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Abstract—Electromagnetic communication at the nanoscale
has, to date, been studied in either the very high frequency (VHF)
(30-300 MHz) or in the TeraHertz band (0.1-10 THz). The main
focus of this paper is on electromagnetic communication in the
VHF band and determining the bit error rate (BER) perfor-
mance of nanoscale receivers utilizing a carbon nanotube (CNT).
To determine BER performance, statistical characterization of
an average-level detector output is obtained for two different
receiver configurations: nanotube receiver, and tunneling nan-
otube receiver. For the nanotube receiver, the linear component
not considered in the previous studies is included and shown to
significantly affect the variance of the detector output and, also,
exact analysis is performed with some significant differences to
previous approximations. The tunneling nanotube receiver, for
which no statistical characterization has been done to date, is
analyzed. Extensive simulation studies are presented to confirm
the accuracy of the theoretical results provided for the distribution
of the average-level detector output. The feasible communication
distances are investigated based on the BER performance by using
realistic system parameters. The results reveal the potential usage
of the VHF band in nanonetworks and highlight the importance of
maximizing the charge at the CNT tip.

Index Terms—Carbon nanotubes, field emission, tunnel-
ing effect, nanonetworks, nanomachines, VHF band, wireless
communication.

I. INTRODUCTION

ANOMACHINES consist of nanoscale components such

as sensing, power, processing, data storage, and commu-
nication units. Nanomachines can form a nanonetwork to per-
form cooperative operation for many applications in nanoscale
environments [1]. Envisioned applications of these nanonet-
works include air pollution control, monitoring the condition of
crops in farming, health monitoring, controlled drug delivery,
smart garbage processing to help biodegradation, intercon-
nected offices, and even bio-hybrid implants [2]-[4].
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It is beneficial to conduct communication theoretic research
in parallel to hardware-oriented research aiming to develop
complete nanomachines [1]. An “ant-sized” (3.7 mm x 1.2 mm
chip) power-harvesting radio operating at 24 GHz and 60 GHz
has been recently demonstrated [5]. This demonstrates the
trend towards smaller and smaller radios operating at higher
frequencies than before, and radios with energy harvesting.
Inevitably, this trend will lead to integrated nanodevices. Re-
cently, nanowire computer with 180 transistors has been experi-
mentally demonstrated [6]. As mentioned therein, this suggests
that in the near-future general purpose nanoprocessors can be
realized.

Recent studies show that a single mechanically oscillat-
ing carbon nanotube (CNT) constitutes the four fundamental
components of a receiver, i.e., antenna, filter, amplifier, and
demodulator [7], [8]. The frequency range of CNT-based re-
ceivers utilizing mechanical oscillations is within the very high
frequency (VHF) band ranging from 30-300 MHz. The VHF
band has a much reduced path loss compared to the THz band,
which was determined to be the frequency band to use for nano-
scale networks in [9]. We believe that CNT-based reception
using mechanical oscillations in the VHF band is a promising
frequency alternative for nanonetworks. Furthermore, a CNT-
based receiver contains its own antenna [7], so that it can benefit
from reduced path loss in the VHF band without a large an-
tenna. Despite its extremely small size, the nanotube has the po-
tential to collect radiation over a relatively large area [8]. It has
also been shown that a CNT or a graphene-based mechanical
oscillator can be used to develop the transmitter circuitry [10],
[11]. In this paper we focus on the receivers that use a CNT.

The first demonstration of a CNT-based receiver used the
field emission effect with a CNT of approximately 500 nm long
[7], [8]. Moreover, an experimental demonstration showed that
audio signals could be received over a wireless channel [7],
[8]. Recent [12] utilizes a similar receiver as [7], [8] but with
nanopillars instead CNTs. A fabrication method for nanopillars
enabling accurate positioning is also presented. Experimental
tests verify that audio signals can be received with a nanopillar
array. The same theoretic principles apply to nanopillars as to
CNTs even through nanopillars are significantly larger than
CNTs. A proof-of-concept is provided by simulations of a
CNT-based receiver using the tunneling effect in [13]. In [14],
a nanotube suspended between two electrodes was used for
demodulation, operation as antenna is not included and an
external source connected to the electrodes is assumed. In the
remainder of this paper we use the nanotube receiver from [7],
[8] and the tunneling nanotube receiver from [13]. Both of
these receivers are based on mechanical oscillations of a CNT
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attached to an electrode, caused by the electromagnetic (EM)
communication signal and the associated electric field. The use
of mechanical oscillations enables these nanoscale receivers to
work at very low frequencies. These mechanical oscillations
can be detected by using the field emission effect (in nanotube
receivers) or quantum tunneling effect (in tunneling nanotube
receivers) as described in [7], [8], [13]. In both of these re-
ceivers, electrons move from the CNT tip to a nearby counter
electrode leading to output current enabling reception. The
differences between nanotube and tunneling nanotube receivers
are in the applied voltages (between the electrodes) and the
distances between the CNT tip and the counter-electrode. The
nanotube receiver requires the use of voltages ranging from
30-300 V [7], [15], [16] while the tunneling nanotube receiver
requires 10 V or less [13]. The nanotube receiver has relaxed
requirements in terms of distances while the tunneling nanotube
receiver requires distance of a few nm [8]. The difference in
terms of the communication theoretic aspect, (this is the focus
of our paper) is that the equations governing the relationship
between the input and output are different for both cases.

The communication theory aspect of the nanotube receiver
only is investigated in [17], [18]. The mean and variance of
the decision variable are determined for the nanotube receiver
for digital communication by using On/Off keying with a tone
signal to calculate the bit error rates (BER). However, only
the second order component is considered in the relationship
between the input and output in the nanotube receiver and
the linear component was not considered at all. Reference
[19] presents the first communication theoretical analysis of
nanoscale optical communication in the 300-700 THz band.
Therein, CNTs are used as photodiodes and performance is
evaluated for multiple noise types which are typical in optical
receivers. For digital radio frequency (RF) communication,
there is so far no analysis incorporating the linear component in
the received signal which affects the performance significantly,
as will be shown in our analysis. Furthermore, the communica-
tion theoretic analysis of the tunneling nanotube receiver is also
missing in the literature so far.

In this paper, we consider the performance of the nanotube
receivers and the tunneling nanotube receivers for digital com-
munication by using the existing physical models. To reveal the
actual digital communication performance, we find exact statis-
tics of the decision variable for both nanotube receivers and tun-
neling nanotube receivers by first deriving an exact correlation
function for the colored noise component affecting the decision
variable used for determining the received bit. Our analysis
of nanotube receiver includes the second order, linear, and
constant components in the received signal to provide more ac-
curate characterization of digital communication performance.
The utilized parameters for nanotube receiver are based on real
measurements [16]. Our main contributions in this paper are:

1) Statistical characterization of the decision variable:
For nanotube receiver we show that the linear component,
which has not been considered in the previous studies,
significantly affects the variance and must be included
in the analysis. In addition to including the linear com-
ponent, we also perform exact analysis for the mean and
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Fig. 1. Nanotube radio receiver.

variance. We determine that the difference to the previous
approximation studies [17], [18] is significant for the
variance in the noise-only (Off) case. We also find the
mean and variance for tunneling nanotube receiver for
which statistical characterization has not been considered
to date.

Digital communication performance: We evaluate the
communication range with On/Off keying for nanotube
and tunneling nanotube receivers. Previously, these com-
munication ranges have not been determined at all. Our
results show that, although communication distances are
not sufficient for terrestrial radio communication with
long link distances, they are suitable for use in nanonet-
works. The developed expressions are validated by simu-
lations based on highly oversampled RF signals.

2)

The remainder of this paper is organized in the following
manner. In Section II, we explain the utilized signal model for
nanotube and tunneling nanotube receivers. We discuss how an
electric field at a receiver will lead to output current. Then in
Section III we explain how the receiver’s output current can
be used for digital communication with average-level detection
and On-Off keying. To evaluate the bit error rate performance,
we derive expressions for the mean and variance of the average
level detector output for both noise and signal with noise cases
for the nanotube receiver in Section IV and for the tunneling
nanotube receiver in Section V. The numerical and simulation
results are presented in Section VI. Effects of the CNT’s size
parameters are discussed in Section VIIL. Finally, we conclude
the paper in Section VIIIL.

II. ELECTROMECHANICAL SIGNAL CONVERSION
AT NANOTUBE RECEIVER

The nanotube receiver circuitry developed in [7] is illustrated
in Fig. 1. The CNT is attached to an electrode, and there
is a counter-electrode close by. A DC voltage V is applied
between the electrodes. This voltage yields the accumulation
of negatively charged electrons at the tip of the nanotube as
shown in Fig. 1. Therefore, the electric field associated with the
incoming EM transmission leads to the displacement of the tip
of the nanotube, i.e., mechanical oscillation, due to forces on
the charge —g, where ¢ is the absolute total value of the charge
from the negatively charged electrons. The receiver is enclosed
in a few micrometers long vacuum container to increase the in-
duced current, reduce noise effects, and protect the CNT radio.
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Note that the vacuum container can also cause a limitation for
downgrading the CNT radio size, reduction of which requires
special investigation and beyond the scope of our work.

In the following subsections, we present the model for me-
chanical oscillations, and then, we formulate the induced elec-
trical current at the nanotube receiver and tunneling nanotube
receiver.

A. Induced Mechanical Oscillations by Electric
Field and Noise

The mechanical oscillation of the tip of the nanotube is
characterized by the time-variant vertical displacement y(r)
(in the vertical axis of Fig. 1). The mechanical oscillation
can be caused by received electric field from a transmitter
and thermomechanical noise. First, we show the mechanical
transfer function for relationship between the electric field and
¥(7). Then we show the noise component in y(z).

1) Mechanical Transfer Function: The frequency response
of the vertical displacement for an incoming electric field with
frequency f can be found as [7]

Q/meff
2
\/(4n2f2 _0)(2))2 + (21560)0)

where mer is the effective mass of the CNT, Q is the quality fac-
tor of the CNT (typically ~ 400-800), and ®y is the resonance
frequency of the CNT.

The response is strongest when ® = 2wf is close to the
resonance frequency mg. The resonance frequency of the first
mode can be derived using the Euler-Bernoulli beam theory as
Wy = 2Tce /L2, where L is the length of the CNT and c. is a
constant dependent on the physical dimensions of the CNT and
Young’s modulus, the calculation of which is given in [7].

The time constant for the oscillation, i.e., the required dura-
tion to reach 63% of its steady-state amplitude, is T = 20/ o
[20]. The higher quality factor Q yields improved frequency
resolution and higher steady-state gain. However, the higher
quality factor also leads to an increased transient duration,
limiting the available communication rate [20].

2) Mechanical Noise: The CNT vibrates due to thermal
energy even when no electric field is present. The vertical
displacement due to thermal energy is represented by ynoise (7)-
Based on the equipartition theorem [20]

kg Tx

E (moie(1)?) = 505 ?
effWp

|Hmech(f)| =

) ey

where E(-) denotes expectation, kg is the Boltzmann constant
and Tx is the temperature in Kelvin. The corresponding one-
sided power spectral density (PSD) is given by [20], [21]

4kg T 0
Omer | (422 — @3) + (2 f 0/ Q)|

This PSD follows due to the fluctuation-dissipation theorem
[22]. It should be noted that in practical CNTs other noise
sources such as adsorption-desorption noise, and tension noise
can be dominant [8]. Following [8], we only consider ther-
momechanical noise, which is shown to ultimately limit the

N (f) =

3)

performance. We also point out that in atomic force microscopy
(AFM) also oscillations based on the thermal vibrations are
dominant [20]. The noise effect for (3) can be taken as a white
Gaussian stationary noise process with one-sided PSD [17],
[20], [22] as

N — Amegrkp Tk 0o
a=— 2
Qq

which drives the CNT with frequency response given by (1).
Background radio noise in the VHF band could also be modeled
by incrementing N, by the PSD of the ambient noise.

“4)

B. Electrical Current Conversion: Vertical Displacement
y(t) — Output Current

We approximate to our analysis the nanotube receiver [7],
[16] and the tunneling nanotube receiver [13] with quadratic
and exponential current conversion functions, respectively.

1) Quadratic Current Conversion Function: Based on
Fowler-Nordheim law the field electron emission output current
can be modeled with [15], [16]

e ) NG

BO@)V

where A; and B are constants given in [16] and B(y(¢)) is
the local field enhancement factor which can be approximated
with [16]

1@0»=AMB@ODVpr(—

B((t)) = Bo+PBiy(t) +Bay(t)?, (6)

where o, B1, and 3, based on electrostatic calculations and real
experiments are given in [16].

By using (6) in (5) and utilizing Taylor series approximation
(asin [16]) of I(y(r)) in terms of y(¢) we get quadratic function
approximation of I(y(r)) as

g1 (1)) = Ioooy(t)* + Ioouy(t) + o, 7

where g; (y(t)) represents an approximation to I(y(¢)) and

28, B Bi*Bi*  BiBx  BiPi’
=22+ 8
" <30+B02+2V2Bo4 Ve vpe' )

By +2V Bo)
o = - = Y 9
1 Bl( Boz ) ( )

and the zero displacement (y(r) = 0) current is

2 Bi
Iy=A(BoV) exp< BOV>' (10)
The accuracy of this approximation is shown in Fig. 2 using
parameters corresponding to [16, Table I]. These parameters
correspond to a slightly tilted CNT resulting the maximum
current being obtained with a negative transverse displacement
y. In the figure, we also show results for Iooczy2 + Iy since later
it will be shown that it is enough for analyzing the mean of the
decision variable. However, for variance, the linear component
needs to be included.
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Fig.2. Taylor approximation of nanotube receiver output current as a function
of the CNT tip transverse displacement y.
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Fig. 3. Approximation of tunneling nanotube receiver output current,

ca = —3.2681 x 10°, cg = 11.0121, dgapo = 5 nm.

2) Exponential Current Conversion Function: The expo-
nential relationship can be used to model output current as a
function of gap distance [23], i.e.,

I(y(t)) _ 1()CAd(‘m;>(,V(l))+CB7 (11)

where cs and cp are parameters and dg.p(¥(t)) =

déap70+ y(t)? is the gap between the CNT tip and a

sharp counter-electrode [13] with dgap o denoting the tunneling
gap in the rest position. We approximate I(y(¢)) given by (11)
with

g2 (v(1)) = crexp (—cay(t)?) (12)
where ¢; = 10816460 and ¢, = — In(10)ca/(2dGap,0)- Its
accuracy is verified in Fig. 3.

The tunneling nanotube receiver in [13] corresponds to cy =
—3.2681 x 10°, cg = 11.0121, dGap,0 = 5 nm. It can be seen in
Fig. 3 that the tunneling nanotube receiver is sensitive for small
vertical displacement of the CNT tip.

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 63, NO. 1, JANUARY 2015

(Thermomechanical noise]
Transmitted | |Electric field Response of CNT CNT tip
signal strength to electric field displacement in y
Received Threshold

Fig. 4. Digital communication model based on On-Off keying.

Average level
detector

Internal noise

III. COMMUNICATION MODEL

In Fig. 4, we show the communication model which we
will consider in the remainder of our paper. We see two main
scenarios for using nanotube and tunneling nanotube receivers
in nanonetworks: 1) Broadcast communication for downlink
from a portable macro-scale transmitter close enough to the
nanonetwork to be controlled to enable sufficient electric field
strength at the nanoscale receivers, i.e., within a few meters;
2) for nanomachine to nanomachine links with very short com-
munication distances, i.e., in the order of a few millimeters [24].

A. Modulation Scheme and Transmitted Signal

Amplitude modulated (AM) audio signal has been used in
(71, [8]

sam(t) =A[l +hcos(2mfLt)|cos(2rfer +0),  (13)

where A is the amplitude, & < 1 is the modulation index, fi,
is the frequency of the modulating signal, f. is the carrier
frequency, and 0 is random carrier phase. For digital com-
munication where the purpose is to transmit bits we utilize a
sinusoidal tone with On-Off keying similar as in [17], i.e., the
transmitted signal in the On state corresponding to bit 1 is

scw(t) = Acos(2mfet +0) (14)

and in the Off state (bit 0) nothing is transmitted. As an example
of the demodulation, let us consider how square-law operation
will affect the above signals. For noiseless AM signal,

SA]\/[(I)2 1 h2 h2
A2 (2+ ) +hcos(2mfLr) + 1 cos(4mfit)

1 W h?
+cos(4mf.t+20) [2 + y + hcos(2mfit) + T cos(4mfit)

15)

which contains a DC term, the desired term with the correct
modulation message frequency, a double frequency term, and a
radio carrier frequency term.

Although the AM is intended for audio signals, it can be
applied for digital communication by using two (or more)
modulation frequencies (fi.1 and fi 2) one of which represents
bit 0 and the another one represents bit 1. This is frequency shift
keying (FSK) modulating an RF carrier using AM, similar to
audio FSK (AFSK). In noncoherent demodulation, we can use
two bandpass filters followed by envelope detectors and find the
larger output.
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In this work, we do not consider AFSK due to the required
complexity for demodulation. For our preferred signal, the
sinusoidal signal, the square-law operation leads to

2 2

A2 A
scw (1) = = + = cos(4nf.t +26),

2 "2 (16)

which contains a DC term and a radio frequency term.

B. Received Signal

1) Electric Field Strength at the Receiver: We assume the
standard free space channel model, and the utilization of other
channel effects such as shadowing or scattering on the path is
left for future work. By using the impedance of the free space
(120m), we get the electric field strength

Eqaa = Prlo%@, (17)
where Pr is power used for transmission in [W], G is the gain of
the transmitting antenna in [dBi] and 4 is the distance between
transmitter and receiver in [m]. This equation is based on the
far field theory so for very short communication distances the
field strength is much higher.

2) CNT Tip Displacement y(t) and Output Current: Let us
use recv to denote the case with both signal and noise (On)
and noise to denote the noise-only case (Off). Now the CNT tip
displacement y(¢) can be represented as

)= {2

Ynoise (t)

bit=1

bit =0, (18
where ynoise(?) is the colored Gaussian noise resulting from
feeding the white Gaussian noise with one-sided PSD N, given
in (4) through the filter Hpecn corresponding to (1). For the
signal with noise case, Yrecv(?) = Ys(f) + Ynoise(f) and ys(7)
is the received signal component (electric field) filtered with
Hpech- We map the CNT tip displacement to output current
for the nanotube and tunneling nanotube receivers by using
functions (7) and (12), respectively, leading to time varying
output current /(y(¢)). The current conversion functions are
operating on the noisy CNT tip transverse displacement y(z).
The fundamental performance limits come from the signal-to-
noise-ratio between the signal component ys(¢) and the noise
component Yyoise (7).

The nanotube receiver output current (7) always includes the
component Ip. DC cancellation to remove Iy would remove also
a big part of the signal component coming from the square-law
term Ioopy(¢)?, where y(¢) is defined in (18) and multiplication
of square-law term with Ip0lx comes from (7). The varying DC
level makes blocking only Iy challenging. To keep the receiver
simple and for protecting important signal components we do
not assume any DC blocks.

C. Average-Level Detector and Threshold Setting

Following [13], [17], we use an average-level detector to
detect the presence of a signal. Therefore, the utilized decision

statistic for both nanotube and tunneling nanotube receivers is

T
e= [10W)a, (19)
=0

where T is the bit interval. Here the time index ¢ = 0 denotes
the start of the considered bit interval. The synchronization
errors would reduce the signal component in the detector output
and/or cause intersymbol interference (ISI).

Basically, the presence of a signal will reduce the output cur-
rent level and this can be used to detect the presence of a signal
with a threshold A to separate bit 0 and bit 1. The reduction of
the output current due non-zero y can be observed in Fig. 3. This
reduction also occurs in the case of nanotube receiver (Fig. 2)
since (as shown later by the analysis) for the nanotube receiver
the coefficient o in (7) can be ignored when finding the mean
of the detector output. However, the linear component scaled by
o cannot be ignored when finding the variances.

To model the internal noise (such as thermal noise) of the re-
ceiver, we add an additive zero-mean Gaussian random variable

v with variance Giznt to the detector output, i.e.,

n=E&+v, (20)

where 1 is the detector output with internal noise and & is the
detector output without internal noise (but with thermomechan-
ical noise and any possible signals). Thus

E(Nhnoise) = E(&noise) (21)
E(Mrecv) =B (&recy) (22)
Var(Mnoise) = Var (Enoise) + Oy (23)
Var(Nreey) = Var(§recy) + Oy, (24)

where Var(+) denotes the variance and subscript noise refers to
the noise-only case and recv refers to the signal with noise case.
Assuming equiprobable bits we find the BER with

1 1
BER(A) = EProb(nnoiSe <A+ EProb(nrecv >A).

(25)

By invoking the Gaussian approximation

BER(A) = % <1 — Ofunc (7L :,fr((?]mi.se)) ) )

1 7\' - E(nrecv)
Axtunc | T —V/—/——m | > 26
+50n < Vo (Tlrecv)> (26)

where Qpync(+) denotes the tail probability of standard normal
distribution. The two critical points for this are given in the
by (68) in Appendix B. The critical point leading to smaller
BER gives the optimal threshold. We point out that in principle
another critical point can also be used [17]. For example when
Var(Nreey) > Var(Nnoise) We could decide bit 1 if 0} is less than
the first threshold or larger than the second threshold. Since this
leads to only small gains for the studied receivers, we use only
one threshold and assume that the optimal threshold A* from
(68) is used.
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IV. MEAN AND VARIANCE WITH THE QUADRATIC
CURRENT CONVERSION FUNCTION

In this Section, we derive the mean and variance of the
average-level detector output for both noise and signal with
noise cases for the quadratic current conversion function (7) to
obtain theoretical results for the bit error rate for the On-Off
keying with the nanotube receiver [7], [8].

A. Noise Analysis

By utilizing the resonator’s noise-equivalent bandwidth
WNE = Ttfo/20, (27

we get
I T
0002
E(E;noise) = T /E [yﬁoise(t)] dr+1o
t=0
=100€2Na . WNE ' |Hmech(f0) |2 + IO'

Variance for noise (thermomechanical) only case is obtained
with (see [25])

T
1
Var(Guone) = 7 [ (1= [81/T) Gy (DT, (28)
1=—T
where Cy (y, ) (-) denotes autocovariance of the process

81 (Vnoise (7)) and g (+) is given in (7). Let us denote x = yyoise (1)
and y = ynoise(f2) and T =1, — ;. x and y follow the bivariate
normal distribution, i.e.,

[x,y] ~ A ([0 0], |:C)nmse(0) Crnoice (T)}) 7 (29)

(0 Crooiee (0)

Ynoise Ynoise

where the autocovariance Cy, . (-) of the noise process ynoise (f)
is derived in the Appendix A. It is straightforward to show that

E[zoise ()] = Na - WRE - [Hmeen (f0)[* = Cy,;.. (0) and thus
E(&noise) = Io02Cy, ;.. (0) +1o (30)
By definition C,,(, () is
Co1 (i) (T)
=E[(g1(x) —E(Enoise)) (81(¥) —E(Enoise) )]
=E[g1(x)g1(»)] —E(noise)’
= I3B [(02x* +oux+ 1) (02y” + 01y + 1)] —B(Enoise) -
(31

By using the Isserlis’ theorem [26] for moments of multivariate
normal distribution we get

Cgl (Ynoise) (T)
= Ig (0(1 2E(xy) + o OczE(xzy) + o OczE(xyz)
+ (X]E(x) + (XlE(y)
+0c22E(x2y2) + OczE(xz) + OczE(yz) + 1)
— 1 [0aCy,, (0)+1]°

noise (
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- IOOL C}nolie( ) +Iga‘% [Cynoise ( ) + 2CVnm<e( )2]

+13200C,, .. (0) + 1}
- I(%OC Cynmse (0)2 Zlgazc‘nmse (0) - Ig
- 10(1 C}norse( ) C)nmse( ) (32)

The variance can now be obtained by substituting above result
to (28). Let us separate the resulting integral into parts as

1

Var(&nome e

T
5 [ 0= Bon’C (e

=—T

T
1
w7 [ (=Rl/T)2eC,, (v de
=—T

=Var(€;) + Var(&,). (33)

By substituting (61) (from Appendix A) and performing the
integration, we get the exact result

var(g1) = ~2 (oeu)?
2 2 2
8 <u2(u—v) V2 (u—v) Tl (u—v)
2 2e~Tu 2TV
* Tv3(u—v) + Tud(u—v) Tv3(u—v)> 34)

where ®, u, and v are defined in the Appendix A. By using
the definitions of u# and v we get an expression involving only
real-valued variables. To get an approximation, we note that in
practical systems the quality factor Q > 1 and the bit interval
should be much longer than transient duration, so T®y > 20.
Therefore, the real component in —7u and —7v has a large
negative value so we can ignore the exponential components
involving these. We get

2(Q*+ QT wy— 1)
VarE) <70 2( o )
NZ(BIOZOQZ (Q+TO.)()>
TT OT o

N 2(3]02&12 1
TT owy

Similarly, by substituting (61) (from Appendix A) into (33) and
integrating the second term, we get the exact result for Var(&,)
presented in (69) in Appendix C, for which we obtain an
approximation with similar assumptions as we used for Var(&;)

Io OLl
T ZQ2

|Hmech(f0>|

(35)

Var(Es) ~ ® 20 (20 4+203Twy +20T o — 1
2 72 Q2(o8
N 652102(122 ( —2Q4 + 2Q3T(Do + 2QT(D0>
T2 on)g
- 652102(122 g
N mg
10 o Wae

(Mo Heen () ) (36)

T 2
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This result can also be obtained by starting from the upcon-
verted RC-noise model represented by (67) in Appendix A by
following the similar assumptions. This result derived by using
the exact noise process correlation function differs significantly
from the one given in [17, eq. (15)] obtained by assuming that
the autocovariance of squared noise process is a Dirac delta
function. We can, however, modify their approach to include
a width component W to get the same result. Let us study the
square-law component of the noise and assume that in (28) the
term (1 —|t|/T) is decaying slowly as compared to the auto-
covariance of the squared noise process. Using approximation
(67) in Appendix,

2m% gl
Ca, (0 =203, (1~ e o cos?(wolt])  (37)
ﬂOlSE 0

By integrating this to get the area it contains and by setting the
height of equivalent rectangle to be C» (0) we get the width

1101se

of the rectangle with

_02+40%) 1
W= 0)0(] +4Q2) - 4'WNE (38)

where WnE is defined in (27). By putting the whole area into a
Dirac delta function we get the same approximation for Var(&,)
as above

5 T
(&2) I (XZ < Q’CYnolse ( )

4 W >6(r)dt

2
B Ig()(% (Na-WNE' ‘Hmech(f0)|2)
T 2WNE

(39)

By using our approximations (35) and (36) for Var(&;) and
Var(&,), respectively, we get an approximation for their ratio

Var(&;) o042 0)0 4

Var(Za) " 0a% O° N, (q/men)?

(40)

In the numerical results in Section VI we show the importance
of taking the previously neglected term Var(&; ) into account for
the accurate analysis of the nanotube receiver.

B. Received Signal Analysis

In the analysis, we consider the steady-state response for the
signal component, i.e., we assume that T is large as compared
to the transient period. In the steady-state

E {Yrecv (t, ¢)} =

where f. is the frequency of the sinusoidal (transmitted tone),
and the phase component ¢ includes the phase shifting by the
CNT [20] and a random carrier phase so that ¢ can be modeled
as random variable uniformly distributed between 0 and 27. The
Hiecn 18 the response of the CNT at frequency f, which is found
with (1). Also,

E {yrecv (t, ¢)2} = E{yreev (2, ¢)}2 + Cypice (0),

Erad ‘Hmech (fc)| COS(ZTI:fCl‘ + ¢) (41)

(42)

We assume that the phase is constant for one pulse, but inde-
pendent and identically distributed over different transmitted
pulses. By integrating over the phase ¢ and ¢, we get the mean
with

S / / (02 {yrec (1,0)?}

0=0r=0
+0L1E{yrecv( )}+1)dtd¢

I()Erad (077} ‘Hmech (fC) |2

- E(E;noise) + 2

(43)

which corresponds to the result in [17]. The mean does not
depend on the bit interval 7 due to averaging over 0. The

variance is Var(Ereey) = E(E2.,) — E(Erecy )%, Where
1
E(Ehy) = T2
2n T T
: / / /E(g1 (Yrecv(tlaq)))
0=071=0#,=0

‘81 (Yrecv(t2a¢)))dt2dtld¢~ (44)
Let us denote x = yreey(f1,9) and y = yrecv (f2,9). Now we ex-

pand E(g1 (Vreev(11,9))g1 (Vreev (f2,0))) as in the noise-only case
and use the well-known results for moments of multivariate
normal variables with non-zero mean. For example,

E{Xzyz} = :u)zc:ug + C noise (0)2 + 2C "noise (tz - tl )2

+ CYnoise (0) (/lx +llv) +4C, —n ):ux‘uyv (45)

noise (

where we have used , —#; since we integrate over f, and 71 in
(44) and for a given phase ¢

Uy =FEraq |Hmech (fC)‘ cos
Uy =Eraq |Hmech (fC)‘ cos

(anctl + q))a
(ZTEfctz + ¢)

(46)
(47)

Substituting the expansion to (44), integrating, and using
Var(Ereey) = E(E2y) — E(Erecy)? We get (70) in Appendix D.
Reasonable good approximation is obtained by using only the
component of the first part that includes multiplication by 7',
i.e.,

E2 5o

2 2
Var(&.;recv)w rad’0 Na‘HmGCh(fC” |Hmech(f0)|

T

+ Var(énoise)' (48)
In the special case of f. = fy, i.e., the transmitted tone’s fre-
quency equals the mechanical resonance frequency of the CNT,
this corresponds to the approximation given in [17], where the
justifications behind it are presented.



318

V. MEAN AND VARIANCE WITH EXPONENTIAL
CURRENT CONVERSION FUNCTION

In this Section, we derive expressions for the mean and
variance of the average-level detector output for both noise and
signal with noise cases for the exponential current conversion
function (12) in Section II-B2 to obtain theoretical results for
the bit error rate for the On-Off keying with the tunneling
nanotube receiver [13].

A. Noise Analysis

The mean of the decision statistic for the tunneling nanotube
receiver with current conversion function g, defined in (12) in
noise-only conditions can be found with

anmse = / 82

y=—o0

f(y;OFF)dy, (49)

2
where f(y,OFF = 1/\/2TIZC noise (O)ei 2ynoise @ is the PDF of
normal distribution with zero-mean and variance Cy, , . (0). By

performing the integration we get

E(gnoise) =

C]
(0)C2 +1

2C 0

Ynoise

For getting the variance we need the covariance of g2 (Vnoise (7))
denoted with C, As we are dealing here with the expo-
82(¥noise)* . .

nent function instead of moments for which results are available
we have to use joint PDF of the bivariate normal distribution

(29) given by

1
fxy(x,y) =
anYnoise (0> V 1— p2
o [<x—m>2+<,v—yy>2—zp<x—ux><.v—yy>
e 2(1-p2) C«"noise(o) , (51)
where
Gy (1) ue [T — yetl
T — ' NnoIse — 52
p( ) C)’noise (O) u—v ( )

Now we get the covariance in noise-only case by setting u, =0
and uy, = 0 and using

ng(ynoisg) (T) =E (gZ (x)gZ (y)) - E(énoise)2
= [ [ 208200 v ) dvdx ~ EEuoie
y X

:clz(l+4czcynoise(0) 402 (_1+p( ) ) ‘n01se(0)2>71/2

E(‘inoise)2

Finally, we get the variance of the average-level detector
output as

(53)

T
1
Var(Enose) = 7 [ (1= 1€/T) Cppp (DT (54

=—T

which can be integrated numerically.
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B. Received Signal Analysis

For the tunneling nanotube receiver we get the mean with

2n T o
1
B = 37 /0 /0 [ &0)70:0Ndvdrdo. 55)
=0t=0y=—c0

Above f(y;ON) refers to the PDF of normal distribution with
mean Epag|Hmeeh (fe)| cos(2nfet +¢) and variance C,, . (0). By
combining terms inside the exponential we can integrate over y

1 C1
E = —
(Grecv) = 5 RS
n T 2 (Erad|H, met.h )‘Cos(znféf+¢>)2
/ / Onoise 2T drdg (56)
0=0r=

where the integration over ¢ and ¢t can be done numerically. We
get variance with

Var(Ereev) = E (grzecv) - E(grecv)za (57)
where E(&ecy) is given by (56) and
1
2 _
E( recv) = onr2
2n T T
S]] B e 11,0)) 82 e (12, 0) iz,
¢:0t1=0t2=0
(58)

By integrating over the bivariate normal PDF we get

E (g2 (Yrecv (t1,9)) 82 (Vreev (2, 9)))

ci2exp < 2 (354262 (1745 ~242315P (1)) Cpoie (0)) )

462C«‘nmse <0) ( I+er (7 1 Jrp(wz)cynoise (0) ) -1

)

V146G, (0) =433 (<14 p(1)?) Gy (02
(59)

where u, and u, are defined at the end of Section IV and
T=10nH—1.

VI. NUMERICAL RESULTS

In all of the results for the nanotube receiver we use o =
—7.6541 x 10", oy = —2.9014 x 10°, ¢ = 3 x 104, based
on [16, Table I], and for the tunneling nanotube receiver we
use g = 1071, ¢; = 4.6946 x 107°, ¢, = 7.5251 x 107, based
on [13]. Common to both cases we use meg = 3.7671 x 10720
The utilized values of g are derived assuming capacitance C =
10-1¢ F[16] and from this the charge ¢ at the tip is obtained
by multiplying the capacitance with the applied voltage. This
results in a much smaller charge ¢ for the tunneling nanotube
receiver, since the applied voltage is assumed to be 10 V
compared to 300 V for the nanotube receiver.
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Fig. 5. Ratio of the linear and square-law variance components in digital com-
munication with nanotube receiver as a function of bit interval 7. Horizontal
solid lines denote results by our approximation (40).
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Fig. 6. Simulated and theoretical distribution (normal distribution using the
theoretical mean and variance) for  — [y for the nanotube receiver in noise-
only (noise) and signal with noise (recv) cases, Q = 800, fo = 82 MHz, E,q =
0.547 V/m, T = 10~* 5, 62, = 0. Optimal threshold A* found with (68) shown
as a solid vertical line.

A. Importance of the Linear Component for
Variance Calculations

Fig. 5 shows the ratio of the linear (34) and square-law (69)
components of the variance in the noise-only case (33). We can
see that at some parameters (high frequency, low quality factor)
the linear component scaled by o, is dominant. Even with
higher quality factors and lower frequencies, it has a significant
contribution on the total variance and cannot be ignored. Our
approximation (40) (horizontal solid lines) is very accurate
unless 7 is small.

B. Gaussian Approximation for the Distribution of the
Detector Outputs

1) Nanotube Receiver: Fig. 6 shows a comparison between
simulated and Gaussian distributions using the theoretical mean
and variance values found in Section IV, i.e., the mean found

10 — T .
l
N (E (nrecv/noise) ) Var ('r'recv/noise))

AN

10°¢

PDF

Simulated
with transient

10°F

Simulated

10

25 3 35 4
Current [uA]

Fig. 7. Simulated and theoretical distribution (normal distribution using the
theoretical mean and variance) for 1 for the tunneling nanotube receiver in
noise-only (noise) and signal with noise (recv) cases, Q = 800, fy = 82 MHz,
Erg =16.33 V/m, T = 105, 6%, = 0. Optimal threshold A* found with (68)
shown as a solid vertical line.

with (28) (noise-only) and (43) (signal with noise denoted as
recv) and variance found with (33) (component values by (34)
and (69)) (noise-only) and (70) (signal with noise). To focus on
the effects of the receiver type in Fig. 6, we assume no internal
noise, i.€., (Sizm =0.

We show the distribution of | — Iy since otherwise the much
stronger Ip is masking the x-axis. For better accuracy in the
tails more moments than just mean and variance could be
calculated. However, this would be cumbersome and we can
already observe very good agreement. Furthermore, we can
observe that the transient component does not significantly
affect the results. The solid vertical line is the optimal threshold
A* found with (68).

2) Tunneling Nanotube Receiver: Fig. 7 shows comparison
between simulated and Gaussian distributions using the the-
oretical mean and variance values found in Section V, i.e.,
mean found with (50) (noise-only) and (56) (signal with noise
denoted as recv) and variance found with (54) (noise-only) and
(57) (signal with noise). To focus on the effects of the receiver
type in Fig. 7, we assume no internal noise, i.e., Giznt =01is
used in the (21)—(24). A good agreement between theoretical
and simulated results can be observed. We can see that when
simulations also include the transient part of the output signal
there is a small loss in the output. For longer bit intervals 7" the
loss will get smaller and for shorter bit intervals bigger.

C. Bit Error Rates

We used (26) to find the BER with mean and variance values
found with the theory in the Section IV (nanotube receiver) and
in the Section V (tunneling nanotube receiver) together with
(21)—(24) to add the effects of the internal noise to the decision
variable.

Fig. 8 present BER as a function of communication distance
with 20 dBm transmit power (or 10 dBm transmit power and
10 dB antenna gain), and 7 = 10~* s. These results have
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Fig. 8. BER for digital communication for the nanotube and tunneling nan-

otube receivers, T = 10~ s, 0 = 800, fo =82 MHz, Pr =20 dBm, V = 300
(nanotube receiver), V = 10 (tunneling nanotube receiver), ¢ = 3 x 1074 ¢
(nanotube receiver), ¢ = 10~'> C (tunneling nanotube receiver), internal noise’s
standard deviation varied between G, = 0—100 nA.

been derived by utilizing the optimal threshold A* found with
(68). Since the transient duration (around 5 x 107°) is small
compared to T it is not a limiting factor and the maximum
bit rate is around 10 000 bits per second provided that BER
is sufficiently small. We can see that because of the smaller
q the performance of the tunneling nanotube receiver is poor
over long distances. Only when distance gets smaller, around
14 cm, the BER reduces to an acceptable level (around 0.001).
For longer distances, the nanotube receiver is far superior,
even capable of communicating with around 4 meters com-
munication distance. However, the nanotube receiver is very
sensitive to internal noise. This is because the distance between
mean levels in noise and signal with noise cases is typically
very small. For the tunneling nanotube receiver, the distance
between the mean levels is much bigger giving it robustness
against internal noise. We can read from the figure that when
standard deviation of internal noise is 10 nA or more, the
performance of the tunneling nanotube receiver is better. When
the standard deviation is 1 nA, both receivers give similar
performance. When standard deviation is less, the nanotube
receiver is better. However, we must keep in mind that the main
point in the tunneling nanotube receiver is smaller voltage re-
quirements. Therefore the preferred receiver depends on many
factors including targeted communication distance, available
voltage, and internal noise level. We also point out that when we
increased the internal noise’s standard deviation to a very high
value of 1 pA, finally performance of the tunneling nanotube
receiver was degrading (not shown in the figure).

Fig. 9 present BER as a function of communication distance
with 0 dBm transmit power (or for example —20 dBm transmit
power and 20 dB antenna and near-field gain). We can see
that even with low transmit power level the tunneling nanotube
receiver can be used for around 10 mm distances which is
sufficient for communication in nanonetworks [24]. The nan-
otube receiver leads again to longer or shorter communication
distances depending on the internal noise level.
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Fig. 9. BER for digital communication for the nanotube and tunneling nan-
otube receivers, T = 1074 s, O = 800, fo = 82 MHz, Pr = 0 dBm, V = 300
(nanotube receiver), V = 10 (tunneling nanotube receiver), ¢ = 3 x 10714 C
(nanotube receiver), ¢ = 1075 C (tunneling nanotube receiver), standard
deviation varied between Gj, = 0—100 nA.
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Fig. 10. BER for digital communication for the nanotube receiver as a
function of the carrier frequency f., T = 1074 s, 0 = 800, fo = 82 MHz,
Pr=20dBm,d=1m,V =300,q=3x10""*C, 6jp, = 0-100 nA.

Fig. 10 shows that the best performance is obtained when the
transmitted tone frequency f. is close to the CNT resonance
frequency fo no matter what is the internal noise level.

VII. THE IMPACT OF THE CNT’S SIZE PARAMETERS

The size parameters (radius and length) have multiple effects.
First, they affect the mechanical resonance frequency as de-
scribed in [7]. The length and radius also affect the amplitude
of oscillations due to their effect on the effective mass of the
CNT and also on their effect on the charge ¢ at the tip of the
CNT. The effective mass is proportional to the product of radius
and length. The charge ¢ is also approximately proportional to
the product of radius and length [8], [27]. The quality factor
depends on the radius and length [28]. Typically, the quality
factor increases as length is increased and decreases as radius
is increased. As concluded in [28], classical laws cannot fully
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explain the dependence of Q on these factors and new theories
need to be developed. Higher Q and ¢ reduce the equivalent
noise power spectral density N,. The length and radius also
affect the field amplification which can be approximated to
be proportional to the ratio between the length and radius of
the CNT [27]. Our models are generic and support arbitrary
system parameters. However, to get realistic input parameters,
we have used parameters based on actual measurements in [16].
The data in [16] are based on CNT which has a length of
1300 nanometers and a radius of 15 nanometers. Due to the
limited amount of experimental data available and non-classical
behavior, e.g., for Q, it is difficult to give accurate results for
other configurations. New physical models and experiments are
needed. However, these are out of the scope, as the focus is
communication theoretical modeling.

VIII. CONCLUSION

A framework for performance analysis of nanoscale VHF
band communication is presented. The objective of this work
is to consider both the nanotube (including square-law and
linear components) and tunneling nanotube receivers. Theo-
retical results for the mean and variance for the average-level
detector output for noise-only and signal with noise cases are
found enabling the calculation of the BER. The results are
derived by using the exact correlation function of the CNT
tip displacement y with verification by computer simulations.
The significance of the analysis stems from the fact that the
previously ignored linear component which significantly affects
the results is taken into account, and that both exact results
and easy to use approximations are presented. Furthermore,
the analysis covers the tunneling nanotube receiver for which
communication theoretic analysis has not been previously pre-
sented. The results confirm that the VHF band is a promising
band for nanoscale communication. In future studies, a detailed
interference analysis including macro-to-nano interference will
be considered. Mixed nanonetworks utilizing both the VHF and
the THz bands is also an interesting topic for future research.

APPENDIX A

We find the autocorrelation of yyeise (f) by taking the inverse
Fourier transform of its PSD

S (1) = Z( 1y (2n)z>2

Meff
/ 1
X

e |- R 4 (B)

5 T (60)

By following the approach by Slepian in [29] we get

—tlv _ Tl
ue ve
G ()=0|——F-—"7—+1], 61
)nonse( ) [ MV(M—V) ] ( )
where
NaQ 2
o= 2= 62
200 (q/mer) (62)
and u and v are complex-valued solutions to
1
uv = of, u* +v* = 0} [sz} (63)

satisfying Re[u] > 0,Re[v] > 0. In this paper, we utilize the
following solution

u—zQ—l 20 , vV=u (64)

where (-)* denotes complex conjugate and we have assumed
that Q > 1/2 which is realistic to enable wireless signal re-
ception. An alternative expression involving only real-values
variables

_ ool

. = —— | COS — —
Ynoise 0)% 0 4Q2
sin (molT\ 1- 74&)

+ . (65)
4071

The Cy, ... () is also the autocovariance since ynoise(?) is zero-

mean. For practical quality factors

o _ ool sin (mp|T
Croel®) % (cos(anle) + 2220 )  e0)
0

and for Q > 1 we can use
© _on

(1) = —e 20 cos(molt]).
®p

C

Vnoise (67)

The above approximation for high values of Q can also be
obtained by modeling the response of the filter Hyech in (1) as
baseband RC-filter upconverted to frequency fy and by using
the relationship between autocorrelation of bandpass signals
and their baseband representation.

APPENDIX B

The critical points for (26) are given in (68), shown at the
bottom of the page, where

o \/Var(nnoise)var(nrecv)
B Var(nnoise) - Var(nrecv) '

}\’* _ E(n recv ) Var (1”1 noise ) - E(n noise ) Var (n recv )
Var(nnoise ) - Var(n recv )

K- \/(E(nnoise) _E(nrecv))2+ (Var(nnoise) _Var(nrecv)) 10g (

Var(nnoise)
Var(Mrecy) ) (68)
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APPENDIX C
o I()ZOLZZ
V; =—
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« ((V6672Tu _ vé)
+ ub(e™ V4 2Tv—1)
+ 1 (2ve 2TV —2p 4+ 4TV?)
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o u4(6Tv3 o v2672Tv T V2)
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APPENDIX D
4E2 12 | Hueen (1) > @02
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T202B%(u—v)
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0
+ Var(énoise)- (70)

where o = (41 f2 +u?) and B = (4n% 2 +12).
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