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Nanotechnology utilizes the operation of nano-sensors also called nano-machines. Nano-
machines are very small in size, about a few hundreds of nanometers. At the nanoscale,
single nano-machine has very limited functionalities so it is able to perform only a simple
task. However, the group of nano-machine can perform complex tasks when they com-
municate among themselves. The tasks performed by those machines have applications
in the field of biomedical, environmental, and military. There are various models of com-
munication among nano machines, like electromagnetic wireless communication, molec-
ular communication, acoustic communication, nano-mechanical communication model.
In this studies, electromagnetic wireless communication model is used with the latest ad-
vancement in graphene based electronic. Graphene and its derivatives points that the fre-
quency range of operation of future electronic nano-machines is terahertz band (0.1 — 10.0
THz). This band of frequency is still unlicensed and it can theoretically support a very
large transmission speed.

Nano-machines, due to its small size have resource constrain. Nano-machines with nano-
batteries are typically characterized by a limited energy supply. Hence, to overcome the
power limitation, there is a need of an energy-efficient communication paradigm. Such
an energy-efficient communication paradigm is communication through silence (CtS)
strategy. This strategy enables energy-efficient information transfer within the nano-ma-
chines. In CtS, information is transmitted using silence period which makes this strategy
energy-efficient. This thesis is focused in this new communication paradigm, CtS. The
performance from this strategy is evaluated in terms of channel capacity for both single
and multiple user cases in terahertz band. A propagation model for terahertz band based
on radiative transfer theory is used to calculate the total path loss and the molecular ab-
sorption noise that a travelling wave suffers. Chanel capacity was formulated in this stud-
ies using those parameters. Analytical result in this studies shows that the performance is
very high for both lower distance like, 1 meter and lower number of water vapour (H20)
molecules.
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1. INTRODUCTION

Nanotechnology is the manipulation of matter directly on an individual level at atomic,
molecular, and super molecular scale. Nano-networking is the branch of research field
where nano-machines are deployed into the field of digital communication. Nano-net-
work refers to the connection and coordination of nano-machines. Nano-machines are
very small in size. Nano-network has a potential application in a very large range of areas.
So, scientists are carrying out the research works focusing on this unexplored research
topic.

Nanotechnology furnish challenging path for the design and manufacture of nano-ma-
chines (electronic components), whose sizes are few cubic nanometer [1]. These nano-
machines are devices capable of performing only a few tasks of computation, sensing,
and actuation [2]. However, the nano-machines can also perform complex tasks when
they are interconnected via nanoscale communication links. The interconnected nano-
machines communicate to perform tasks such as nano-scale computing, collaborative
drug delivery, health monitoring, and biological or chemical attack detection in nanoscale
environments. However, the connection strategy among nano-machines through na-
noscale communication links are yet to be solved.

Basically, there are four main approaches for nanoscale communication links, they are
nano-mechanical, acoustic, molecular, and electromagnetic (EM) [20]. In a nano-me-
chanical communication system, a mechanical contact between transmitter and receiver
transmits the message signal. Whereas, in acoustic communication, acoustic energy like
pressure variation is used to transmit the message signal between transmitter and receiver.
Similarly, in molecular communication, molecules are used as the message carrier be-
tween transmitter and receiver. Similarly, in EM communication, the message signal is
transmitted from the transmitter to the receiver through EM waves [21]. Among the four
approaches, EM communication is the most appropriate technique for the realization of
nanoscale communication. Due to the availability of many micro and nano-scale devices,
wireless EM based nanoscale communication links are the most suitable for data trans-
mission within the nano-network. The integration of nano-machines and communication
technologies is necessary to develop frontier nano-networks applications.

Due to the recent advancement in nanomaterials, the small sized nano-machines com-
municate in terahertz band frequency. This is the least explored frequency band. The
overall goal of this thesis work is to analyze the channel capacity using communication
through silence (CtS) strategy in the terahertz (THz) band for both single and multi-user
case in order to compute the throughput of the system.



1.1 Motivation

Communication between the nano-machines is an interesting topic to study on. Two facts
about the tiny machines motivates to contribute on its study. Firstly, nano-machines are
assumed to be so small that they are not visible to our naked eyes. Secondly, but more
amazing is that such small machines are still capable of performing the tasks like compu-
tation, sensing, actuation and many more. Manufacture, as well as communication be-
tween nano-machines, is still in the phase of research. That means for the time being, it
is still unclear how nano-machines will communicate. So, they have not yet been imple-
mented in the real time environment.

All over the world research work is proceeding in this field. Scientists and researchers are
proposing various theories that can be possibly implemented for the communication of
nano-machines. Among these, CtS is also one of the proposals that can possibly be im-
plemented in the future. However, a lot of research work has to be performed before it
can be implemented. It is believed that analyzing the channel capacity of CtS in terahertz
band for both single and multi-users case has not ever been performed. Hence, the result
of this thesis work can be one of the footsteps or contributions for implementing commu-
nication among nano-machines in terahertz band.

1.2 Research objectives

Nano-machine as a single device has only a basic functionality. However, when they are
inter-connected with each other, they can perform complex tasks. Inter-connecting nano-
machines is a great challenge. These machines are not inter-connected practically up to
date. Scientists are in the path to realize feasible techniques which will assist nano-ma-
chines to communicate among themselves. CtS is one of the proposed techniques for con-
necting nano-machines.

CtS is a new technique in which message signal is transmitted using two 1's. First and the
last bit of the message frame is each 1 and 0's are in between these 1's. Energy is only
required to transmit 1's. During the transmission of O's the transmitter stays silent, so there
IS no energy consumption. Energy consumption is one of the main limitations in nano-
machines communication. Nano-machine has nano-battery as energy backup whose vol-
umetric capacity is in the order of 45 pAh-1cm-2um-1 [1]. CtS strategy consumes very
low amount of energy. So it is very suitable for nano-scale communication. The perfor-
mance of CtS strategy is evaluated in terms of channel capacity for both single user and
multi-user case in terahertz band frequency. Moreover, it is known that nano-machines
communicate in terahertz band of frequency and this band of frequency has peculiar be-
havior towards the noise. In order to calculate and observe the parameters like path loss,
molecular absorption noise, and absorption coefficient, a terahertz propagation model
proposed in [17] for different channel molecular composition is used. The parameters are
further applied in the calculation of both single and multi-user channel capacity.



1.3 Structure of thesis

This thesis work consists of six chapters. Chapter 2 provides the theoretical background
related to nano-machines. Here, the discussion is based on the development, manufactur-
ing as well as application field of nano-machines. Chapter 3 is focused on the terahertz
band communication. In this chapter the properties of the terahertz channel are reviewed.
Similarly, terahertz propagation model based on previous study is discussed here. The
propagation model is used in the calculation of total path loss, absorption coefficient,
molecular absorption noise. Likewise, chapter 4 is based on the discussion CtS strategy
and analytical process for calculating channel capacity for both single and multi-user
cases. Similarly, chapter 5 presents the illustrated results along with the numerical results
which are produced using MATLAB algorithms. The results are based on the equations
provided in the above chapters. Finally, chapter 6 concludes the overall thesis work sug-
gesting some future works related to the thesis work.



2. THEORITICAL BACKGROUND

This chapter is the layout of theoretical background for nano-machines and nanotechnol-
ogy. It presents the history of nanotechnology along with the development process and
architecture of nano-machines. The uses of nano-machines and the mode of communica-
tion between these machines are also described in this chapter. The primary objectives of
this chapter can be summarized as follows:

» General information on nano-machines,

Historical background on nano-machines and nano-technology,
Communication modes in nano-networks,

Development and manufacturing process of nano-machines, and
General applications of nano-machines.

YV V V V

The chapter consists of five sections. Section 2.1 gives the general description on history
of nano-technology. Section 2.2 describes the development techniques of artificial and
biological nano-machines. Section 2.3 gives the general idea on manufacturing process
of nano-machines. Section 2.4 gives the general idea about communication model in
nano-networks. The final section describes the general applications of nano-networks.

2.1 History of nanotechnology

The word nano is derived from a latin word nanus which means dwarf and also from
Greek work nanos. Scientifically, in SI unit nano means one-billionth or 10°. That means
one nanometer is a single fraction of one-billionth of a meter [3]. The concept of nano-
technology was first set by Richard Feynman. He is also 1965 Nobel laureate physicist.
In December 1959, his speech entitled, "There's Plenty of Room at the Bottom™ at an
American Physical Society meeting at Caltech, sets the pillar for the concept of nanotech-
nology. This speech was based on the scaling issue i.e. minimizing the sizes of devices in
future contemporary with the increase in its output. In 1974, the Japanese scientist Norio
Taniguchi from the Tokyo University of Science, first defined the term nanotechnology
in an International Conference on Production Engineering. He defined the term nanotech-
nology as, "Nanotechnology mainly consists of the processing of, separation, consolida-
tion and deformation of materials by one atom or by one molecule”. However, research
on nanotechnology started after K. Eric Drexler explored nanotechnology in his famous
book "Engines of Creation: The Coming Era of Nanotechnology"” in 1986. He explored
nanotechnology taking into consideration Feynman's concept and put forward the idea of
nano-assembler which could build complex devices. [4]



2.2 Nano-machine development techniques

Nano-machine is a very tiny device which is in the range of 1 to 100 nanometers. Indi-
vidually these machines can perform very simple tasks at nano-scale as communicating,
computing, data storing, sensing and or actuation. These nano-machines can be used for
the development of complex systems like nano-robots and computing devices like nano-
processors, nano-memory when used in a group. Based on the current research, nano-
machines can be developed from two different aspects:
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Figure 2.1. Architecture of a biological cells representing nano-machines units [4].

2.2.1 Biological nano-machine

Biological nano-machines are nano-scale machines which either exist in a biological
world or these are manufactured artificially from biological materials. The examples of
nano-machines that exists in the biological world is biological cells, molecular motors
and any biological molecules. A molecular motor is a protein which transforms chemical
energy to change the position or structure of a molecule [2]. Whereas, the examples of
nano-machines that are artificially manufactured or developed from biological materials



are artificial molecular machines and genetically engineered biological cells. These types
of machines can be programmed as per our requirements [5].

Biological nano-machine architecture

The components that are in included in the biological nano-machines are a control unit, a
communication unit, a reproduction unit, power unit and actuators. However, at this stage,
it is very difficult to build such nano-machines. But based on [4], the existing biological
cells' architecture’s units are described below. This special features of biological cells
will lead to the development of a nano-machine that can be used for specific purposes.

Control unit

Each cell contains the nucleus. The nucleus can be thought as the control unit of the cell
which is pointed as "1" in Figure 2.1. It is the brain of the nano-machine which is sup-
posed to execute the instructions for performing the specified tasks.

Communication unit

The communication unit is pointed as "3" in Figure 2.1. The gap junction between hor-
monal and pheromonal receptors behaves like a transceiver between the cells for commu-
nication purpose. These transceivers have to be able to send and receive the messages.

Reproduction unit

Centrosome and molecular motors existing in a cell are responsible for the reproduction
of a new machine. Before the cell division, the cells are duplicated and these duplicated
cells contain an original copy of the Deoxyribonucleic acid (DNA) sequence. The basic
function of reproduction unit is to create new nano-machines having the characteristics
of the old machines.

Power unit

Biological cells contain 'mitochondrion’ and ‘chloroplast’ which generates chemical sub-
stances as energy for cells and converts sunlight to chemical fuel respectively. This is
pointed as "6" in Figure 2.1. The main function of this unit is to supply power to all the
other units in the nano-machine.

Sensors and actuators

Biological cells that have transient receptor potential can behave as a sensor for taste.
Also, the flagellum of bacteria acts as a locomotion mechanism. This unit is pointed as
"5" in Figure 2.1. The main function of this unit is to behave like a bridge between the
environment and the nano-machines.



2.2.2 Artificial nano-machine

Anrtificial nano-machines are based on the manufacture of nano-devices using the elec-
tronic components. The miniaturization of the present EM transceivers to the nano-size
is not feasible. It is because of the limitation of its size, complexity, energy consumption
and feasibility of EM communication within nano-machines. However, the recent find-
ings of novel nano-materials have set up the foundation for the development of nano-
machines manufacture. Novel nano-materials are graphene and its derivatives, such as
Carbon Nanotubes (CNT) and Graphene Nanoribbons (GNR). [6]

Artificial nano-machine architecture

Nano-machines are a very tiny device with limited functionality. The building architec-
ture of artificial nano-machines is as shown in Figure 2.2. The architecture of nano-ma-
chines is similar to micro and macro scale machines. However, there are many differences
in terms of manufacture complexity, the materials used to build it, the way they com-
municate with each other, its capacity, applications and so on. Each unit of artificial nano-
machines are described based on [1] as follows.

Sensing unit

CNT and GNR are a very good sensing element as they have outstanding sensing capa-
bility. Sensing unit can be further sub-divided as follows:

Physical nano-sensors

These type of sensors can be used to measure physical magnitudes like force, pressure,
mass, and displacement. The working principle of physical nano-sensors is that when
CNT and GNR are bent or deformed, there is a change in electronic properties. Pressure
nano-sensors, force nano-sensors or displacement nano-sensors are proposed based on
this principle.

Chemical nano-sensors

These type of nano-sensors can be used to measure chemical properties of the concentra-
tion of a gas, occurrence of unwanted molecules and so on. The working principle of
these nano-sensors is that when CNT or GNR are exposed to chemicals, then they absorb
molecules which in return changes the electronic properties of CNT or GNR.

Biological nano-sensors

These type of nano-sensors can be used to observe biomolecular process like antibody
interaction, DNA interactions, cellular communication processes. Biological nano-sen-
sors can be further divided into electro-chemical biological nano-sensors and photometric



biological nano-sensors based on its working principle. The working principle of electro-
chemical biological nano-sensors is similar to the chemical nano-sensors. When electro-
chemical biological nano-sensors are exposed to protein or specific antigen then they ab-
sorb molecules which in return changes the electronic properties of the nano-sensors.
Whereas, photometric biological nano-sensors' working principle is based on Localized
Surface Plasmon Resonance (LPSR).

Nano-EM
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Transceiver

Nano-Memory

Nano-Actuator

¥ /& //
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Figure 2.2. Architecture of an artificial nano-sensor device [1].

Actuation unit

This unit is the interface between nano-machines and environment. Actuation unit can be
subdivided into the following category:

Physical nano-actuators

This type of nano-actuators is based on nano-electromechanical system (NEMS). Nano-
tweezer is an example of physical nano-actuators which closes by applying a specific
voltage and opens by means of some external macro-actuators. Such nano-actuators will
be inbuilt in the future nano-machines.

Chemical and biological nano-actuators

These type of nano-actuators are based on the interaction among nano-particles and nano-
materials, EM fields, and heat. Examples of such nano-actuators are nano-heaters which
can be used to damage or burn the specific cancer cells by heating them. When these
nano-particles and biological agents like antibodies work together, it will be possible to
deliver the drugs to the targeted cells.



Power unit

This unit supplies power to the nano-machine. It is one of the most important units. Nano-
batteries are already invented. The measured volumetric capacity for each nano-battery
is 45uAh~tcm~2um™1. Such nano-battery has to be frequently recharged in order to op-
erate nano-machines. This limitation of frequently charging the battery limits its use in
the nano-machine. In order to get rid of the limitation, it is necessary to manufacture nano-
machines that can be self-powered. This can be done by means of conversation of me-
chanical energy, vibration energy, hydraulic energy, and EM waves into electrical energy.

Processing unit

The size of the processing unit in nano-machines is very tiny whose size is in the scale of
the nanometer. Nano-materials like CNTs and GNRs can be used in building a nano-scale
transistor for the development of nano-processor. Such nano-scale processors are already
experimentally developed whose dimension is less than 1 nm. The processor is based on
a thin GNR and its performance is predictably faster. Some silicon-based transistors are
also being developed whose active channel is composed of a single phosphorous atom in
silicon. This type of transistor can be alternative to GNR based transistor. Although, these
nano-transistors are experimentally developed but the main challenge is to integrate them
to give a complete shape of a processor.

Storage unit

Nano-memory unit which can store a single bit in a single atom is being enabled by nano-
materials and new manufacturing processes. This concept of storage was introduced by
Richard Feynman in 1959. Based on the concept, several atomic memories are proposed.
A memory has been developed which can store a bit by the presence or absence of one
silicon atom. This type of memory has silicon surface with deposited mono-layers of gold
defining the tracks. Recently, ensuing the concept of Feynman, IBM Corporation has de-
veloped magnetic atomic memories. In these memories, single atoms which can be used
to store a bit information is placed on a surface by means of magnetic forces.

Communication unit

This unit is responsible for communication purpose among the nano-sensors. By the de-
velopment of nano-antennas and EM nano-transceivers, EM communication among the
nano-sensors will be enabled.

Nano-antennas

When the size of an antenna of a classical sensor is decreased to a very low size in nano-
meters, there is the need of an extremely high frequency for its operation. Operating in
such extremely high frequency is not feasible. The limitation of extremely high frequency
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can be accomplished by the use of graphene-based nano-antenna. The resonant frequency
of graphene-based nano-antennas can be two orders of magnitude below that of nano-
antennas based on non-carbon elements. Such nano-antenna based on graphene has al-
ready been proposed.

Electromagnetic nano-transceivers

The EM transceiver in nano-sensors has the circuit components which will be able to
perform baseband processing, frequency conversion, filtering, and power amplification
of signals which are received or transmitted by nano-sensors through nano-antennas.

2.3 Nano-machine manufacturing approach
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Nature Insccts Cclls Bacteria Oragancles Proteins
Hormones
Mitochondria
Biotechnology
Bio-hybrid
| Top-down > < Bottom-up Molecules Atoms
Microelectronics Nanoelectronics
Man-made Microsensors Nanosensors Nanotransistors
Graphene Nanoribbons
Nano-memorics
Gold Nanoparticles
Nano-batterics Carbon Nanotubcs
Zne Oxide Nanowires
MEMS | NEMS | >
>
mm um nm

Scale

Figure 2.3. Approaches for the manufacturing of nano-sensors [1].

Nano-components can be integrated to build up a complete nano-machine through differ-
ent approaches. There are mainly three approaches to build up a nano-machine. They are
top-down, bottom-up and bio-hybrid approach. These manufacturing approaches are de-
scribed below based on [1].

Top-down approach

In this approach, nano-machines are manufactured by down scaling the micro-scale elec-
tronic components. The nano-fabrication techniques that are currently being used to fab-
ricate components are micro-contact printing, imprint lithography or direct-write dip-pen
nano-lithography. For example, GNR can be used to build field effect transistor (FET),
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similarly, graphene-based nano-antenna or sensor can be obtained with an integrated
Transmission Electron Microscope - Scanning Tunneling Microscope (TEM-STM) sys-
tem.

Bottom-up approach

In this approach, nano-machines are manufactured by assembling very small molecular
components. Techniques used in this approach are DNA scaffolding and molecular man-
ufacturing. Molecular manufacturing is the process of assembling nano-devices molecule
by molecule.

Bio-hybrid approach

In this approach, existing biological components like biosensors, nano-actuators found in
living organisms are used to manufacture nano-machines. For example, an adenosine tri-
phosphate (ATP) battery can be manufactured as an alternative energy sources for bio-
nano-devices.

2.4 Nano-network communication

Nano-machines are tiny devices whose sizes are a few hundred nanometers. Although
such type of nano-machines has not been developed up to date, however, the research is
focused in its development. Individually these machines can only perform a very simple
task like computing, sensing, data storage, and actuation. In order to gain a complex work
done by nano-machines, it is necessary to build a network of such nano-machines. This
type of network is also known as nano-networks. In the nano-network millions of nano-
machines can get connected to each other where they share the information through com-
municating with each other. The capability of individual nano-machine in nano-network
can be improved both in terms of complexity and the range of operation. [7]

In order to enable networking capabilities among the nano-machines, communication
should be adapted. Communication between these machines can be realized through
nano-mechanical, acoustic, biologically-inspired approach (e.g. molecular, bacterial, neu-
ronal communication), and ultra-high frequency (UHF) EM communication [8]. These
approaches of communication are described below. Among these approaches, UHF EM
communication is the promising techniques. Hence, the overall thesis work is based on
the UHF EM communication.

In the EM nano-networking research, the focus is on increasing the capacity and achiev-
able data rates that utilize ultra-broadband signals occupying entire THz Band. Moreover,
one of the main limitations in the nano-machine is the energy provided by nano-batteries.
Taking this limitation into consideration a new digital communication scheme called CtS
is implemented in order to obtain the capacity of the channel. Nano-machines consumes
less energy when CtS scheme is followed.
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2.4.1 Nano-mechanical communication

In this communication mechanism, information is transmitted through mechanical con-
tact between the transmitter and the receiver. Transmitter and receiver should be in direct
contact in order to communicate [22]. This is the main drawback of this type of commu-
nication system. As the nano-machines are deployed over large areas without having di-
rect contact, this method of communication is not suitable.

2.4.2 Acoustic communication

Sound can be used in an effective communication modality. When a physical object vi-
brates rapidly, sound is produced. Such vibration disturbs nearby air molecules and hence
it generates compression wave. Compression wave travels in all direction away from the
source. The wave can be used to carry the information from transmitter to receiver [23].
Extremely wide and complex range of signals can be created by varying frequency, am-
plitude, and periodicity of sound. Ultrasonic wave is used in the acoustic communication
system for transmission and reception of information. Nano-machines are integrated with
ultrasonic transducers. Such transducers sense the variation of pressure produced by ul-
trasonic waves [4]. Manufacturing such nano-acoustic transducers is still a major chal-
lenge.

2.4.3 Molecular communication

Molecular communication is a new platform for nano-machines to communicate over a
short range of distance. In this platform, carrier molecules are used to send and receive
information. Information to be transmitted or received are encoded to and decoded from
molecules respectively [5]. Existing biological nano-scale communication mechanisms
and communication components are used in molecular communication. Such biological
nano-scale communication mechanisms are intracellular, and intercellular communica-
tion mechanisms of exchanging molecules [2]. Likewise, nano-scale communication
components are molecular motors, cells with receptors. In intracellular communication,
there is communication between components within a single biological cell. Similarly, in
intercellular communication, there is communication through cell-cell channels gap junc-
tions [2].

Molecular communication prototype consists of carrier, sender, and receiver as in the
existing EM communication system. Carriers molecules are proteins or ions which carry
information to be transmitted. Sender nano-machines transmit the carrier molecules,
whereas, the receiver nano-machines receives the carrier molecules. [2]

There are many advantages of molecular communication compared to the others existing
communication models. Molecular communication uses biological components for com-
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munication purpose. So, the communication method can be very suitable in such applica-
tions which are sensitive to artificial materials. Energy efficiency is the other advantage
of using biological components in molecular communication. Existing biological system
are highly energy efficient. As the system consumes very less energy, it can perform more
computation with less energy. There is less heat dissipation in this system, so molecular
communication can be used to transmit information over longer ranges with the same
amount of power. Moreover, usage of biological systems in molecular communication
addresses the drawbacks of nano-scale communication that the existing electrical and op-
tical wave based communication system my encounter. [2]

2.4.4 Electromagnetic communication

In nano communication, EM communication can be defined as the transmission and re-
ception of EM radiations among the nano-machines. The nano-machines are made up of
novel nanomaterials. In EM communication, EM waves are modulated to transmit infor-
mation from the transmitter to receiver.

Major steps have been taken to minimize the size of the current EM transceiver to nano-
scale. However, the size, complexity and energy consumption of nano-machines are the
major limitation regarding the feasibility of EM communication in nano-scale. Due to the
recent advancements in carbon electronics, several nano-components have been invented.
Such nano-components are nano-batteries, nano-memories, logical circuitry in nanoscale,
and nano-antennas [1]. These components are the backbone for EM communication. For
the communication prospective, the properties distinguished in the carbon materials will
decide on the specific bandwidths for emission of EM radiation as well as the operating
frequency of such system. It is necessary to characterize the radiation properties of carbon
(graphene) in order to anticipate the operating frequency band. Studies conducted on this
has shown that terahertz band (0.1 - 1.0 THz) is the frequency range of operation for
future nano-electromagnetic transceivers [17].

2.5 Applications of nano-machine networks

The application of a single nano-machine is extremely very limited. However, larger ap-
plication scenarios can be enabled when interconnected nano-machines are densely de-
ployed in a nano-network. Precisely, nano-network application can be classified in four
main groups. They are in the field of biomedical, environmental, industrial, and military
applications. These application fields are described below.
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2.5.1 Biomedical application

Wireless nano-networks have large number of application in biomedical field. Molecular
nano-machines can be bridge or interface to connect biological phenomenon with elec-
tronic devices. Such biomedical applications are briefly described in this sub-section
based on [1].

Health monitoring system

Nano-machines can be used to monitor the level or status of ions in blood, cancer bi-
omarkers and other infectious agents in the human body. For example, glucose level in
the blood can be monitored by deploying the nano-machines into the body. Nano-ma-
chines can be placed in different parts of the human body. These machines regularly mon-
itor the status of the organ that it is placed in. They can communicate the dates regarding
the status of the organ to some special micro-devices or specialized medical equipment.
The micro-devices act as a sink and they are placed outside the human body. The data
provided by the system can be used by healthcare providers.

Drug delivery system

Application of nano-network has a great importance in drug delivery system. Nano-sen-
sors with the coordination of nano-actuators can be used to deliver drugs into the unreach-
able location of human body. The amount of drugs that a nano-actuators have to drop into
the human organs can be remotely decided. For example, this system can be used to com-
pensate glucose deficiency in disease like diabetes. All these data can be collected and
monitored by a healthcare provider remotely.

2.5.2 Environmental application

Nano-machines have a huge application in environmental aspects which cannot be ful-
filled by the current technologies. Some of these applications are briefly described based
on [1] below.

Plant monitoring system

Plants release various kind of chemical compositions to the environment. Such chemical
compositions can be detected by the chemical nano-machines. Chemical nano-machines
can be deployed in agriculture fields in order to monitor the ongoing chemical changes in
the plants.

Air pollution control

Large amount of nano-machines is connected through nano-networks and they are de-
ployed in the environment. They give the data about the harmful gas scattered in the air.
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Such harmful gas can be controlled using appropriate air filters which helps in increasing
fresh air quality

Animals and biodiversity control

Some animals produce pheromones that affects the behavior or physiology of other spe-
cies. Nano-machines can sense such pheromones and transmit the data remotely. So, pres-
ence of animals which can be affected by pheromones can be controlled in that area.

2.5.3 Industrial application

Nano-networks have many applications that are already proposed in the field of industry.
It can facilitate in the manufacturing process along with the development of new materi-
als. Some of the application of nano-networks in industrial field are briefly described
based on [4] below.

Food and water quality control

Nano-network can be used in food and water quality control. The nano-network can be
used to detect small bacteria and toxic components from food and fluid. Such bacteria
and toxic components can affect quality of the product. They cannot be detected using
the traditional sensing technology. Nano-network can be used to detect chemical or bio-
logical components from the water supplies which helps to supply the pure water to the
households.

Functionalized materials and fabrics

New and improved functionalities can be acquired from advanced fabrics and materials
with the use of nano-networks. Airflow can be maintained by the nano-actuators in smart
fabrics. Nano-actuators communicate through nano-networks to control the proper reac-
tion based on the external condition.

2.5.4 Military application

Nano-networks have range of realistic application in military field. It can be used from
soldier performance monitoring to battlefield monitoring. Some of its application in mil-
itary field are briefly described based on [4] below.

Nuclear, biological, and chemical defenses

Nano-machines can be scattered on the battle field or the place of interest. They can detect
the dangerous chemical and biological agents that can cause harm to the defensive forces.
Some defensive response can be carried out after the detection of such dangerous agents.



16

Nano-machines can also be used to detect unauthorized chemical, biological or radiolog-
ical agents from cargo that can be brought into the territory.

Nano-functionalized equipment

The equipment used by the soldiers can feature inbuilt nano-machines. For example, the
uniform of armies which consist of nano-machines can give the information about the
temperature and the condition nearby. They can also detect if the soldiers are injured.
Nano-machines can also be used to detect damages in soldiers' armor as well.
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3. COMMUNICATION IN TERAHERTZ BAND

This chapter is the layout of theoretical background for terahertz band communication
among nano-machines. It presents the theoretical approaches for communication model
among nano-machines. Moreover, this chapter deals with channel parameters like ab-
sorption coefficient, overall path loss, and molecular noise. The primary objectives of this
chapter can be summarized as follows:

» General information on communication in THz band,

Channel model for THz band.

Parameters implemented in channel model, and

Uses High resolution transmission (HITRAN) database for calculation of param-
eters.

Y V V

The chapter consists of three sections. Section 3.1 gives the general description on elec-
tromagnetic communication in terahertz band. Section 3.2 describes the channel model
implemented for computing parameters like noise, path loss, molecular absorption in te-
rahertz frequency band. The final section introduces general idea on HITRAN database.

3.1 Nano-electromagnetic communication in THz band

Terahertz (THz) band exists between traditional microwave and visible light. Its fre-
quency band is defined from 0.1 to 10.0 THz (1 THz = 1012 Hz). Compared to the other
bands of frequency, THz band is the least explored band of frequency. Due to the latest
advancement and research in the field of nano-technology, especially nano-machines, tre-
mendous effort has been made to explore the THz band. THz communication uses the
higher frequency and broader information bandwidth compared to microwave, so it can
take benefit of high-bit-rate wireless technology [9].

Nano-machine, that the scientists are developing in the size ranging from one to few hun-
dred nanometers. It consists of only basic functional unit which is able to perform very
simple tasks. Communication among these nano-machines will increase the capabilities
and application of individual nano-machines in terms of complexity and range of opera-
tion [10]. The communication capability among these nano-machines enables ‘wireless
nano-sensor networks' (WNSNs) which will boost the applications of nano-technology in
the biomedical field, environmental research and in military technology.

One of the applications of these nano-machines are in the field of nano-sensing, where
the nano-machines behave as nano-sensors [1]. Nano-sensor takes into consideration the
properties of novel nano-materials to identify and measure new types of events in the
nano-scale. The outcome or the results from such nano-sensor are limited to a very close
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environment about a few micrometers. Moreover, these nano-sensors should also be
linked to some other micro or bigger devices (sinks) in order to process its output. It is
only by the means of communication; these sensors can transmit the sensed data in a
multi-hop fashion to a sink.

Till the current date, it is still unknown about how to enable communication among nano-
machines. Existing communication system like EM communication or optical communi-
cation needs to undergo a vast change in order to enable communication among nano-
machines. There are limitations in terms of size, complexity, and energy consumption
within nano-machines to implement the existing radio communication system. Because
of these limitations, a new novel nano-material ‘graphene’ is used for the purpose of nano-
machine generation instead of existing silicon materials. Graphene is pure carbon in the
form of a very thin, about one-atom-thick planar sheet which is packed in a honeycomb
crystal lattice. [11]

Graphene and its derivatives GNRs and CNTs are used these days to develop the elements
of nano-machines like nano-battery, nano-processor, hano-memory, and nano-antenna
[11]. The electromagnetic properties developed in graphene and its derivatives based
nano-antennas determine the specific frequency bands for emission of EM radiation. Ac-
cording to the well know antenna theory, we know that when the size of an antenna is
reduced to few hundred nanometers then high resonant frequencies is to be imposed. But
the propagation of EM wave in graphene is different from the normal elements like sili-
con. In graphene the resonant frequency of nano-antennas can be up to two orders of
magnitude below the predicted values. This means that for the normal antenna material,
operation frequency would be larger than THz if the size of the antenna would be in few
hundred nanometers, whereas, its decreased to THz in the case of graphene-based anten-
nas. According to the study made on [12], both nano-dipole and nano-patch antenna
which are in the size of few hundred nanometers will be able to radiate EM waves in the
terahertz band frequency.

3.2 Channel model for EM wireless nano-networks

Nano-machines have nano-antennas for transmission and reception of signals. These an-
tennas are not the nano version of the antennas used in the classical wireless devices.
Reducing classical antennas to nano size would require the use of extremely high operat-
ing frequency beyond terahertz band [18]. The limitation of building the nano-antenna is
overcome by the use of graphene to fabricate nano-antenna. The resonant frequency of
graphene based nano-antennas is in the range of terahertz. So it can be said that the nano-
electromagnetic network operates in terahertz band. Characterizing a terahertz channel
model is obligatory. There are already a few terahertz channel models existing. But these
models characterize the communication between devices which are several meters apart
from each other. While, nano-scale communication occurs in a distance below 1 meter,
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hence a channel model in terahertz band for communicating much below 1 meter is nec-
essary [18]. Such channel model in terahertz band is reviewed below based on [11], [17]
and [18]. The channel model uses a new propagation model based on radiative transfer
theory and data is retrieved from HITRAN database.

3.2.1 Molecular absorption

Several molecules are present in the path between transmitter nano-machines and receiver
nano-machines. During the transmission of a signal, the molecules get excited by EM
waves at a specific frequency in the terahertz band. The excited molecules begin to vibrate
internally. When vibration occurs, some part of the energy of the propagating wave is
converted into kinetic energy. Production of kinetic energy means a loss in terms of com-
munication. Losses are caused when the molecules absorb the EM wave. The absorption
of EM waves in the molecules can be determined through the absorption coefficient of
the molecules. Molecular absorption causes attenuation to a wave traveling a few meter
distance. Attenuation encountered by the traveling wave can be calculated by using radi-
ative transfer theory along with the data from HITRAN web portal.

Resonant frequency varies among the molecules hence, the absorption at each resonance
is not confided to a single center frequency. Absorption loss accounts the total attenuation
an EM wave experiences when travelling a distance with certain frequency. Absorption
loss is given as,

1
A ,d) = ——— 3.1
where, f isthe wave frequency, d is the total path length and  is the medium'’s transmit-
tance. Transmittance measures the fraction of incident wave transmitted from the me-
dium. Transmittance can be further calculated using Beer-Lambert Law as,

7(f,d) = e~ k(4 (3.2)

where, f is the wave frequency, d is the total path length and k is the absorption coeffi-
cient of the medium. Absorption coefficient depends on the composition of molecules
that form a medium. It can be given as,

k(P = ) K9 33)
ig

where, k9 is the individual absorption coefficient for the isotopologue i of gas g. Isotop-
ologue refers to a molecule which differs in its isotopic composition [13]. For eg. CH4,
CH3D, CH2D2.
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Now, the absorption coefficient of isotopologue i of gas g in per meter for a molecular
volumetric density Q9 in molecules per cubic meter at pressure p and temperature T can
be written as,

. T, g
K9(F) = =5 099 (f) (34)

where, p, and Tsyp are the standard-pressure-temperature and o9 is the absorption cross
section of the isotopologue i of gas g in square meter per molecule. It can be said that the
total absorption depends upon the number of molecules of gas present in the medium.
From the Ideal Gas Law, we can obtain the total number of molecules of the isotopologue
i of gas g in per volume unit Q%9 at pressure p and temperature T for a given gas mixture
as,

Ql’g = Vql’gNA = %ql'gNA (35)

where, n is the total number of moles of the gas mixture, V is the volume, g9 is the
mixing ration for the isotopologue i of gas g, N4 is the Avogadro constant, whereas, R
is the gas constant.

The absorption cross section o9 can be further defragment into the spectral line shape
G%9 and line intensity S9 for the absorption of the isotopologue i of gas g, which is
given as

o9 (f) = SYGL (f) (36)

From the HITRAN database, line intensity S“9 can be obtained, whereas, spectral line

shape G“9 can be obtained by first determining the position of the resonant frequency fci’g
for an isotopologue i of gas g as,

£ = fclég + §Lg p/Po (3.7)

where, fci(;g is the zero-pressure of the resonance, p, is the reference pressure and 6“9 is
the linear pressure shift. We can find all those parameters at HITRAN. When the pressure
is above 0.1 atm then the spreading occurs mainly due to the collisions between molecules
of the same gas. That means the absorption from any molecule differs over a range of
frequencies. Lorentz half-width ai’g is the amount of broadening depending on the mol-
ecules that involves in the collision. It can be obtained as a function of the air a$"" and

self-broadened half widths a9 as,
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L ' i p\ (To\"
a;? = [(1 - q9ad" + qua,°] (—) (—) (3.8)
po/ \T
where, y is temperature broadening coefficient. All the data for a&" , af)‘g and y can be
obtained from HITRAN database.

Van Vleck-Weisskopf asymmetric line shape is the most suitable line shape which repre-
sents molecular absorption in the terahertz frequency band. It is given as,
a? f 1 1
w kg’ i.9\? i.9)? * .92 .92
o U -0) +(wf) (F+£7) +(a)f)

To take into consideration for the continuum absorption some adjustments to the far ends
of the line shape can be done as,

Fla(f) =

3.9)

f tanh (%)

fcl’g tanh (hc Cw)

GLI(f) = FY9(f) (3.10)

2kyT

where, h is the Planck Constant, c is the speed of the light in vacuum, kg is the Boltzmann
Constant and T is the temperature of the system.

Taking into account all the equations derived above and obtaining the values from the
HITRAN database, we can calculate the molecular absorption loss from each isotopo-
logue i of gas g. As the absorption of the signal from each isotopologue i of gas g varies
with the resonant frequency, we can say that terahertz channel is highly frequency selec-
tive.

Figure 3.1 is the absorption coefficient (k) of pure water vapor molecules at temperature
296 K, pressure 1 atm and for 0.1 - 10 THz frequency. Data required for this plot was
acquired from [19]. Water vapor dominates the absorption in standard medium condi-
tions. That means water vapor molecules have the major contribution to the total absorp-
tion in a medium. The figure shows that molecular absorption at some frequency is high,
whereas, at some frequency it is low. Molecular absorption is highly frequency selective.
When the absorption coefficient is high, it diminishes the communication range. Hence,
the molecular absorption significantly affects the performance of the channel.
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Figure 3.1. Molecular absorption coefficient (k) for pure water vapour molecules (H20) as
a function of frequency.

3.2.2 Path loss

For a travelling wave in the terahertz band, the total path loss (A) is the addition of spread-
ing 10ss (Aspreaq) in dB and molecular absorption loss (4g45s) in dB. It can be given as,

A(fr d) [dB] = Aspread(f' d) [dB] + Aabs(f' d) [dB] (3.11)

where, f is the wave frequency and d is the total path length between transmitter and
receiver. The spreading loss accounts for the attenuation due to the expansion of the wave
as it propagates through the medium. It depends on the signal frequency and transmission
distance. Spreading loss is given as,

Aspreaa(f,d) [dB] = 20 logy, (@) (3.12)

where, f isthe wave frequency, d is the total path length between transmitter and receiver
and c is the speed of the light in vacuum. The increase in the frequency increases the
spreading loss. So, spreading loss is large in terahertz band which limits transmission
range. Similarly, absorption loss in equation (3.1) can be converted in dB as,
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(3.13)

1
Aabs(f' d) [dB] =10 10910 (‘[(f d))

3.2.3 Noise

When the signals are transmitted in terahertz frequency through any medium, it strikes
the molecules of the medium. Hence, the molecules in the medium begin to vibrate. Vi-
brated molecules emit EM radiation at the same frequency that the incident is propagating
at. This creates an ambient noise in the terahertz channel. Ambient noise is created only
when the transmitting signal has some power. That means no noise is created when trans-
mitting 0's, whereas, noise is created when transmitting 1's of a signal. Such absorption
by molecules in the medium attenuates the signal as well as creates molecular noise. This
phenomenon can be measured by the emissivity of the channel &, as

e(f,d)=1-1(f,d) (3.14)

where, f is the frequency of the signal, d is the total path length, while 7 is the transmis-
sivity of the medium. The equivalent noise temperature in Kelvin which an omnidirec-
tional antenna detects from the medium due to molecular absorption T,,,; is given as,

Tmot(f, d) = Toe(f, d) (3.15)
where, T, is the reference temperature.

Now, to evaluate the noise power at the receiver, we have to first define the transmission
bandwidth. Bandwidth depends on the transmission distance and the medium's composi-
tion. The total equivalent noise power B, at the receiver for given bandwidth can be com-
puted as,

Pn(ff d) = kBB(Tmol(f: d) + Tother(f)) (316)

where, f stands for the wave frequency, d stands for the total path length, k5 as Boltz-
mann constant, B is the system bandwidth, T,,,; is the molecular noise temperature and
T,ener 1S the additional noise source from another medium. Hence, we can compute the
total noise power at the receivers’ side.

3.2.4 Bandwidth and channel capacity

Molecular composition of terahertz channel, as well as the transmission distance, may
vary. Molecular absorption also varies along with the variation of molecular composition
distance in terahertz channel. Usable bandwidth in terahertz channel can be determined
by molecular absorption. In nano-networks, the available bandwidth is almost the entire
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band (0.1 to 10 THz). As the bandwidth is high, the channel capacity in wireless nano-
network is also very high in the range of few terabits per seconds. [18]

3.3 High resolution transmission (HITRAN) database

HITRAN is an acronym for High resolution TRANsmission [11] molecular absorption
database. In HITRAN, a variety of spectroscopic parameters is compiled. These parame-
ters are used in computer programming to predict and simulate the transmission of light
in the atmosphere [24]. The parameters compiled in HITRAN database comes from the
observations, theoretical calculations, and semi-empirical values. The calculations are
based on the result of various quantum-mechanical solutions. However, as this database
is very large, it will be very difficult and time-consuming to find the required parameters
in the calculation. So, to ease the calculation, these parameters are available on the web
having an access via the internet. An example of HITRAN web portal can be seen at [19].
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4. COMMUNICATION THROUGH SILENCE

This chapter deals with the concept of communication through silence scheme. Addition-
ally, this chapter presents the system model for CtS paradigm which is extensively cov-
ered in this studies. Moreover, chapter defines the optimization strategy used in CtS and
then formulates the channel capacity for both single and multiple users. The primary ob-
jectives of this chapter can be summarized as follows:

Better understanding of CtS scheme.

To define system model for CtS

General information on throughput optimization in CtS

Energy consumption in CtS is lower than convectional communication - EbT
To formulate single user and multiple user channel capacity.

YV V VYV

The chapter consists of six sections. Section 4.1 introduces CtS strategy in general. Sec-
tion 4.2 presents the mathematical model of CtS strategy. Section 4.3 deals with ap-
proaches used to optimize the throughput in CtS strategy. Section 4.4 compares the en-
ergy consumption between CtS strategy and convectional communication — EbT. Section
4.5 formulates the channel capacity for a single user under CtS strategy in terahertz band.
The final section deals with formulating channel capacity for multiple users in terahertz
band using CtS strategy.

4.1 Introduction to communication through silence strategy

A nano-sensor network is a network of many spatially distributed devices which monitors
and relays the data [14]. In such network, a nano-sensor known as node collects the in-
formation and communicates it to the central processor. These nano-sensors are very
small in size and the size of the battery used in it is also very small. Hence, a communi-
cation protocol that conserves their energy is the most important in order to gain a con-
tinuous wireless connectivity among the nano-sensors. Energy efficiency is one of the
biggest challenges in the context of a nano-sensor network. It helps the wireless device
to reduce the cycle of recharging which finally plays a vital role in the continuous con-
nectivity of the nano-machines. The energy consumption can be minimized with the im-
plementation of CtS scheme for communication. Silence is an important part of any con-
versation in CtS. Silence itself is a value less but it is the context and timing that conveys
the message [14]. Silence can be utilized in the wireless communication for data transfer.

CtS strategy utilizes silent periods to convey information from the transmitter to the re-
ceiver. It uses silent periods in between start and stop bits along with the clock pulse to
convey any messages. If we assume that start and the stop bits are one-bit transmissions
each, the total energy consumption for transmission of any message in CtS is always 2 *
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ep, given e, as the energy required to transmit each bit. However, some extra energy is
also consumed for counting the clock cycle. [16]
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Figure 4.1. CtS Vs EbT throughput

In the CtS strategy, to send a binary packet of size k and form n;_, ...n;n, (where n; =
0,1 forall i =1,2,... k— 1), sender interprets the bit stream as a value N as given in
[16] as,

N = Zk_1 * nk—l + 2k—2 * nk_z + ... +2 * n1 + nO (41)

and N is transmitted using only start and stop signals. The time between the start and the
stop signal is the time taken by the receiver to count up to the value N from zero. The
receiver knows N and k that is the standard frame length in bits, infers the bit stream
Nn,_1 ...NyNy. FOr example, a transmitter wants to transmit a binary packet 01011111
which has a size of k = 8 bits. This packet is not transmitted in the binary format but is
converted into the decimal. The exact value the transmitter sends in decimal number is
as,

N = 28_1 * 08—1 + 28_2 * 18—2 + 28_3 * 08—3 + 28_4 * 18_4+28_5 * 18—5 + 28_6
* 1g_g + 287 x1g_, + 288 %14 4
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The example shows that the transmitter conveys any piece of information using delays.
The transmitter first sends the start bit to the receiver and then waits for 95 clock pulses
before sending the stop bit. Here, the receiver has to wait for 95 clock pulses between
the start and stop bit to receive the message from the transmitter. It indicates that the
throughput of the basic CtS strategy is substantially low. Figure 4.1 shows that the
throughput of transmitting each frame decreases exponentially with increase in a number

of bits in the frame size. The throughput in basic CtS decreases by % where s is a size of
the frame. Optimization of throughput in basic CtS is discussed in the succeeding section.
There is a tradeoff between energy consumption and throughput in CtS strategy. There

are also challenges associated with the realization of the CtS strategy in terms of func-
tionalities such as framing, addressing, sequencing, error control, and contentation.

4.2 System model for communication through silence

Under the scheme of CtS, the signal transmitted by a user, Sy (t) is given by,

J—1

Sr(®) = ) plt = jo) +p(t — jr = Tay) (42)
j=0

where, p(t) stands for a pulse with duration T, j is the total number of message frames
to be transmitted, 7 is the update time interval between two frames, T is the clock resolu-
tion and a is the message to be transmitted (e.g. any decimal number). This is the pur-
posed equation for signal transmission in CtS. Illustration of transmitting signal is as
shown in Figure 4.2.

Start bit Stop bit Start bit Stop bit
_____
p()) ar=8 T =1sec =15

Figure 4.2. lllustration of transmission in CtS strategy

The signal received by a nano-sensor can be written as,

J-1
Sp(t) = Z[p(t — j7) +p(t — jr — Ta;)] * h(E) + w(t) (4.3)
j=0

where, h(t) is the terahertz channel impulse response between the transmitter and the
receiver and w(t) is the molecular absorption noise created between the transmitter and
the receiver. Both impulse response and molecular absorption noise depend on the me-
dium conditions and the transmission distance. The dependency on medium conditions
and transmission distance are already described in chapter 3 and further numerical results
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are presented in chapter 5. Hence, it can be said that the capacity for CtS strategy depends
on the terahertz channel impulse response and the molecular absorption noise.

In Figure 4.2, 8 and 15 are the messages to be delivered. It can be seen that only two bits
are required to transmit each value. The transmitter is totally silent between the start and
the stop bit. There is no any energy emitted by the transmitter during the silent period.
Energy is emitted only during the transmission of start and stop signals. We know that if
there is no transmission then there will be no any path loss as well as the molecular ab-
sorption noise. That means in the context of CtS strategy it is only the start bit and stop
bit that creates molecular absorption noise and hence it is only the signal bit that suffers
from path loss as well. So during the calculation of channel capacity, we can consider
only those bhits.

4.3 Optimization approach in CtS

It is straightforward from the discussion in the above section that the CtS suffers a lot in
terms of throughput when the values to be transmitted increases. However, the perfor-
mance of the basic CtS strategy can be increased concerning throughput while preserving
the same benefits in energy consumption. The approaches for the optimization of perfor-
mance of CtS strategy are discussed below with examples based on [16].

4.3.1 Multiplexing

Let us consider that there are four sensors s;, s,, s3 and s,. There are two contending
links L, and L;,. The first link connects sensors s; and s,, whereas, the second link
connects sensors s; and s,.

Now, let us first take a look at the EbT scheme. In EbT scheme, data cannot be transmitted
through these two links simultaneously. That means one of the links has to wait until the
other link totally transmits the data. For example, senor s; has to transmit a value 13 to
sensor s, through contending link L;, and in the same way senor s; has to transmit a
value 19 to sensor s, through contending link Ls,. As both of these links are contending
links, so L;, has to completely transmit the value 13 before L5, can start the transmission
of the value 19. The example shows that the information transmission has to be sequen-
tialized.

Let us use the same scenario of data transmission in the case of CtS strategy. In order to
transmit the value 13 from sensor s; to sensor s, through contending link L,,, sensor s;
has to send the start signal in bit time slot ¢; and stop signal in bit time slot ¢;,,5. Simul-
taneously, senor s; can transmit the value 19 to sensor s, through contending link L5, by
sending a start signal at bit time slot ¢t;,; and stop signal at bit time slot t;,,,. It shows
that the information can be transmitted in parallel even if the links are contending by
multiplexing the start and the stop bit appropriately. Without multiplexing in CtS strategy
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the total bit time slot consumed to transmit the two values 13 and 19 are 32(13+19),
whereas, both of these values can be transmitted only consuming 21-bit time slot applying
multiplexing approach. Hence, multiplexing assists to improve the throughput of the basic
CtS strategy.

4.3.2 Cascading

Let us consider sensor s, has to transmit CtS frame with values 8, 14, 20, 29, 11, 7, 8, 22
to nearby sensor s,. In basic CtS strategy to transmit all those values, it requires 119-bit
time slots (which is simply the addition of the values). Whereas, in EbT if we assume that
each value are 5-bit data frames then it only requires 8*5=40 bits to transmit all those
values. This example reflects that basic CtS strategy only utilizes 33.61% (40/119)
throughput.

Cascading can be one of the important methods to improve the throughput suffered by
the basic CtS strategy. In this method, CtS is augmented with an intermediate signal in
addition to the basic start and stop signals. When the intermediate signal is received by
the receiver, the receiver records the values it has currently counted up to. Then it contin-
ues to count for the next value rather than resetting the counter to zero. Let us take an
example of the scenario that best describes the cascading approach. When sensor s; has
to transmit the CtS frame, it first sends a start signal at time slot ¢t;, intermediate signals
at t; g, tit14, ti+20 and stop signal at t;,,4. There are still four more frames to be trans-
mitted, however, it has to send stop signal at t;,,o since the next value to be transmitted
Is 11, which is less than 29. Here the first four values can be transmitted in 29-bit time
slots, the fifth value in 11-bit time slots and the last three values in 22-bit time slots. The
example shows that the cascading approach in CtS improves the throughput efficiency to
64.51% (40/62) from 33.61%. The improvement in the throughput efficiency described
is based on considering the example. The throughput efficiency improvement varies with
the number of values to be transmitted. Overall, it can be said that cascading in basic CtS
strategy assists to improve the throughput of the basic CtS strategy.

4.3.3 Fast-forwarding

Let us consider a sensor s,,, has to transmit a value 15 to the sink. There are other sensors
Sj1, Sj2. Sj3 respectively in the path between sensor s,, and the sink. Data packets are
transmitted hop-by-hop from the s,,, to the sink. The process of transmitting the values
from sensor s,, to sink is such that, sensor sy, first transmit it to the s;; which is on the
way to the sink. After receiving the complete values from sensor s, senor s;; forwards
it to s;,. Similarly, sensor s;, forwards the value to sensor s;; and finally sensor s;; for-
wards it to the sink. If we assume that there are no other transmission contending for the
channel, then in basic CtS strategy the total duration of the process is 4*15=60-bit time
slot. Whereas, the total bit time slot required in EbT strategy is only 4*5=20-bit time slot
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if we assume 5-bit data frame. This shows that basic CtS has highly suffered in the data
throughput. The approach of fast-forwarding can increase the efficiency of throughput in
CtS strategy.

In the fast-forwarding method, neither sensor s;; nor the remaining others have to receive
the complete values before the values can be forwarded to succeeding sensors and finally
to the sink. So, end-to-end delay of delivering a data packet is much lower in CtS imple-
menting the fast-forwarding approach. Here, when the sensor s, sends the start signal at
time slot ¢;, then sensor s;; receives it. After the reception of start signal at ¢;, sensor s;;
can immediately send its own start signal to s;, at time t;,,. Similarly, sensor s;, and s;3
can send their respective start signal to the succeeding sensors at t;,,, t;,5 after the re-
ception of their respective start signal from the preceding sensors. After the complete
transmission of the value 15 from the sensor s, it sends the stop signal to s;; at time slot
ti+15- Similarly, sensors s;1, s;; and s;; sends their respective stop signal at time slots
tiv1e, tiv17 and t; .15 respectively. Finally, the sink receives the stop signal at time slot
ti+1s, this shows that only 18-bit time slots are consumed to transmit the given value. But
it can be seen that 60-bit time slots were consumed to transmit the same value in CtS
without implementing the fast-forwarding method. Here, throughput has increased by
333% (60/18) after the implementation of the fast-forwarding method in basic CtS strat-
egy. Not only increase the throughput but also saves the energy as no nodes remain idle
while transmitting the values from the source to the sink.

4.4 Comparison of CtS and EbT based on energy consumption

Up to date, almost all forms of communication in wireless sensor network use a common
strategy called EbT for the communication purpose. They utilize the non-zero voltage
levels for both 0 and 1 to distinguish between silent and busy channel [15]. It requires
energy to transmit each bit of information from transmitter to the receiver. Moreover,
both the transmitters and receivers are switched on for the whole duration of transmission
of a data frame. If the length of the message to be transmitted spans k-bit then the energy
consumption is k * e,. For example, in order to transmit a byte of value 105, sensor s,
sends bit sequence <1101001> to sensor s,. Sensor s; consumes energy to send each bit
of value. Now, if the energy required to send each bit is e;,, then the total energy consumed
to send the value 105 will be 7*e;, [16].

A very high energy in consumed to transmit a value in EbT according to the above exam-
ple. However, the consumption of energy can be minimized in CtS strategy. In CtS strat-
egy information is transmitted through the nano-sensors using silent periods between the
start and the stop bits. The following example clarifies the consumption of energy in CtS.
Let us again transmit a byte of value 105 from sensor s, to sensor s,. Sensor s; sends a
start signal to sensor s,, then immediately the counter is started from zero. Sensor s;
knows the rate at which sensor s, is counting, so after s; knows that s, has counted up to
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105, sensor s, sends a stop signal to sensor s,, thus the value 105 is transmitted to sensor
s,. In this method only two bits (start and stop) consumes energy. If each start and stop
bit takes the same energy as e, it requires only 2*eb energy irrespective the values to be
sent.

The given examples for energy consumption in CtS and EbT shows that the energy effi-
ciency is better by a factor of over 3 in CtS than EbT. The efficiency may vary with the
length of the message to be delivered. Additionally, CtS strategy also requires energy for
counting the clock cycle beside energy for start and stop bits. However, counting clock
cycle should also be active in convectional communication - EbT. So, energy consump-
tion for counting clock in CtS is not incurring any additional overheads. Comparatively,
CtS strategy is better than EbT strategy in terms of energy consumption. This gives a
valid reason for further research focused on CtS strategy for the purpose of information
transformation in the nano-networks.

4.5 Analytical model of single user channel capacity

In order to account the channel capacity of CtS in THz band, properties like path-loss,
noise, bandwidth is to be investigated. The calculation of these factors is already dis-
cussed in chapter 3. Information theory is used to calculate the single user channel of
communication by silence in THz band as discussed in [10].

In a discrete valued input and continuous valued output, the capacity of a discrete-time
channel can be defined as a maximum average mutual information ™% (X,Y) over the
input (X) probability distribution and the noise level. Hence, the capacity of a communi-
cation channel can be calculated as,

C ="5I(X,Y)
= maxp(X) — H(X|Y)} bit/symbol (4.4)

The mutual information depends on the probability distribution of the input as well as the
transition probabilities. Transition probabilities are dependent on the channel conditions.
In the above equation information of X is obtained by observing Y. Here, X is the source
of information which takes its values from Qy = x4, x5, ... ... ,Xn, Y is the output of the
channel, H (X) is the entropy of the source X, and H (X]|Y) is the conditional entropy of X
given.

In CtS, we can generate source as a random variable with constant 1's at the beginning
and the end time slot and varying 0's in between them. Entropy H(X) of such source is
as,
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HOO = = ) pX () log, pr(en) (4.5)

n n 2 2
= — S 4.6
{n+21092(n+2)+n+21092<n+2>} (4.6)

here, pX (x,,,) is the probability of transmitting the symbol m = {0, 1} and n is the total
number of zeros transmitting. A pulse is transmitted for 1's and the transmitter stays silent
during 0's transmission.

The terahertz channel consists of molecular absorption noise. The noise distorts (gets
added to) the input signal, so the output of the channel (Y) is a continuous random vari-
able regardless of the input being discrete random variable. So, the equivocation of the
channel H(X]Y) is given as,

HXY) = f PYHEIY = y)dy

=~ [ pY®) D pXGonlY = ) log, pxCanl¥ = ) dy @)

m=0

here, the term pX(x,,|Y = y) denotes the probability of having transmitted x,,, for the
given output y.

The values of y in the above equation is still unknown. y it is the result of x,,, added with
the molecular absorption noise but we know the input random variable x,,. So, Mixed
Bayes Rule and the Total Probability Theorem can be implemented to calculate the equiv-
ocation H(X|Y) which can be written in terms of the probability of the channel output Y
given the input x,, as,

H(X|Y)

opY (YIX = x)pX(x;) (4.8)

1

We have already calculated the molecular absorption noise at the receiver which is cre-
ated by the vibration of molecules present in the atmosphere. Hence, the noise power
spectral density (PSD) can be utilized to further calculate probability density function of
the output Y for given input X = x,, as,

PRY
1 _1 /> (6% Nam)

pY(Y[X = xp) = e m (4.9)

21N,
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Here N, is total noise PSD at the receiver which is created by the transmission of symbol
Xm=1, and a,, refers to the amplitude of received symbol.

By inserting the values of noise, equations (4.5), (4.8) and (4.9) in equation (4.4), we can
calculate the capacity of the channel in bits/symbol for a single user by CtS scheme in
THz band as given below. However, it is not feasible to solve the channel capacity given
by equation (4.10) analytically, so it is numerically solved in chapter 5.

Cu—sym

1 1 2
1 _l/z(y_am)
= me{- E pX (%) log, px(xp,) — f E e Nm— pX(xp).
- — /21N,
m=0 m=0

1 2 2
pX(xl) Nm _1/ r—aj) :1/ y—am) ]
lo E ’—e 2 Nm 2 Nm  )dy} bit/symbol
gZ(n=0px(x ) N, )dy} /sy

(4.10)

4.6 Multiple user channel capacity

In this section, a new statistical model for interference in CtS is formulated. Additionally,
the model is investigated analytically to formulate the channel capacity for multiple user
scenario in CtS based on [10].

4.6.1 A statistical model of interference

Interference in multi-user case occurs when symbols from different nano-machines reach
to the receiver at the same time overlapping the amplitude and shape of the received
pulses. The interference during the process of detection at the receiver j due to the sym-
bols transmitted by nano-machine 1 is given as,

U
1= A+ DY) + 0t 01 (4.11)

u=2

here, U is the total number of nano-machines, A* is the amplitude of the symbol that each
nano-machine transmits, (p * h)*/ (t) is the convolution of transmitted pulse and channel
impulse response between nano- machine u and j. Similarly, y{* is the time difference that
machines 1 and u transmits, and, w7 (t) is the absorption noise experienced at receiver
due to the transmission from user u.

The following assumptions are considered to investigate statistical characterization of in-
terference from individual nano-machine [10].

e A central entity controls nano-machines, however, they communicate in as ad-hoc
fashion.
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¢ Independent transmissions from different nano-machines with the same source
probability distribution X are considered.

e Uniformly distributed transmissions from different nano-machine is achieved by
waiting a random time before starting the transmission of a packet.

e Uniform distribution in space among nano-machine is considered, thus, the prop-
agation delay between any pair of users is also uniformly distributed in time.

4.6.2 Analytical study of multiple users channel capacity

The multiple user channel capacity is the maximum throughput in the multiple user sce-
narios. It can be given by,

Conr = ™5(UCL_p10) (4.12)

here, U is the total number of interfering users, X is the source of information for every
single nano-machines which takes its values from Qy = x4, x5, ... ... , X, and, Cl_, ., is
the capacity for individual nano-machines. However, the capacity for individual ma-
chines is not exactly the same as in single user case. It is because of the multiple user in-
terferences experienced by each nano-machines. So, in order to calculate capacity for
individual nano-machines we need to add interference into the probability of the output
Y for given input X = x,,,. The noise model introduced at (4.9) becomes as below in
multiple user scenarios,

1 1/ (y=Elll-am)?

N +N] (4.13)
Nl

N; is the variance of the interferences, and, E [I] is the mean value of the interference and
calculated as in equations (4.14, 15), respectively.

U ) ;
a*“)” + N“
N, = Z (()T) py(x1) + 2

u=2 (4.14)
Z (pX(ﬁ 1)) Qi v]_(z ﬁ) P, (x1)

u=2<v

pY(Y|X = xp) =

and,

ZAu(p * R (1) + @i (4.15)

where, a* is the amplitude of the pulse transmitted by nano-machine u at the receiver j,
N/ is the noise power created from the transmission of u to j.
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Now, combining equations (4.13, 8, 5, 4), C._, ., can be achieved and capacity for mul-
tiple users in bits/symbol is formulated as in equation (4.16),

Cmul

1 =Y -E[l]-am)*
= Me{U - Z pX (%) log, px(xp,) — f z e "2 NmiNi o pX(xp).
m=0

1
X(x;) |N, N, _1;, O-Elll-ap? 1, =Elll-am)?
log, pX(x;) m Tt Ie /2 N +Np /5 NtV )dy) (4.16)
Ly pX i) | N+ N,
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5. NUMERICAL RESULTS

This chapter describes single and multiple user channel capacity of CtS in terahertz fre-
quency under various test scenarios. Results under those scenarios are presented on fol-
lowing sections. In test scenario, two mediums are considered with 1% and 6% water
vapor molecules, respectively. Additionally, various distance parameters have been con-
sidered for test results. Specifically, research conducted on this thesis considers HITRAN
database to extract absorption coefficient for different mediums [19]. Specifically, chap-
ter presents the numerical results illustration for molecular absorption coefficient, path-
loss, molecular noise temperature based on the previous studies. Finally, the numerical
results on channel capacity for both single and multiple users are presented based on the
MATLAB algorithm developed.

The chapter consists of two sections. Section 5.1 illustrates the results based on channel
model studies in terahertz band. Section 5.2 presents the analytical results for channel
capacity for both single and multiple users.

5.1 lllustration of results

In this section results based on previous studies on channel model for terahertz band is
considered. Results presented in following sub-sections is based on previous studies,
however, different scenario is considered in accordance to our studies.

5.1.1 Molecular absorption coefficient

The overall capacity of the channel is dependent in the noise created in the channel. The
noise in the channel is mainly due to the molecular absorption noise. This type of noise
varies within different medium. Mediums have different molecular composition and each
variety of molecules have different absorption coefficient. So, two different types of ho-
mogenous mediums are created here in the test scenario. The mediums were created with
the help of [19]. The abundancy of molecules in the mediums are as shown in the table
below.
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Table 5.1. Abundancy of molecules in % for two test scenario mediums.

Medium 1 Medium 2

H20 1.0% 6.0%
COz 0.032701% 0.032701%

O3 0.000003% 0.000003%
N20 0.000032% 0.000032%
CO 0.000015% 0.000015%
CHa 0.000168% 0.000168%

02 20.710864% 20.710864%

N2 78.256217% 73.256217%

The absorption coefficients for both the mediums are obtained from the simulation result
at [19]. In this simulation the numerical values of parameters are defined as, minimum
wave number (WNmin) = 3.33 cm™, maximum wave number (WNmax) = 333.33 cm™, tem-
perature (T) = 296 K, pressure (P) = 1atm, intensity cutoff (Icu)) = 1x 1028 cm/mol.
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Figure 5.1. Molecular absorption of the medium 1 containing 1% molecules of wa-
ter vapour for wave number between 3.33 to 333.33 obtained directly
from [19].
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Figure 5.2. Molecular absorption of the medium 2 containing 6% molecules of wa-
ter vapour for wave number between 3.33 to 333.33 obtained directly
from [19].

Both the Figures 5.1 and 5.2 are simulated result from [19]. These figures show the ab-
sorption coefficient with respect to wave number. The raw data obtained from the simu-
lation is processed into MATLAB. After processing the data, absorption coefficients for
each medium are obtained with respect to frequency which are shown below.
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Figure 5.3. Molecular absorption coefficient of the medium 1 containing 1% molecules
of water vapour [8,11,17].
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Figures 5.3 and 5.4 are the illustration of result based on previous study. However, ab-
sorption coefficients are numerically presented for the two mediums taken in test sce-
nario. Both figures show the molecular absorption coefficient with respect to frequency
for medium 1 and medium 2 respectively. It shows that the absorption coefficient is higher
at transparency window between 6 THz to 8 THz. More interestingly, it can be seen that
molecular absorption coefficient is higher for medium 2 compared to medium 1. Hence,
the increase in water vapour molecules in the atmosphere also increases molecular ab-
sorption coefficient. Water vapour molecules or H2O has the major contribution in total
absorption of the medium. Absorption coefficient of a medium is given by the total ab-
sorption of the medium. Path loss is directly proportional with the absorption coefficient.
So, as the absorption coefficient of a medium is high then the path loss at the medium is
also high. Thus, analyzing Figure 5.3 and 5.4, it can be said that transparency window
between 6 to 8 THz is less suitable for transmitting a single through. It can also be noticed
that the medium with higher abundancy of water vapour molecules in not suitable for
transmitting a signal through. So, it can be said that a propagating wave suffers from
higher path loss as it travels through the medium with higher water vapour molecules and
also when it travels between 6 to 8 THz band of frequency.
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Figure 5.4. Molecular absorption coefficient of the medium 2 containing 6% molecules
of water vapour [8,11,17].
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5.1.2 Path loss

The total path loss in terahertz band is the summation of spreading loss and molecular
absorption loss. It depends on EM wave frequency f, the transmission distance d as well
as the composition of the medium that the wave passes through. Figures 5.5 and 5.6 shows
the path loss for the created test mediums which are illustrated from the previous studies.
Figure 5.5 shows the overall path loss in the medium where the content of water vapour
molecules is 1%, whereas, Figure 5.6 is for the medium containing 6% water vapor mol-
ecules abundancy. The path losses in Figure 5.5 and 5.6 is the result from adding spread-
ing loss and molecular absorption loss in dB scale. For both the mediums path loss is
calculated for four different distances d = 0.001 m, 0.01 m, 0.1 m and 1 m. In this calcu-
lation reference temperature T = 296 K, frequency band from 0.1 to 10 THz was consid-
ered.

10
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Figure 5.5. Total path loss (addition of spreading loss in dB and molecular absorp-
tion loss in dB) in dB for four different distances in a medium with 1%
water vapour molecules abundancy [8,11,17].

Figures 5.5 and 5.6 show the interrelationship between path loss, distance, frequency and
the composition of the medium. The total path loss in dB scale is shown in the y-axis
against frequency in x-axis. Overall path loss in Figure 5.6 is more and has more peaks
compared to Figure 5.5. Path loss in a medium depends on the composition of the me-
dium. The abundancy of water vapour molecules for Figure 5.5 is 1%, whereas, for Figure
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5.6 is 6%. The molecular absorption coefficient for medium with 6% water vapour abun-
dancy is higher than that for 1%. So, the path loss in Figure 5.6 is higher compared to
Figure 5.5. If we do not take into consideration the composition of the medium, however,
the path loss still increases with the increase in the distance and frequency. It is due to the
spreading loss that a propagating EM wave encounters. In the overall path loss figures,
we can observe several peaks of attenuation which is caused due to the molecular absorp-
tion loss.
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Figure 5.6. Total path loss (addition of spreading loss in dB and molecular absorp-
tion loss in dB) in dB for four different distances in a medium with 6%
water vapour molecules abundancy [8,11,17].

5.1.3 Molecular absorption noise temperature

As shown in equation (3.16), the total noise power in the terahertz system depends on the
molecular absorption noise temperature and electronic thermal noise in the receiver.
However, the electronic thermal noise due to the graphene in the system is considered to
be very low. So, such noise is not taken into consideration in the calculation of total noise
power. Hence, it can be said that molecular absorption noise introduced by the channel is
the main source of noise in the terahertz band. In Figure 5.7 and 5.8, PSD of molecular
absorption noise is plotted for 1% and 6% water vapour molecules concentration respec-
tively. These figures for noise are illustrated based on the previous studies. During the
calculation, the reference temperature To = 296 K and frequency band between 0.1 to 10



42

THz is considered. These figures are plotted for transmission distance d = 0.001, 0.01,
0.1,1.0 m.
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Figure 5.7. The PSD of molecular absorption noise for four different distances in a
medium with 1% water vapour molecules abundancy [8,11,17].

In the Figures 5.7 and 5.8, it can be seen that for a short distance transmission, the noise
temperature is low. Likewise, with the increase in the transmission distance, the noise
temperature increases. Noise temperature occurs due to the highly absorbent molecules
in the transmission medium. As the probability of such absorbent molecules is higher in
long distance transmission than in the short distance transmission, so the noise tempera-
ture in long distance transmission is high. It can be noticed in the figure that there are
several peaks in the total noise temperature. This is caused when propagating signal en-
counters, the increasing amount of absorbent molecules in the medium. So, there are more
peaks in the medium with 6% water vapour molecules than the medium with 1% water
vapour molecules.
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Figure 5.8. The PSD of molecular absorption noise for four different distances in a
medium with 6% water vapour molecules abundancy [8,11,17].

5.2 Simulation results for channel capacity

The numerical results of channel capacity are presented in this section. In test scenario,
1% and 6% H>0 vapor molecules were considered. For test condition, 0.001 m, 0.01 m,
0.1 m, and 1.0 m were considered. Frequency band of 0.1 to 10 THz were considered.
Terahertz propagation model discussed in Chapter 3 is used for the computation of the
total path-loss and molecular absorption noise temperature. The numerical results pre-
sented in the above sections are used for the calculation of channel capacity. The trans-
mitted pulses were modeled as the first-order time-derivative of a 100-femtosecondlong
Gaussian pulse. In an intent to keep the numbers realistic, and in light of the state of the
art in molecular-electronics, we keep the total pulse energy constant and equal to 1 pico-
Joule. For the transmission distance, path lengths ranging from 0.001 meter to 1 meter
are considered.
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5.2.1 Channel capacity for single user

Channel capacity for single user is presented in this section. Figure 5.9 shows the channel
capacity for both 1% and 6% water vapor molecules. As depicted in figure below, chan-
nel capacity for both conditions over distances is presented. With increase in distance the
channel capacity decreases gradually. In Terahertz band communication, channel capac-
ity is greatly affected by the distances. Figure shows, increase in water vapor concentra-
tion in medium adversely affect the channel capacity.
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Figure 5.9. Channel capacity for single user case in the medium with 1% and 6%
water vapor molecules abundancy.

5.2.2 Channel capacity for multiple user

Channel capacity for multiple user is presented in this section. While computing channel
capacity for multiple user, the signal from other users is behaved as noise for the inter-
ested user. The test is carried out for two users case (multiple user). Figure 5.10 shows
the channel capacity for both 1% and 6% water vapor molecules for multiple users. As
depicted in figure below, channel capacity for both conditions over distances for multiple
user in terahertz communication is presented. With increase in distance the channel ca-
pacity decreases gradually. In Terahertz band communication, channel capacity is greatly
affected by the distances. Figure shows, increase in water vapor concentration in medium
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adversely affect the channel capacity. On comparison, channel capacity for multiple user

is lower compared to that of single user channel capacity.
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Figure 5.10. Channel capacity for multiple user case in the medium with 1% and

6% water vapor molecules abundancy.
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6. CONCLUSION AND FUTURE WORKS

In this chapter conclusion of this studies along with future works on this studies is pre-
sented.

6.1 Conclusion

The study in this thesis is principally focused in computing channel capacity for both
single user and multiple user. A single nano-machine has very limited functionality,
whereas, a group of interconnected nano-machines have various application in our day to
day life, like, biomedical, environmental, industrial, military and other applications. Com-
munication among nano-machines is essential to achieve utmost benefit from them. Com-
munication is focused in terahertz frequency band. A new communication paradigm
called — CtS is discussed for communicating in terahertz frequency band. This technique
is used to derive single and multiple user channel capacity in terahertz frequency band.
The contributions of this studies are shortly summarized below.

Chapter 2 covered the history of nano-technology. It showed that the technology was first
discussed in 1959 AD. Nano-machines is the main component in the nanotechnology.
Nano-machines can be developed from two aspects, i.e. biological and artificial. Biolog-
ical nano-machines either exist in biological environment or they are manufactured from
biological materials. Similarly, artificial nano-machines are manufactured from electronic
components. However, the architecture of both types of nano-machines are similar which
consists of control unit, power unit, sensors, and so on. There are different modes of com-
munication among nano-machines some of them are nano-mechanical, acoustic, molecu-
lar and electromagnetic communication. This studies in this thesis work is focused in
electromagnetic communication.

Chapter 3 contributes on better understanding of terahertz channel propagation model and
material used for nano-machine generation. Graphene is used in the generation of nano-
machine and replaces exiting silicon materials. The terahertz channel propagation model
discussed in the chapter which is based on the radiative transfer theory. The model is
utilized to characterize the terahertz channel in terms of total path loss and system noise.
The overall path loss and the system noise is dependent on the medium through which
the signal propagates. Molecular absorption coefficient of the medium is the main factor
that affects the both path loss and system noise. Water vapor molecules present in the
medium is also the factor which also affects the path loss including system noise.

Chapter 4 contributes the general therein on the novel paradigm, the CtS strategy. CtS
strategy primarily uses a radio silence to deliver information between nano-machines, so
energy consumption is greatly reduced. Although this strategy consumes less energy, it
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has tradeoff in overall throughput. However, various strategy like multiplexing, cascad-
ing, fast-forwarding can be utilized to overcome throughput tradeoff in CtS. CtS strategy
is used in analytical study of single user and multiple user channel capacity. Whereas, the
numerical solutions to such capacities are performed in succeeding chapter.

Chapter 5 covered the analytical results that are formulated based on chapter 3 and chapter
4. lllustration of results for path loss, molecular absorption noise temperature in terahertz
band based on previous studies are presented. These results are presented for four differ-
ent transmission distances as well as two different mediums having different abundancy
of water vapour molecules. The result showed that the terahertz channel is highly depend-
ent on molecular composition and transmission distance. The main factor that affects the
behavior in the terahertz channel comes from the availability of water vapour molecules.
The absorption of the transmitted signal by water vapour molecules attenuates the trans-
mitted signal. Additionally, both the path loss and molecular absorption noise temperature
is lower when the transmitting distance is short. Whereas, they are increased with increase
in transmitting distance. Taking into consideration these factors, single user and multiple
user capacity by communication through silence is presented numerically. Channel ca-
pacity in both cases, is higher when the abundancy of water vapour molecules in the me-
dium is lower.

The overall contribution of the thesis can be summarized as better understanding about
the terahertz frequency band communication and CtS paradigm. The studies in this thesis
determines the channel capacity for the both single and multiple user. Contributions in
these studies are expected to have a good impact in the development and implementation
of nanotechnology in future.

6.2 Future works

For future studies, capacity formulated in this studies can be compared with the capacity
based on time spread on-off keying (TS-OOK). Study could be extended to find out the
exact amount of energy consumption reduction in CtS compared to other traditional stud-
ies.
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