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BABSTRACTIl In this study, a nanoscale phase detector that can digitally receive and detect
phase-modulated signals is proposed. The mechanical vibration of a tip of carbon nanotube, which is
controlled by an electromagnetic field from a metal plate, realizes two key functions for communications:
reception and detection of signals at the nanoscale. Indeed, our theoretical analysis shows the possibility of
detection; however, because of the nanoscale reception, the received signal power is strongly reduced. To
solve this problem, a counter-method of the current enhancement is introduced in which the time averaging
of the noisy field emission current served to amplify the received signal. The numerical results and the
foundational theory describing the mechanism of the enhancement demonstrate the effectiveness of the

proposed method.
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1. Introduction

Sensing and communication with ultra-small devices
should contribute to the future-promising applications
and services." For example, smart dust®® can detect
various quantities such as temperature, light, and
vibrations with invisible sensor nodes. However, after
the data is collected, communication among nodes
and/or a central station is crucial for delivering and
analyzing the collected data. Nano-sensor networks have
been proposed to realize this level of communication.
Communication between physically separated nodes
could be achieved by using electromagnetic (EM)
waves as information carriers.*>

Signal processing algorithms for communications are
typically implemented on micro-scale complementary
metal-oxide semiconductor (CMOS)-based chips.
However, the analog and radio frequency (RF)
components require too much space in the node
to allow for miniaturization. For instance, since
design process for EM-based antennas follows
electromagnetic framework, the antenna size is on
the order of the signal wavelength.® The megahertz
band is often focused due to the advantage for signal
propagation; in this case, the antenna size must not be
less than several centimeters, resulting in a large node.

To solve this problem, leading studies have tried to
use the terahertz region,”™ which allows the antenna
size to be considerably reduced (as small as 1 um),
thus realizing the miniaturization. However, designs
of the circuits and signal source for such ultra-high
frequencies are quite complicated.

A method for sensing and communications for the
miniaturization has been addressed by exploiting
the nano-mechanical resonator (NMR). Mechanical
vibration can describe physical quantities, which can
be detected in nanoscale.!*'? Some proposed sensing
applications include chemical sensors,*'¥ temperature
sensors,!® and mass sensors.!*!” The dynamics of
carbon nanotubes (CNTs), which are key materials in
these applications, have been well investigated,!32?
and a large responses for weak signals by exploiting
mechanical resonance has been demonstrated.!'*!”
A pioneering work by Jensen et al. shows an NMR-based
nanoantenna for a FM radio receiver.? This interesting
concept has been extended in other studies.®??
Operating in the megahertz band was addressed with
an antenna element in nanoscale. Tanaka et al. have
discussed the angular sensitivity, which is one of the
most important characteristics in antenna systems,*®
and have presented a design method for this concept.®¥
However, these antennas cannot detect the digitally
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phase-modulated signals, which are often focused
in recent communication systems. As shown in
Sec. 3. 2. 2, the output of these nanoantennas varies
with a rate of the twice of the carrier frequency. Owing
to this nonlinear behavior, the output of nanoantennas
is not effective to detect phase-modulated signals.

The nanomechanical system examined in this
study contributes to the development of nanoscale
receivers, particularly, the demodulator/detector and
receiver antenna. Against previous studies, digital
communication with phase-modulated signals is
focused in this study. Two important functions are
realized at nanoscale via mechanical vibration of
a CNT tip: reception of the incoming signal in the
megahertz band and detection of the carrier phase that
describes the transmitted data. The proposed method
realizes these functions by the simple introduction
of a reference EM wave coming from the metal plate
placed below the CNT. The reference wave induces
static and oscillating EM fields. The oscillating field
enables to describe the carrier phase on the vibration
amplitude, whereas the static field breaks the symmetry
of the CNT motion, giving rise to a component related
to the vibration at the resonance frequency. The signal
phase is detected by measuring the amplitude of this
component. Our theoretical analysis reveals that,
due to the biased reference EM wave, two frequency
components are included in the current. Exploiting
this interesting characteristic, the transmitted data is
detected via the demodulator, which focuses on the
two frequency components.

To ensure the reliable communication on the
proposed detector, a sufficiently strong current is
required, which in turn requires to apply a large
voltage between the electrodes. The production of
such a large voltage, however, needs a strong power
source. In the development of the nanoscale systems
and devices, this is often a bottleneck. In this study,
a method is proposed with exploiting the surrounding
noise. In nonlinear physics, interesting phenomenon
of Stochastic resonance (SR) has been discussed, in
which noise has a constructive role in signal detection.
The proposed method in this study is based on this
framework.?>?” In the proposed method, a noise
component contained in the current is used to amplify
the current. However, simply exploiting noise is not
sufficient to obtain the amplification. We introduce
an additional step in signal-processing: time-averaging
of the noisy current. Our theoretical analysis shows

that by modulating the probability density of the
noisy current, the amplification is obtained. Such
enhancement effect can be realized in any systems with
nonlinear behavior, and the resulting field emission
current shows nonlinear, specifically exponential
behavior.

2. System Model

The simple system proposed in this study contained
a transmitter for sending the modulated signal for
digital data signal d; € {+1, —1} to a receiver. The
signal was detected at the receiver using the proposed
nanoscale phase detector, and the transmitted data
was estimated in the demodulator. Figure 1 depicts the
system diagram.

Each data bit d; was mapped to the corresponding
phase of the carrier signal in the transmitter. For the
simple discussion, binary phase-shift keying (BPSK)
modulation was employed, and the digital data
were encoded on the phase with the following rule:
0; =0y +m for di =+1 and 6; = 6, for d; = —1.
Here, we consider a phase offset 6y between the
transmitter and the receiver. The modulated signal
with frequency f. was expressed as cos(2mf.t + 6;)
with  the phase signal 6;(t) defined as
0, =Y, 0i9r, (t —Ty), where g.(t) =+1 for
0<t<rtand g,(t) =0 for the other time-region,
i.e.,,t < 0andt > 7, with the bit duration T},. Finally,
the carrier signal Ej,(t) with amplitude E, was
received at the receiver.

At the front end of the receiver, the proposed
nanoscale phase detector, provided in Sec. 3, was
installed. The incoming signal was detected through

Transmitter

Reception L d;
/Detgction - — | Demodulation S

Nanoscale receiver !

The proposed nanoscale phase detector (Fig. 2(a)) is employed.

Fig. 1 Communication system with the proposed nanoscale
phase detector.
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mechanical vibration of the CNT, and the detector
output was the field emission current that described
the phase information of the incoming signal. Key
functions in the detection of phase-modulated signals,
such as frequency tuning, signal reception, and phase
detection, could be realized in a single nanoscale
structure. The demodulator is discussed in Sec. 4
in which a correlator was employed to calculate the
correlation between the current and the carrier signal.
The transmitted data was finally estimated by making
hard decision to the correlation.

3. Nanoscale Phase Detection Based on the
Mechanical Vibration of CNT

3. 1. Nanoscale Phase Detection Concept

Along with previously developed nanoantenna
system, the nanoscale phase detector is introduced.®
The structure of the proposed detector is given in
Fig. 2(a), where hg is the distance between the tip of
the CNT and the anode when the tip is in the equilibrium
position (point 0) and h(t) is the distance at a time ¢;
this gives Ah(t) = h(t) — hy.

First, the mechanism of the original nanoantenna
system®@) can be described briefly as follows. The
application of external voltage V., causes a charge
to be excited around the tip of the CNT. When the
signal (EM wave) arrives at the CNT, Coulomb’s law

2 b) &
@ Ein (t) = Eycos(2mf.t + 6,(1)) (b) Em(t)
Eref (t)

X Anode
-I CNT
Cathod
athode L & ()
Vext
E'vef ®) = Ah(t)

Eref cOSQ2Tfut) + Epef

; ; Vet (£) Metal plate

E in (t) '
—I o V or
do Eref ®

states that an electrostatic force is applied at the tip.
This force is the source of the vibration of the tip; for
example, when the signal Ej, (t) is positive, the signal
attracts the tip, i.e., the tip moves in the direction of
signal propagation (positive x direction in Fig.2(a)).
Because of the EM interaction between the incoming
signal and the charge, vibration can be used to detect
the phase and the amplitude of the incoming signal.
If the frequency of the incoming signal matches the
mechanical resonance frequency of the CNT, the
vibration amplitude is strongly enhanced. This means
that “frequency tuning” can be performed, which
contributes to the nanoscale signal reception. The
vibration is observed using the field emission current,
which means that the detector receives the incoming
signal through the current. However, as discussed in
Ref. (22), this method has low reception sensitivity
because of the small device size.

As discussed at the end of Sec. 3. 2. 2, the original
system®@) cannot receive phase-modulated signals.
However, in the proposed detector, the phase of
phase-modulated signals could be obtained if
a metal plate was placed below the CNT and
a sinusoidal reference voltage Vie(t) was applied
with frequency f.. In the proposed setup, the tip
was exposed to an EM field with a magnitude of
E.of(t) = E,of cos(2mfit) + E,op causing a force to
arise between the plate and the tip. The applied force
combined with the incoming and reference signals

The two EM waves simultaneously
apply repulsive or attractive force

Ein (t)
to the CNT tip.
) 1® |

Eref (£)

(i) In-phase case: 6,= 0.

Small vibration of the tip
induces a field emission current
with a small amplitude.

When a repulsive force is applied

Ein () by Ei, (t), the force applied by Eef (t)
is attractive, and vice versa.
R Large vibration of the tip
Eref (t)

induces a field emission current
with a large amplitude.
(i) Out-of-phase case: 6= n.

Fig. 2 (a) Structure of the proposed nanoscale phase detector. (b) Illustrative sketch of the mechanism of the detector.
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caused the CNT top to vibrate. The magnitude of the
combined force depended on the phase (see Eq. (3)).
An illustrative sketch of the mechanism is provided in
Fig. 2(b). For example, in the in-phase case, because
the tip received either an attractive or a repulsive force
from the signals, small vibrations were observed.
However, in the out-of-phase case, the tip was
either attracted to the metal plate and repulsed by
the incoming signal, or vice versa, which resulted in
a large vibration. Thus, the phase could be described by
the amplitude of the vibration, which was observable
via the current. Moreover, applying a biased reference
EM field Eref caused the motion of the CNT to become
asymmetric when the center of the vibration was
moved from its original equilibrium point o. This effect
produced a component at the resonance frequency in
the output current, and the phase could be observed
by focusing on this component. Because this type of
detector must be built at nanoscale, it contributes to
the realization of nanoscale digital communications.

3. 2. Analytical Description of the Detector Output

For the designing of a demodulator with the
proposed nanoscale detector, the output of the detector
was analytically presented. Due to the quantum
effects induced in the gap, a field emission current
flowed between the anode and the CNT tip. Below,
it is presented that the proposed detector enabled
the current amplitude to describe the phase of the
carrier signal; more precisely, the transmitted data
were included in the components of the current at
the resonance frequency f; and double the resonance
frequency 2f,. The analysis was twofold: the first
step was the derivation of the position of the CNT tip
(Sec. 3. 2. 1), followed by analysis of the field emission
current based on the position (Sec. 3. 2. 2). This analysis
also contributed to the derivation of the bit error rate
(BER) performance, as discussed in Sec. 4.

3.2.1. CNT Tip Position

First, the position of the CNT tip was analytically
derived. When the tip displacement was small relative to
the CNT length, the motion of the tip could be described
by the linear Euler—Bernoulli equation because the
resonator was excited below the critical Duffing
amplitude.@®*) This motion could be described by the
following second-order linear differential equation:

meX + I'x + kgx = F(t), (1)

where F(t) is the force applied to the tip. The
other parameters in Eq. (1) are related to the
CNT characteristics: m, is the effective mass, L
is the length, p is the radius, E, is the Young’s
modulus, ko = 3mE,p*/4L3 is the spring constant,
[ = 2mm.f,/Q is the coefficient of the first-derivative
term, Q is the quality factor, and f; = /ko/m./2m is
the resonance frequency. Note that the origin of the
position (point o in Fig. 2(a)) was defined as the case
without incoming EM and reference signals.

The key term in Eq. (1) is the force F(t) which was
induced by the EM field E4(t) around the tip, and by
the amount of charge Qg on the tip. The EM field
E4(t) is the combination of the incoming Ej, (t) and
reference Ey¢ (t) EM fields:

Ed(t) = Ein (t) - Eref (t) = Ed COS(anét + (Z) - El‘efa
()

where

Ed = \/Eg + Erzef — ZEbErefCOSQi (3)
and tana = E,sinb;/(E,cos0; — E.f). The EM
field E4(t) depended on the transmitted data 6;(t).
The bias voltage V.., which was applied between
the plate (anode) and the CNT, induced the charge
around the tip. The analysis based on the image charge
method gives the analytical expression for the amount
of charge as Qey = 4T€QLPVeye 215 B', where
B = p/2hg and €, = 8.854 X 10712 is the permittivity
of vacuum.®2432)

The position of the CNT tip could be derived by
solving Eq. (1) given F (t) = Qext E4(t). In the resonant
mode, i.e, fo = f;, the solution could be simply given
as

Qext E Qext Ere
x(t) = #ﬁ"; cos2mf.t — ¢,) — ;{—Of (4)

where ¢, =m/2 —a = m/2 —tan™(E;, sin 8; /(E;,cos 6, — E.)).
Note that in the above analysis, the tip vibration was
assumed to be stabilized and was not in a transient
state. In practice, every time the transmitted data d;
was changed, the vibration began in the transient mode
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(Fig. 3). The position in this mode could be obtained
through numerical simulation.

3.2.2. Field Emission Current

The mathematical expression for the field emission
current is derived based on the results in Sec. 3. 2. 1.
As discussed in Refs. (21), (23), and (24), the current
can be described by Fowler—Nordheim tunneling:

1(t) = €18 (Buye () =02/ Bet (), )

where h is the distance from the tip to the anode,
S = npz is the area where the electron emits, and
Eqy (h) 1s the EM field between the CNT tip and the
anode. The two constants ¢; = 3.4 X 107> A/V?2 and
c; = 7.0 X 10'° V/m are given in Ref. (21). Because
of the tip vibration, the distance included the variation
term Ah(t), ie., h(t) = hy + Ah(t). For small
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Fig.3 (a) Examples of trajectories of the CNT tip at
0; = 0. (b) Examples of trajectories of the CNT
tipat 6; = m.

variations, the Taylor expansion of Eq. (5) around
h(t) = hy, excluding terms higher than second order
yields

1(t) =1y + AI(2), (6)
where
AI(t) = klyx?(t) (7)

and k = (2+ ¢, / Eext (ho)) (OEex / ah)h:ho/ 2LEqy (ho)
and Iy = ¢; SE2, (hy)e ~¢2/Fex (o) Qubstituting Eq. (4)
into Eq. (7) gave the following detailed expression of
the variation term Al (t):

=2
Al(t) = —w%cos(élnfrt + 2a)
+ 28E4E of sin(2ufit + @)
) -2
kaEref gQEd
+ (8)
where
& = KloQQex /k§ )

is the key parameter that described the influence of the
nanoscale reception and detection. This influence will
be numerically discussed in Sec. 5. 2.

Unlike the system in Ref. (21), an additional term at
fr term appeared in Eq. (8). When the biased reference
EM field from the plate was applied, the equilibrium
point (point o in Fig. 2(a)) was shifted to the plate. This
shift was the source of asymmetric vibration of the tip,
and the distance h(t) between the tip and the anode
varied at rates of f. and 2f.. Thus, the components
of the current at both frequencies could be used to
describe the data. The next section discusses how the
transmitted data can be estimated by focusing on these
frequencies.

The current in the original system®@" was described
by Eq. (8) with Ere = 0 and E,e¢ = 0. In this case,
we have

AI(t) = EQEE (cos(4mfit + 26,) — 1)/2. (10)

This equation indicates that the current does not
vary with the transmitted data 8;; that is, the original
system®@) has been analytically shown to not give
phase information in the output.
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4. Demodulator Design for the System with the
Proposed Nanoscale Phase Detector

The design framework for the demodulator was
based on the proposed nanoscale phase detector. The
transmitted data could be estimated from the output,
i.e., the field emission current I(t). In this study,
a simple correlator is used to describe the fundamental
characteristics in the communication system, including
the BER. The performance gain is analytically
discussed in terms of the BER.

With the use of a traditional correlator, the field
emission current is simply correlated with the carrier
signal for one-bit duration T}, and the decision statistic
is obtained. The data is estimated by taking hard
decision of the statistic. A schematic of this proposed
demodulator is shown in Fig. 4. When a carrier signal
with a frequency of f. was used, the correlator outputs
the following decision statistic:

re = % f(iiT_bl)Tb{z(t) +n(0)} cos(2nf.t)de

= —&E or\[epd; sin By +1; (11)

Here, the term &, = EgTb denotes the signal
power per bit. The estimated data was obtained as
ai = sgn(rfr [i]), where sgn(+) extracts the sign.

The BER performance was derived based on
the analytical expression of the statistic Eq. (11).
This equation indicated that the distance between
the received signal points for BPSK signaling was

Ap = |rp[i]g=41 = 17 []g=—1 | = /Ep|2EErer sin 6.
Since the noise was white Gaussian noise, the BER
was obtained as

1) +n(e) |
—

sgn(?)

e
E

Ll
1ol
|
|

T

cos(2mf.t)
or

i
i
i
|
!L cos(4rnf,t)

Correlator

Fig. 4 Schematic diagram of the demodulator (correlator).

BER;. = lp( /A]%r/zNO)

= W(|€E ef sin Bp|v/en /Np), (12)

where ¥(2) = ( f;oo e/ Zdu)/\/ﬁ is the Q-function
representing the tail probability of the standard
Gaussian distribution, e %/2 In the case with
a frequency of 2f., the BER could be obtained in
a similar manner with the following correlator output:

1, ~
n2f = EEQEref\/S_bdi cos By + n;. (13)

The above analysis indicates that the BER
performance with the simple correlator should be
worse than that of the traditional BPSK receiver; from
Egs. (11) and (13), the signal-to-noise power ratio
per bit, which is an important performance measures,
is multiplied by the coefficients, EE of SiN 90| for f;.,
and |(fQEref cos6y)/2| for 2f. As discussed in
the next section, these coefficients are significantly
smaller than 1.0, showing that reduction of the signal
power results in the deterioration of the BER.

5. Numerical Examples on the Proposed Nanoscale
Phase Detector

Numerical examples are presented to discuss the
basic characteristics of the proposed nanoscale phase
detector and the communication performance with the
demodulators.

The values of the parameters used in this section are
given as follows: m, = 0.24 X 107 kg, L = 1.0 um,
p =5.0nm, E, = 1.0 x 1012 Pa, Q = 3, hy=20.0 nm,
dy = 1.0 um, f. = 3.9 MHz, E,, = 1.0 X 105 V/m,
Eref = 2.0 X 10° V/m, Eos = 1.0 x 10° V/m. Since
the aim of this study was to provide a method of
miniaturizing the front end of the receiver, the key
parameters that determine device size, i.e., the CNT
length and the distance between the plates, were set to
be on nanoscale. The values of the other parameters
were set based on Ref. (21). Under this condition, the
resonance frequency f, was approximately 4.0 MHz,
which was equal to the carrier frequency f.
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5.1. Examples of CNT Tip Vibration

Figure 4(a) shows the trajectory of the CNT tip in
the proposed phase detector. To obtain the results in
this figure, the parameters related to the EM field were
set to E, = 1.0 X 10° V/m, E,f = 2.0 X 10° V/m,
Eres = 1.0 X 10° V/m, Q = 3.0, and V. = 100 V.
The curves in Fig. 4(a) were obtained from Eq. (4).
Except in the transient state, the theoretical curves were
found to be in good agreement with the numerical results
which were obtained by solving Eq. (1) with the initial
position set to point 0. This result confirms validity of
the analysis presented in Sec. 3. 2. 1 is valid.

Based on the discussion in Sec. 4, the amplitude
of the vibration should depend on the phase 8;. This
behavior was clearly confirmed in Fig. 4(a). In the case
of 6; = 0, the two EM waves simultaneously applied
repulsive or attractive force to the CNT tip, resulting
in small vibrations. In contrast, in the case of 8; = m,
large vibrations are observed as shown in Fig. 4(b).
When a repulsive force was applied by the incoming
EM signal Ej,(t), the force attracted the tip, and
the reference EM simultaneously pulled the tip. As
a result of this electro-magnetic interaction between
the two waves on the tip, the proposed nanoscale
detector converted the phase 8; into the amplitude of
the vibration.

The observed discrepancy in the transient state
provides insight into the design of the communication
and device parameters. In the proposed detector, the tip
vibration should track the phase 8;. However, because
of the inertial effect, the CNT tip could not quickly
respond to changes in the phase. The amount of time
required for the tip to show a full response (i.e., time
to achieve a stable state) was estimated in terms of the
signal period and was found to be roughly equal to Q.
In other words, the phase must be kept constant for at
least in Q periods, that is, Q /f. < Ty,

5. 2. Examples of BER

The discussion in this section focuses on the
BER performance. The first example system used
simple correlators with the frequencies f. and 2f;,
and the results of which are depicted in Fig. 5. The
parameters used to obtain these results were
Eef = 4.0 x 102 V/m, E.f = 1.0 x 107 V/m, and
Vext = 500 V. For reference, the well-known theoretical

BPSK performance, W(y/2¢,/Np), is also plotted

in this figure. To enable the clear observation of the
dependence of the BER on 8, the quality factor was
changed to Q = 8.0 x 10%

A key point from this Fig. 5 is that the performance
strongly depends on the phase offset, 8. For example,
in the case of f;, the proposed system successfully
received the data with a difference of 6y = m/2.
However, in the case of 6y = {0,m}, BER; = 0.5
for any &,/Np, indicating that the receiver did not
obtain any transmitted data. In fact, this point was
analytically predicted; from Eq. (12), where BER
is a function of sinf, When the phase difference
satisfied the condition in Eq. (12): sin@y = 0, and the
proposed method was no longer valid. The optimal
phase offset, which realizes a low BER in terms of the
phase difference, could be derived by maximizing the
distance Ay, of the signal points as

6, = arg maxg, Ay = arg maxg|sin 6| (14)

Note that 0 < 8y < m was focused.

Although the optimization of the phase difference
was effective, the BER required further improvement.
Figure 5 shows that the BER of the BPSK theory was
not achieved in the proposed system. This disadvantage
is the price of achieving reception and phase detection
at nanoscale. In a traditional receiver, the antenna
size is on the order of one signal wavelength; thus,
the obtained signal power is sufficiently large to
keep the BER low. The proposed detector realizes

1 3 1
i 0,=10,7} HOZ{ZJr,Zﬂ} 0,=57
107 A\
X
X
Q -2 | X
5 10 x
—
o X
g 1073 4 x
(0]
= X
m 10
X
10-5 4 —— Proposed detector
XXX BPSK theory
10°° T T T T T T T T
1 2 3 4 5 6 7 8 9 10
¢,IN, [dB]

Fig. 5 BER performance of the system with the proposed
nanoscale phase detector and the simple correlators

for f;.
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reception/detection at nanoscale but in exchange
reduces the signal power. Indeed, the present analytical
results calculated using Eqs. (12) and (13) showed
that the signal power is decreased by a factor of ¢.
For example, in the case of Fig. 5, § = 6.52 x 1078
indicates a severe reduction in power. This parameter,
which is given in Eq. (9), is key in the sense that
it describes the nanoscale effects of the system.
Therefore, the device parameters should be properly
designed to realize a sufficiently large value of ¢.

6. Noise-enhanced Field Emission Current

6. 1. Concept and Numerical Example of the
Enhancement

To enhance the signal in the demodulation, the
fundamental framework of Fowler—Nordheim
tunneling, which is described in Eq. (5), is focused.
Because this current has nonlinear behavior of
exponential form, SR should be observed by the
addition of noise. In this method, the bias voltage Vey
may contain the noise. However, simply considering
the noise does not achieve the amplification of the
current. We found that an additional method in signal
processing, time averaging of the noisy current, is
required.

Simple white Gaussian noise was focused as the
noise component of the bias voltage. The mean of the
noise was assumed to be zero, and the variance was 0%
In this case, the voltage became a stochastic process
ny (t) whose probability density followed that of white
Gaussian noise with a mean of V. and a variance
of 02 The noisy field emission current, which is
denoted as I(t), was obtained by Eq. (5) in which Vg
was replaced with ny (t). Figure 6 gives an example
of the field emission current excited by a noisy bias
voltage. This curve was obtained under the following
conditions: Ve = 50.0V,0 = 1.0V,¢c; = 3.2 x 1077,
c; =7.18 x101° p = 10.0 nm, and hy = 40.0 nm.
Without the noise, the current would have a constant
value of I = 6.20 X 1071 A. With noise, I(t) showed
stochastic behavior; however, the noisy current was
simply a weak signal buried in the noise.

To achieve the noise-induced amplification,
the time-averaging of the noisy current,

= Y . .
1= ( S 1 (t)dt) /T,,, was introduced. Here, T, is
the time interval over which the current is averaged.

As shown in Fig. 6, the average current was amplified
to I = 7.34 x 1071® A. To investigate the magnitude
of this effect, the current enhancement y =1 —1I
was evaluated under different conditions, as shown
in Fig. 7. As the mean value of the bias voltage, Vey,
was increased, the averaged current was strongly
amplified. Moreover, as the noise variance increased,
the current enhancement also increased; that is,
there is no maximum limit to the enhancement was
observed. This dependence on the noise variance is not
trivial because, in traditional SR systems, the system
response reaches a peak at a certain noise intensity.*”
To justify this behavior, the enhancement mechanism
is presented in the next section.
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Fig. 6 Example of the noise enhancement of the field
emission current.
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Fig.7 The current enhancement y obtained as the result
of SR.
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6. 2. Numerical Examples

In the proposed method, current enhancement was
achieved as the result of probability density modulation
of the noisy field emission current. Through the
examples depicted in Fig. 8, this section will explain
the core concept of the proposed method.

Figure 8(a) shows the probability density of the noisy
bias voltage ny (t). As described in the previous section,
this signal follows a Gaussian distribution with a mean
of Ve and a variance of o2 This stochastic voltage
is applied to the anode. Because of the exponential
shape of the nonlinear field emission current response,
which is shown in Fig. 8(b), the resulting probability
density of the noisy field emission current is
heavy-tailed distribution, as shown in Fig. 8(c). The
heavy-tailed portion of the distribution contributes
to the amplification of the time-averaged current I,
indicated by the solid line in Figs. 8(b) and (c). The
mean of the original distribution shown in Fig. 8(a)
is Voyr = 50.0V, and the corresponding field emission
current is indicated by the dotted line in Figs. 8(b)
and (c). The time-averaged current I is larger than
the current corresponding to the mean voltage, and

(c) Probability (b)

o density of I
Je
Xd oo © 25 x1071°

2.0

1.5
1=7.34x10716
1.0

Current
enhancement:?

?

0.5

/

45.0 475 50.0 52.5 55.0
(@) z < 040
Z % Vixt=50.0
Eg 0.20 / ext
o v
=5 o0
© ny

Fig. 8 Mechanism of the enhancement of the field
emission current by noise. (a) probability density
of the noisy bias voltage, ny (t), (b) response curve
of the field emission current for the noisy bias
voltage, and (c) probability density of the noisy
current, [.

the difference between the two describes the current
enhancement y.

Based on the above discussion, the reason that the
curves in Fig. 7 do not have a limiting value can be
explained. As the variance increases, the tail of the
heavy-tailed distribution of the field emission current
increases without limit. Thus, the time-averaged
current I is proportional to the variance. However, in
practical systems, actual devices have a limit to the
range of input voltages they can receive. Therefore,
the voltage of a noisy signal with a large variance
would often exceed the input voltage limit, and the
resulting probability density would thus be clipped
in the region of large current. In this situation, the
time-averaged current would converge to a certain
value, representing the limit to achievable amplification.

7. Conclusion

To achieve to digitally receive and detect
phase-modulated signals in nanoscale, a nanoscale
phase detector was proposed in this study. Two
important functions for communications: reception
and detection of signals were realized at the nanoscale,
by exploiting the mechanical vibration of a CNT tip,
which is controlled by the reference EM field from
a metal plate. Our theoretical analysis demonstrated
the possibility of detection; however, the nanoscale
reception unfortunately reduces the received signal
power. For this problem, a counter-method of the
current enhancement was introduced; the time
averaging of the noisy field emission current served to
amplify the received signal. The effectiveness of the
method was numerically demonstrated. This point was
supported by analytical description of the mechanism
of the enhancement.
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