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Abstract—Nanonetworks consist of nano-sized communicat-
ing devices which are able to perform simple tasks at the
nanoscale. Nanonetworks are the enabling technology of long-
awaited applications such as advanced health monitoring systems
or high-performance distributed nano-computing architectures.
The peculiarities of novel plasmonic nano-transceivers and nano-
antennas, which operate in the Terahertz Band (0.1-10 THz),
require the development of tailored communication schemes for
nanonetworks. In this paper, a modulation and channel access
scheme for nanonetworks in the Terahertz Band is developed.
The proposed technique is based on the transmission of one-
hundred-femtosecond-long pulses by following an asymmetric
On-Off Keying modulation Spread in Time (TS-OOK). The
performance of TS-OOK is evaluated in terms of the achievable
information rate in the single-user and the multi-user cases. An
accurate Terahertz Band channel model, validated by COMSOL
simulation, is used, and novel stochastic models for the molecular
absorption noise in the Terahertz Band and for the multi-user
interference in TS-OOK are developed. The results show that
the proposed modulation can support a very large number of
nano-devices simultaneously transmitting at multiple Gigabits-
per-second and up to Terabits-per-second, depending on the
modulation parameters and the network conditions.

Index Terms—Nanonetworks, terahertz band, pulse-based
communication, modulation.

I. INTRODUCTION

ANOTECHNOLOGY is providing a new set of tools to

the engineering community to design and manufacture
nanoscale components, able to perform only specific tasks at
the nanoscale, such as computing, data storing, sensing and
actuation. The integration of several of these nano-components
into a single entity will result in autonomous nano-devices. By
means of communication, these nano-devices will be able to
achieve complex tasks in a distributed manner. The resulting
nanonetworks will enable new applications of nanotechnology
in the biomedical, environmental and military fields.

One of the early applications of nanonetworks is in the field
of nanosensing [2]. Nanosensors are nano-devices that take
advantage of nanomaterials to detect new types of events at the
nanoscale. For example, they can detect chemical compounds
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in very low concentrations (even a single molecule), and
virus or harmful bacteria in very small populations. The size
of an individual nanosensor is in the order of a few cubic
micrometers, but their sensing range is limited to a few cubic
micrometers as well. By means of communication, nanosen-
sors will be able to transmit their information in a multi-hop
fashion to a common sink. The resulting Wireless NanoSensor
Networks (WNSNs) can be embedded for example in the
fabric of our clothing to enable advanced health monitoring
systems. Another application of nanonetworks is in the area of
Wireless Network on Chip (WNoC) [3]. For example, wireless
unicast, multicast and broadcast communication among nano-
processors can drastically change the design principles of
high-performance distributed computer architectures.

The communication requirements of nanonetworks widely
change across applications. For example, in WNSNs, very
high node densities, in the order of hundreds of nanosensors
per square millimeter, are needed to overcome the limited
sensing range of individual devices. In addition, different type
of nanosensors might be interleaved to detect different types
of chemical compounds, which results in up to thousands of
nano-devices per square millimter. With an individual response
time of multiple microseconds [2], the aggregated throughput
could reach multiple Gigabits per second (Gbps). When it
comes to WNoC, the processing speed of an individual core
and the total number of cores determines the aggregated
throughput. From [3], data rates in the order of hundreds of
Gbps per core are common, and multi-core architectures with
tens and hundreds of cores already exist. While not all the
cores might need wireless links all the time, peak data rates in
the order of Terabits per second (Tbps) need to be supported.

To date, the communication options for nano-devices are
very limited. The miniaturization of a conventional metallic
antenna to meet the size requirements of the nano-devices
would impose the use of very high operating frequencies
(hundreds of Terahertz). The available transmission bandwidth
increases with the antenna resonant frequency, but so does the
propagation loss. Due to the expectedly very limited power
of nano-devices, the feasibility of nanonetworks would be
compromised if this approach were followed. Alternatively,
graphene, i.e., a one-atom-thick layer of carbon atoms in
a honeycomb crystal lattice [4], has been proposed as the
building material of novel plasmonic nano-antennas [5], [6].
These can efficiently operate at Terahertz Band frequencies
(0.1-10 THz) [7], [8], [9], by exploiting the behavior of
Surface Plasmon Polariton (SPP) waves. Nano-antennas are
just tens of nanometers wide and few micrometers long, and
can potentially be easily integrated in nano-devices.
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In this same direction, compact Terahertz Band plasmonic
signal generators and detectors are being developed [10], [11].
Contrary to classical Terahertz Band radiation sources, which
usually require high power bulky devices and sophisticated
cooling systems [12], solid-state Terahertz Band emitters can
electronically excite SPP waves at Terahertz Band frequencies
from a compact structure built on a High Electron Mobility
Transistor (HEMT) based on semiconductor materials. How-
ever, for the time being, at room temperature, only very short
pulses, just a hundred femtosecond long, can be generated,
with a power of just a few uW per pulse. While this might
not be enough for long range Terahertz Band communication,
it opens the door to communication in nanonetworks.

The lack of nanoscale transceivers able to generate a carrier
signal at Terahertz Band frequencies limits the feasibility of
carrier-based modulations, and motivates the use of pulse-
based communication schemes in nanonetworks. When size is
not a constraint, carrier-based modulations can still be used, as
shown in [13], [14], [15]. Pulse-based modulations have been
widely used in very high speed communications systems such
as Impulse Radio Ultra-Wide-Band (IR-UWB) [16] and free-
space optical (FSO) systems [17]. However, the peculiarities
of nano-transceivers and nano-antennas and the phenomena
that affect the propagation of these very short pulses in the
Terahertz Band requires a revision of common assumptions in
pulse-based communications.

In this paper, we propose and analyze the performance
of a pulse-based modulation and channel access scheme for
nanonetworks in the Terahertz Band, which is based on
the transmission of one-hundred-femtosecond-long pulses by
following an asymmetric On-Off Keying modulation Spread
in Time (TS-OOK). This scheme is tailored to the expected
capabilities of Terahertz Band signal generators and detectors,
and exploits the peculiarities of the Terahertz Band channel.

The main contributions of this paper are summarized as
follows. First, in Sec. II, we revise the state of the art and
highlight the peculiarities of Terahertz Band nanoscale signal
generators and detectors, the impact of the nano-antenna in the
transmission and in reception, as well as the channel effects
and propagation phenomena in the Terahertz Band.

Second, in Sec. III, we propose TS-OOK as a modulation
and channel access scheme for nanonetworks in the Terahertz
Band and briefly describe its functioning in the single-user
and the multi-user cases. Third, we analytically model the
performance of TS-OOK in an interference-free scenario.
For this, we develop a new stochastic model of noise in
the Terahertz Band, and we use this model to analyze the
maximum achievable information rate. The details on the noise
model and information rate analysis are presented in Sec. IV.

Fourth, we extend our analysis on the performance of TS-
OOK to the multi-user case. For this, we develop a stochastic
model of multi-user interference in pulse-based communica-
tion in the Terahertz Band. This model considers a uniform
distribution of nano-devices in space, which communicate in
an asynchronous manner in an ad-hoc fashion and without
a central coordinator. We then use this model to analytically
investigate the achievable information rate in the presence of
multi-user interference. Our analysis is treated in Sec. V.

Finally, we use COMSOL Multi-physics [18] to validate our
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models by mean of time-domain electromagnetic simulations,
and we numerically investigate the achievable information rate
for the two cases under study. Our results show that, despite
its simplicity, when using TS-OOK, nanonetworks can support
a very large number of nano-devices simultaneously trans-
mitting at very high bit-rates, given that asymmetric source
probability distributions are used to prioritize the transmission
of silence. The achievable rates range from a few Gbps to a
few Tbps, depending on the TS-OOK parameters and nano-
device density. The details on our simulation and numerical
analysis are presented in Sec. VI. We conclude the paper in
Sec. VIL

II. TERAHERTZ BAND PULSE-BASED SYSTEMS
A. Signal Generation

Terahertz Band signal generators for communication among
nano-devices must be i) compact, i.e., up to several hundreds
of square nanometers or a few square micrometers at most;
ii) fast, i.e., able to support modulation bandwidths of at least
several GHz; iii) energy-efficient, and iv) preferably tunable.

Several technologies are being considered for the generation
of Terahertz Band signals. For the time being, monolithic inte-
grated circuits based on Silicon [19], Silicon Germanium [20],
Indium Phosphide [21] and Gallium Nitride [22], have been
demonstrated at frequencies between 0.1 and 1 THz. For
higher frequency operation, photonic devices and, in partic-
ular, Quantum Cascade Lasers (QCLs) [12], are commonly
utilized. QCLs can operate at frequencies above a few THz
and can generate an average power up to a few mW. However,
the need of an external laser for optical electron pumping
and their size (at least several square millimeters) hamper the
application of QCLs for communication in nanonetworks.

More recently, compact signal generators are being devel-
oped by using a single HEMT based on III-V compound semi-
conductors (e.g., Gallium Nitride) as well as graphene [10],
[11]. In particular, it has been shown that SPP waves at
Terahertz Band frequencies can be excited in the channel of
a HEMT with nanometric gate length by means of either
electrical or optical pumping. When a voltage is applied
between the drain and the source of the HEMT, electrons
are accelerated from the source to the drain. This sudden
movement of electrons results in the excitation of a SPP wave
due to the energy band-structure of the building material of
the HEMT. At room temperature, however, the SPP waves are
overdamped and only very short broadband incoherent SPP
waves are generated. These resemble very short pulses, just
several tens of femtoseconds long.

In our analysis, we model the generated signals as one-
hundred-femtosecond-long Gaussian pulses. These type of
pulses are already being used in several applications such
as Terahertz imaging and biological spectroscopy [23]. The
p-s.d. of these pulses has its main frequency components in the
Terahertz Band. Pulses with a peak power of a few uW, i.e.,
with equivalent energies of just a few aJ (1078J), have been
reported in the related literature [11]. An additional technology
limitation at the generator is that pulses cannot be transmitted
in a burst, but due to the relaxation time of SPP waves in the
HEMT channel, need to be spread in time. In our analysis,
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we consider the energy per pulse and the spreading between
pulses as two technology parameters.

B. Signal Radiation

The resulting plasmonic signal can be then radiated by a
Terahertz Band plasmonic nano-antenna, such as the designs
proposed in [5], [6]. The radiated waveform depends on the
antenna behavior in transmission. Contrary to classical narrow-
band communication systems, and in-line with UWB systems,
the antenna response cannot be modeled with a single gain,
but the entire frequency response or the antenna impulse
response are needed. Independently of the particular antenna
design, from [24], [25], the radiated electromagnetic field is
proportional to the first time derivative of the current density
at the antenna surface. For this, we model the antenna impulse
response in transmission hl , as:

a / !
W (0= 5, [ T erav m

where ¢ refers to time, V' stands for the volume occupied by
the antenna, J ﬂ (in units of [1/m?s]) is the current distribution
on the antenna due to an impulse input current ¢ (¢) in the
transverse direction relative to the observation direction, and
r’ = (xz,y). The current distribution on the antenna J ﬂ
depends on the particular antenna design, and usually it can
only be numerically obtained. At this stage, we keep our
analysis general for any possible antenna. In our results, we
utilize COMSOL Multi-physics to account for the impact of an
electric point dipole in transmission. More details are provided
in Sec. VL

C. Signal Propagation

The propagation of the radiated pulses is determined by
the Terahertz Band channel behavior. Existing channel models
for lower frequency bands cannot be utilized at Terahertz
Band frequencies, because they do not capture the peculiarities
of this frequency range, such as the impact of molecular
absorption on the signal propagation. In addition, the few
existing Terahertz Band channel models [26], [27], [28] are
aimed at characterizing only a fraction of the Terahertz Band
(e.g., 300 GHz window) and usually over large propagation
distances (several meters). However, in light of the limited
transmission power of nano-devices and the broadband nature
of the generated signals, there is a need to model the entire
Terahertz Band for distances much below one meter.

In this direction, we have recently developed a channel
model for Terahertz Band communications [29]. The main
difference with other frequency bands comes from the molec-
ular absorption loss. The absorption loss accounts for the
attenuation that a propagating wave suffers because of molec-
ular absorption, i.e., the process by which part of the wave
energy is converted into internal kinetic energy to some of
the molecules which are found in the channel. This loss
depends on the signal frequency, the transmission distance and
the concentration and the mixture of molecules encountered
along the path. As a result, the Terahertz Band channel is
highly frequency selective, specially when the concentration
of molecules or the transmission distance are increased.
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From [29], the Terahertz Band channel frequency response
H, is given by

Hc (fa d) = Hspread (fa d) Habs (f7 d)7 (2)

where H,preqq and Hgys refer to the spreading loss and the
molecular absorption loss, respectively, and are given by

Hspread (fa d) = ( ) exp (—127de/0) (3)

1
Tid
Hope (f,d) = oxp (—%k (f) d) , 4)

where f stands for frequency, d stands for distance, and k is
the medium absorption coefficient, given by

p Tstp ;i
k(f) ZQOT Qo' (f), )
where p refers to the system pressure in Kelvin, pg is the ref-
erence pressure (1 atm), Ts7p is the temperature at standard
pressure (273.15 K), @ is the number of molecules per volume
unit of gas ¢ and o' is the absorption cross-section of gas
. More details on how to compute the molecular absorption
cross-section o can be found in [29].

The channel impulse response h. is obtained by using the
Inverse Fourier transform

he (t,d) = F ' {H. (f,d)}. (6)

This inverse Fourier Transform does not have an analytical
expression. In our analysis, we will numerically compute the
channel time response. As we describe in Sec. VI, we use
COMSOL Multi-physics to validate this model by means of
extensive time-domain simulations. In addition, this model can
successfully reproduce existing measurements for the lower
range of the Terahertz Band between 100 GHz and 1 THz,
such as the values reported in [27].

There are additional propagation effects that might impact
the received signal, such as multi-path propagation. A multi-
path model for the Terahertz Band needs to account for
the impact of molecular absorption, the reflection coefficient
of common materials at Terahertz Band frequencies and
the impact of diffused scattering on rough surfaces [30],
amongst others. The few multi-path channel models existing
to date [28] are mainly focused on the 300 GHz window, and
a complete model for the entire Terahertz Band does not exist.
As a result, we do not account for multi-path in this work.

D. Signal Reception

The signal at the receiver depends on the antenna impulse
response in reception. From [24], [25], this is proportional
to the time integral of the antenna impulse response in
transmission. For this, we model the antenna impulse response
in reception h , as:

t
R T

hant (t) = / hant (T) dT? (7)
0

where t refers to time and hZ , is the antenna impulse response

in transmission, given by (1). As before, the antenna impulse

response in reception depends on the particular antenna, and

can generally only numerically be obtained. In our results, we
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utilize COMSOL Multi-physics to incorporate the impact of
an electric point dipole antenna in reception.

The system impulse response, which captures the impact of
the antenna in transmission, the propagation effects, and the
impact of the antenna in reception, is finally given by:

h(t) = hgne (8) * he () * gy (1), ®)

ant
In classical narrow-band systems, the impact of the antenna in
transmission and in reception is usually captured by taking into
account the following relation between the antenna directivity
D and its effective area A.ys in reception:

D)\2 = 47TA@ff, (9)

where A stands for the wavelength at the design center
frequency of the system. It is relevant to note that both the
directivity D and the effective area A.;; depend on the
frequency themselves, and thus, the utilization of the afore-
mentioned expression would be a narrow-band approximation.
We do not follow this approach, and model instead the antenna
impulse response in transmission and in reception numerically
in COMSOL.

E. Signal Detection

Many technologies are being considered for the detection
of Terahertz Band signals. Currently, the most developed
solutions rely on bolometers [31] and Schottky diodes [32].
On the one hand, bolometric detectors are able to detect very
low power signals and have a high modulation bandwidth
(up to a few GHz). However, their low performance at room
temperature and their size pose a major constraint for the nano-
devices. Similarly, the detection systems based on Schottky
diodes can operate at room temperature and exhibit a high
modulation bandwidth (up to 10 GHz), but their size limits
their integration with the rest of the nano-transceiver.

Alternatively, the same HEMT-based structure discussed in
transmission, has been proposed for the detection of Terahertz
Band signals [10], [11]. The injection of a plasmonic current in
the channel of the HEMT results into electrons being pushed
from the source to the drain. This effectively creates a voltage
between the drain and the source. Recent works show how
HEMT-based detectors provide excellent sensitivities with the
intrinsic possibility of high-speed response (limited only by
the read-out electronics impedance).

Similarly as in transmission, at room temperature, HEMT-
based detectors can only measure the amplitude of the received
signals, but not their phase. A sensitivity or noise equivalent
power as low as 10 fW/\/Hz has been reported in [33]. For
the time being, an accurate symbol detection model for one-
hundred-femtosecond-long pulses is missing. A preliminary
version of our ongoing work to develop a new symbol detec-
tion model can be found in [34]. In order to separate the impact
of the symbol detection scheme on the system performance,
we will consider an ideal matched filter in our analysis.

III. TIME SPREAD ON-OFF KEYING

In this section, we describe the proposed communication
technique for nanonetworks, which serves both as a modula-
tion scheme as well as a multiple access mechanism.
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A. Modulation Definition

In light of the capabilities of nano-transceivers, we propose
the use of TS-OOK for communication among nano-devices
in the Terahertz Band. TS-OOK is based on the exchange
of one-hundred-femtosecond-long pulses among nano-devices.
The functioning of this communication scheme is as follows:

o A logical “1” is transmitted by using a one-hundred-

femtosecond-long pulse and a logical “0” is transmitted
as silence, i.e., the nano-device remains silent when a
logical zero is transmitted. As discussed above, solid-state
Terahertz Band transceivers are not expected to be able to
accurately control the shape or phase of the transmitted
pulses and, thus, a simple OOK modulation is used. To
avoid the confusion between the transmission of silence
and the no transmission, initialization preambles and
constant-length packets can be used. After the detection
of the preamble, silence is considered a logical “0”.

o The time between transmissions is fixed and much longer
than the pulse duration. Due to the nano-transceiver
limitations above described, pulses or silences are not
transmitted in a burst, but spread in time as in IR-UWB.
By fixing the time between consecutive transmissions,
after an initialization preamble, a nano-device does not
need to continuously sense the channel, but it just waits
for the next transmission. This scheme does not require
tight synchronization among nano-devices all the time,
but only selected nano-devices will be synchronized after
the detection of the initialization preamble.

Under this scheme, the signal transmitted by a nano-device

u, sy is given by:

K
sh () =Y App(t— kT, — 71" (10)
k=1
where K is the number of symbols per packet, A} refers to
the amplitude of the k-th symbol transmitted by the nano-
device u (either O or 1), p stands for a pulse with duration 7,
T, refers to the time between consecutive transmissions, and
7" is a random initial transmission delay. In general, the time
between symbols is much longer than the time between pulses.
Following the usual notation, we define § = T/T), > 1.
The signal received by a nano-device j can be written as:

K
st (t) =Y Afp(t— KTy —7") « B™7 () + nj? () (11)
k=1

where h%7 is the system impulse response between the nano-
devices u and j, in (8), and depends on the specific medium
conditions and the distance between the transmitter u and the
receiver j. n,.’ stands for the noise affecting the transmission
of symbol k between u and j, described in Sec. IV-A.

B. Medium Sharing with TS-OOK

TS-OOK enables robust and concurrent communication
among nano-devices. In the envisioned scenarios, nano-
devices can start transmitting at any time without being
synchronized or controlled by any type of network central
entity. However, due to the fact that the time between trans-
missions Ts is much longer than the pulse duration 7,
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Fig. 1. TS-OOK illustration: top) First nano-device transmitting the sequence
“101100”; middle) Second nano-device transmitting the sequence “110010”;
bottom) Overlapped sequences at the receiver side.

several nano-devices can concurrently use the channel without
necessarily affecting each other. In addition, the very short
symbol duration 7T}, (i.e., =100 fs) makes collisions between
symbols highly unlikely. Moreover, not all types of collisions
are harmful. There are no collisions between silences, and
collisions between pulses and silences are only harmful from
the silence perspective, i.e., the intended receiver for the pulse
will not notice any difference if silence is received at the same
time. In any case, collisions may occur, creating multi-user
interference.
The signal received by a nano-device j is given by:

U
= Z W (t — kTs — 7) % ™9 () + ni (1)
o (12)

where U — 1 is the number of interfering nano-devices, K is
the number of symbols per packet, A} refers to the amplitude
of the k-th symbol transmitted by the nano-device w (either O
or 1), p stands for a pulse with duration 7}, T refers to the
time between consecutive transmissions, 7% is a random initial
time, A% is the system impulse response between v and j in
(8), and nZ’J stands for the noise affecting the transmission
of the k-th symbol between u and j.

In Fig. 1, we show an example of TS-OOK for the case in
which two nano-devices are simultaneously transmitting dif-
ferent binary sequences to a third nano-device. The upper plot
corresponds to the sequence “101100”, which is transmitted by
the first nano-device. A logical “1” is represented by the first
derivative of a Gaussian pulse and a logical “0” is represented
by silence. The time between symbols is T is very small for a
real case but convenient for illustration purposes. This signal is
propagated through the channel (thus, distorted and delayed).
Similarly, the second plot shows the sequence transmitted by
the second nano-device, “110010”. This second transmitter is
farther from the receiver than the first transmitter.

IV. SINGLE-USER ACHIEVABLE INFORMATION RATE IN
TS-OOK

In this section, we develop a stochastic model of molecular
absorption noise and analytically investigate the achievable
information rate for TS-OOK in the single-user case.

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 62, NO. 5, MAY 2014

A. Stochastic Model of Molecular Absorption Noise

To study the achievable information rate for TS-OOK in
the single-user case, it is necessary to stochastically charac-
terize the noise in the Terahertz Band. As described in [29],
molecular absorption is one of the main noise sources at
Terahertz Band frequencies. Excited molecules re-radiate out
of phase part of the energy that they have previously absorbed.
This is conventionally modeled as a noise factor [35]. Two
main properties characterize this noise. On the one hand,
molecular absorption noise is correlated to the transmitted
signal. In particular, molecular absorption noise increases
when transmitting, i.e., there is only background noise unless
the molecules are irradiated [36]. On the other hand, different
molecules resonate at different frequencies and, moreover,
their resonance is not confined to a single frequency but spread
over a narrow band. As a result, the power spectral density
(p-s.d.) of the noise has several peaks in frequency.

The overall molecular absorption noise contribution at the
receiver comes from a very large number of molecules, ran-
domly positioned across the channel. By invoking the Central
Limit Theorem, the total contribution at the receiver can be
modeled as Gaussian. This is a common assumption, described
also in [35], [36]. For a specific resonance v, this noise can
be characterized by a Gaussian probability distribution with
mean equal to zero and variance given by the noise power
within the band of interest,

Nv <ﬂv:0705:LSNv (f)df)v

where Sy, (f) refers to the p.s.d. of the molecular absorption
noise created by the resonance v, and B stands for the
receiver’s equivalent noise bandwidth. By considering the
different resonances from the same molecule as well as the
resonances in different molecules to be independent, we can
model the total molecular absorption noise also as additive
Gaussian noise, with mean equal to zero and variance given
by the addition of the noise power corresponding to each
resonance, N (u = 0,0% =3, 02).

The variance of the molecular absorption noise can also be
obtained by integrating the total noise p.s.d. over the receiver’s
noise equivalent bandwidth. The total molecular absorption
noise p.s.d. Sy, affecting the transmission of a symbol
m € {0,1} is contributed by the background atmospheric
noise p.s.d. Sys [35] and the self-induced noise p.s.d. SNg,g’
which are defined as

SN, (fsd) = Sy (f) + Snx (f.d)
SNB (f) = hm kpTy (1 - |Habs fa

13)

(14)

) | ant ‘

(15)
‘ ant | (1 - |H¢le (fv d)|2)
“[Hspreaa (f,d) (16)

where d refers to the transmission distance, f stands for the
frequency, kp is the Boltzmann constant, 7 is the room tem-
perature, H,ps is the molecular absorption loss given by (4),
Hspread is the spreading loss given by (3), H , and HI , are
the antenna frequency response in reception and transmission,

SNﬁ,i (f.d)=

‘ ant |
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respectively, which are obtained as the Fourier transform of (7)
and (1), and Sk, is the p.s.d. of the transmitted signal.

The term Sy takes into account that the background
noise is i) generated from molecules that radiate for being
at a temperature above 0 K, and ii) detected by an antenna
in reception. The term Syx takes into account that the
induced noise is i) generated by the transmitted signal X,,,
ii) spherically spread from the transmitting antenna, and iii)
detected by an antenna in reception.

Finally, the total noise power at the receiver N,,, when the
symbol m € {0,1} is transmitted is given by

d) = /B S, (f.d) [H, () df, (17)
where B is the receiver’s noise equivalent bandwidth and H,
is the receiver’s frequency response described in Sec. II.

In addition to the molecular absorption noise, there are other
noise sources that can affect the achievable information rate
in the proposed scheme, such as the electronic noise at the
receiver. The noise factor at the receiver drastically depends
on the specific device technology. However, a stochastic model
for the electronic noise at the receiver is missing. In our
analysis, we aim at obtaining an upper bound, independent
of the transceiver technology. These results will be extended
as stochastic noise models for the receiver are developed.

B. Analytical Study of the Single-user Information Rate

The maximum achievable information rate in bit/symbol
IR, _sym of a communication system for a specific modu-
lation scheme is given by

IR —sym = max {H(X)-H(X|Y)}, (18)
where X refers to the source of information, Y refers to the
output of the channel, H (X) refers to the entropy of the
source X, and H (X|Y) stands for the conditional entropy
of X given Y or the equivocation of the channel.

In our analysis, we consider the source of information X to
be discrete, and the output signal of the transmitter s%. in (10),
the channel response h in (8) and the molecular absorption
noise n to be continuous. Under these considerations, the
source X can be modeled as a discrete binary random variable.
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Therefore, the entropy of the source H (X) is given by:

1
- Z pPx (fm) logz pPx (xm)v

m=0

H(X) (19)

where px (x,,) refers to the probability of transmitting the
symbol m = {0,1}, i.e., the probability to stay silent or to
transmit a pulse, respectively.

The output Y of the channel can be modeled as a continuous
random variable. In particular, the output of the transmitter is
distorted by the channel h, and corrupted by the molecular
absorption noise n. The only random component affecting the
received signal is the molecular absorption noise.

By recalling the Mixed Bayes Rule and the Total Probability
Theorem [37], the equivocation H (X|Y) can be written in
terms of the probability of the channel output Y given the
input z,,, fy (Y|X = z,),

(X|Y /Z fY Y|X —f7n)pX (fm)

Y m=0
1
> fy (YIX = 2) px (22) (20)
‘log, | 2=2 dy.

Iy (Y|X = xm)pX (xm)

Based on the stochastic model of molecular absorption
noise, the p.d.f. of the output of the system Y given the input
X = x,, can be written as:

1 _1w=—am)?

————e 2 Nm
27N,

y Y|X =z,) = 21
where N,, stands for the total noise power associated to the
transmitted symbol z,, and a,, refers to the amplitude of the
received symbol, which is obtained by using the Terahertz
Band system model described in Sec. II.

By combining (19), (20) and (21) in (18), the achievable
information rate in bit/symbol can be written as (22). Finally,
the maximum achievable information rate in bit/second is
obtained by multiplying the rate in bit/symbol (22) by the
rate at which symbols are transmitted, R = 1/Ts = 1/(87T,),
where Ty is the time between symbols, T}, is the pulse length,
and [ is the ratio between them. If we assume that the
BT, ~ 1, where B stands for the channel bandwidth, the

IRu—sym:m;gX{_mzl:o (%) logy px (Tm) /Z \/T 1%px (m)
s {5 o o (0 S R ) )
A v (1o (1 S e )

Authorized licensed use limited to: Northeastern University. Downloaded on January 23,2023 at 03:33:27 UTC from IEEE Xplore. Restrictions apply.



1748

rate in bit/second is given by:

%IRU,SW.
If B = 1, ie., all the symbols (pulses or silences) are
transmitted in a burst, and the maximum rate per nano-device
is achieved, provided that the incoming information rate and
the read-out rate to and from the nano-transceiver can match
the channel rate. By increasing 3, the single-user rate is
reduced, but the requirements on the transceiver are greatly
relaxed, as we explained in Sec. II. Analytically solving the
maximum information rate expression given by (22) is not
feasible. Instead, we numerically investigate it in Sec. VL.

IR, = (23)

V. MULTI-USER ACHIEVABLE INFORMATION RATE
IN TS-OOK

In this section, we develop a stochastic model for inter-
ference in TS-OOK and formulate the multi-user achievable
information rate analytically.

A. Stochastic Model of Multi-user Interference in TS-OOK

Multi-user interference in TS-OOK occurs when symbols
from different nano-devices reach the receiver at the same
time and overlap. Without loss of generality, we focus on the
symbols transmitted by the nano-device number 1. Then, the
interference I at the receiver j during the detection of a symbol
from node number 1 is given by:

U
I=3 A% (peh)"™ () 40" (T, @4)
u=2

where U refers to the total number of nano-devices, A% is
the amplitude of the symbol transmitted by the nano-device u
(either one or zero), (p * h)" stands for the transmitted pulse
convoluted with the system impulse response between nano-
devices v and j, 7* is the time difference at the receiver
side between the transmissions from nano-devices 1 and u,
and n* is the absorption noise created at the receiver by the
transmissions from the nano-device u.

Many stochastic models of interference have been devel-
oped to date. For example, an extensive review of the existing
models can be found in [38], [39], [40]. However, these models
do not capture the peculiarities of the Terahertz Band channel,
such as the molecular absorption loss and the additional
molecular absorption noise created by interfering nodes. In
order to provide a stochastic characterization of the interfer-
ence in TS-OOK, we make the following considerations:

1) Nano-devices are not controlled by a central entity, but

they communicate in an uncoordinated fashion.

2) Transmissions from different nano-devices are indepen-
dent and follow the same source probability X.

3) The random initial time 7 in (10) is uniformly dis-
tributed.

4) Nano-devices are uniformly distributed in space, thus,
the propagation delay between any pair of nano-devices
is also uniformly distributed in time.

5) Collisions between silences are not harmful. Collisions
between pulses and silences are only harmful from the
silence perspective.
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Under these considerations, the time difference at the re-
ceiver side between the transmissions from the nano-devices
1 and u, 7%, can be modeled as a uniform random variable
over [0, Ts]. In addition, we can model the overall interference
I as a Gaussian random process, N (/u =E[I];0? = NI),
where E [I] and Ny are the mean and variance of the interfer-
ence, respectively. Indeed, for a single interfering nano-device,
the amplitude of the interference depends on the propagation
conditions and the distance between this user and the receiver.
In addition, this interference can be constructive or destructive,
depending on the phase of the pulses at the detector. Then,
for a large number of users, we can invoke the Central Limit
Theorem [37], and make the Gaussian assumption for /. We
acknowledge that this assumption is mainly valid for very high
nano-device density, larger than /3 in our analysis, which is
what we would expect in applications such as WNSNs. We
will consider nano-device densities of up to 10° nodes in a
one-meter-radius disk centered at the receiver in our analysis.

The mean of the interference E [I] is defined as:

Dj
| |

ZA" ()™ (T) + 03 (T7)

= Z %px (J‘l) )
u=2

where U refers to the total number of nano-devices, T, is the
pulse length, T}, is the time between symbols, and a7 is the
average amplitude of a pulse at the receiver, j, transmitted by
the nano-device wu.

The variance of the interference is given by:

(25)

Ny =E[I?] - B[, (26)

where

U 2
-5 (Z A (pe Y9 (T) 4 s (ﬂ“))
U u,j
Z<( N )pxm)

u=2
(p xl))z w,j o v,j
a“la’?,
2<v

and which results in

+2

27

24 Nwd

(Yo (5

+2 Z
u=2<v

where U is the total number of nano-devices, a%J refers to

the amplitude of the pulse transmitted by « at the receiver 7,

N™J is the noise power created from the transmission from

u to j, and px (z1) is the probability of transmitting a pulse.

bx (331)

)

(28)
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B. Analytical Study of the Multi-user Information Rate

We define the multi-user achievable information rate as the
maximum aggregated throughput that can be transmitted over
the network, i.e.,

B
IRt = m)?x {UEIR{L—sym} )

where U refers to the number of interfering nano-devices,
X refers to the source of information for every single nano-
device, and Rfksym is the maximum achievable information
rate for every single nano-device. Because of multi-user in-
terference, I R{L_Sym cannot be computed directly from (18).
The optimal source distribution X depends on the number
of interfering nano-devices in the network, U, and, thus,
obtaining the multi-user maximum achievable information rate
means to jointly optimize X and U.

In order to determine the I R{L_Sym as a function of the
number of nano-devices U, we need to add the contribution
of interference into the probability of the output Y given the
input X = x,,. Taking into account the previously introduced

model for interference, now (21) becomes:

(29)

1 _1(—El]-am)?
2 Nm+Np
2 (Nm + N])

where N, stands for the noise power associated to the symbol
m, Ny is variance of the interference, and F [I] is the mean
value of the interference. Then, TR.__ ~ can be obtained
by combining (30), (20) and (19) in (18). Finally, the multi-
user achievable information rate is given by (31). Similarly
to the single-user case, analytically solving this optimization
problem is not feasible. For this, we numerically investigate

it next.

VX =2n) = , (30)

VI. NUMERICAL RESULTS

In this section, we first validate our analytical model for the
Terahertz Band channel time response. Then, we numerically
analyze the performance of TS-OOK in the single-user case
and the multi-user case.

A. COMSOL Validation of the System Impulse Response

We use COMSOL Multi-physics [18] to validate the antenna
and Terahertz Band system impulse response. For this, we

1749

set-up a time-dependent transient electromagnetic simulation
in COMSOL. A time domain analysis allows us to implic-
itly validate the system response over the entire frequency
range of interest (from 100 GHz to 6 THz in this case).
In addition, it allows us to validate the delay/phase of the
received signals, and not just their amplitude or power. We
use an isotropic electric point dipole as the EM source.
The current density at the transmitting antenna corresponds
to a one-hundred-femtosecond-long Gaussian pulse, whose
maximum is centered at 800 fs. For this set of figures, we
define several EM point probes at distances equal to 500 pm,
1 mm, 2.5 mm and 5 mm, respectively. The system response
at larger distances is simulated in the same way at the cost of
a higher computational complexity.

First, we focus on the analysis of the system response at a
fixed distance. The system impulse response h at a distance
d =1 mm is illustrated in Fig. 2(a). We compare two different
results. First, (8) is numerically evaluated in the case of having
a joint antenna in transmission and in reception response
that satisfies ‘HgntHf;lt‘Q = A\3/4m, where \g = ¢/fo and
fo is the antenna design frequency and corresponds to the
center frequency of the pulse p.s.d., approximately 1.6 THz.
Second, the detected EM signal at a point probe at d = 1 mm
in our COMSOL simulation is shown. We can observe that
the analytical model can accurately reproduce the simulation
results. The peak of the system impulse response corresponds
to expected delay at 1 mm from the source. The amplitude
of the major lobe of the system impulse response is the same
in the two cases. The signal is affected by very small ampli-
tude fluctuations due to the molecular absorption frequency
selective behavior. However, there is a small discrepancy in
the amplitude of the first secondary lobes in the system.

To better understand what is happening, we show in
Fig. 2(b) the system frequency response. In this case, we can
see that for frequencies above 1 THz, the analytical model
given by (8) can match the simulation results. However, for
lower frequencies, there is a mismatch between the analytical
model and the simulation results. We associate this difference
to the way in which the temporal response of an isotropic
point dipole is modeled in COMSOL. Due to the fact that the
p-s.d. of the transmitted signal x is mainly between 1 THz and
4 THz, this difference does not drastically affect our results.

In Fig. 2(c), the received signal at a distance d = 1 mm is

B 1
IR et = In)?{lX {UE <_ Z pPx (xm)l()ngX (irm) _/

m=0

/2r (N £ N7

1 _1Ww=El]-am)?
2 Nm+Np

pPx (fm)

1
px () [Nm+ N;p _1@-Bll-an)® 1 @-Bll-am)’
lo e 2 Nm+Np 2 N+ N7 d
82 (712_0 pPx (fm) Nn"'NI 4
O - B MO NS Y PR O AR S
px(zo) | B J /27 (No+ Np) px (o) N1+ Np
1—px (xo) _1w—a1—E[)? [ 5% (xo) N1+ Ny _1 (y—a1 —E[1)? +1 (w=E[1])?
4 e 27 NN o 1— T 14+ e 2T NiTNg 3 NoFNp d
21 (N1 + Nyp) 82 { (1= px (#0)) 1 —px (zo) V No+ N; Y
(31)
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Fig. 2.

illustrated. The received signal analytical model can accurately
reproduce the results obtained in the COMSOL simulations.
The delay in the maximum of the received signal perfectly
matches in the two cases. The shape of the received pulses
is also very similar. Once again, the differences originate
in the impulse response of the electric point dipole used in
COMSOL. This can be observed by comparing the p.s.d. of
the received signal y, which is illustrated in Fig. 2(d). Finally,
the distance dependence of the system impulse response is
also validated, by analyzing the received signal at different
distances. In Fig. 2(e), the received signal y at distances equal
to 500 pm, 1 mm, 2.5 mm and 5 mm are shown, which further
validates our analytical model. In the rest of the section, we
use the system model to analyze the performance of TS-OOK.

B. Single-user Achievable Information Rate in TS-OOK

After the validation of the pulse propagation properties, we
numerically investigate the maximum achievable information
rate for TS-OOK in the single-user case.

1) Received Signal Power and Noise Power Ratios: First
of all, it is convenient to visualize the behavior of the received
pulse power and noise power with the distance. The received

Terahertz Band system model validation with COMSOL Multi-physics.

signal power P, when a pulse has been transmitted is shown
in Fig. 3(a) as a function of the transmission distance d.
In the same figure, the noise powers associated with the
transmission of a pulse and the transmission of silence, /Ny
and Ny, respectively, are also represented as functions of the
transmission distance d. In particular,

« For distances below a few millimeters, the received pulse
power P; is much larger than the power of the molecular
absorption noise /Vj.

o For longer transmission distances, the received signal
power P; and the noise power N; generated by the
transmitted pulse decrease, but the latter does so at
a lower pace. More noise is generated as the signal
propagates, but this is spread over a larger volume.

o The power Ny associated with the transmission of silence
is constant with distance and usually much smaller than
N;. This asymmetry in the noise behavior is the main
difference with respect to the classical AWGN channel.

In Fig. 3(b), the signal to noise ratio when a pulse is transmit-
ted S1N1R = P;/N; and the pulse-noise-power to silence-
noise-power ratio N1 /Ny are shown as functions of d. These
two ratios play a major role in the achievable information rate
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Fig. 3.

and the probability source distribution for which it is achieved,
as we explain next.

2) Achievable Information Rate: The single-user maximum
achievable information rate IR, _ gy, in (22) in bit/symbol is
shown in Fig. 3(c) as a function of the transmission distance
d, for different values for the transmitted pulse energy E,,.
Besides the Terahertz Band asymmetric noise model described
in Sec. IV-A, we also evaluate the case in which the same noise
power affects the transmission of pulses and of silences, as in
the classical AWGN channel. The results are as follows:

e For transmission distances below a few millimeters,

the information rate is almost constant and equal to
1 bit/symbol, which is the maximum information per
symbol that can be transmitted in a binary system. For
example, if 8 = 1000 and B = 10 THz, the single-user
information rate is approximately 10 Gigabit/second. If
B = 10, information rates in the order of 1 Terabit/second
are possible. Ultimately, the achievable information rate
is limited but the symbol generation rate and the maxi-
mum rate at which the electronics at the receiver side can
process the received signals. The use of graphene and
other very high-electron-mobility materials, will enable
the processing at speeds up to a few Terabits per second,
thus, making the most out of the Terahertz Band channel.
o As the transmission distance increases, the achievable
information rate decreases, but it does so at a lower pace
than in the case of the symmetric additive Gaussian noise
channel. This phenomenon can be explained as follows.
When the transmission distance increases, the received
signal power P; associated with the transmission of a
pulse and the noise power N; created by the propagation

N1 and Ny ratios.

Numerical analysis of the single-user achievable information rate in TS-OOK.

of this pulse become comparable and, thus, the pulse to
noise ratio, S N1 R, tends to one. However, as long as the
total signal power received is higher than the background
noise level Ny, the receiver can still distinguish between
a transmission and a no-transmission, because the p.d.f.s
of the two signals are largely different.

e When the transmission distance further increases, the
noise power N7 tends to Np, and thus, the achievable
information rate tends to zero because the symbols cannot
be distinguished, as expected.

3) Optimal Source Probability Distribution: The asym-
metric behavior of the Terahertz channel is also reflected
on the optimal source probability distribution X for which
the maximum achievable information rate is achieved. The
optimal probability to transmit a logical “0” px (Xo) for
which the maximum rate is achieved is shown in Fig. 3(d) as
a function of the transmission distance d for different values
of the pulse-noise-power to silence-noise-power ratio Ny /No.
In particular,

o For transmission distances below a few millimeters, the
optimal source probability distribution corresponds to the
binary equiprobable distribution (px (zg) = px (z1) =
0.5), as in the symmetric AWGN channel.

¢ When the transmission distance increases, even if both
silence and pulses can be easily detected, the optimal
probability distribution is no longer the equiprobable one,
but one that favors the transmission of silence rather than
pulses, because the total noise or equivocation is much
lower when zeros are transmitted. In particular, px (x¢)
approaches 0.55 for distances above 10 mm.
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Fig. 4. Numerical analysis of the multi-user achievable information rate in TS-OOK.

Ultimately, these results motivate the development of channel
coding schemes in which more zeros than ones are used. At
the same time, by utilizing codes that make the transmitter
to stay silent for long periods of time can compromise the
synchronization needed between transmitter and receiver. For
the time being, synchronization schemes for ultra-broadband
pulse-based communications in the Terahertz Band do not
exist, and will be developed as part of our future work.

C. Multi-user Achievable Information Rate in TS-OOK

In this section, we quantitatively study the effects of in-
terference on the achievable information rate of a single
user and on the aggregated throughput. The energy of a
transmitted pulse is kept constant and equal to 0.01 aJ. The
ratio between the time between pulses and the pulse duration
is kept constant and equal to 8 = 1000. For the computation
of the interference, we consider the neighboring nodes to be
uniformly distributed in a 1-meter radius disk centered at the
receiver.

1) Single-user Achievable Information Rate with Multi-user
Interference: In Fig. 4(a), the achievable information rate
for every nano-device I Ri_sym in bit/symbol, obtained from
(18), (19) and (20) in (30), is shown as a function of the
number of nano-devices U and the transmission distance d.
The results show that

« For a low number of interfering nano-devices, the achiev-
able information rate behaves with distance similarly to
the single-user case studied in Sec. VI-B.

o As the number of interfering nano-devices increases,
the total interference becomes the dominant term in the
equivocation of the channel. As a result, the achievable
information rate of every user tends to zero. Interference
affects in the same way the reception of noise and the
reception of pulses and, thus, once it becomes the dom-
inant contribution to the received signal, the achievable
information rate degrades quickly.

2) Multi-user Achievable Information Rate and Optimal
Source Probability Distribution: The multi-user achievable
information rate IR,.; in (31) as a function of the number
of interfering nano-devices U and the transmission distance
d is shown in Fig. 4(b). Different trends for the multi-user
achievable information rate can be observed depending on
the transmission distance and the number of nano-devices.
To understand this behavior, it is important to identify which

is the optimal source probability distribution X for which
the multi-user achievable information rate is achieved. In
Fig. 4(c), the optimal probability to transmit a logical “0”
px (xo), for which the single-user achievable information rate
and the aggregated multi-user achievable information rate are
achieved, is shown as a function of the number of nano-devices
U and the transmission distance d.

In the multi-user scenario, the optimal source distribution
clearly prioritizes the transmission of logical “0”s or silence
over logical “1”s or pulses, i.e., px (xo) > px (z1). This is
due to the fact that by transmitting silence, both the molecular
absorption noise and especially the interference power are
drastically reduced. Indeed, this result is just numerically
stating that collisions between silence are never harmful, and,
thus, it is more convenient for the entire network to minimize
the number of pulses that are sent. This behavior is not
seen in PAM or PPM modulations, where the information
is modulated in the shape or the position of the pulses, and
pulses are always transmitted. In TS-OOK, the information
is ultimately placed in the presence or absence of “signal”
(in this case a pulse due to technology limitations, but could
be just any signal shape or even noise). This result motivates
the development of channel coding schemes suited for nano-
devices and which maximize the number of logical “0”s. At
the same time, by transmitting less pulses, the total energy
consumption for every device is also reduced. However, the
transmission of sequences with a very large number of “0”s
might hamper the synchronization among the transmitting
and the receiving nano-devices. Finally, for the highest node
densities, the Gaussian approximation might not hold any
longer, due to the fact that the probability to transmit a pulse
tends to O and thus, the interference tends to 0. However,
the utilized model is sufficient to illustrate the trends in the
achievable rates.

We can now explain the behavior of the multi-user achiev-
able information rate for the different transmission distances:

e When the transmission distance is short, below a few
tens of millimeters, the multi-user achievable information
rate increases with the number U of nano-devices up to
a point at which it reaches a constant value. This effect
appears because, even when the number of interfering
nano-devices is drastically increased, provided that the
individual probability to transmit silence is much higher
than the probability to transmit a pulse (px (xg) >
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px (x1)), the total interference does not increase at the
same pace. Thus, the received signal power is sufficiently
large to be distinguishable from the reception of silence.

o« When the transmission distance is increased, even by
transmitting primarily silence, the power of the received
signal when a pulse is transmitted diminishes very fast
because of the very high path-loss of the Terahertz Band,
and it is very difficult for the receiver to discern between
pulses and silence. It is interesting to note that, for
transmission distances above a few tens of millimeters,
there is an optimal number of users for which the
multi-user achievable information rate is maximum. The
optimal point is again related to the relation between
the transmitted and received pulse energy and the total
interference power.

VII. CONCLUSIONS

Wireless communication among nano-devices will boost the
applications of nanotechnology in many fields of our society,
ranging from healthcare to homeland security and environmen-
tal protection. However, enabling the communication among
nano-devices is still an unsolved challenge. In this paper, we
presented a modulation and channel access scheme for nano-
devices, which is based on the exchange of femtosecond-
long pulses by following an on-off keying modulation spread
in time. We studied the performance of this new paradigm
analytically and provided numerical solutions to the maximal
achievable information rate for the single-user and the multi-
user cases. We developed analytical models for the path-loss,
molecular absorption noise and interference in the Terahertz
Band, which is the expected frequency range of operation of
novel plasmonic nano-antennas and nano-transceivers. These
models have been validated by means of extensive time-
domain electromagnetic simulations with COMSOL.

The results show that the proposed modulation can support
a very large number of nano-devices simultaneously trans-
mitting at multiple Gigabits-per-second and up to Terabits-
per-second, depending on the modulation parameters and
the network conditions and given that asymmetric channel
coding schemes are used to prioritize the transmission of
silence. Indeed, both the maximum single-user and multi-
user information rates are achieved when asymmetric source
probability distributions are used, contrary to the classical
symmetric AWGN channel. This study stimulates discussion
and further research on synchronization, channel coding and
medium access for nanonetworks.
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