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Abstract—Nanoscale electromechanical wireless communication
with on-off keying in the very high frequency (VHF) band (30-300
MHz) is studied for a receiver using a carbon nanotube (CNT). Pre-
vious studies on this topic have only considered continuous wave
(CW) on-off keying which suffers from spectral widening due to
sharp changes in the signal. Effects of the inter-symbol interference
(ISI), the co-channel interference, and the adjacent channel inter-
ference on the received signal statistics have not been analyzed.
The rise- and fall-times associated with the filtering of the incoming
signal by the mechanical frequency response of the receiver’s CNT
have also been ignored. In this paper, Fourier-series based mod-
eling and statistical analysis of decision variables are performed.
The results and modeling in this study enable performance evalu-
ation of CNT based receivers with an arbitrary number of inter-
fering signals with arbitrary pulse shapes, and fully incorporates
the transient signal components. Received signal statistics under
interference are derived using the developed model. Numerical re-
sults are presented for Hanning pulse and trapezoidal pulse (which
includes rectangular pulses corresponding to CW as a special case).
The required guard intervals between pulses to mitigate ISI, re-
quired frequency separation between channels, and required spa-
tial separation of co-channel networks (frequency reuse distance)
are shown. These results show that large frequency reuse distance
is required, limiting efficient spectrum utilization. However, the ISI
and adjacent channel interference can be controlled more easily
with a proper selection of parameters.

Index Terms—Carbon nanotube, frequency division multiple ac-
cess, on-off keying, nanodevice, nanonetwork, VHF-band, wireless
communication.
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I. INTRODUCTION

ANODEVICES consist of nanoscale components. Since

the nanodevices are minuscule, they have very limited ca-
pabilities such as transistor count, €.g., a nanowire computer
with 180 transistors has been demonstrated in [1]. Nanonet-
works consisting of several nanodevices wirelessly communi-
cating and cooperating with each other can collectively conduct
more complex operations [2]—[5]. To this end, the use of carbon
nanotube (CNT) radio to realize nanoscale communication is a
promising paradigm as demonstrated in [6]-[9]. The most fun-
damental receiver components for electromagnetic communica-
tion in the very high frequency (VHF) (30-300 MHz) band (an-
tenna, filter, amplifier, and demodulator) can all be implemented
with a CNT. The first CNT based receiver was demonstrated in
[6] for wireless audio signal reception with a CNT of approxi-
mately 500 nm long. Recently, nanopillars have been considered
instead of the CNTs in [10] and the reception of audio signals
was demonstrated.

The bit error probability (BEP) for the nanotube receiver
with on-off keying was first investigated in [7], [8]. In [9], the
communication theoretical analysis of nanotube receiver was
extended to include both square-law and linear components
present in the CNT based receivers and the exact noise cor-
relation model was utilized. In these papers, bits 1 and 0 are
transmitted by simply switching on or off a carrier depending
on the current bit: this can also be called a interrupted contin-
uous wave (CW) and BEP is evaluated without any interfering
signals.

In this paper, statistical analysis of the CNT based digital
communication is performed by providing a framework to de-
termine the BEP under an arbitrary number of interfering sig-
nals. The statistical analysis is enabled by representing the de-
cision variable based on integration of the time-domain signals
and noise as a sum of quadratic (matrix) form, linear form, and
the constant component, where the input to the matrix opera-
tions is the Fourier series representation of the input signals and
thermomechanical noise. We find the Fourier series representa-
tion of the input signals and derive the covariance matrix of the
Fourier series coefficients of the thermomechanical noise. The
random carrier phases of the signals present are also represented
as matrix operations, enabling the derivation of the statistics of
the decision variable in the realistic case with random carrier
phases. To the best of our knowledge, this is the first work on
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CNT based reception focusing on statistical analysis under in-
terference. Our main contributions are:

1) We use Fourier series-based modeling which allows ex-
tending the previous models for CNT based receivers by
fully including transient effects, which are due to the fil-
tering of the input pulses by the receiver’s carbon nan-
otube, leading to rise- and fall-times in the output,

2) We consider inter-symbol interference (ISI), adjacent
channel interference, and co-channel interference. Pre-
viously, no interference analysis has been performed.
The Fourier-series based modeling enables us to model
the received signal in the presence of multiple arbitrary
interfering signals.

Based on the results, we noticed that the CNT based receiver
experiences substantial performance degration due to frequency
reuse. On the other hand, the required frequency separation be-
tween channels was found to be reasonable, and required guard
time between pulses to suppress ISI, which was also found to
be rather small.

The remainder of this paper is organized as follows: In
Section II, we present background on the Fourier series and
on the properties of CNTs needed in the remainder of the
paper. The output of an average-level detector under inter-
ference is found in Section III as a function of the Fourier
series coefficients of the CNT tip vertical displacement ().
The theoretical mean and variance of the detector output are
found in Section IV. Based on the Gaussian approximation,
the BEP in the presence of an arbitrary number of interfering
pulses is derived in Section V. Numerical results are shown
in Section VI presenting BEP under ISI, adjacent channel
interference, and co-channel interference. Finally, conclusions
are drawn in Section VII.

II. BACKGROUND

We consider a transmitter capable of sending electromagnetic
(EM) radiation. To indicate bit 1, the transmitter transmits a
waveform of duration 7" and no transmission corresponds to bit
0. The relation of nanoscale on-off keying to impulse radio is de-
scribed in Section II.A. The basics of Fourier series needed for
the rest of paper are discussed in Section II.B. The utilized base-
band pulse shapes to indicate bit 1 are discussed in Section I1.C.
The relationship between the electric field strength (due to the
EM radiation) and the mechanical oscillation is given by the
mechanical transfer function in Section II.D, where the Fourier
series based approach is used. The mechanical oscillation of the
CNT leads to time-varying output signal which can be used to
detect the transmitted bit (1 or 0). The details of CNT based re-
ception are given in our previous paper [9].

A. Relation to Impulse Radio

An ultrawideband (UWB) impulse radio (IR) with on-off
keying and energy detection has been studied [11]. The generic
problems related to threshold setting and selection of integra-
tion window have been considered in [12]. In carrier-based
IR-UWB, the output waveform is generated by modulating
a local oscillator with, e.g., rectangular and triangular pulse
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shapes [13]. The rectangular pulse shape requires extra filtering
to achieve sufficient sidelobe rejection [13]. There are many
significant differences to carrier-based IR-UWB meriting new
analysis. For example,

1) InIR-UWB, the main effect to consider for ISI is the multi-
path channel and its delay spread. Transient response is less
important. In the case of nanoscale VHF-Band reception,
the situation is the opposite. For example, for the parame-
ters we consider, the pulse duration is around 7000 ns and
transient response is around 3000 ns. Typical maximum
multipath delay, for example, for body area networks is less
than 100 ns [12]. This means a signal spends more time in-
side the receiver circuit than in wireless propagation.

2) Typically, IR-UWB models assume additive white
Gaussian noise [11]. This is not a valid assumption for
nanoscale VHF-Band reception as the thermomechanical
noise is strongly non-white.

3) The energy detection receiver for IR-UWB does not con-
sider linear components [11]. In nanoscale VHF-Band
reception, both square-law and linear components are
present.

B. Fourier Series

Since it is used in the remainder of this paper, we show here
the standard Fourier series representation of an arbitrary time-
varying function y(¢) in the interval ¢ € [0, Tp]

a N 2mnt 2mnt
0 ' .
y(t) = 7—&—2 [a,mos( T, ) —I—bnsm< T )}

n=1 P

Q)

where N/Tp is the highest frequency and real-valued Fourier
series coefficients a,, and b,, are obtained with the standard ap-
proach [14]. It is emphasized that ¢ outside the studied interval
[0, Tp] does not matter: the analysis we performed in the studied
interval is assumed to be sufficient. Let us collect all the Fourier
series coefficients in a column vector with 2N + 1 elements
. T
X=[a0 a an b - bN]T, (2)
where ( - )T represents matrix transpose and we use 'to indicate
real-valued Fourier series coefficients.
The complex-valued Fourier coefficients ¢,, are [14]

R <i27mt>
Cp = — Y(t) - exp dt, 3)
Tp Jy Q Tp
where i = v/—1. Let us collect them in a NV + 1 vector
QZ[Cocl...CN]T. (4)

In the remainder of this paper,~ always denotes complex-valued
Fourier series. The real-valued coefficients are obtained from
complex-valued ones with

ag = 2¢g, an, = 2Re(c,), by = —2Im(e,).

Let us denote the operator mapping N + 1 complex valued
coefficients to 2N + 1 real-valued ones with T, e.g., X = T'(X).
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C. Baseband Pulse Shapes Modulated by a Carrier Frequency
Cosine

Fourier series can be found for arbitrary pulse shapes. How-
ever, without loss of generality, we focus on transmitted signals
generated by modulating a carrier frequency cosine with a pulse
shape, i.e.,

s(t) = cos(2mfet + 0)p(t), 0<t<T, Q)
where 8 is the carrier phase, T is the pulse duration, f. is the
carrier frequency, and p(t) is the basic baseband pulse shape
(e.g., rectangular pulse). Since on-off keying is considered, the
transmission of the signal s(¢) corresponds to bit 1 and no trans-
mission during 0 < ¢ < T corresponds to bit 0. There can be ad-
ditional guard time § between adjacent bits to reduce ISI, so the
total pulse separation is 7" + 4. By plugging in the transmitted
signal to (3) and by using the modulation theorem of Fourier

transform we obtain
1 n n
n — am F T i = 3
c 9T < PULSE (TP fc) + PPULSE (TP + fc>>
(6)

where Fpyrsk is the Fourier transform of p(2) and the Fourier
series index n corresponds to frequency n/Tp.

D. Mechanically Filtered Pulse Shapes at the Receiver

By using the theory of damped harmonic oscillators as in [15],
the transfer function of the CNT’s mechanical response to the
incoming signal (electric field) is found to be

Q/ Meft

Hmech(s) = S5 o
s2 4 G+ w3’

(7

where meg 1s the effective mass of the CNT, and wq is the me-
chanical resonance frequency of the CNT (in radians), @ is the
quality factor of the CNT, and ¢ the charge at the tip of the CNT.

The complex Fourier series coefficients of the output of a
linear time-invariant (LTI) system are obtained by multiplying
the input Fourier series coefficients with the frequency response
of the LTI. Thus, the complex Fourier series coefficients of the
filtered signal are

2mn
C?lut = Hpyech <1ﬁ> * Cpy (8)

where ¢,, are the Fourier series coefficients of the input given
in (6). Let us denote the vector containing the complex-valued
coefficients (&%, n = 0,..., N as s, ie.,

S=[cgt st ... )T )

and let us denote the corresponding real-valued coefficient
vector as

s =T(8). (10)
By using these coefficients, the Fourier series can be evaluated

at arbitrary points in time with (1) to get the time-variant output
after the CNT in the interval ¢ € [0, Tp].
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Fig. 1. Vertical CNT tip displacement y(%) for rectangular input pulse. Carrier
frequency f. = 20 MHz. Pulse duration T = 2 x 10 ® [s], Fourier series
period Tp = 5 x 1075 [s]. CNT quality factor = 200 and resonance
frequency in radians wg = 27 - 20 x 10° (20 MHz).

Fig. 1 shows a CW signal (carrier frequency cosine modu-
lated by rectangular pulse shape) after filtering by the CNT.
The vertical axis corresponds to the vertical displacement of
the CNT tip as a function of time. The time constant of the
CNT filter, i.e., time required for the output to rise to 63% of
its steady-state output (or fall to 37%) for rectangular pulse, is
T = 2Q/wo [15].

The Fourier series period Tp needs to be sufficiently larger
than the duration 7" of the pulse shape used for on-off keying,
so that transient components are included, e.g., in Fig. 1 for T’
=2x107%, Tp = 5 x 107° is used.

E. Thermomechanical Noise at the Receiver

The thermomechanical noise causes the CNT tip to oscillate
even without input electric field. Let us denote the vertical dis-
placement of the CNT tip due to thermal energy by ynoise (),
modeled as non-white Gaussian process. Based on the equipar-
tition theorem [15]

kpTx

E |:y11oise(t)2i| - m ng',
offW{

(11)

where E[-] denotes expectation, kg is the Boltzmann constant,
and Ty is the temperature in Kelvin. It is shown in [9] that the
autocorrelation of Yneise (2} is

—lzlv _ a—lz|u
cymem—E[ymisem-(“e ve ) (12)

u—v

where
wy w0 («/4@2 — 1)
YTog T g

where (- )* denotes complex conjugate and Q > 1/2.

v=u", (13)
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Fig. 2. Two adjacent channel interfering signals and intersymbol interference
from previous pulse, Mr = 4. Bit duration 7" + §, where T is pulse duration
and § is extra pulse separation to reduce intersymbol interference. Frequency
channel separation A f, where typically Af > 1/T to reduce adjacent channel
interference.

III. DECISION STATISTIC UNDER INTERFERENCE

A. Interfering Signals

We assume Mt — 1 interfering signal sources (which can be
on or off depending on their current bit, so the number of current
active signals M varies from 0 to AMr). We consider adjacent
channel interference, co-channel interference, and ISI. The ad-
jacent channel interference refers to the interference due to spec-
tral leakage from on-going transmissions in adjacent frequency
channels (above or below the studied channel). The co-channel
interference refers to interference from on-going transmissions
in the same frequency channel but with some spatial separation
(distance) to the studied receiver. The ISI refers to interference
from our own previous pulse, due to its tail response overlap-
ping with the current pulse.

Fig. 2 illustrates two adjacent channel interfering signals
(above and below the considered channel) and our previous
pulse (source of ISI). We emphasize that in the case shown in
the Fig. 2, the instantaneous number of signal components M
varies from 0 to 4. When our current and previous bits are 0
(off, silence) and also both interfering transmitters currently
have bit 0, then no signal components are present (only silence).
When all the bits are 1, then there are 4 signal components and
this is the case illustrated in Fig. 2.

B. Signal Model

Let us denote the time-varying CNT-tip vertical displacement
as y(t), which is assumed to consist of the thermomechanical
noise and M signals (M = 0O refers to noise-only case), i.e.,

M
y(t) = Z hmech(t) * (Erad,isi(t)) + Ynoise (t)? (14)
i=1

where Amecn(t) is the impulse response of the CNT, * denotes
convolution, E,,4 ; is the scaling factor to get the distance and
transmit power dependent received electric field strength as
given in ([9], (17)), and s;(¢) are the signals following (5).
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The carrier phases #; of the signals are assumed to be inde-
pendent and identically distributed uniform random variables
in the interval [0 27]. The signals can have different time and
frequency offsets, enabling the study of interference effects.
When ISI is evaluated, T needs to be sufficient to include
also the previous pulse duration and a guard interval § between
pulses. When interference is evaluated from adjacent higher
frequency channel, the number of Fourier series terms needs to
be increased to achieve sufficient oversampling.

The Fourier series coefficients of y(t) in the considered in-
terval ¢ € [0, Tp] are

% =1h+ 1, (15)
where
M
=Y Fraa i, (16)
i=1

where §; are obtained with (10) and do include multiplication
by the mechanical frequency response Hmech(i%:) in (8) to

T

represent the time domain convolution, so the transient effects

are included. See, for example, Fig. 1. A possible time offset ¢4

is represented by multiplying the complex-values Fourier coef-
2nnts

ficients with exp(—i=7"+), leading to replacing (8) with

2 2mnt,
C?Lm = Huech (1%> exp (1 7;—,7; > * Cn,

The coefficients c,, represent arbitrary signals. For example, for
baseband pulse shapes modulated by a carrier frequency cosine,
the coefficients are given in (6), where Fpursg is the Fourier
transform of an arbitrary baseband pulse shape p(¢) and f. is
an arbitrary carrier frequency of the signal. In case of adjacent
channel interference, the carrier frequency of the interfering sig-
nals is different from the carrier frequency of the desired signal,
i.e., the carrier frequency used in (6) differs from the f. of
the studied signal. We assume that the carrier phase rotation is
represented by multiplication of complex Fourier series coeffi-
cients of the signal i with exp(if;). The vector 1i contains the
real-valued Fourier coefficients of the thermomechanical noise.
As the thermal displacement noise is modeled as non-white
Gaussian, the Fourier coefficients follow the zero-mean mul-
tivariate Gaussian distribution, i.e., & ~ N (0, X), where the
covariance matrix ¥ is derived in the Appendix A.

an

C. Output Current and Decision Statistic
The output current of the CNT based receiver, due to the field

emission effect, is affected by the y(¢). The output current can
be accurately approximated with [9], [16].

I(y(t)) = I()O,’Qy(t)z -+ I()O.’1y(t) + Iy, (18)

where o1 and aip are presented in [9]. Similar to [7], we use an
average-level detector at the receiver for detecting the on-off
keyed digital communication signal. The utilized decision
statistic is

Tintte
I(y(t))dt,

(19
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where Ti,; is the integration duration and e is the starting time
for integration. The integration window is the time interval
[¢ Tint + €]. It is important to note that the optimal window is
not necessarily equal to [0 7] (where T is the pulse duration)
since, for example, the transient components affect it shifting
the optimal integration window to the right. See, for example,
Fig. 1.

In Appendix B, we derive a matrix theoretical representation
of the decision statistic. The result is

£(X) =xTAR +bX + Iy, (20)

where X is given in (15). The decision statistic £ is given in
integral form in (19) and equivalently in matrix form in (20).

IV. MEAN AND VARIANCE OF THE DECISION STATISTIC

The signal model (14) consists of thermomechanical noise
and M signals. We derive both the theoretical mean E[¢] in
(28) and theoretical variance Var[£] in (32) (by using (45)),
both in the presence of M of signals, where M > 0 is an
arbitrary integer. Our derivations take into account random
and independent carrier phases of the signals, making the
analysis more challenging. The mean and variance will be used
in Section V to obtain the bit error probability through the
Gaussian approximation.

A. Conditional Mean and Variance

Let us first derive the conditional mean and variance as-
suming that m in (16) is fixed, so that only randomness in the
decision statistic (20) is due to the thermomechanical noise
present in X, i.e., ii. By standard matrix theory for the mean of
quadratic and linear forms [17],

E [§| ﬁl] = [inoise + rﬁTArﬁ + bﬁl7 (21)
where the noise-only component
MHnoise = Tr (AE) + IO (22)

and Tr denotes matrix trace. Closed form expression for fiyoise
has been presented in ([9], (30)).

The constant component I can be ignored when finding vari-
ance. By standard results for the variance of a sum of two cor-
related random variables,

Var [£| m] = Var [X" Ax] + Var [bX]
+ 2E [RTAX - bx]
— 2E [®T A% E b¥]
= Varnoise + 2b (A + AT)

+m" (A+ AT (A+A)m, (23)

where
Varpoise = Tr (AX (A + A7) X) + bEb”.  (24)

Closed form expression for Varygise is in ([9], (33)). In the
derivation above, we use the properties of a multivariate
Gaussian with mean vector m [17] leading to

E[x"AX]E[bx] = Tt (AS) -bm+m"Am-bm  (25)
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and
E["AZ - bX] =bZ (A+AT)m
+ Tr (TA”) bria + b - " Ard. (26)

B. Mean and Variance

By again using standard matrix theory for quadratic and linear
forms [17],

E[f] = Mnoise +Tr (AEI‘H) + ‘ugA/,Lm + b,le, (27)

where ¥ is the covariance matrix of m and g is its mean
vector. For random carrier phases, g, = 0, so

[E[f] = Mnoise + Tr (A-Erﬁ)7 (28)

where the covariance matrix ¥z is derived in (38). The uncon-
ditional variance is obtained with

Var [£] = Varyoise + Tr (A2 q) + pb Ao g
+bapg + Var [E[£|m]], (29)

where

A;=(A+A") D (A+ A7) (30)

and

by = 2bX (A + AT). 31)

We assume random carrier phases, i.e., iz, = 0. Thus,

Var[€] = Varyoise + Tt (A3 Xy) + Var [m? Am + bm,
(32)

where the first two terms in the right-hand-side can be directly
evaluated but the last term requires more derivation.

C. Derivation of Var[faT Ara + bi] in (32)

Herein, we derive the last term in (32). The randomness (and
thus variance) in it is a result of the assumed random and inde-
pendent carrier phases in signals. Given that there is an arbitrary
number of signals M and given that signals affect each other, it
is very challenging to derive the variance.

To attack this problem, we represent the Fourier series coeffi-
cients of a signal with carrier phase as a scalar multiplication of
two matrix components in (35). This representation of signals
with carrier phases is used in (39) to obtain alternative form of
m7” Am + b, which has carrier phases as scalar factors. By
tedious expansion of the integrand in (44) to terms consisting of
cosines and sines of random carrier phases, and by integrating
each term, we finally obtain theoretically the variance in (45).
It is valid for an arbitrary number of signals, each with an arbi-
trary waveform, time offset, and frequency offset.

We make the assumption that

Feurse(f) =0, [f| = fe.

This assumption means that the baseband signal, when moved
to the center frequency =+ f. is not extending to the other side.
Thus, the baseband signal moved to f. is not extending to neg-
ative frequencies. It also means that ¢ = 0. This assumption

(33)
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is reasonable to assume since otherwise the signal is not a real
passband signal.

By making this assumption, the carrier phase rotation can
simply be represented by multiplication of the signal’s complex
Fourier series coefficients with exp(ié;), where 6; is the carrier
phase of signal component ¢. It is easy to note that the result of
this random carrier phase rotation on the real-valued Fourier-se-
ries coefficients is

aBOT = cos(8)ay, + sin(0)b,
bROT = _sin(8)a, + cos(8)by, 34
where n = 1,2,..., N, a?°T and bE°T are the coefficients
after carrier phase rotation and a,, and b,, are the coefficients
before it. Due to the assumptions, ag = 0 and can thus be
ignored.

Now, we take as input the sum of signal components in (16)
and add a random carrier phase to each signal component fol-
lowing the result in (34). We get the signal components after
random carrier phases with

H Z COS

where an auxiliary 2N + 1 x 2N + 1 matrix

AC‘Erad ;8; +sin (HL) ASErad,igi] N (35)

0 O1n On
Ac=|0n1 In On |, (36)
Onv1 On Iy

where Iy is the N x N identity matrix and O is the N X NV
zero matrix and another auxiliary matrix is

0 Oiw 01,N-|
As=10n1 Onv In |.
[ON.I On J

(37)
—Iy

The covariance matrix for I can be derived as

M 03 03

Sa=Y —Efad’iA~§»§TAT + —Efadﬂ'A SisTAL|. (39)

m — 9 (o210} C ) )
i=1

T
By using (35) in m Ami + bm, we can represent it in terms
of cosines/sines of the 8; as

ﬁ Ani 4+ bt = ZZCOS ) cos (85) vi5
i= 1] 1
+ZZCOS ) sin (0;) v
i=1 j=1
M M
—i—ZZsm ) cos (0;) v
i= ].j 1
+ZZsm ) sin ( )Vsj
i=1 j=1

(39

M M
+ Z cos (0 ) vi + Z sin (0x) vy,
k=1 k=1
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where constants
V{5 = Frad,iFraa ;8] ALAACS;,
I/fj = Erad,iErad,jnggAAsgjy
Zs; = Erad,iErad,jS%;‘FACZSﬁAACsﬁﬁ
VES = Frad,ifFraa,j5] ASAASS;,
v, = Fraa kbAcSk,
Vi = Erad’kbAggk. (40)
Let us collect the uniformly distributed phases in a vector
0=16, 6, O], (41)
which has the probability density function
1 M
£(6) = { () 0<8 <2mvs (42)
0 otherwise.

By using (39) and (42), we straightforwardly get
E [m” A + b = / (@ AR +bR) -/ (0)d0

VCC _|_ V.SS
(43)

i=1

To get variance, we use (39) and (42) and find
T 2
E [(H AT + b }
T 2
- / (Ek AW+ bm) - 1(8)d8, (44)

T T
where we expand (i AT +bm)- (M And + bnd) to get
terms consisting of product cosine/sine terms which are easy to
integrate. Finally, we get

Var [EITAEHbEI}
1 & 2 2 2 2
= S [0+ () )+ (297
=1
M cs ., ,8¢ cc.,85
1 on2 a2, YiaVii  ViiVii
(G
1L X 2 2 2 2
a0 D ()7 )+ () + (5)7)
i=1 j=1,j%i
1 M M
+§Z Y (WGuss + vy +visvss v,
i=1 j=it1

(45)

where we can notice that only the terms where each cosine or
sine of phase present in the term is repeated two or four times.
For example, the term involving 152/ has the cosine of phase
f; two times and sine of phase #; two times, according to the
expansion (39). As another example, the term involving (1/1.57‘2)2
has the sine of phase #; four times. The reason is that individual
cosine or sine terms of a phase will lead to integration result

ZC10.
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V. BIT ERROR PROBABILITY WITH GAUSSIAN APPROXIMATION

Following [9], thresholding with threshold # is used for the
average-level detector output so that € < 7 corresponds to bit 1
and £ > 7 corresponds to bit 0. We assume My — 1 interfering
signal sources (which can be on or off depending on their current
bit, so the number of current active signals M varies from 0 to
Mr). The BEP is then

1
- oM Z
Qec{o,13Mr -1

1
+2MT Z Prob (€ 2 77‘ bl = ]-&bg;]\/[,r = Q)
Qec{0,1}Mr 1!

Prob (£ < n]b1 = 0&ba.pr, = )
(46)

where b; is the bit of the considered transmitter and vector
contains the states by, b3, . . ., bas,. of the interfering signals. All
possible states are assumed to be equally likely. By invoking the
Gaussian-mixture approximation,

L nm- IEbl:O-bzwl =0

oMz P My

2Mr Q€{0§MT _1 ( \/m

+ 1 Z 0: (77 - |Eb1:1,b2;MT =0 ) 7
QAMWQG{OJ}MTil VAT a——

where @ is the normal cumulative distribution function and
Qfunc is the Q-function and, for example, Ep —g 4, iy =02
denotes the mean for the given states of the transmitters (which
lead to the number of active signals ).

VI. NUMERICAL RESULTS

First, we present the pulse shapes used for numerical results.
The numerical results show the effects of co-channel inter-
ference, adjacent channel interference, and ISI. The BEPs are
found using (47) with means and variances found in Section IV.
From the results we see the required spatial separation, fre-
quency separation, and additional guard time needed in order
to not significantly degrade BEP compared to case without
interference.

A. Pulse Shapes p(t)

In practical on-off keying radios, sharp power level transi-
tions, such as with the previously considered rectangular pulse
are undesired due to spectral widening [18]. This the reason
for considering more general trapezoidal pulse and the Hanning
pulse, which have reduced spectral widening.

The average energy per bit is TP/2, where P is the average
transmit power during pulse (on, bit 1). In all of the following
results we assume that transmit power P is selected so that the
average energy per bit at the transmitter is 10 nJ (nanojoules).

1) Trapezoidal Pulse: The trapezoidal pulse is (with unit av-
erage power during the pulse duration)

t/Trise 0 S t< Trise
T . .
p(t) — - 1 Trise <1< T — Trige (48)
*gTrise Tt T_Trise§t<T

0 otherwise
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T

Fig. 3. Trapezoidal (red solid line), and Hanning (green dashed line) pulses
p(%), pulse duration T and equal average power during pulse duration.

where, following recommendations in [18], we assume Trize =
%. Please note that 7. = 0 would correspond to the rectan-
gular pulse and 7ise = T'/2 would correspond to the triangular
pulse shape. The Fourier transform of the trapezoidal pulse at
frequency f is

FouLse srapez () = (T — Trise)sine(f (T — Trise))
T
. SinC(fTrise) exp(—iﬂ'Tf) ’ \/:4 (49)
T— 3 Trise
where
. 1 = 0
sinc(x) = { % otherwise. (50)

2) Hanning Pulse: The Hanning pulse with unit average
power during pulse duration is

p(t):{\/(8/3)-%[l+cos (”“;7’”2))} 0<t<T
0 otherwise.
(51)

Its Fourier transform is

FpurLsE, Hanning (f) = v/ (8/3)
T <sinc(fT) + Lsinc(fT — 1)

2 +1sine(f7 + 1)

5 > exp(—irTf). (52)

Fig. 3 illustrates the above pulse shapes in the time domain.
Since these pulses are zero outside the interval 0 < ¢ < Tp
(where Tp > T'), the complex Fourier series coefficients for
the time interval ¢ € [0, Tp] are obtained with (6).

B. Performance Under Interference

In all of the following results, we have used integration
windows which have been optimized when interference is not
present. Optimization of integration window at run-time taking
into account interfering signals with minimal complexity is an
interesting and very challenging problem for future work. The
optimal integration window is almost constant for different
signal powers when interference is not present, so luckily the
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Fig. 4. Biterror probability with co-channel interference, resonance frequency
and carrier frequency 82 MHz, quality factor = 800. Pulse duration 7 =
7.2532 ps, average bit energy 10 nJ.

receiver does not need to estimate the signal power for setting
the integration window. The optimal detection threshold 5 (to
determine if the observed decision statistic corresponds to bit 0
or 1) has been assumed in all cases, it can be obtained through,
for example, training sequences or adaptive algorithms (also
left for future work).

In all the following results, the pulse duration T' = 7.2532 ps,
and the integration window [¢Ty; + € to be used in (19) for
Hanning pulse (normalized by T') is [0.50691 0.96256] and in-
tegration window for Trapezoidal pulse (normalized by T') is
[0.37748 1.16267].

1) Co-Channel Interference: Fig. 4 shows the BEP with an
interfering transmitter in the same frequency when the distance
from the interfering transmitter is varied. The interfering trans-
mitter is assumed to use exactly the same parameters as the
considered transmitter and it also uses on-off keying. Results
assume the worst case where both transmitters have the same
bit intervals, i.e., pulses start at the same time. It can be seen
from Fig. 4 that for communication links with 15, 20, and 30
cm link distances, the required spatial separation from an inter-
fering transmitter to get performance close to no-interference is
several meters. Thus, the co-channel interference has a signifi-
cant effect on BEP and does not depend on the pulse shape.

2) Adjacent Channel Interference: Fig. 5 shows the BEP
with adjacent channel interference simultaneously from both the
channel above and the channel below the considered channel
when the channel separation A f is varied as illustrated in Fig. 2.
It can be seen that with a small frequency separation values
trapezoidal pulse has better performance. This is due to a smaller
main lobe width as compared to the Hanning pulse. However, at
larger values performances are equal. The BEP with trapezoidal
pulse fluctuates due strong sidelobes, when a strong sidelobe af-
fects the studied channel its BEP gets worse.

In addition to the theoretical results using the Gaussian ap-
proximation, computer simulations were performed using high
oversampling to accurately approximate the continuous time
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Fig. 5. Bit error probability with adjacent channel interference, resonance fre-
quency and carrier frequency 82 MHz, quality factor ¢ = 800. Pulse duration
T = 7.2532 ps, average bit energy 10 nJ. Communication distance and dis-
tance from interfering transmitter both equal to 20 cm.

Simulated (bit 1)
= = = Gaussian approximation (bit 1)
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Fig. 6. Probability density function of the decision statistic with adjacent
channel interference, Af = 200 kHz, resonance frequency and carrier
frequency 82 MHz, quality factor ¢ = 800. Pulse duration 7' = 7.2532 ps,
average bit energy 10 nJ. Communication distance and distance from inter-
fering transmitter both equal to 20 cm.

radio frequency signals (with random carrier phases) and col-
ored noise in (14), transfer function of the CNT (7), the map-
ping to output current (18), and the calculation of the decision
statistic (19). Simulation results and results from the Gaussian
approximation are shown in Fig. 6 for the case with adjacent
channel interference. The results are shown for the cases when
the studied bit is 1 or 0 and the interfering signals (from chan-
nels above and below) are on or off. There are 4 possibilities for
interfering signals to be on of off (however two of these pos-
sibilities lead to equivalent results so only 3 cases are visible).
We observe good agreement with the simulated and theoretical
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Fig. 7. Bit error probability with inter symbol interference when additional
guard time § between pulses is varied, resonance frequency and carrier fre-
quency 82 MHz, quality factor @ = 200. Pulse duration T = 7.2532 us
(0.72532 x 10~5), average bit energy 10 nJ. Communication distance 20 cm.

results, with some differences in tails. We emphasize that the
theoretical mean and variance are exact and the difference in
tails is due to the Gaussian approximation. For more accuracy
for tails distributions, generalized Gaussian distributions can be
used. However, they require more input parameters than just the
mean and variance. As the Gaussian approximation is used in all
papers for nanoscale VHF-band communications, finding distri-
butions with better fitting in the tails and not requiring difficult
to find input parameters is an important open research problem
for future work.

3) Inter Symbol Interference: Fig. 7 shows the BEP with
inter symbol interference when additional guard time ¢ (in addi-
tion to T') is varied, see Fig. 2 for illustration. It can be seen that
with a small guard time, the Hanning pulse has better perfor-
mance. This is due to a more focused pulse leading to a shorter
response after the CNT filter, and also due to shorter optimal in-
tegration window under the no-interference case.

VII. CONCLUSION

A framework for analysis of nanonetworks with CNT based
reception under many practical effects such as transient compo-
nents has been presented. The objective of this work is to study
performance of nanoscale CNT based wireless communication
under interference. Theoretical results are derived for mean and
variance of the average-level detector output under an arbitrary
number interfering signals. The results are used to obtain bit
error probability (BEP) expressions with the Gaussian approx-
imation. The results demonstrate that co-channel interference
can seriously degrade the performance of nanonetworks, but the
adjacent channel interference and ISI can be suppressed with the
proper selection of frequency separation between channels and
additional guard time between pulses. Although there are still
several interesting open questions for future work, e.g., those
mentioned in this paper, the results confirm the CNT based com-
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munication in the VHF-band as a promising paradigm for wire-
less communication in nanoscale.

APPENDIX A

To derive the covariance matrix 3 of vector of Fourier series
coefficients of the thermomechanical noise, we first note that

Tp Tp
/ C'ynoise (t - '1:)
=0 /=0
) dedli=20

2ﬂnw) ) 2mnt
sin
Tp Tp

so that a,, and b,, are independent. To get the covariance for the
cosine terms, we evaluate

Elan
[anai] TP/I

E [a'n bk] - — 5

X cos(

Cinoioe (t—x)

o 2mnx 2mnt de di
Cos cos T
Tp Tp ’

which, by performing the integration, leads to

IE[a'nUJk}
Tpslﬂ
(TpZv2+4n2n2)(u—v)
_ TPSL:J
(Tp2u2+4712n2)(u—v)
2Tp *uwe™ P"e Tpuw_ 1)

4 (Tp2u?+4r2n2)?(u—v)

= F . _2Tp mDe’TP"( Tpo_ 1) h=n
r (Tp?w?2 +dn2n?)” (u—v)
2Tptume TPu(eTPu _1
(TP HAr ) (Tp2u? A nd)mulu—v) 4,
2Tp*ve TPV (TP¥ 1

C (Tp202H4n? k) (Tp2 v +4r2n) (u —v)

where @ = kT‘fLTI‘ Similarly for the sinusoidal terms we obtain

E [bnbs]
TP3LZ'
(Tp2v2+4r2n2)(u—v)
Tp®
(Tp2u2+47r n —
8T 2n%nloe” T) ( 1)1’” 1)
4 w(Tp2u2+4n2n2)% (u—v)
= —. 8Tp2r2n e TPU( Tpo _ )
v(Tp2v2+472n2)? (u—v
8Tp “m knwe™ qu( P”fl)
v(Tp2v2+4n2k2)(Tp2v2+4r2n2) (u—v)
8Tp27r2k'mbe’TP“(eTP“—1)
T w(Tp2u +4n?k2) (Tp2ul+4n2n2) (u—v)

Finally, we obtain the full (2N + 1) x
matrix as

k#n

(2N + 1) covariance

5 [E [anak“k,ne{og,A.A,N} 0
0 [[E [bnbk]]k,ne{l,Q,m,N}

APPENDIX B

Let us write the decision statistic (19) as

§=6&+& + o, (53)
where
I Ting +€
(8%
b= | yt)dr (54)
int
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and
Tint+e

Y
that y(t)dt.

51 - T1int

(55)
t=¢

For theoretical analysis, we find a matrix theoretical representa-
tion of the decision statistic (53). We do this by separately con-
sidering the square-law component £ and the linear component
&1

The matrix representation is obtained by using the Fourier
series representation (1) of the input y(t) in ¢ € [0 Tp| and
by using the Fourier series coefficients collected into a vector
as in (2). The input y(¢) includes thermomechanical noise and
all signals present. By using Fourier representation of the input
y(t),t € [0 Tp] in (1) and plugging into (54), we get

Ting +e N 2xnt 2
g B IQOAQ ao . a, COS (—TP &t
9 = — E L.
4 . 27nt
CFlnt 2 2 nel +bn sin (T)

(56)

By expanding the terms due to squaring, and performing inte-
gration on each term, we find that the result can be represented

as a quadratic form
& = XTAX, (57)

where X is given in (15) and the matrix A is derived in the
Appendix C. The linear component is

Ting+e N 2nnt
Ty ao Gy, COS (—T )
f-2n [ {2 V) ) a
it S ne1 \ +bnsin (T)
= b%, (58)

where the vector b is derived in the Appendix C.
By summing the square-law, linear, and constant components,
we finally get the result in (20).

APPENDIX C

The matrix A is

A= Lyas
Crint
icrint %VC (N7 fFinth TP) %VS (*7\Tv crint7 TP)
X %Vc(NyirintaTP)T mcc(N7fFint,TP) mcs(NyTlintaTP)

1ve(N, Tia, Tp)" med N, Tine, Tp)" mise(N, Tine, Tp)

where row vector

Ve (]\T7 cZ—1i1‘1t7 TP)

Tp (Sin(—zr"%"t+€)) - sin(—zg,;")>

27n

n=1,2,..N

and row vector

Vs(N7 TintaTP)

Tp (cos (4%”(;;:#5)) — cos (—ﬁ;"))

2mn

n=1,2,..N
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and N x Nmatrix (k=1,...,Nandj=1,...,N)
mcc(i\ﬂ jjintn TP)

o 2 (Tinete)
Tp S‘“( Th ) e sin(“;;”)
g g
Ting ,
l2n + ™ k=n
= . 27 (Tipg+e)(k+n)
Tp s ATt TR/ PR o f2me(k—
pmn( S B Tp sm(%)
4w (k+n) 4m(k—mn)
. w(Tigp4e)(k—
T Sin(gﬂ-E;‘)PHQ) Tp SIH(W)
, - + - k#n
4w (k+n) 4 (k—n)
and N x N matrix
Mg (J\:r; CZ“infﬁ TP)
([ 4en(Tito)
Tp sm( Tpt ) Tp sin(4%;“‘)
g - g
Tint k=n
o 2 iy o)
- Tp sin(%) Tp sin(%)
4m(k+n) 4m(k—n)
Tp sin ( 2”(TintT+P€)(k*n)> T sin ( 2”(Tint;’;)(k+”)>
4m(k—n) - 4n(k+n) k ?é n
and N x N matrix
mcs(N7 CZ_’inta TP)
Tp (cos <747m(§;"+5) ) 7cos(4—§5;” ) )
_ 5 k=n
™
27 (Typg+e) (h+n)
_ Tp cos(—hsq(ﬂ];*")) Tp cos (%
4r(k—n) - 4m(k+n)
T COS(2N5;1;+n)) Tp COS(W)
4m(k+n) 4n(k—mn) k ?é n

The vector b is

Iy,
ﬂnt

b = [lﬂnt

2 VC(N71—1int7TP)

VS(J\"Ta ﬂnt; TP) ] .
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