorbs. As shown in Fig. 3, while the
narrowband signal lies well in the band of CNTi, it is outside
of the pass-band of CNTj, eliminating its contribution to the
received energy.

To evaluate the performance of our nanoreceiver in the low
signal-bandwidth regime, we analyze the probabilities of the
error events. In particular, we evaluatepua and pfa, which
denote the probabilities of unsuccessful and false activation
respectively. We also evaluate the overall probability of error,
pe = papua + (1 − pa)pfa, wherepa denotes the probability
of an activation signal in a given period of durationT . To find
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Fig. 4. Performance evaluation of the nanoreceiver in the low signal-
bandwidth regime.

the error probabilities, we use the thresholds of our detector,
corresponding to the maximum a posteriori (MAP) detection.
We illustrate the associated performance in Fig. 4. There, the
parameter values aref0 = 15MHz, Q = 500, which implies
that the average CNT bandwidthB = 30kHz. Also, activation
probability is pa = 10−3, activation period length isT =
0.1sec, and the ratio of the standard deviation of the CNT
lengths to the bandwidth is

σf0

B = 1
3 .

In Fig. 4(a), we plot the probability of error,pe, as a function
of the number of antennas for various values of SNRa. It is
notable that, even for a low SNRa, it is possible to achieve low
probabilities of error with reasonably small number of CNTs.
For instance, approximatelyn = 1000 CNTs is sufficient to
achieve ape of 10−5. Another important conclusion is that, the
performance is highly sensitive to the variations of SNRa. For
instance, even to make up for a1dB drop in SNRa, we need
to increase the number of CNTs by a factor of100. While a
certain SNRa is sufficient to achieve a low error probability,
a slight decrease in SNRa causes a huge performance drop.
This phase-transition-like phenomenon we observe in the error
probability can be explained as follows. Due to the large

number of CNTs, a substantial averaging of the acoustic noise
occurs when the signals induced by the CNTs are combined
at the output of the front-end. The cumulative noise, averaged
over all the CNTs is almost deterministic. Thus, if the signal
power is below that level, probability of error is high (with
uncoded OOK modulation), but once the signal power exceeds
that critical threshold, the probability of error becomes almost
0.

In Fig. 4(b), we plot the receiver operating characteristics
(ROC), i.e., the tradeoff between probabilitiespua andpfa. In
this plot, the signal to acoustic noise ratio is SNRa = 0dB.
From the figure, one can deduce thatn = 3000 CNTs is suffi-
cient for1 month of continual operation with pua = 10−7 at a
cumulative probability of false activation pfa < 10−2 over the
entire month. This example shows that the nanoreceiver can
be highly reliable in the low signal-bandwidth regime, even
with a few thousand CNTs.

2) High Signal-Bandwidth Regime: In this regime, our
ultimate purpose is to use our nanoreceiver to achieve a
data rate, comparable to those achievable by traditional RF
receivers. Since the bandwidth of a typical CNT is no more
than a few hundreds of kHz, in this regime, the duration,T ,
of a symbol is much smaller than the CNT bandwidth, i.e.,
T ≪ 1/B.

The shape of the spectra,Hs(f) andHCNT(f), of a sym-
bol and a CNT, respectively, are illustrated in Fig. 3. Each
CNT has a relatively narrow bandwidth and, unlike the low
bandwidth regime, it will only absorb a small portion of the
signal energy. In this regime, the signal spectrum is approx-
imately constant along the range of resonance frequencies of
CNTs. Thus, one can see that the variations in the resonance
frequency of the CNTs do not significantly affect the amount
of signal energy each CNT absorbs.

To evaluate the performance of our nanoreceiver in the
high signal-bandwidth regime, we analyzed the bit error rate
(BER). Here, the data rate is1/T and to evaluate the BER,
we select the thresholds of our detector, corresponding to
the maximum likelihood (ML) detection. We illustrate the
associated performance in Fig. 5. There, the parameter values
aref0 = 15MHz, Q = 500, which imply that the average CNT
bandwidth isB = 30kHz. The ratio of the standard deviation
of the CNT lengths to the bandwidth is

σf0

B = 1
3 , but since

the signal bandwidth,1/T ≫ B, the variation of the CNT
resonance frequencies does not have any major impact on the
performance.

In Fig. 5(a), we plot the BER as a function of the number
of CNTs at a data rate of1Mbps (i.e.,T = 10−6). Here, the
number of CNTs necessary to achieve a similar performance
to the low signal-bandwidth regime is significantly larger.This
is plausible, since, unlike the low signal-bandwidth regime, in
this regime, each CNT can only absorb a small portion of
the signal power. However, the result is still optimistic, since
the number of CNTs to achieve a reasonable performance
is feasible in the current state of the nano-manufacturing
technology. For instance, the size of the CNT forest necessary
to achieve a BER of less than10−6 at SNRa = −3dB is
n = 106, which can be planted in an area as small as0.1mm2.

Also, if we compare Fig. 5(a) with Fig. 4(a), we can see that,
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Fig. 5. Performance evaluation of the nanoreceiver in the high signal-
bandwidth regime.

the same error probability at the same SNR value is achieved
with a much larger number of CNTs in the high-bandwidth
regime. This is plausible since, with the increase in rate (from
the low-bandwidth to high-bandwidth applications), most of
the signal energy lies outside the pass-band of the CNT and
gets filtered out. This loss in signal energy is made up for by
the increase in the number of CNTs.

In Fig. 5(b), we analyze the achievable data rate as a
function of the number,n, of CNTs at a fixed bit error rate
(BER). We illustrate the data rate as a function of the number
of CNTs in Fig. 5(b) for a BER= 10−5 for various values
of SNRa. Note that, in this regime, the achieved rate grows
asn1/4 at a fixed BER. At reasonably low values ofSNRa,
rates of order multiple Mbps are achievable at a low BER.
On the other hand, to increase the data rate by a factor of
2, we need roughly an order of magnitude increase in the
number of CNTs. Thus, for a significant increase in the rate
beyond the few Mbps range, we need to either have a larger

signal to noise ratio or employ error control coding with
more sophisticated modution techniques than the simple OOK.
Indeed, from Fig. 5(b), one can observe that a3 dB coding
gain gives us roughly a reduction factor of5 in the number of
CNTs at the data rate of1Mbps.

V. CONCLUSIONS

We proposed a high-rate multi-CNT nanoreceiver and an-
alyzed its performance. The proposed system is analyzed
for two different application scenarios differentiated through
the bandwidth of the received signal. Low signal-bandwidth
scenarios are envisioned for applications requiring lowerdata
rates, but a robust operation for very long operation durations.
These systems are observed to undergo a phase-transition with
increasing number of CNTs, where error rates drop almost
to zero beyond scenario-specific thresholds. We also observe
that it is possible to achieve very low error rates over months
of operation time with only a few thousand CNTs. For the
high signal-bandwidth scenarios, we envision the development
of miniaturized receivers achieving data rates comparable
to those achievable by traditional RF receivers. We show
that high data rates and low error rates are achievable only
through large number of CNTs, which are still plausible since
millions of CNTs can be planted in areas as small as fractions
of a millimeter square. The data rate grows approximately
proportional to the fourth root of the number of CNTs for
a given bit error rate. Our results show that it is possible to
achieve high reception rates at very small scales, paving the
road towards a multitude of applications benefiting from the
resulting miniaturization.
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