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Abstract

Nanonetworks, the interconnection of nanomachines, will greatly expand
the range of applications of nanotechnology, bringing new opportunities in di-
verse fields. Following preliminary studies, two paradigms that promise the re-
alization of nanonetworks have emerged: molecular communication and nano-
electromagnetic communication.

In this thesis, we study the scalability of communication networks when
their size shrinks to the nanoscale. In particular, we aim to analyze how the
performance metrics of nanonetworks, such as the channel attenuation or the
propagation delay, scale as the size of the network is reduced.

In the case of nano-electromagnetic communication, we focus on the scal-
ability of the channel capacity. Our quantitative results show that due to
quantum effects appearing at the nanoscale, the transmission range of nanoma-
chines is higher than expected. Based on these results, we derive guidelines
regarding how network parameters, such as the transmitted power, need to
scale in order to keep the network feasible.

In molecular communication, we concentrate in a scenario of short-range
molecular signaling governed by Fick’s laws of diffusion. We characterize its
physical channel and we derive analytical expressions for some key perfor-
mance metrics from the communication standpoint, which are validated by
means of simulation. We also show the differences in the scalability of the
obtained metrics with respect to their equivalent in wireless electromagnetic
communication.

Finally, we have designed NanoSim, a physical simulation framework for
diffusion-based molecular communication. We think that NanoSim will prove
an essential tool to design and evaluate protocols, modulations, resource man-
agement schemes and a novel network architecture for molecular nanonetworks.

We consider that the results of this thesis provide interesting insights which
may serve designers as a guide to implement future nanonetworks, and lay the
foundations of a scalability theory for nanonetworks.



Acknowledgements

First and foremost I would like to express my deep and sincere gratitude to
professors Eduard Alarcén Cot and Albert Cabellos-Aparicio, who jointly su-
pervised this master thesis. Their invaluable insights and guidance have been
a source of inspiration throughout the development of this project. Most of
the ideas contained in this work originated in the stimulating discussions that
we held together.

I am also very grateful to Prof. Josep Solé-Pareta for giving me the oppor-
tunity to join the Nanonetworking Center in Catalunya, and to Prof. lan F.
Akyildiz for his expert advice at crucial stages of the project. I greatly appre-
ciate as well the financial support offered by the FPI grant from the Technical
University of Catalonia and the FPU grant from the Spanish Ministry of Ed-
ucation for the development of this thesis.

I would also like to take this opportunity to acknowledge my colleagues at
the Nanonetworking Center in Catalunya. Special thanks go to Inaki Pascual,
Nora Garralda, Maria Gregori, Massimiliano Pierobon and Josep Miquel Jor-
net for their excellent work and tireless dedication. Their valuable comments
have undoubtedly helped to improve this thesis.

Last but certainly not least, a big thank you goes to my parents, my brother
Franc and the rest of my family for their unconditional support throughout
my life.



Contents

1 Introduction 1
1.1 Nanotechnology . . . . . . . .. ... ... ... ... ...... 1

1.2 Nanonetworks . . . . . .. ... ... ... 2
1.2.1 Molecular Communication . . . . . . .. ... ... ... 2

1.2.2  Nano-electromagnetic Communication . . . . . . . ... 3

1.3 Applications of Nanonetworks . . . . . .. ... ... ... ... 6
1.4 Motivation of this Thesis . . . . . . . .. .. ... .. ... ... 7
1.5 Main Contributions . . . . . . . ... ... ... ... ... ... 8

2 Scalability of the Channel Capacity of Electromagnetic Nano-

networks 10
2.1 Introduction . . . . . . ... ... 10
2.2 Electromagnetic Communication at the Nanoscale . . . . . . . . 11
2.2.1 Nano-electromagnetic Physical Channel Model . . . . . . 11
2.2.2 Quantum Effects . . . . ... ... ... ... 14
2.2.3 Bandwidth and Channel Capacity . . . . . . .. ... .. 16
2.3 Nano-electromagnetic Channel Capacity . . . . .. .. ... .. 16
2.3.1 Channel Bandwidth . . . . ... ... ... ... ..... 18
2.3.2 Transmitted Power Spectral Density . . . .. ... ... 19
2.3.3 Channel Attenuation . . . . . ... ... ... ... ... 19
2.3.4 Noise Power Spectral Density . . . . ... ... .. ... 19
2.3.5  Expression of the Channel Capacity . . . . . . ... . .. 20
2.3.6 Quantitative Results . . . . .. ... ... ... ..... 21
2.4 Limits of the Channel Capacity . . . ... ... ... ... ... 23
2.5 Scalability guidelines . . . . . . .. ... L 24
3 Diffusion-based Channel Characterization in Molecular Nano-
networks 27
3.1 Introduction . . . . . . . ... ... ... 27
3.2 Diffusion-based Molecular Channel and Modulation Scheme . . 28
3.3 Molecular Channel Analysis . . . . .. ... ... ... ..... 29
3.4 Communication Metrics . . . . . . .. ... ... ... ... 31
3.4.1 PulseDelay . . ... .. ... ... . 31
3.4.2 Pulse Amplitude . . . ... ... 32
3.4.3 Pulse Width . . . . ... ... ... .. ... ....... 33

3.4.4 Molecular vs Wireless EM Channel Comparison . . . . . 34

1



CONTENTS

3.5 Achievable Bandwidth . . . . . .. ... ... ... ... ... 35
3.6 Multiple Transmitters . . . . . . . .. .. ... ... ...... 36

4 NanoSim: A Simulation Framework for Diffusion-based Molec-
ular Communication 38
4.1 Introduction . . . . . . . . .. 38
4.2 Simulator Architecture . . . . . . . ... 39
4.2.1 Transmitter and Receiver Models . . . . . . .. ... .. 39
4.2.2 Particle Model . . . . . ... ... 40
4.2.3 Simulation Space . . . . . .. ... 40
4.3 Simulation Results . . . . . . . ... ... ... . ... 41
5 Conclusions and future work 44
5.1 Conclusions . . . . . . . . . ... 44
5.2 Future work . . . . . ... 45
A Derived publications and theses 47
A.1 Publications derived from this thesis . . . . .. . ... ... .. 47
A.2 Supervised master theses . . . . . . .. .. ... ... ... ... 47

111



List of Figures

1.1

1.2

1.3

1.4

1.5
1.6

2.1

2.2

2.3

2.4

2.5

2.6

2.7

3.1

Conceptual diagram of a nanomachine in the electromagnetic
domain [6]. . . . . ...
Short range molecular communication techniques: molecular
signaling (top) and molecular motors (bottom) [4].. . . . . . ..
Medium range molecular communication techniques: flagellated
bacteria (top) and catalytic nanomotors (bottom) [30, 31].

Long range molecular communication techniques: axons (top)
and light transduction (bottom) [47]. . . . . ... ... ... ..
Idealized structure of a single graphene sheet. . . . . . .. . ..

Applications of nanonetworks: intrabody nanonetworks for health-

care applications (left) and the interconnected office (right) [5]. .

Total path loss in dB as a function of frequency f and distance d
in a standard medium with 10% of water vapor molecules (the
values for path loss have been truncated at 120 dB to avoid
masking relevant transmission windows in the short-range). . . .
Noise temperature as a function of frequency f and distance d
in a standard medium with 10% of water vapor molecules.
Log-log plot of the wave propagation speed as a function of the
antenna width W, without quantum effects (v,,,,, blue solid line)
and with quantum effects (v,,, red dashed line). . . . .. . ...
Quantitative values of the channel capacity C' as a function of
the nanomachine size A and the transmission distance d, with-
out quantum effects. . . . . .. ... L
Quantitative values of the channel capacity C' as a function of
the nanomachine size A and the transmission distance d, with
quantum effects. . . . . . ..o
Feasible area of the channel capacity as a function of a and
[B. The blue solid line corresponds to the case when quantum
effects are not present, and the red dashed line when they are. .
Log-log plot comparing the scalability of the transmitted power
without quantum effects (Pr,,, blue solid line) and with quan-
tum effects (Pr,, red dashed line), as a function of the nanoma-
chine size A. The transmission distance scales as d = ©(A).

Normalized channel impulse response. . . . . . . . . .. .. ...

v

7

13

25

26



LIST OF FIGURES

3.2  Magnitude of the normalized channel transfer function in dB. . 30
3.3 Channel group delay. . . . . .. ... ... L 30
3.4 Magnitude of the normalized channel transfer function in dB as

a function of the transmission distance. . . . . . . . . ... ... 31

3.5 Channel group delay as a function of the transmission distance. 32
3.6 Plot of the pulse delay as a function of the transmission distance.

The dashed line corresponds to the analytical expression, and

the crosses show the simulation results with 95% confidence in-

tervals. . . . . . 33
3.7 Log-log plot of the pulse amplitude as a function of the trans-

mission distance. The dashed line corresponds to the analytical

expression, and the crosses show the simulation results with 95%

confidence intervals. . . . . . . . .. ... 34
3.8 Plot of the pulse width as a function of the transmission dis-

tance. The dashed line corresponds to the analytical expression,

and the crosses show the simulation results with 95% confidence

intervals. . . . . . . .. 35
3.9 Concentration measured by the receiver when a train of pulses

is transmitted from a distance of 200 nm. The interval between

pulses is equal to the pulse width at the receiver location. . . . . 36
3.10 Concentration measured by the receiver when two transmitters

simultaneously emit a molecular pulse. Transmitter 1 (orange)

is located at a distance of 300 nm, and transmitter 2 (blue) at

400 nm. .. L L 37
4.1 Block diagram of NanoSim . . . . . . . . ... ... ... ... 39
4.2 Transmission of a Gaussian pulse . . . . . . .. ... ... ... 42
4.3 Transmission of a square pulse . . . . . . . . ... ... ... .. 43



Chapter 1

Introduction

1.1 Nanotechnology

Nanotechnology, first envisioned by the Nobel laureate physicist Richard Feyn-
man in his famous speech entitled “There’s plenty of room at the bottom” in
1959, is giving rise to devices in a scale ranging from one to a few hundred
nanometers. During the last few decades, emerging research areas such as
nanoelectronics, nanomechanics and nanophotonics are allowing the develop-
ment of novel nanomaterials, nanocrystals, nanotubes and nanosystems that
promise to revolutionize many fields of science and engineering.

Molecular nanotechnology, popularized by Eric Drexler [19], is a technology
based on the ability to build molecular machines by means of mechanosynthe-
sis. Since biology clearly demonstrates that molecular machines are possible
(living cells themselves are an example), the manufacture of bio-inspired molec-
ular machines using biomimetic techniques is envisaged in the near future.

Nanotechnology is a multidisciplinary field with almost uncountable poten-
tial applications. A few examples are presented next. First, in the biomedical
domain, nanoparticles such as dendrimers, carbon fullerenes (buckyballs) and
nanoshells are currently used to target specific tissues and organs [24]. Another
area where nanotechnology plays an important role is environmental science,
where molecular and genomic tools are used to uncover the complexity of the
induced defense signaling networks of plants [53]. Finally, in the industrial
field, molecular-scale filters and pores with well-defined sizes, shapes, and sur-
face properties allow to engineer better functionality in molecular sieving [34].

The envisaged nanomachines are the most basic functional units able to
perform very simple tasks at the nanoscale, including computing, data storage,
sensing, actuation and communication. In the electromagnetic domain, recent
advances in nanotechnology have allowed the implementation of devices that
perform some of these tasks, such as graphene-based nanosensors or lithium
nanobatteries [6]. In the biological domain, cells are a clear example of living
nanomachines. Therefore, even though a complete nanomachine has not been
manufactured to date, artificial simple nanomachines are expected to become
a reality in the near future. A conceptual diagram of a nanomachine in the
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Figure 1.1: Conceptual diagram of a nanomachine in the electromagnetic do-
main [6].

electromagnetic domain is shown in Fig. 1.1.

1.2 Nanonetworks

Because of their tiny size, the operation range of nanomachines is limited to
their close nano-environment. In consequence, a huge number of them will
be required in order to perform meaningful tasks in a real scenario. These
nanomachines will also need to control and coordinate their functions, leading
to several research challenges in communication at the nanoscale.

Nanonetworks, the interconnection of nanomachines, provide means for co-
operation and information sharing among them, allowing nanomachines to
cover larger areas and fulfill more complex tasks [4]. The traditional mecha-
nisms used in traditional communication networks, such as mechanical, acous-
tic and electromagnetic communication, have been found inappropriate at the
nanoscale, due to the difficulty of scaling down current transceivers and energy
constraints [44]. A nanonetwork is thus not a mere downscaled version of a con-
ventional network; on the contrary, classical communication techniques need
to undergo a profound revision before being applied to this new scenario. Sev-
eral mechanisms have recently been proposed to interconnect nanomachines,
leading to two novel network paradigms at the nanoscale: molecular commu-
nication [46] and nano-electromagnetic communication [38].

1.2.1 Molecular Communication

Molecular communication is a novel nanonetworking paradigm inspired by
communication among living cells [11]. A typical cell size is of 10 pm and
a typical cell mass is 1 nanogram, in the same order of magnitude than the
expected size of nanomachines. This fact has led researchers to study commu-
nication mechanisms among living cells with the objective of applying them to
implement nanonetworks in biological scenarios.
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The molecular communication techniques found in biology are very distance-
dependent. Thus, different communication techniques must be used depending
on the distance between emitters and receivers. They can be classified in three
categories: short-range (nm to pm), medium-range (pm to mm) and long-range
(mm to m) techniques:

e For the short range, two methods have been proposed [4]. The first one
is molecular signaling, based on encoding the information in the emis-
sion of molecules which diffuse in the medium. The second technique
is based on molecular motors, protein complexes that are able to trans-
port molecules from transmitters to receivers through microtubules. A
schema of the communication process using short-range molecular com-
munication techniques is depicted in Fig. 1.2.

e Two mechanisms have also been proposed for medium-range molecular
communication: flagellated bacteria [30] and catalytic nanomotors [31].
Both methods are based on encoding the information in DNA sequences
(a DNA packet), which are carried from transmitter to receiver using
bacteria or nanomotors, respectively. Fig. 1.3 shows a diagram of these
communication techniques.

e Finally, several techniques have been proposed for the long range, such as
pheromones, pollen, spores, axons and light transduction [47|, which are
used by many species to communicate. An example is quorum sensing [2],
a decision-making process used by bacteria to coordinate their behavior.
We observe some of these methods in Fig. 1.4.

1.2.2 Nano-electromagnetic Communication

Other researchers have investigated how to communicate nanomachines by
means of electromagnetic waves [6]. In this case, there are doubts about the
feasibility of scaling down current metallic antennas in order to build nanoan-
tennas, mainly because their resonant frequency is expected to be extremely
high [37]. The frequency radiated by an antenna can be obtained with the
expression f = v,/2L, where v, stands for the wave propagation speed inside
the antenna and L is the antenna length. Thus, for the expected size of a
nanomachine (a few pm?) [6], the frequency radiated by a metallic nanoan-
tenna would be in the optical range (hundreds of THz). Such a high frequency
would result in a very large bandwidth, but also in a huge channel attenuation.
This attenuation would cause the transmission range of nanomachines to be
almost zero, which would render the practical implementation of nanonetworks
infeasible.

In order to overcome this limitation, graphene-based nanoantennas [38] have
been proposed to implement electromagnetic communication among nanoma-
chines. Graphene, shown in Fig. 1.5, consists of a hexagonal lattice of carbon
atoms and it is used to manufacture Carbon Nanotubes (CNT) and Graphene

3
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naling (top) and molecular motors (bottom) [4].
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Figure 1.5: Idealized structure of a single graphene sheet.

Nanoribbons (GNR). These nanomaterials are considered to be among the
main candidates to become the silicon of the 21st century [10], since they ex-
hibit novel properties due to its regular internal structure. Due to these proper-
ties, a graphene-based nanoantenna of a size in the order of pm would resonate
at a lower frequency in the terahertz band (0.1-10 THz) [38], greatly reduc-
ing the channel attenuation experienced by the radiated signals. Therefore,
graphene-based nanoantennas are envisaged to allow electromagnetic commu-
nication at the nanoscale.

1.3 Applications of Nanonetworks

Nanonetworks will boost the range of applications of nanotechnology, bring-
ing new opportunities in fields as diverse as Information and Communication
Technologies (ICT) (e.g., Wireless Nanosensor Networks [6]), biomedical tech-
nology (e.g., cooperative drug delivery systems [24]) or environmental research
(e.g., distributed air pollution control [34]).

A sample application from the biomedical field is an intelligent disease de-
tection and targeted drug delivery system (Fig. 1.6, left), constituted by an
intrabody distributed network of nanosensors and nanoactuators. Nanosen-
sors that have already been successfully manufactured are able to detect lung
cancer, asthma attacks, the influenza virus, or the parasite responsible for
malaria [58, 64]. Several nanoactuators that have also been synthesized in-
clude nanoheaters based on magnetic nanoparticles able to kill cancer cells by
heating them [21, 36], and magnetic nanoparticles and gold nanoshells which
may be used as drug containers. The contained drugs are released through the
application of local heat, which melts the containers [22].

Another of the main applications nanonetworks is in the field of nanosen-
sors [54, 42]. A nanosensor is a device that makes use of the unique properties
of new nanomaterials to detect and measure events at the nanoscale. Since
the detection range of nanosensors is limited to their close environment, com-
munication among nanosensors will be needed to cover larger areas. Wireless
NanoSensor Networks (WNSNs) [6], a particular case of nanonetworks but
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Figure 1.6: Applications of nanonetworks: intrabody nanonetworks for health-
care applications (left) and the interconnected office (right) [5].

probably one of the most promising ones, implement this communication by
encapsulating nanosensors into nanomachines, which communicate in order to
cooperatively monitor physical or environmental conditions over a large field.
An application of WNSNs is the interconnected office [5] (Fig. 1.6, right), where
every single element normally found in an office is provided of a nanotransceiver
which allows it to be permanently connected to the Internet.

1.4 Motivation of this Thesis

The purpose of this thesis is to provide the means to answer a key question: do
nanonetworks have the potential of becoming a reality or will they remain in
the realm of science fiction? One way to obtain the answer to this question is to
study the scalability of the performance metrics in a communication network,
such as the throughput, the transmission delay and the energy consumption,
when the network size is reduced to the nanoscale.

In this work, we lay the foundations of a scalability theory for nanonet-
works, which will allow to determine the feasibility of nanonetworks. With
this objective, we aim to analyze how the performance metrics of nanonet-
works scale as the network shrinks.

It may initially seem that scalability of current electromagnetic networks,
which has been thoroughly studied [3, 25, 33, 45], should also apply to nano-
networks. However, as we explained in Section 1.2, nanonetworks cannot be
realized by simply reducing the size of current electromagnetic networks. On
the contrary, the physical channel of both molecular and nano-electromagnetic
nanonetworks presents several peculiarities. On the one hand, in the molecular
communication scenario, information is encoded in molecules or DNA strings
which are physically transported from the transmitter to the receiver. On the
other hand, in the nano-electromagnetic case, quantum effects cause the wave
propagation at the nanoscale to differ significantly from the traditional sce-
nario. These quantum effects have their origin in the regular atomic structure
of the nanomaterials used to manufacture nanomachines and in the molecular
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properties of the transmission medium at the nanoscale. As a consequence,
the communication metrics at the nanoscale will not necessarily be the same
than their equivalent in traditional electromagnetic and optical networks.

In order to establish the scalability of the communication metrics in na-
nonetworks, a characterization of the nanoscale physical channel for both the
molecular and the electromagnetic scenarios is first needed. In the molecular
case, we concentrate in the short-range technique of molecular signaling, which
has been widely studied [11, 14, 15, 43], although a characterization of the
molecular channel using Fick’s laws of diffussion is still missing. Moreover, to
the best of our knowledge, a realistic simulation tool of diffusion-based molec-
ular communication does not exist to date. The nano-electromagnetic physical
channel, on the contrary, has been recently modeled [37], so we can use the
use this model to derive the scalability of electromagnetic nanonetworks.

1.5 Main Contributions

The main outcome of this work is the study of the scalability of some of the
most relevant performance metrics in nanonetworks and its comparison with
the scalability of traditional electromagnetic networks. This thesis includes
three main contributions leading to this objective, which are outlined next:

e First, an initial exploration of the scalability of electromagnetic nano-
networks is attempted in Chapter 2, choosing the channel capacity as
communication metric. A recently-presented physical channel model for
electromagnetic communication at the nanoscale is first described. Next,
based on this model, an analytical framework is developed in order to
evaluate how the channel capacity scales when quantum effects appear.
These results are then compared with the case in which quantum phe-
nomena are not present. In addition, asymptotic expressions for the
channel capacity in the limit when the network dimensions tend to zero
are formulated, and the necessary conditions to ensure the feasibility of
the network at the nanoscale are established. Finally, based on these con-
ditions, novel guidelines on the scalability of various network parameters
are derived.

e Second, Chapter 3 focuses on the characterization of the physical chan-
nel of diffusion-based molecular communication. A scenario of molecular
signaling, whose physical channel is governed by Fick’s laws of diffu-
sion, is considered. The molecular channel is characterized following two
complementary approaches: first, the channel impulse response, transfer
function and group delay are obtained; second, a pulse-based modulation
scheme is proposed, and expressions for the most relevant performance
evaluation metrics are analytically obtained and validated by simulation.
Finally, the scalability of these metrics is compared with their equivalents
in a wireless electromagnetic channel.
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e Third, Chapter 4 describes NanoSim, a simulation framework for diffusion-
based molecular communication, which has been designed in collabora-
tion with two other master theses. The working principles of NanoSim
are the following. Transmitters encode the information by releasing par-
ticles into the medium, thus varying their local concentration. These
particles diffuse following the laws of Brownian motion. NanoSim also
takes into account the collisions among them. Receivers decode the infor-
mation by sensing the particle concentration in their neighborhood. The
benefits of NanoSim include the validation of channel models for molec-
ular communication and the evaluation of novel modulation schemes. In
this work, NanoSim was used to validate the analytical results of the
communication metrics obtained in Chapter 3.

We consider that the results of this work provide interesting insights as
well as a useful simulation tool which may serve designers as a guide to imple-
ment future molecular and electromagnetic nanonetworks. Therefore, each of
the previous contributions has led to a paper which is either submitted or in
preparation.



Chapter 2

Scalability of the Channel
Capacity of Electromagnetic
Nanonetworks

2.1 Introduction

In this chapter, we analyze the scalability of electromagnetic communication at
the nanoscale, taking as performance metric the channel capacity. Scalability
theories have been paramount in the development of circuits based on CMOS
technology, since they have provided a roadmap that has allowed designers to
know how to make circuits smaller in order to optimize the desired perfor-
mance metrics [17, 63, 23]. Inspired by these roadmaps, we investigate the
network scalability when the size of the network shrinks to the nanoscale; this
is opposite to most of the existing literature, which considers a scenario where
the network size grows [33, 41, 25, 3]. Our final objective is to derive guidelines
that help researchers design future nanomachines. The main contributions in
this chapter are the following:

1. We find an analytical expression for the nano-electromagnetic channel ca-
pacity in the limit when the network dimensions tend to zero, as a function
of three key scale parameters: nanomachine length, transmission distance
and radiated power. We then compare the scalability of the capacity of
graphene-based nanoantennas with respect to traditional antennas. Our re-
sults show crucial differences, demonstrating that graphene-based nanoan-
tennas have a scalability advantage over traditional ones.

2. Based on the previous analytical framework, we particularize the capacity
expressions by assuming realistic parameters. We then derive guidelines
which indicate how the transmission range of nanomachines and the trans-
mitted power need to scale as a function of the nanomachine length in
order to keep the network feasible. These results provide useful insights
which may serve designers as a guide to implement future nanomachines
and nanonetworks.

10
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2.2 Electromagnetic Communication at the
Nanoscale

Graphene-based electromagnetic nano-transceivers and nanoantennas will op-
erate in the terahertz band [37], a frequency range spanning the frequencies be-
tween 0.1 and 10 THz. In this section, we first review a recently-presented phys-
ical model of the nano-electromagnetic channel [37]. Next, based on this model,
we identify the main differences between the nano-electromagnetic channel
with respect to the traditional electromagnetic channel at the macroscale. Last,
we discuss a few considerations on the bandwidth and the channel capacity of
the nano-electromagnetic channel.

2.2.1 Nano-electromagnetic Physical Channel Model

Despite the major limitations of the terahertz band for medium- and long-range
communications [52], results on short-range communication in the terahertz
band [37] show the opportunities of this band for nanoscale communication,
even for very power-constrained devices. In this section, we describe a recently-
presented propagation model based on radiative transfer theory [29] that makes
intensive use of the HITRAN (HIgh resolution TRANsmission molecular ab-
sorption database) line catalog [56].

Path loss

The total path loss, A, in dB for a traveling wave in the terahertz band is
defined as the addition of the spreading loss, Aspeqq, and the molecular ab-
sorption loss, Ag,, both in dB:

A (f> d) = Aspread (.fa d) + Aabs (fa d) (21)

where f stands for the EM wave frequency and d is the path length. The
spreading loss accounts for the attenuation due to the expansion of the wave
as it propagates through the medium, and is defined in dB as:

A fd
")

Aspread (f7 d) =20 lOg ( (22)

where ¢ stands for the speed of light in vacuum.

The absorption loss accounts for the attenuation that an EM wave suffers
because of molecular absorption, i.e., the process by which part of the wave
energy is converted into internal kinetic energy of the excited molecules in the
medium. Indeed, several molecules present in a standard medium are excited
by electromagnetic radiation at certain frequencies within the terahertz band,
converting part of the radiation into internal vibrations. The absorption loss
Aaps reflects this reduction in the wave energy, and it is defined in dB as:

Aabs (f7 d) =—10 IOgT (f7 d) (23)

11
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where 7 is the transmittance of the medium. This parameter measures the
fraction of incident radiation that is able to pass through the medium and,
by assuming an homogeneous medium, it can be calculated using the Beer-
Lambert Law as [29]:

7(f,d) = e M4 (2.4)

where k is the medium absorption coefficient, which depends on the composi-
tion of the medium, i.e., the particular mixture of molecules found along the
path, and it is defined as:

k() =2 K (f) (2.5)

where k™9 is the individual absorption coefficient for the isotopologue (i.e., a
molecule that only differs from another in its isotopic composition) i of gas
g. For example, a standard medium is mainly composed of nitrogen (78.1%),
oxygen (20.9%) and water vapor (0.1.0-10.0%), and each gas has different
isotopologues that resonate at several frequencies within the terahertz band.
The major contribution comes from water vapor.

The absorption coefficient of an isotopologue i of gas ¢, k"9 for a molecular
volumetric density, Q%9 at pressure p and temperature T can be written as:

Ko () =L B giagis () (26)

o

where py and Tgrp are the Standard-Pressure-Temperature values and o9 is
the absorption cross section for the isotopologue ¢ of gas g. Simply stated, the
total absorption will depend on the number of molecules of a given gas that
are found along the path.

Finally, we can compute the total path loss by combining equations (2.6),
(2.4), (2.3), (2.2) and (2.1). In Fig. 2.1, the total path loss for an electro-
magnetic wave in the terahertz band is shown as a function of both frequency
(x-axis) and distance (y-axis), in standard room conditions (pressure 1 atm,
temperature 296 K) with 10% of water molecules. Due to the spreading loss,
the total path loss increases with both distance and frequency independently
of the molecular composition of the channel, similarly to conventional commu-
nication models in the megahertz or few gigahertz frequency ranges. However,
the presence of several molecules along the path, and specially water vapor,
defines several peaks of attenuation for distances above a few hundreds of mil-
limeters. For shorter distances, the terahertz band can be thought of as a
single transmission window almost 10 THz wide.

Noise

The ambient noise in the terahertz channel is mainly contributed by the molec-
ular noise, generated by the absorption from molecules present in the medium.
The parameter that measures this phenomenon is the emissivity of the channel,
g, and it is defined as

e(f,d)=1—71(f,d) (2.7)
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Figure 2.1: Total path loss in dB as a function of frequency f and distance d
in a standard medium with 10% of water vapor molecules (the values for path
loss have been truncated at 120 dB to avoid masking relevant transmission
windows in the short-range).

where f is the signal frequency, d stands for the path length and 7 is the
transmissivity of the medium, found in Eq. (2.4).

The equivalent noise temperature due to molecular absorption 7,,, that an
omnidirectional antenna will detect from the medium is further obtained as:

Tmol (f> d) = 7—108 (f? d) (28)

where T} is the reference temperature. This type of noise will be only present
around the resonant frequencies of the molecules in the medium. For every
single resonance, the noise can be modeled as Gaussian. In addition, and
more importantly, this noise will be only present when an EM wave is being
radiated, i.e., there is no molecular absorption noise if nothing is exciting the
molecules. This is one of the major differences with conventional Additive
White Gaussian Noise, and should be further exploited in new communication
schemes for nanonetworks.

To compute the equivalent noise power at the receiver, it is necessary to
define the transmission bandwidth, which will in turn depend on the transmis-
sion distance and the composition of the medium. For a given bandwidth, the
total noise power P, can be calculated as:

Py (f,d) = /B kT (f, d) df (2.9)

where kg is the Boltzmann constant and B stands for the system bandwidth. In
Fig. 2.2, the molecular noise temperature given by Eq. (2.8) created by an EM
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Figure 2.2: Noise temperature as a function of frequency f and distance d in
a standard medium with 10% of water vapor molecules.

wave in the terahertz band is shown as a function of both frequency (x-axis) and
distance (y-axis), in standard room conditions (pressure 1 atm, temperature
296 K) with 1% of water molecules. This type of noise is only significant for
transmission distances above a few tens of millimeters. In addition, it has a
strong frequency dependence.

More details about this physical model of the nano-electromagnetic channel
may be found in a recent article [37].

2.2.2 Quantum Effects

From the study of the previously-described model, we have identified three
quantum effects appearing at the nanoscale that will greatly impact nano-
electromagnetic communication. The first one is the lower wave propagation
speed which stems from using graphene-based nanoantennas, and the other two
are caused by molecular absorption, a novel property of the electromagnetic
channel at the terahertz band. We briefly describe these phenomena next.

Wave Propagation Speed

In a traditional metallic antenna, the wave propagation speed in vacuum is ap-
proximately equal to the speed of light ¢. In a graphene-based nanoantenna,
however, electrons behave differently due to the regular internal structure of
the carbon lattice in graphene. For example, transport of electrons within
graphene suffers virtually no scattering, which results in an effect known as bal-

14
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vp [m/s]

Figure 2.3: Log-log plot of the wave propagation speed as a function of the
antenna width W, without quantum effects (v,,,, blue solid line) and with
quantum effects (v,,, red dashed line).

listic transport [26]. Moreover, the wave propagation speed inside a graphene-
based nanoantenna can reach a value, depending on the antenna size, up to
100 times smaller than the speed of light [35, 13]. Furthermore, when these
quantum effects are present, the wave propagation speed has been observed
to scale with the antenna width [38]. Using curve fitting, we have found this
scalability to be proportional to the square root of the antenna width, for an
antenna width of up to 10 pm and an antenna length much larger than its
width. Fig. 2.3 shows a comparison between the wave propagation speed with
and without accounting for the quantum effects.

A consequence of the lower wave propagation speed in a graphene-based
nanoantenna is that the resonant frequency of the propagated wave may be
up to two orders of magnitude below the frequency obtained with an antenna
of the same size built with non-carbon materials. Thinking of a device with
a nanoantenna just a few pm long (e.g., a nanosensor device), building the
antenna with graphene yields a resonant frequency in the teraherthz band
(0.1-10 THz) [38], whereas a traditional antenna would resonate in the optical
range.

Molecular Absorption

Molecular absorption is the process by which part of the wave energy is con-
verted into internal kinetic energy of the excited molecules in the medium. As
described in Section 2.2.1, molecular absorption acts as an additional factor of
attenuation to the propagated signal in nano-electromagnetic communication.
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In addition, the absorption from molecules present in the medium does
not only attenuate the transmitted signal, but it also introduces noise. Thus,
molecular noise needs to be taken into account as a new source of noise in
nano-electromagnetic communication.

2.2.3 Bandwidth and Channel Capacity

Since the electromagnetic waves radiated by a graphene-based nanoantenna
have a frequency in the terahertz band, the corresponding bandwidth associ-
ated to this frequency and, ultimately, the capacity of the nano-electromagnetic
channel is expected to be very high. One may think that such a large capacity
will not be needed, since a single nanomachine will not need to transmit a huge
amount of data. However, we think that a large channel capacity will be of
great benefit to nanonetworks.

In current communication networks, the channel capacity is usually the bot-
tleneck that limits the throughput of the network. In consequence, network
protocols are designed with the aim of minimizing bandwidth consumption
in order to optimize the network performance. The envisaged huge channel
capacity of nanonetworks opens the door to novel protocols that take advan-
tage of a virtually unlimited bandwidth to optimize other crucial performance
metrics, such as the nanomachine complexity or its energy consumption.

2.3 Nano-electromagnetic Channel Capacity

The goal of this section is to find an analytical expression for the nano-
electromagnetic channel capacity in the limit when the network dimensions
tend to zero, as a function of three key scale parameters: (i) the nanomachine
length A, (ii) the transmission distance d, and (iii) the total power radiated by
the transmitter Pr. We perform this analysis for two scenarios: (i) when the
quantum effects introduced in the previous section are not present (i.e., the
transmitters use traditional antennas to radiate the electromagnetic signal),
and (ii) when these quantum phenomena appear (i.e., graphene-based nanoan-
tennas are used). The first scenario is taken as a reference in order to evaluate
the results obtained in the latter case. Table 2.1 shows the parameters and
constants used throughout this section.

As we outlined in the previous section, a graphene-based nanoantenna is
able to radiate EM waves in the terahertz band. In consequence, the nano-
electromagnetic channel is expected to have a very large bandwidth [37] and in
consequence a highly frequency-selective behavior. Thus, in order to compute
its capacity, we need to divide the channel in narrow sub-bands so that, in each
sub-band, the channel attenuation and the noise power spectral density can be
considered locally flat. The total channel capacity will then be the combined
capacity of all its sub-bands. We obtain the capacity of a single sub-band C;
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Symbol Quantity
A Nanomachine length
d Transmission distance
Pr Total power radiated by the transmitter
f Antenna resonant frequency
B Total system bandwidth
Up Propagation speed of the wave inside the antenna
Antenna length
c Speed of light in the vacuum
Power spectral density of the radiated signal at the
S(f) transmitter
A(f)  Total channel attenuation
Agpreaa  Spreading loss
Agps Molecular absorption loss
T Transmittance of the medium
k Medium absorption coefficient
N(f)  Power spectral density of noise at the receiver
kg Boltzmann constant
Tiys System temperature
Trnol Molecular noise temperature
Ty Standard temperature
€ Emissivity of the medium

Table 2.1: Parameters and constants.

using the Shannon limit theorem [57]:

(2.10)

S;
= B;1 1
C; i og2< +AiNi)

where B; is the width of the frequency band, S; the power radiated by the
transmitter in this band, A; the sub-band attenuation and /V; the noise power
in the frequency band.

The total channel capacity C' can be obtained by taking the limit of the
sub-band capacity when B; — 0 and integrating it over the whole frequency
band, which leads to the following expression [28]:

= max

S(f) )
¢= S(f):f5 S(Hdf<Pr /B tog: <1 " A(f)N(S) &

where S(f) is the radiated power spectral density, A(f) stands for the channel
attenuation and N(f) is the noise power spectral density at the receiver.

In order to find an expression for the channel capacity C' as a function of
the scale parameters, we first concentrate on the magnitudes that determine
the channel capacity, which appear in Eq. (2.11): the channel bandwidth B,
the radiated power spectral density S(f), the channel attenuation A(f) and
the noise power spectral density N(f). Next, we express each of them as a

(2.11)

17



2. Scalability of the Channel Capacity of Electromagnetic Nanonetworks

function of the scale parameters A, d and Py, for the two previously-mentioned
scenarios: with and without quantum effects. Finally, we combine these results
in order to find an analytical expression of the nano-electromagnetic channel
capacity.

2.3.1 Channel Bandwidth

As shown in Section 2.2.1, if the transmission distance d is sufficiently small,
the available bandwidth is the whole terahertz band, from zero to the highest
frequency radiated by the antenna. Thus, in order to find an expression for the
channel bandwidth as a function of the scale parameters, we first need to com-
pute the radiated frequency f. The first resonant frequency of a nanoantenna
(or any other type of resonator) is given by the expression:

f= ;_Z (2.12)

where v, denotes the wave propagation speed inside the antenna and L is the
antenna length. The wave propagation speed inside an antenna depends on its
type. As stated in Section 2.2.2, if the antenna is metallic, quantum effects do
not appear and the wave propagation speed is v,,,, = ¢. However, if the antenna
is made of graphene, the quantum phenomena cause the wave propagation
speed to scale with the square root of the antenna width (which we assume
proportional to its length), ie., v, = kv A, where k; is a proportionality
constant and A is the nanomachine length. We approximate the antenna
length by the length of the whole nanomachine (L = A). Then, we obtain an
expression for the frequency of the propagated wave which varies depending
on whether quantum effects are present or not:

C

frng = 2A (2.13)

ky
2V/A

Throughout this chapter, we use the subindex ng to denote the parameters
corresponding to the traditional case (no quantum effects), and the subindex
q for the case when quantum phenomena are considered.

Since we assume that the system bandwidth for a nanoantenna is equal
to its operating frequency (B = f), its expression as a function of the scale
parameters is the same:

fo= (2.14)

(2.15)

B, = —— (2.16)
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2.3.2 Transmitted Power Spectral Density

Modulations based on the transmission of very short Gaussian pulses have
recently been proposed for nano-electromagnetic communication [6]. A pulse-
based scheme is a promising candidate to modulate the electromagnetic waves
radiated by a nanomachine because of the simplicity to generate and detect
pulses (since there is no carrier) and its high spectral efficiency (a very short
Gaussian pulse virtually occupies the whole frequency band). In consequence,
the power spectral density of these pulses is approximately flat over the whole
frequency band. Therefore, we approximate it by a uniform power spectral

density:
S(f) = {PT/B if0< f<B, (217

0 otherwise.

where Pr is the total power radiated by the transmitter.

2.3.3 Channel Attenuation

As we introduced in Section 2.2.1, the attenuation of the nano-electromagnetic
channel has two main components: the spreading loss Agpreqq and the molecular
absorption loss Ags. As presented in Section 2.2.1, molecular absorption loss
can be expressed as:

1
Aabs = - = ekd (218)
T

where 7 is defined as the transmittance of the medium, and k is the medium
absorption coefficient. Since we are interested in the scenario where the trans-
mission distance d tends to zero, we observe that in the limit d — 0 the value
of the molecular absorption loss tends to 1:

lim Agps = lim e = 1. (2.19)
d—0 d—0
Therefore, we conclude that molecular absorption loss will have a negligible
effect on nano-electromagnetic communication. The total attenuation can thus
be approximated by the spreading loss, given in the far field by the well-known
expression for the free-space path loss:

4Wfd)2

A(f) = Aspread = ( - (220)

2.3.4 Noise Power Spectral Density

Finally, there are two main contributors to the receiver noise at the nanoscale:
thermal noise and molecular noise [37]. The total noise power spectral density
in the receiver N (f) can be calculated as the Boltzmann constant kp multiplied
by the total noise temperature:

N(f) = kB(Tsys + Tmol) (221)
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where T, the system temperature and 7,,, the molecular noise temperature.
As presented in Section 2.2.1, the molecular noise temperature can be expressed

as follows:
Trot = Toe = To(1 — 7) = To(1 — e *) (2.22)

where Tj is the standard temperature, € is known as the emissivity of the
medium, 7 is the transmittance of the medium and k& the medium absorption
coefficient. As it happened with molecular absorption, molecular noise tends
to disappear when the transmission distance is small:

. IRT _ —kdy _
Clil_rf(l)Tmol—(lil_I}(l)Tg(l e ") =0. (2.23)

In consequence, the main contributor to the noise power spectral density
at the nanoscale is the thermal noise. Approximating the system temperature
by the standard temperature 7T, = 293K, we obtain a constant noise power
spectral density in the whole frequency band, which we denote by Nj:

N(f) = kpTyys = kTp = Ny (2.24)

2.3.5 Expression of the Channel Capacity

Now, by combining the expressions obtained in (2.17), (2.20) and (2.24) with
the definition of the channel capacity (2.11), we obtain the capacity of a nano-
electromagnetic communication channel:

B
PT/B
C:/ lo 1+ ———1d
: gz( (4”—fd)2No> g
B

PT62
=—1 1+ —
log 2 °g< i (47rd)2B3N0)
VP AndB3?\/N,

+ e arctan ——— V-0 (2.25)
210g(2)7’l’d\/ NQB vV PTC

Recalling the expressions for the channel bandwidth found in Section 2.3.1,
we can express the channel capacity C' as a function of the nanomachine size A,
the transmission distance d and the radiated power Pr (¢, Ny and k; are
constants):

C A3PT/CZ2
— " e (14 22T
Cra 2log(2)A og( * 212¢eNy )
VCAPp/d? V2eN,
+ VAP /d arctan — Vo0 (2.26)

I
2log(2)vVA 2m2 Noky
6\4/A\/PT/d2 t 7T\/2N0/{7% (2 27)

+ arctan ———
10g(2)7T\/ 2N0/{1 A /PT/d20A3/4
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where we have isolated the factor Pr/d? in both expressions. We will see the
capital importance of this quotient on the scalability of the nano-electromagnetic
channel capacity in Section 2.4.

2.3.6 Quantitative Results

In order to obtain quantitative results of the channel capacity as a function
of A and d, we take equations (2.26) and (2.27) and assign values to their
parameters. With this purpose, we choose realistic numbers for an envisaged
scenario of nanonetworks. Next, we describe these values and the rationale
behind the choices made.

When quantum effects are not present (i.e., for a metallic nanoantenna), the
value of the wave propagation speed is equal to the speed of light: v, = c. By
contrast, if the nanoantenna is built with graphene, because of quantum phe-
nomena the wave propagation speed has been empirically observed to depend
on the nanoantenna size as v,, ~ 108v/A m/s, where A is the nanomachine
length [38].

We assume a modulation based on femtosecond-long Gaussian pulses, which
has been proposed as one of the main candidates to implement electromagnetic
communication at the nanoscale [6]. We take as average transmitted power Py
of this modulation a value of 1 kW, which corresponds to a pulse having an
energy of 100 pJ and a duration of 0.1 ps [37].

Concerning molecular absorption and noise, the medium absorption coef-
ficient of a standard atmosphere has been found to have a maximum value
of approximately k.. = 3.5 m~! [37]. Then, considering typical transmis-
sion distances for nanomachines of up to d,,.., = 1 cm, the maximum value
of molecular absorption in a realistic scenario of a nanonetwork is Ags =
ekmazdmas ~ 1 036, which is negligible in comparison with the attenuation due
to the much larger spreading loss. This result confirms that molecular ab-
sorption will not have a significant effect on communication in short-range
nanonetworks, as we had previously obtained analytically. Similarly, the con-
tribution of molecular noise is also negligible in comparison with thermal noise:
Tnot = Tp(1 — e kmaedmaz) ~ (0.034T,. Regarding thermal noise, its spectral
density has a value of Ny = kpTy ~ 1.38 - 10723 . 293 W /Hz.

Finally, we select a realistic range of values for the nanomachine length A
and the transmission distance d. For the former, we choose the interval between
0.1 and 10 pm, and from 1 to 10 mm for the latter. In both cases, the chosen
values are inspired by the range of envisaged values for nanosensors [6]. A
summary of the chosen parameters is shown in Table 2.2. Fig. 2.4 presents
the quantitative results of the channel capacity when quantum effects are not
present, and Fig. 2.5 when they affect the communication.

The results obtained when evaluating equations (2.26) and (2.27) show
that the behavior of the nano-electromagnetic channel capacity differs signifi-
cantly depending on whether we consider or not in our analysis the quantum
phenomena which stem from the use of graphene-based nanoantennas. We
observe that, on the one hand, the absolute value of the channel capacity is
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Figure 2.4: Quantitative values of the channel capacity C' as a function of the
nanomachine size A and the transmission distance d, without quantum effects.
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Figure 2.5: Quantitative values of the channel capacity C' as a function of the
nanomachine size A and the transmission distance d, with quantum effects.

22



2. Scalability of the Channel Capacity of Electromagnetic Nanonetworks

Symbol Quantity Value
A Nanomachine length 0.1-10 pm
d Transmission distance 1-10 mm

Pr Total power radiated by the transmitter 1 kW
Propagation speed of the wave inside the

108

Upna antenna, without quantum effects 3-10° m/s
Propagation speed of the wave inside the 8

Upq antenna, with quantum effects 10°VA m/s

kp Boltzmann constant 1.38-107%3 J/K

Ty Standard temperature 293 K

Table 2.2: Values chosen for the parameters.

higher when quantum effects are not present. On the other hand, while with-
out quantum effects there is a peak in the channel capacity for a value of A
of a few pm, when quantum effects are present the channel capacity increases
monotonically as A decreases. This observation suggests that the scalability
of the channel capacity when the network shrinks may be better than what
one would expect thanks to the aforementioned quantum phenomena.

Furthermore, note that these results assume that the transmitted power
is constant, which might not be realistic in some scenarios. For this reason,
we next take an analytical approach and compute the limits of the channel
capacity when A, d and Pr all tend to zero.

2.4 Limits of the Channel Capacity

We are interested in finding closed formulas for the channel capacity expres-
sions given by the equations (2.26) and (2.27) in the limit when A — 0,d — 0
and Pr — 0. Unfortunately, these limits are not unique, but they depend on
the relationships among A, d and Pr. Thus, in order to find an analytical
expression for the capacity of a nano-electromagnetic channel, we need to as-
sume a given relationship among the scale parameters. Following an approach
as general as possible, we express d and Pr as a function of A as follows:

d = kyA® (2.28)
Pp = kAP (2.29)

where ko and ks are constants and o and S are real positive exponents. In
other words, when the nanomachine size A decreases, both the transmission
distance d and the transmitted power Pr shrink as well, at relative rates a and
B, respectively. Under these assumptions, we can express the channel capacity
as a function of a single scale parameter A, obtaining the following expressions:

k
qu = f log (1 + klgA’B_QOH_S)

+ k13A6722a+1 arctan <k14A2a72673> (2.30)
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k?l —2q+3
Oq = — IOg (]_ —+ kQQAB a+2)
VA
B—2a+1/2

+ kos A 2 arctan <k24A2a75273/2> (2.31)

where k;;, i € [1,2], j € [1,4] are constants w.r.t. A. The limits when A — 0
of the previous expressions are functions of the parameters a and [:

o0 if §—2a > —1,
lim C,, = { constant if § — 2a = —1, (2.32)
A—0
0 if B—2a < —1.
00 if 8 —2a>—-1/2,
iimo Cy = § constant if § — 20 = —1/2, (2.33)
H
0 if B — 20 < —1/2.

The term 3 — 2« in the expressions above stems from the quotient Pr/d* =
e (Aﬁ_za) that appears repeatedly in the capacity expressions (2.26) and
(2.27).

We define the feasible region of the network as the scenario where the
channel capacity does not tend to zero when the network shrinks, i.e., the
conditions under which C' = Q(1) when A — 0. As shown in Fig. 2.6, we
identify three clearly differentiated regions as a function of a and f:

e The region —1/2 < 8 — 2a is feasible both when quantum effects are
present and when they are not.

e The region —1 <  — 2a < —1/2 is feasible only when quantum effects
are present.

e The region 5 — 2a < —1 is never feasible.

We thus conclude that: (i) the scalability of the relationship Pr/d? will
be a key parameter of electromagnetic nanonetworks, since it will determine
the feasibility of the network, (ii) the quantum effects derived from the use
of graphene-based nanoantennas yield a larger feasible region as compared to
using traditional antennas, and (iii) this scalability advantage stemming from
the aforementioned quantum effects allows a reduction of the quotient Pr/d?
up to a factor of © (Al/ 2) when the network shrinks.

2.5 Scalability guidelines

Enormous challenges need to be faced by the scientific community when de-
signing electromagnetic nanonetworks. First, as it happens in current wireless
networks, power consumption is envisaged to become a bottleneck in the per-
formance of nanonetworks. Hence, one of these challenges is the fabrication of
nanoscale power sources able to provide energy to nanomachines. Fortunately,
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Figure 2.6: Feasible area of the channel capacity as a function of @ and 3. The
blue solid line corresponds to the case when quantum effects are not present,
and the red dashed line when they are.

researchers are actively working on novel nanomaterials and techniques to cre-
ate nanobatteries [60], as well as nanoscale energy-harvesting modules [62].

Besides the power source, another important challenge of nanonetworks is
the expectedly large density of nanomachines required to cover a certain region.
Indeed, because of the very limited transmission range of nanomachines, and
since the number of devices N needed to cover a fixed 3-dimensional area
scales with their transmission range as N = O (d?), it seems likely that a
huge number of devices will be required to build a nanonetwork. The cost of
manufacturing such a number of nanomachines may therefore compromise the
feasibility of the nanonetwork.

With the latter concern in mind, we establish an additional condition for the
network feasibility. Besides the constraint introduced in the previous section
that the channel capacity does not tend to zero when the network shrinks, we
restrict the total number of nanomachines N to be inversely proportional to
the volume of a single device V, i.e., N o 1/V. The rationale behind this
choice is that, in this scenario, the combined volume of all the nanomachines
NV (and thus their cost) will be constant. Since the volume of a nanomachine
scales as V' = O (A?), this condition results in © (d~?) = © (A™3). From this
expression, we derive that the additional necessary condition is d = ©(A). In
other words, all the network dimensions (nanomachine size and transmission
distance) must shrink proportionally so as to guarantee the network feasibility.

In this scenario, which corresponds to o = 1, recalling the results obtained
in Section 2.4, we find that the feasible region of the network corresponds to
the values § < 1 when quantum effects are not present, and § < 3/2 when
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Figure 2.7: Log-log plot comparing the scalability of the transmitted power
without quantum effects (Pr,,, blue solid line) and with quantum effects (Pr,,
red dashed line), as a function of the nanomachine size A. The transmission
distance scales as d = O(A).

they appear. In other words, without quantum effects, the transmitted power
needs to scale at most linearly with the nanomachine size, as Pr,, = Q(A);
a faster scaling would render the network infeasible. By contrast, quantum
phenomena allow a faster decrease in the transmitted power, at a rate of Pr, =
Q (A3/2). Both cases are compared in Fig. 2.7. In consequence, quantum
effects achieve a scaling advantage of © (AI/ 2) with respect to the traditional
scenario. We extract the following scalability guideline: the use of graphene-
based nanoantennas allows relaxing the requirements for nanobatteries and
nano-energy harvesting modules that will power nanomachines. For instance,
when the size of a nanomachine is reduced by two orders of magnitude, the
required energy is one order of magnitude smaller when using graphene-based
nanoantennas with respect to the traditional case.
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Chapter 3

Diffusion-based Channel
Characterization in Molecular

Nanonetworks

3.1 Introduction

Several techniques have been proposed to interconnect nanomachines by draw-
ing inspiration from biology [4, 43]. Among them is calcium signaling [14], a
particular case of molecular signaling. Calcium signaling is one of the most
common techniques for intra- and inter-cellular communication, based on the
use of calcium ions (Ca?") to encode and transmit information. As other re-
searchers have done [46, 61], we propose calcium signaling as a method to
realize communication among nanomachines in the short range (nm to pm).

The propagation of a low concentration of calcium ions in a fluid envi-
ronment is a particular case of molecular diffusion. Several researchers have
attempted to model the diffusion-based molecular channel; some of them have
focused on its channel transfer function [50], while others have determined
the channel capacity from an information-theoretical point of view [9, 51, §].
However, to the best of our knowledge, none of them provides a system char-
acterization for a scenario dominated by Fick’s laws of diffusion [48], which we
consider a realistic model for molecular signaling.

In this work, we focus on a diffusion-based molecular communication whose
physical channel is governed by Fick’s laws of diffusion. First, we obtain the
impulse response, the transfer function and the group delay of the molecular
channel. Further, we propose a pulse-based modulation scheme which we use
to derive analytical expressions of relevant communication metrics, namely, the
pulse delay, amplitude and width. These results are validated using NanoSim,
a simulation framework for diffusion-based molecular communication which
is thoroughly described in Chapter 4. Furthermore, the scalability of these
metrics is compared with their equivalents in a wireless electromagnetic chan-
nel. Finally, the highest achievable bandwidth is analyzed and a scenario with
multiple simultaneous transmitters is evaluated.
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3.2 Diffusion-based Molecular Channel and
Modulation Scheme

The molecular channel that we aim to characterize can be described as a set
of nanomachines which communicate through molecular diffusion in a fluid
medium. Transmitter nanomachines encode the information to be sent into
a molecular release pattern. The emitted molecules cause a variation in their
local concentration, which propagates throughout the medium. Receivers are
able to estimate the concentration of molecules in their neighborhood and, from
this measurement, recover the release pattern and decode the sent information.

In our envisaged scenario, the concentration of emitted molecules is much
lower than the concentration of the fluid molecules. Under these conditions,
we assume that interaction among the emitted molecules (e.g., collisions and
electrostatic forces) can be neglected. An example of this kind of scenario
is calcium signaling among cells, where extracellular concentration of calcium
ions is in the millimolar range [15], while the concentration of water (the main
component of extracellular fluid) is of 55.5 molar, more than 4 orders of mag-
nitude higher.

In this scenario, each of the molecules released by a transmitter moves
according to Brownian motion. Since the movement of each molecule is inde-
pendent, molecular diffusion can be modeled by Fick’s laws of diffusion with
a homogeneous diffusion coefficient both in space and time. In this case, the
diffusion equations are linear [59].

We propose a pulse-based modulation scheme for diffusion-based molecular
communication. According to this scheme, whenever a transmitter nanoma-
chine wants to communicate some information to its neighbors (e.g., after it
detects an infectious virus [64]), it instantaneously releases a pulse of molecules.
This creates a spike in the molecular concentration at the transmitter location,
which then propagates through space and time. The propagation of this pulse
can be analytically modeled by solving Fick’s laws of diffusion. If the trans-
mitter releases ) molecules at the instant ¢t = 0, the molecular concentration
at any point in space is given by [12]:

_ Q —r2 /4Dt
c(r,t) (47TD1§)3/2€ (3.1)
where D is the diffusion coefficient of the medium, ¢ is time and r is the distance
from the transmitter location.

It should be noted that, since the emitted molecules do not interact among
them, the previous scheme allows for simultaneous transmissions by multi-
ple nanomachines. Interferences may be avoided if transmitters use different
molecule types, in a mechanism known as Molecular Division Multiple Access

(MDMA) [47].
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Figure 3.1: Normalized channel impulse response.

3.3 Molecular Channel Analysis

Eq. (3.1) allows to obtain the concentration measured by a receiver located at
a distance r from the transmitter as a function of time. Since the previously
described molecular channel is linear and time-invariant, this measure can be
interpreted as the channel response to an impulse of molecules, i.e., the channel
impulse response.

Fig. 3.1 shows the impulse response of the molecular channel, normalized
to values between 0 and 1. We set the transmission distance to r = 200 nm and
the diffusion coefficient to D = 1 nm?/ns, similar to the diffusion coefficient
of ionic calcium in cytoplasm [18]. We can observe that the concentration ini-
tially measured by the receiver is zero, but it sharply increases until reaching
its maximum. The time instant at which this maximum occurs can be inter-
preted as the pulse delay. After the concentration peak is reached, the impulse
response slowly decreases, forming a long tail due to the effect of diffusion.

We then obtain the channel transfer function by computing the Fourier
transform of the impulse response. The magnitude of the channel transfer
function, shown in Fig. 3.2 in dB, can be interpreted as the channel attenuation.
The results indicate that only low-frequency signals can be reliably transmitted
through the channel. We observe a notch at f = 500 kHz, related to the delay
caused by the diffusion process.

Fig. 3.3 shows the molecular channel group delay. At low frequencies,
we observe two peaks: a positive peak at f = 0 Hz and a negative one at
f =500 kHz. The latter one is due to the delay that causes the notch in the
channel transfer function at the same frequency. At higher frequencies, the
channel group delay is approximately zero.

In Fig. 3.4 and Fig. 3.5, we plot the magnitude of the normalized channel
transfer function and the group delay, respectively, as a function of both the

29



3. Diffusion-based Channel Characterization in Molecular Nanonetworks

Marmalized channel transfer function [dB]

1 1 1 1 1
0s 1 15 2 248 3 348 4 45 5
Frequency [MHz]

] 1 1 1 1
1}
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Figure 3.3: Channel group delay.
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Figure 3.4: Magnitude of the normalized channel transfer function in dB as a
function of the transmission distance.

frequency and the transmission distance. The transmission distance ranges
from 100 to 450 nm. As expected, the channel attenuation increases both with
the increase in frequency and in transmission distance. The channel group
delay also increases with the the distance from the transmitter, and is nearly
zero for frequencies higher than a few hundreds of kHz.

3.4 Communication Metrics

Eq. (3.1) can also be interpreted as the pulse equation, since it shows the
evolution of a molecular pulse in space and time. Considering the pulse-based
modulation scheme introduced in Section 3.2, an alternative path to explore
the characteristics of the molecular channel is to directly analyze the pulse
equation. With this purpose, we consider several metrics that will enable
the assessment of the communication performance in this scenario. We focus
on three of them: the pulse delay, the pulse amplitude and the pulse width.
First, we obtain analytical expressions for these metrics and validate them
by simulation. Then, we compare the scalability of these metrics with their
equivalent in a wireless electromagnetic channel.

3.4.1 Pulse Delay

In order to find the pulse delay, we compute the time instant for which the pulse
equation reaches its global maximum. As we observe in Fig. 3.1, this function
has only one local maximum, which is also its global maximum. We can
therefore compute the position of this maximum by taking the time derivative
of the function and finding the time instant at which it is equal to zero:
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Figure 3.5: Channel group delay as a function of the transmission distance.

de(r,t) d Qe /4Dt B
dt  dt (4xDt)*?
From this equation, by isolating the variable ¢ we can obtain the time at

which the pulse has its maximum ¢,;. This time can be interpreted as the pulse
delay:

(3.2)

?"2

6D

In order to validate this result, we simulate the transmission of a 10” molecule
pulse using NanoSim. The diffusion coefficient is set to D = 1 nm?/ns and the
local molecular concentration is measured at distances from 100 to 450 nm, at
intervals of 50 nm. We will use these same conditions throughout this work,
unless otherwise stated. Fig. 3.6 shows a comparison between the analytical
expression of the pulse delay (dashed line) and the averaged results obtained
with NanoSim after 30 simulation runs with 95% confidence intervals.

ty (3.3)

3.4.2 Pulse Amplitude

It is also worth investigating the variation of the pulse amplitude over space,
which may be interpreted as the channel attenuation. We obtain this amplitude
by evaluating the pulse equation at the time instant at which the pulse reaches
its maximum value, which we have previously found in Eq. (3.3):

3 >3/2 0

2me 73

e = D, = (3.4
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Figure 3.6: Plot of the pulse delay as a function of the transmission distance.
The dashed line corresponds to the analytical expression, and the crosses show
the simulation results with 95% confidence intervals.

As done in the previous section, we validate this result by means of sim-
ulation. Considering a pulse transmission under the same conditions used to
validate the pulse delay, we measure the pulse amplitude as a function of the
transmission distance. Fig. 3.7 shows a log-log plot that compares the analyt-
ical expression (dashed line) with the simulation results with 95% confidence
intervals, which confirms the correctness of Eq. (3.4).

3.4.3 Pulse Width

Another important metric is the pulse width, since it will be the main con-
straint on the achievable bandwidth. As it is usually done in electromagnetic
communication, we compute the pulse width at the 50% level, i.e., the time
interval at which the pulse has an amplitude greater than half of its maximum
value:

Q  _eup Cma 1 3)\Q
t = r = — = — _— _— 35
e(r.?) (47TDt)3/26 2 2 \ 2me r3 (3.5)

We obtain the following expression by isolating the time variable:

7,2

6DW (i)

where W is the Lambert W function [16]. This equation has two solutions,
corresponding to the two time instants at which the pulse amplitude is equal
to half of its maximum value. These instants are given by:

(3.6)
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Figure 3.7: Log-log plot of the pulse amplitude as a function of the transmission
distance. The dashed line corresponds to the analytical expression, and the
crosses show the simulation results with 95% confidence intervals.
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Finally, we can obtain the expression of the pulse width ¢, by subtracting
these two instants:

T2 2 =

1=

r? (3.7)

4501
ty =1ty —t; = %yﬂ (3.8)

As before, we validate the obtained expression with NanoSim, using the
same parameters as in the previous sections. Fig. 3.8 shows that the simulation
results are close to the values of the analytical expression, which confirms the
validity of Eq. (3.8).

3.4.4 Molecular vs Wireless EM Channel Comparison

It is worth comparing the communication performance metrics previously found
for a diffusion-based molecular communication channel to their equivalent in a
wireless electromagnetic (EM) communication channel. In the molecular chan-
nel, as we observe in Eq. (3.3), the pulse delay is proportional to the square
of the transmission distance: t; = © (r?). This is due to the peculiarities of
the Brownian motion underlying the diffusion process, which is fundamentally
different from the wave propagation observed in EM communication. In the
latter case, the propagation delay is equal to the transmission distance divided
by the wave propagation speed: t; = O (7).

Eq. (3.4) shows that the amplitude of a molecular pulse is inversely propor-
tional to the third power of the transmission distance, i.e., ¢ = O (1/73).
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Figure 3.8: Plot of the pulse width as a function of the transmission distance.
The dashed line corresponds to the analytical expression, and the crosses show
the simulation results with 95% confidence intervals.

This dependence shows again a difference with respect to the behavior of waves
in wireless EM communication, for which, according to the free-space path
loss formula A = (%)2, the pulse amplitude decreases proportionally to the
square of the transmission distance.

Finally, according to Eq. (3.8), the dependence of the pulse width on the
transmission distance is t,, = © (r?). Again, there is a clear difference with
the traditional EM channel, for which the pulse width is independent from
the transmission distance: ¢, = ©(1). Also, the behavior of the molecular
channel differs from that observed in optical communication, where chromatic
dispersion causes the pulse width to increase proportionally to the transmission
distance (t,, = O(r)), at a slower rate than in the molecular channel.

In the following table, we summarize these comparisons between the scal-
ability of communication metrics in the molecular channel and the wireless
electromagnetic channel:

Metric ‘ EM channel ‘ Molecular channel
Pulse delay O (r) O (r?)

Pulse amplitude O (1/r?) O (1/r3)

Pulse width O (1) O (r?)

3.5 Achievable Bandwidth

The pulse width expression, described in Eq. (3.8), allows us to obtain an
estimate on the achievable bandwidth of the pulse-based modulation scheme.
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Figure 3.9: Concentration measured by the receiver when a train of pulses is
transmitted from a distance of 200 nm. The interval between pulses is equal
to the pulse width at the receiver location.

Let us consider the case where a nanomachine needs to transmit a bit stream.
With this purpose, it may send a train of pulses by using different molecule
types to represent bits ‘0" and ‘17, respectively. In this case, the minimum
separation between the transmitted pulses needs to be approximately equal to
the pulse width at the receiver, so that pulses can be correctly distinguished
and the information can be decoded (assuming that the transmitter and re-
ceiver are synchronized). The achievable bandwidth in this scenario is thus
approximately equal to the inverse of the pulse width at the receiver location.

The transmitter is able to compute the pulse width at the receiver by using
Eq. (3.8) and it can set the interval between the transmitted pulses accordingly.
For example, for a transmission distance of 200 nm, the received pulse width
will be of 18 ps. Fig. 3.9 represents the received signal when a train of pulses is
transmitted by a nanomachine located 200 nm away with an interval between
pulses equal to the pulse width at the receiver (18 ps). The simulation results
show a stream of distinguishable pulses and thus confirm that the transmitted
signal can be correctly decoded by the receiver.

3.6 Multiple Transmitters

In order to demonstrate the feasibility of a scenario where multiple nanoma-
chines are transmitting simultaneously, we perform a simulation where two
transmitters emit a pulse of molecules at the same time instant. Fig. 3.10
shows the concentration measured by a receiver in this scenario. The trans-
mitter nanomachines are located at a distance of 300 and 400 nm, respectively,
and they use different molecule types in order to avoid the collision of the trans-
mitted pulses. Since the transmitted molecules do not interact, the pulses are
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Figure 3.10: Concentration measured by the receiver when two transmitters
simultaneously emit a molecular pulse. Transmitter 1 (orange) is located at a
distance of 300 nm, and transmitter 2 (blue) at 400 nm.

orthogonal and they can be successfully decoded by the receiver.
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Chapter 4

NanoSim: A Simulation
Framework for Diffusion-based
Molecular Communication

4.1 Introduction

Several authors have developed analytical models of diffusion-based molecular
communication [50, 27]. In order to validate them, either an experimental
study or simulations are needed. Despite recent advances in synthetic biology,
an experimental setup of molecular communication is still very challenging to
build, so simulation seems the most feasible choice nowadays. A simulator
would allow to recreate a molecular communication environment and measure
the relevant metrics to evaluate its performance, such as channel attenuation,
delay and capacity. The simulator outputs can be then compared with the
results from the analytical models in order to assess the validity of the models.

Some authors have obtained simulation results, but restricted to very simple
scenarios where the transmitter releases a single molecule [39]. Other simula-
tors are based on Fick’s laws of diffusion [32], making it impossible to simulate
collisions among particles (collective diffusion) or observe effects like noise due
to the diffusion itself. Therefore, to the best of our knowledge, a realistic sim-
ulation tool which allows to validate the existing theoretical models and to
create novel, more accurate models is currently missing.

With the objective of filling this gap, we present next a brief overview of
the simulation framework NanoSim [1], which allows the molecule-by-molecule
simulation of diffusion-based molecular networks. The benefits of NanoSim
include the validation of existing channel models for molecular communication
and the evaluation of novel modulation schemes. In particular, in Section 3.4,
we used NanoSim to validate our obtained analytical results.
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4.2 Simulator Architecture

The simulated scenario can be described as a group of nanomachines which
communicate through molecular diffusion in a 3-dimensional fluid medium.
Each transmitter is modeled as a punctual nanomachine with a fixed loca-
tion. Transmitters encode the information by releasing molecules into the
medium with a user-specified pattern. The emitted molecules move according
to Brownian motion, as a result of collisions with the smaller fluid molecules.
Finally, receivers are modeled as spherical nanomachines which are able to
count the number of molecules in a surrounding volume, thus estimating the
local concentration. From this measurement, the transmitted information can
be decoded.

Figure 4.1 shows a block diagram of the steps needed to run a simulation.
First, the user specifies the simulation parameters in a configuration file. A set
of scripts allows the user to run multiple simulations automatically. Next, the
diffusion simulator takes these files as input and generates an output file for
each receiver. Finally, another set of scripts may be used to plot the simulation
results.

4.2.1 Transmitter and Receiver Models

The transmitter is defined by its location in the simulation space and its size,
which determines its influence area. Every transmitter also has an associated
waveform, which modulates its particle release pattern. There are a number
of predefined waveforms, such as a square pulse, a Gaussian pulse or a pulse
wave, amongst others. Moreover, the user may define a custom waveform to
be used by the transmitter.

The receiver can be modeled as a sphere or cube which is able to mea-
sure the instantaneous number of molecules within its detection range, from
which the local concentration can be estimated. This model is inspired by the
ligand-receptor binding mechanism found in nature [55]. Many receiver pa-
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rameters are customizable. For instance, after the receiver has measured a set
of particles, it can either absorb them or be completely transparent to them.
NanoSim also allows the user to place multiple transmitters and receivers
in the simulation field. The user just needs to define the characteristics of each
transmitter and receiver, namely, its position, shape and size, which can be
different for each of them. This will allow the study of several communication
aspects, such as the feasibility of broadcast molecular communication, or the
nature of interferences when more than one transmitter emits at the same time.

4.2.2 Particle Model

We model the particles as spheres. The main reason for this choice is the
simplicity of the collision detection algorithm for spheres. The diffusion of the
emitted particles takes place as a result of the collisions between particles and
the fluid molecules. It would be computationally infeasible to model each of
these collisions individually, since the number of collisions between each parti-
cle and the fluid molecules is in the order of 10%° per second [49]. Fortunately,
the seemingly random movement of the suspended particles caused by colli-
sions between the particles and the smaller fluid molecules can be modeled
mathematically as Brownian motion [40]. Brownian motion allows to statis-
tically calculate the movement of each particle, which behaves as a Gaussian
random variable with zero mean and whose root mean square displacement in
each dimension after a time t is v/2Dt, where D is the diffusion coefficient of
the medium [20].

The high-level effect of the particles moving with a Brownian pattern is
their diffusion throughout the medium. Fick’s laws [48] model the diffusion
which results from the collisions between the particles and fluid molecules.
However, they do not take into account the influence of collisions among the
particles themselves, and thus are only valid when the particle concentration
is low.

In order to simulate diffusion environments with a high background con-
centration (known as collective diffusion [7]), NanoSim needs to account for
collisions among particles and the particles inertia. For simplicity, we consider
that all collisions are elastic (i.e., the total kinetic energy is conserved). Since
the particles are modeled as spheres, NanoSim can efficiently detect and com-
pute the collisions among them. Since collisions among particles only have
an effect on their diffusion when the concentration is high, collisions may be
disabled in order to further increase the speed of the simulation.

4.2.3 Simulation Space

NanoSim can be configured to generate both 2-dimensional and 3-dimensional
simulation spaces. One of its parameters is the initial particle concentration
in the medium. If it is zero, an unbounded space can be simulated. However,
if the initial particle concentration is greater than zero, the simulation space
needs to be bounded (otherwise the number of particles would be infinite).
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When a bounded space is simulated, a cuboidal simulation space is assumed.
We considered several alternatives to implement the simulation space:

1. We place hard boundaries at the edges of the simulation space. When a
particle reaches one of these boundaries, it rebounds.

2. The space has transparent boundaries; whenever a particle crosses them
and moves outside the simulation field, it disappears.

3. The space has transparent boundaries; whenever a particle reaches a
boundary, it reappears in the other side of the simulation area, as in a
torus-shaped scenario.

We decided to implement the first alternative, which we consider the most
realistic in prospective applications of molecular communication. For example,
in a set of communicating nanomachines located in a blood vessel, whenever a
particle collides with the vessel wall (known as tunica intima), it will rebound.

The particles released by transmitters will increase the background concen-
tration over time, which may be unrealistic in some scenarios. For such cases,
NanoSim includes an optional mechanism which simulates an infinite space by
letting some particles disappear at the system bounds, according to the laws
of diffusion.

Moreover, objects can also be set within the scenario in order to simulate
obstacles between the transmitters and receivers. This will allow recreating,
for example, a scenario where a group of bacteria is crossing the medium and
it obstructs the way between transmitters and receivers.

4.3 Simulation Results

In order to illustrate the capabilities of the simulator, we performed several
simple simulations in a 2-dimensional space with a circular transmitter and
receiver of 100 nm in radius. Table 4.1 contains the values of the param-
eters used. Fig. 4.2 shows the transmission of a Gaussian pulse consisting
of 10% molecules, and the received signal, defined as the number of particles
detected by a receiver as a function of time, at 500 and 1000 nm from the trans-
mitter location, respectively. We observe that the molecular channel alters the
shape of the pulse. As the transmission distance increases, the received pulse
is lower, wider and has a longer tail, due to the effect of diffusion.

In Fig. 4.3, we see the molecular channel response to a square pulse. In this
case, the distortion of the pulse shape by the molecular channel is even more
pronounced. At a distance of 1000 nm, the square pulse is indistinguishable
from the Gaussian pulse. This suggests that, in this environment, a modulation
based on Gaussian pulses might be more suitable than one based on square
pulses.
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Parameter Value
Time step 10 ps
Simulation time 5 ms
Transmitter radius 100 nm
Receiver radius 100 nm
Particle radius 0.2 nm
Number of particles 6

10
released
Diffusion constant 0.896 nm?/ns

Table 4.1: Parameters used in the simulations
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Figure 4.2: Transmission of a Gaussian pulse
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Figure 4.3: Transmission of a square pulse
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Chapter 5

Conclusions and future work

5.1 Conclusions

Nanonetworks, the interconnection of nanomachines, will greatly expand the
range of applications of nanotechnology, bringing new opportunities in diverse
fields. Following preliminary studies on techniques to enable communications
at the nanoscale, two paradigms that promise the realization of nanonetworks
have emerged: molecular communication and nano-electromagnetic communi-
cation.

A key question then arises: do nanonetworks have the potential of becoming
a reality or will they remain in the realm of science fiction? One way to obtain
the answer to this question is to study the scalability of the performance metrics
in a communication network, such as the throughput, the transmission delay
and the energy consumption, when the network size is reduced to the nanoscale.

In this work, we lay the foundations of a scalability theory for nanonet-
works, which will allow to determine the feasibility of nanonetworks. In order
to find how the performance metrics of the network scale, the communication
channel first needs to be characterized.

In the case of nano-electromagnetic communication, we analyze a recently-
presented channel model [37] based on the use of graphene-based nanoantennas
which radiate electromagnetic waves at the terahertz band. We identify several
quantum effects arising from the use of graphene-based nanoantennas, which do
not appear when traditional metallic antennas are employed. By finding how
these effects impact communication at the nanoscale, we obtain the scalability
of the nano-electromagnetic channel capacity when the network dimensions
shrink. Our quantitative results show that the channel capacity scales better
when quantum effects are present. Finally, we derive guidelines regarding
how network parameters, such as the transmission distance or the transmitted
power, need to scale in order to keep the network feasible.

In molecular communication, we concentrate in a scenario of short-range
molecular signaling governed by Fick’s laws of diffusion. For this scenario, a
physical channel model that allows the development of a scalability theory is
missing. Therefore, the diffusion-based molecular channel needs to be char-
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acterized in order to lay the groundwork for a scalability theory. With this
purpose, we follow two complementary approaches. First, we obtain the im-
pulse response, the transfer function and the group delay of the molecular
channel. Second, we propose a pulse-based modulation scheme and, based
on this scheme, we derive analytical expressions for the most relevant perfor-
mance metrics from the communication standpoint: the pulse delay, the pulse
amplitude and the pulse width. We then validate these results by means of sim-
ulation. Last, we show the differences in the scalability of the obtained metrics
with respect to their equivalent in wireless electromagnetic communication.

Motivated by the need to validate the analytical expressions for the pre-
viously obtained performance metrics, we have designed NanoSim, a physical
simulation framework for diffusion-based molecular communication. We think
that NanoSim will prove an essential tool to design and evaluate protocols,
modulations, resource management schemes and a novel network architecture
for molecular nanonetworks.

In conclusion, we consider that the results of this thesis provide interesting
insights which may serve designers as a guide to implement future nanonet-
works, and lay the foundations of a scalability theory for nanonetworks.

5.2 Future work

Nanonetworking is a vast research field whose exploration began only a few
years ago [4]. This thesis contains just the foundations of a scalability theory of
nanonetworks; thus, the possibilities of extending this work are almost endless.
We outline next just a few of them.

A scalability theory of nano-electromagnetic communication needs to con-
sider how all the relevant performance metrics scale. In this thesis, we focused
on the nanoantenna and evaluated the scalability of the channel capacity, but
studying other metrics is no less important. For instance, aspects such as the
memory requirements, the energy consumption and the transmission range of
nanomachines will be of utmost importance when designing nanonetworks. In
order to find how these metrics scale, our scalability analysis must be extended
to include all the nanodevices that make up the nanomachine, such as the
nano-battery, the nano-processor, the nano-memory and the nano-transceiver.
A complete scalability theory should explain how the size and the performance
of each of these nanodevices will scale in nanonetworks.

Our study of the molecular communication scenario only considers molec-
ular signaling, one of the proposed techniques for the short range (nm to pm).
Furthermore, the analyzed performance metrics are only evaluated for a par-
ticular modulation scheme. Our work should be thus generalized to include
other modulations, scenarios and communication techniques, as well as addi-
tional performance metrics. However, we expect the development of a unified
scalability theory for molecular communication to be a challenging task, due
to the broad variety of communication scenarios for which a channel model
has not been developed to date.
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5. Conclusions and future work

Finally, the simulation framework NanoSim is just a first attempt to recre-
ate a scenario of diffusion-based molecular communication. It can be extended
in several directions, such as considering additional effects (e.g., electrostatic
charges) in order to provide a closer approximation to reality, and improving
its scalability in complex scenarios.
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Appendix A

Derived publications and theses

A.1 Publications derived from this thesis

e Ignacio Llatser, Albert Cabellos-Aparicio, Eduard Alarcén, Josep Miquel
Jornet, and Tan F. Akyildiz. Scalability of the Channel Capacity of
Electromagnetic Nanonetworks. To be submitted to IEEE Transactions
on Wireless Communications.

e Ignacio Llatser, Albert Cabellos-Aparicio, Eduard Alarcon, and Massim-
iliano Pierobon. Diffusion-based Channel Characterization in Molecular
Nanonetworks. Submitted to the Ist IEEE International Workshop on
Molecular and Nano Scale Communication (MoNaCom), organized in
conjunction with IEEE Infocom 2011.

e Nora Garralda, Ignacio Llatser, Albert Cabellos-Aparicio, Eduard Alarcén,
and Massimiliano Pierobon. Simulation-based Evaluation of the Diffusion-
based Physical Channel in Molecular Nanonetworks. Submitted to the
1st IEEE International Workshop on Molecular and Nano Scale Com-
munication (MoNaCom), organized in conjunction with IEEE Infocom
2011.

e Ignacio Llatser, Inaki Pascual, Nora Garralda, Albert Cabellos-Aparicio,
Massimiliano Pierobon, Eduard Alarcén, and Josep Solé-Pareta. NanoSim:
A Simulation Framework for Diffusion-based Molecular Communication.
In preparation.

A.2 Swupervised master theses

e Nora Garralda. Simulation-based Evaluation of the Diffusion-based Phys-
ical Channel in Molecular Nanonetworks. Supervised by Albert Cabellos-
Aparicio and Ignacio Llatser, to be defended in February 2011.

e [naki Pascual. NanoSim: Simulation Tool for Diffusion-based Molecular
Comunication in Nanonetworks. Supervised by Albert Cabellos-Aparicio
and Ignacio Llatser, to be defended in June 2011.
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