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Abstract

For the realization of more efficient environmental monitoring applications, e.g., precision
agriculture, the current technologies face many constraints in terms of observation precision
and real-time capabilities. Nanotechnology promises new solutions to address such limita-
tions through the fabrication of nano-scale devices which can be interconnected. The tiny
size of these devices offers entirely new features that cannot be observed at larger scales,
including the fine-grained detection of substances even at the molecular level. According
to the existing literature, the predicted communication channel for nano-devices will be in
the THz band, which has not been broadly studied yet. However, the limited research work
already indicates numerous challenges for THz communications, mainly in terms of signal
attenuation. These issues, which will be more prominent in the proximity of vegetation, can
drastically affect the transmission range and channel capacity. As it is evident in the current
literature, the traditional communication protocols cannot be deployed for nanonetworks,
since they do not consider the specific constraints of such networks.

Through this thesis, we propose a framework for THz nanonetwork communications in
vegetation environments, to address those challenges. This research work can be considered
as an initial step towards the realization of such types of communications.

The proposed framework is composed of different components, including a cross-layer
communication approach with specifications at the the physical and data link layers. It is also
comprised of generic models of plants as well as models for approximation of the probability
of success in transmissions. The performance of the proposed framework is analyzed based
on the proposed theoretical models and by considering various communication scenarios.
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Chapter 1

Introduction

Nanotechnology has enabled the manufacturing of new materials at nano-scale with novel
properties. The specific attributes of such nanomaterials can lead to the design and fabrication
of nano-scale devices which can evolve many of the existing applications as well as offer
new types of applications. For example, a new generation of biomedical applications can be
envisioned, which deploy bio-compatible nano-scale agents for early detection of diseases.

Due to their tiny size, nano-devices will be capable to perform very basic tasks while
having a very limited functional range. Those limitations can be overcome through intercon-
necting a massive number of nano-devices and forming a nano-scale network, which in turn
can extend their functionality. However, providing interconnections among such nodes is not
trivial. Among the potential solutions, molecular and Electromagnetic (EM) communication
paradigms are proposed as the most feasible techniques to enable nano-communications1.
Molecular communications are based on biological chemical signaling, while EM com-
munications refer to the traditional communication techniques via the transmission of EM
waves.

Each of these approaches offers several properties which can be crucial/vital for the
feasibility of nano-communications, meanwhile they include some shortcomings that can
limit their applicability. In general, the preference for selecting either of these communication
mechanisms depends mainly on the nature of the intended application. For example, EM
waves travel at or near the speed of light, which makes them the ideal choice for real-time
industrial applications. In contrast, molecular communications occur at an extremely slow
speed. However, as such mechanisms are matching biological processes, they can be adopted
as the best solutions in biomedical applications.

1In the rest of this document this term is used to refer to nanonetwork communications or communication
among nano-devices.
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Nanonetworking can benefit broad application categories, including military, industrial
and environmental systems. Among such a wide range, we are interested in their environ-
mental solutions, specifically for monitoring purposes. It is known that plants communicate
by releasing various chemical compounds to share vital information with their neighboring
plants, many of which are unknown or cannot be detected based on existing technologies.
The precision and timely detection of these emissions can be beneficial in different aspects;
for example, identifying the factors that threaten the health of crops above and below the
ground as well as the timing of their occurrence. In this regard, we believe that nanonet-
works can greatly improve current agricultural systems, through the provision of fine-grained
and real-time data around vegetation chemical emissions. Because of the mentioned time
constraints of such applications, EM nanonetworks will be the best suited communication
solution. Therefore, in this thesis, we mainly focus on the deployment of EM nanonetworks
in vegetation environments.

It is envisioned that the operational frequency of EM nano-devices will be in the THz
channel, due to the constraints imposed by their tiny communication units [7]. EM com-
munications at such an extremely high frequency can theoretically enable real-time and
data-intensive applications. However, THz radiation are moisture-sensitive and prone to a
very high degree of medium-specific attenuation and distortion, the scale of which cannot be
observed in lower frequency regions. As a result, the practical transmission range for THz
nano-communications will be in the order of a few centimeters, while providing a limited
channel capacity. Such issues can severely affect the performance of EM nanonetworks in
the proximity of vegetation, where the humidity level of the channel can be relatively high
and can vary frequently. In addition, the energy limitations of nano-devices and also their
rough deployment environments can be considered as other barriers, which can challenge the
realization of the mentioned applications.

In conclusion, the specific properties of nanonetworks as well as the unique characteristics
of their communication channel imply that the current communication protocols need radical
modifications to accommodate their needs.

In this thesis, we aim to address some of those challenges through the introduction of
efficient cross-layer2 approaches for nano-communications, which are inspired from those
deployed in cognitive radio [79]. The proposed strategies, which include specifications for
the physical and data link layers, are attenuation- and medium-aware, while satisfying several
objectives. In addition, we develop a framework to analyze performance of the proposed
approaches across nanonetworks, in terms of the probability of successful transmissions. In

2The term cross-layer in this document refers to an approach which is implemented in more than one layer
of the protocol stack.
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the next section, we present our research hypothesis, which defines the general scope of this
project.

1.1 Research Hypothesis

The main focus of this dissertation is the area of EM nano-scale communication networks
operating in the proximity of plants. Considering that the concept of nanonetworking and the
relevant research around this topic has only recently emerged, this work intends to investigate
how novel communication strategies can lead to the feasibility of EM nanonetworks and
their environmental applications. The proposed approaches need to take the communication
constraints of nanonetworks into account. We introduce our research hypothesis that intends
to summarize the overall objective of this thesis as:

A cross-layer communications framework, which includes frequency allocation strate-
gies combined with medium-specific path-loss models will be viable for nanonetwork
communications in a vegetation environment.

Next, we divide the above statement into separate questions. The validation of the
mentioned hypothesis will be achieved by addressing each of the questions individually.

1.1.1 First Research Question (RQ1)

What is the actual signal attenuation pattern for short range THz radiation in a vegetation
environment; and how can the different attributes of the transmission medium affect such a
pattern?

The existing THz channel models for short range communications majorly consider
propagation through a standard medium consisting of several gases. There is also a limited
number of research works, which discuss THz communications through the human body.

However, to the best of our knowledge, the THz wave propagation behavior in the medium
of plant foliage is not studied yet in literature. The provision of such models can offer a
better understanding of the physical channel constraints, which is essential for the realization
of environmental applications of EM nanonetworks.

In this regard, the introduction of basic THz path-loss models can be considered as the
first step, with the simplifying assumption that the medium is mainly composed of air and
plant leaves. The proposed models need to account for the most common types of loss in
typical wireless links, e.g., spreading, absorption and shadowing. In addition, they need to be
generic enough to be modified for various plant species; while being able to approximate
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the encountered loss as a function of different transmission parameters, including different
compositions of the transmission medium as well as various attributes of vegetation.

1.1.2 Second Research Question (RQ2)

What is the effect of transmission frequency on the performance of THz nano-communication
in the vicinity of vegetation; and how can the most efficient frequencies be allocated to nano-
devices?

It is known that free-space transmissions in the THz band are exposed to a very high level
of frequency-dependent attenuation and distortion. However, for communications through
vegetation, the specific THz signal degradation pattern is unknown. Therefore, first, an
investigation needs to be carried out to determine the attenuation behavior across the THz
spectrum based on different specifications for the transmission link. Then, according to
the observed results, their influence on different aspects of performance, e.g., the effective
transmission distance, needs to be studied.

If it is evident that the frequency plays a significant role on reducing the performance,
some mechanisms for efficient frequency assignment to nano-devices have to be discussed. In
such a case, it should be examined if the traditional channel allocation solutions, deployed in
wireless communications, can be used in nano-communications to compensate those effects.
Any proposed approaches need to consider the optimization of several performance parame-
ters through frequency tuning, while considering the specific characteristics/constraints of
EM nanonetworks. The performance evaluation metrics can be considered in the areas of
achievable channel capacity, spectrum utilization and power consumption. As the level of
importance for optimization objectives can vary, the introduced methods also need to be able
to prioritize them.

1.1.3 Third Research Question (RQ3)

For an EM nanonetwork which is operating in the proximity of plants, how can the perfor-
mance of nano-communications be evaluated, specifically by differentiating between line of
sight/ non-line of sight transmissions?

Traditionally, the performance evaluation of wireless communications can be carried
out by considering specific transmission scenarios and the actual measurement of several
performance metrics. However, as the EM nanonetworking is yet not realized and there are no
fabricated nano-devices available, the performance measurements of nano-communications
is not feasible.



1.2 Main Contributions 5

As an initial step to address such a limitation, the performance analysis of nanonetwork
communications can be performed based on modeling. The provided models need to include
specifications for the structure of vegetation as the hosting environment for a nanonetwork,
which can be modified based on the vegetation attributes. There is also a need for the
introduction of novel performance analysis models, given the structural model of plants.
One approach for the provision of such models can be based on considering the effect of
plant foliage on the probability of failure/success in transmissions. In that case, the provided
models need to account for LoS/ NLoS nano-communications and their effect on the total
failure/success rate.

1.2 Main Contributions

This thesis contributes to the area of THz nano-scale communication networks. It specifi-
cally provides a cross-layer communications framework for vegetation monitoring nanonet-
works. In this regard, it specifies THz channel models in vegetation environments for
nano-communications, while investigating communication challenges at the physical channel.
Then, through the definition of several channel allocation mechanisms, which are based on
the relevant channel models, it aims to address those challenges. In addition, it provides a per-
formance evaluation framework for an analysis of the efficiency of the proposed approaches.
Table 1.1 maps each of the provided research questions to its relevant contributing chapter.
The main contributions can be summarized as follows:

• Initial THz path-loss models: The definition of THz path-loss models in the vicinity
of plants, for an analysis on the signal loss in nano-communications. The proposed
models take the spreading, absorption and surface scattering loss into account; and they
can approximate the total signal degradation level in a hybrid channel composed of air
and plant leaves. These models can be categorized into the primary and log-distance
based classes. The former defines the average loss as a function of transmission
frequency, distance and channel conditions, e.g., attributes of leaves and medium com-
position. However, the log-distance model, which relies on Monte-Carlo simulations,
is proposed for certain frequencies and it approximates the variation of loss from its
mean value due to variable link conditions, e.g., variable number and attributes of the
encountered leaves.

• Performance evaluation framework: The introduction of a framework for evaluating
the performance of THz nano-communications in the proximity of a plant; which is
composed of two components. The first component is based on abstract models of
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Table 1.1 Mapping the research questions to their relevant contributing chapter.

Question ID Relevant contribution Addressed in

RQ1 Initial THz path-loss models Chapter 3

RQ2 Initial THz path-loss models Chapter 3
Channel allocation methods Chapter 5

RQ3 Performance evaluation framework Chapter 4

a plant, in which a monitoring nanonetwork will be deployed. The introduced plant
models can be modified according to generic attributes of a plant such as its height, leaf
length and distribution. The second component specifies benchmarks for evaluating
performance of the nanonetwork, in terms of successful transmission probability for
LoS and NLoS nano-communications. Such a probability for LoS transmissions
is defined based on the assumption that THz radiation cannot pass through leaves
and also based on the THz channel absorption behavior for free-space propagation.
The probability of success for NLoS transmissions is mainly defined by the limited
ability of THz radiation to propagate through leaves and also by the high attenuation
experienced by THz waves in air.

• Channel allocation methods: The definition of several frequency selection strate-
gies for hierarchical vegetation monitoring nanonetworks, which include an initial
mechanism for sink node selection. The main focus of the proposed approaches is
allocating the most clear frequency channels, in terms of absorption and noise level, to
nano-nodes in order to improve the overall performance in different contexts, including
channel capacity, power consumption and spectrum utilization. These strategies, which
can be implemented in the data link layer, deploy the previously mentioned THz
channel models at the physical layer, and also the proposed performance evaluation
framework.

Figure 1.1, demonstrates the introduced contributions in the form of a cross-layer frame-
work for communications and its relevant position in the traditional protocol stack.
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Fig. 1.1 The proposed communications framework.

1.3 Main Conclusions

The main conclusion of this thesis is that the future EM nano-scale networks can significantly
improve the current agricultural system by providing real-time and high-resolution observa-
tions. It is predicted that EM nanonetworks will operate in the THz channel, which is the least
explored frequency band and it demonstrates a very high level of frequency-selective signal
loss. Therefore, a discussion of the THz channel constraints to pass the EM waves in vegeta-
tion environments can be considered as an initial step for the feasibility of such applications.
Furthermore, efficient channel assignment strategies, which can deal with those constraints of
the physical channel, will improve the performance of future nano-communications and their
applications. As the research in this area is still at a very early stage, the efficiency of such
approaches can be only determined based on abstract models of the deployment environment
and also models for performance evaluation. In this thesis, through addressing the mentioned
issues, the following general conclusions can be made:

• The attenuating behavior of the THz frequency band is highly medium- and distance-
specific. It means that:

– For free-space THz radiation in the presence of a variety of gases, several absorp-
tion peaks with different magnitudes at different frequencies can be observed.
This frequency-selective behavior divides the entire THz spectrum into several
transmission windows with relevant bandwidths. Furthermore, the magnitude of
such an absorption directly depends on the medium composition, specifically the
moisture levels, and the transmission distance.

– Unlike free-space propagation, THz radiation through leaves undergoes a linear
degradation, which is much higher in magnitude compared to radiation through a
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gaseous medium. Such a loss depends on the chemical and physical attributes
of leaves, including their thickness, distribution, surface roughness profile, con-
stituent substances and so on.

– These observations indicate that the effective transmission distance and also the
channel capacity for nano-communications in the proximity of vegetation will be
extremely limited.

• The total encountered attenuation can be approximated by means of THz path-loss
models, given the properties of the communication channel, e.g., attributes of leaves,
medium composition and so on. It was shown that the average path-loss can be approx-
imated based on our proposed primary model and as a function of mean values of the
transmission parameters, e.g., average number of the encountered leaves and their aver-
age thickness. Furthermore, it was shown that our introduced log-distance based model,
which relies on simulation results, approximates the variations of path-loss around
its mean value by taking the diversity of the properties of radio links into account,
e.g., variable number of encountered leaves with different attributes. A comparison
between the results of the two models reveals that they lead to identical approximations
of path-loss. However, as the log-distance model is based on simulations, it is less
suitable for real-time applications.

• The definition of precise THz path-loss models can be beneficial for nano- communi-
cations in different aspects, including:

– According to the THz band attenuation behavior, transparent transmission win-
dows can be located, in which the communications are exposed to the least loss.
Then, higher level communication protocols can be deployed to assign such clear
frequency channels to the nanonetwork components.

– Based on the specifications of the communication channel, a path-loss threshold
can be defined, which determines the maximum acceptable loss level at the
receiver. Such a value can help the efficient design of transceivers.

• The high level of signal loss in THz nano-communications can be compensated by
the deployment of absorption-aware channel allocation approaches, based on medium-
specific path-loss models. Compared with transmissions at random frequencies, such
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mechanisms can significantly improve different aspects of nano-communication per-
formance, especially in terms of achievable channel capacity, power consumption and
spectrum utilization.

• The desired performance in nano-communications can be achieved based on the
efficient design of nanonetworks and their components. For example, in this thesis it is
shown that increasing the number of nano-nodes and also the network sink-nodes can
improve the throughput. In this regard, the former helps with extending the observed
data, while the latter helps with reducing the distance between nano-nodes and their
respective data collection points. It is also demonstrated that an efficient selection of
the path-loss threshold value can improve several performance metrics, including the
loss probability and achievable transmission range.

1.4 Thesis Outline

The structure of this thesis is organized as follows:

• Chapter 2 provides a general overview of the concept of nano-scale networks. This
overview defines the most fundamental components of such networks, namely as
nano-devices/nano-machines, followed by their potential applications in different fields
of science. Then, several proposed communication techniques across nanonetworks
are introduced and the most feasible approaches, i.e., EM and molecular commu-
nications, are described in more detail. As the wave propagation velocity of EM
nanonetworks and consequently their real-time nature is well suited for certain applica-
tions, specifically environmental monitoring systems, the communication challenges
of such networks are investigated in the later discussion. These challenges include
the limited power resources of nano-devices, high operational frequency in the THz
channel and its resulting high signal loss and distortion, and also the rough environ-
mental conditions for the deployment of EM nanonetworks. In the rest of the chapter,
the existing literature to address these challenges are reviewed, which include several
solutions in the physical and data link layers. Finally, this chapter concludes with
highlighting the main motivations for this research work.

• Chapter 3 introduces theoretical models to measure the THz path-loss in free-space
communications and also in the vicinity of the plant leaves. These models can approx-
imate the mean value of the encountered signal attenuation, given the specifications
of the transmission channel and physical characteristics of the plant. In order to ap-
proximate the variations of the path-loss from its mean value in such environments, a
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log-normal based path-loss model is proposed. Following, a channel capacity model
for THz communications in vegetation environments is investigated. In the rest of
the chapter, the proposed path-loss and also channel capacity models are evaluated by
considering various channel conditions.

• Chapter 4 defines a framework for an analysis of the performance of THz nano-
communications in the proximity of plants. The presented framework is composed of
abstract models of a plant as the hosting environment for a nanonetwork, which can be
modified according to the general attributes of the plant. It also defines performance
evaluation metrics in terms of probability of successful transmissions for LoS and NLoS
communications. The chapter finishes with an analysis of the proposed framework,
and through the definition of the path-loss threshold boundaries it evaluates the effect
of various parameters on the quality of transmissions.

• Chapter 5 focuses on the effects of dynamic channel assignment techniques to reduce
the signal degradation level in THz nano-communications. In this regard, several
frequency allocation strategies are proposed in this chapter, which are accompanied
by an initial sink node selection algorithm. The proposed techniques tend to address
the feasibility challenges of THz nanonetworks through optimizing several objectives,
including channel capacity and power consumption. Following such a discussion, a
multi-objective optimization technique based on GA is proposed to enhance the overall
network performance according to the desired objectives. The proposed techniques
can be implemented in the form of a data link layer protocol. Finally, by deploying the
introduced framework in the previous chapter, the performance of these approaches is
analyzed as a function of several transmission parameters.

• Chapter 6 summarizes this thesis and also highlights obtained outcomes. In addition, it
reviews several potential research paths that are derived through this research work.



Chapter 2

Background and Literature Review

In this chapter, we provide an overview of the current state of the art in the general topic of
nano-scale communications networks. This overview starts with the definition of nanonet-
works and their relevant components, in §2.1. The section continues with a discussion
on the potential applications and types of nanonetworks, in order to highlight their signif-
icance as the next generation of communication networks. Then, by focusing on specific
types of nanonetworks, which are based on EM communication techniques, their potential
communication challenges are investigated.

In §2.2, we present the published literature in the area of EM nanonetworks that aims to
address those communication challenges. The major research work in this regard includes
protocols and specifications for the physical and data link layers.

Finally, §2.3 concludes this chapter and highlights the main motivations for this disserta-
tion.

2.1 Background

A general insight into the concept of nanonetworking is provided in this section, followed by
potential applications in industrial, biomedical and environmental domains. Then, the most
feasible communication approaches for nanonetworks, i.e., EM and molecular communica-
tions, are described and the relevant attributes of nano-scale components and the network
structures in each category are discussed. Finally, with the main focus on EM nanonetworks,
some of their communication challenges are reviewed, including the limited power resources,
highly attenuative frequency channel and also the impact of harsh environmental conditions.
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2.1.1 Nano-Devices and Nanonetworks

The concept of nanonetworking has recently emerged as a new communication paradigm
that focuses on the interconnection of a large number of miniaturized devices, known as
nano-devices/nano-machines. It is predicted that the size of a nano-device will fall into the
range of 1 to a few hundred nanometres in each dimension.

According to the type of application, different approaches can be adopted for the fabrica-
tion of nano-devices. One approach is utilizing a variety of nanomaterials such as graphene,
i.e., a two dimensional structure of tightly bonded Carbon atoms with peculiar quantum
characteristics. Alternatively, engineered biological organisms, e.g., cells, can be deployed
as biological nano-devices [7, 9]. Regardless of the fabrication approach, the functionality of
nano-devices will be limited to only elementary sensing, actuating and processing, due to
their size and consequently resource limitations.

The required building blocks of a nano-device will be application-specific. However,
their most essential structural units can be summarized as memory, control, processing,
communication, power, and actuation/sensing units [11].

One of the significant sub-categories of nanonetworks will be Wireless Nanosensor
Networks (WNSNs). It is predicted that such networks can boost applications of traditional
sensor networks. For example, highly sensitive nano-machines based on newly developed
nanomaterials can be manufactured which will be capable to detect chemical compounds
in concentrations as low as one part per billion as well as the presence of a variety of
harmful entities such as viruses. By embedding such machines in various objects in our
environment, particular monitoring WNSNs can be formed to obtain high-resolution data
from hard-to-reach locations, e.g., under the ground or inside the human body.

2.1.2 Applications of Nanonetworks

The particular characteristics of nano-devices and nanonetworks not only rank them as the
best candidates in certain scenarios, but such outstanding features can also establish new
types of applications in different fields of science, including the emerging field of Internet of
Things (IoT).

The idea of IoT has attracted the attention of the research community. This concept
proposes the interconnection of a variety of objects with embedded components, e.g., sensors,
controllers and so on, to the Internet in order to facilitate data exchange among them and
ultimately enabling remote controlling. The developments in that area can lead to an increased
demand for more precise control/observation levels, which can be addressed through the
realization of nano-devices and consequently nanonetworks.
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Fig. 2.1 An interconnected office as an application of the future IoNT [5].

The connection of future nanonetworks to the Internet will result in a hyper network
structure referred to as the IoNT. It is predicted that IoNT will enable attractive applications,
especially in the biomedical and industrial fields [5]. In the current literature a variety
of IoNTs are proposed, depending on the type of their deployed components. Internet
of Bio-NanoThings (IoBNT) is one of those proposals, which is composed of biological
nano-machines. The deployment of biological components in nanonetworks can prevent any
unpredicted effects, on health, pollution and so on, that can be caused by artificially fabricated
nano-devices. Therefore, IoBNTs can be considered as the best fit for healthcare monitoring
systems [11]. One of the interesting applications in this area can be envisioned through
the interconnection of intrabody nanonetworks to Body Area Networks (BANs) and the
Internet. The latter is deployed externally and it is capable to measure several health-related
parameters from outside of the human body, such as heartbeat or temperature. However, the
intrabody nanonetwork will be deployed internally to monitor other health-related factors
which currently can be mainly examined via lab experiments, including blood composition
[30]. The resulting interconnection can lead to more efficient biomedical systems.

Another subcategory of IoNTs is Internet of Multimedia-NanoThings (IoMNT), in which
the nano-nodes are equipped with nano-scale multimedia units, e.g., highly-sensitive and
precision nano-cameras or nano-phones. IoMNTs can be the best match for industrial
applications, such as advanced holographic teleconferencing systems [56]. As another
example for industrial applications, interconnected offices can be mentioned [5]. In an
interconnected office, nano-transceivers, which are permanently connected to the Internet,
will be embedded in every single item found in an office. Therefore, all such objects can be
remotely tracked (Fig. 2.1).
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In the following, we review a subset of the diverse range of applications that nanonetworks
can offer in industrial, biomedical and environmental domains.

2.1.2.1 Industrial Applications

Nano-communications can transform a wide range of industrial applications by providing
fundamental solutions for creating new materials as well as enabling new manufacturing and
quality control procedures.

In this regard, one of the most practical applications will be in the area of consumer
goods. For example, specific types of nanonetworks equipped with actuating nano-machines
can be embedded in advanced fabrics and materials, to improve air-flow in the fabric. Such
materials can be used in the textile industry, where the embedded nanonetwork can control
different parameters, including the body temperature according to the external conditions.
As another example in this area, we consider the deployment of nanosensors for creating
ultra-high sensitivity touch surfaces or haptic interfaces.

Traditional monitoring and quality control mechanisms can also be significantly improved
by means of nanonetworks. For example, the high-resolution sensing nature of WNSNs can
help the real-time detection of toxic components in the water, which cannot be accomplished
based on traditional alternatives. As another interesting application in this category, the
real-time monitoring and controlling of chemical reactors can be mentioned [121].

A recent emerging concept in the area of multicore processing is the Network on Chip
(NoC), which suggests the interconnection of processing cores and memory on a single
chip for a higher communication performance [89]. In such applications, the processing
units can be equipped with a graphene-based nano-antenna, graphenna, to enable wireless
nano-communication as well as achieving very high data rates, i.e., in the order of a few
Terabit per second (Tbps). In this case, the resulting nanonetwork is implemented in the form
of a Wireless Network on Chip (WNoC) [1, 77].

2.1.2.2 Biomedical Applications

Some of the most attractive applications of nanonetworks are proposed in the biomedical
fields. The tiny size, bio-compatibility and also the bio-stability of the nanonetwork compo-
nents are considered the key factors to address many of the challenges and limitations which
exist in the current medical systems. More efficient health monitoring and drug delivery
systems, advanced immune system support and also genetic engineering are among the
diverse biomedical solutions that such networks offer [9].



2.1 Background 15

For example, a very large number of bio-nanosensor machines can be injected into the
human body to monitor different chemicals and their concentrations, including Sodium,
Cholesterol and Glucose. These applications will be crucial for people with chronic diseases,
e.g., diabetics, where the blood components level can be constantly monitored by a healthcare
provider.

The resulting nanonetwork in the previous scenario can also be utilized for high-resolution
identification and localization of life threatening organisms, e.g., pathogens, infectious
bacteria or cancer cells [87]. In such a case, certain types of nano-machines with actuation
capabilities can be deployed to attack and destroy the malicious organisms by different means,
such as heat. For the feasibility of such applications, the resulting biomedical nanonetworks
need to be externally controllable. This feature will be required in a variety of applications,
including targeted drug delivery systems, where the desired location and timing for releasing
the drug will be determined by a physician [85].

2.1.2.3 Environmental Applications

Discoveries of plant sensing and communication capabilities have led researchers to argue that
high-resolution detection of chemical compounds released by plants can provide knowledge
of prevailing environmental conditions and plant interaction patterns.

Plants have been shown to intrinsically possess the ability to communicate with each
other by various means [33, 34]. Through such communication techniques, they can manage
to control different aspects of their biological systems. One inter-plant communication
mechanism is chemical signaling, in which plants exchange a range of messages by releasing
an extensive set of chemical molecules to share vital information about their surrounding
environment, e.g., about insect attacks, the blooming stage or available resources in their
proximity [47, 110]. As an example, in the case of detecting an insect attack, plants emit
various Volatile Organic Compounds (VOCs) with different concentrations based on the
insect type (Fig. 2.2). These emissions, which take place above and below the ground can
activate/strengthen their defense systems. In addition, the type of emitted compounds can
attract the natural predators of the attacking insects [46, 90, 94, 95].

The mentioned plant processes can be monitored at a very high precision by means of
WNSNs, which can offer many advantages. For example, in the field of plant biology, the
fine-grained detection of plant emissions can reveal their life cycle and any changes that
may have occurred in that pattern. It can also improve the current agricultural systems in
the context of quality control as well as resource management, e.g., through identifying the
timing of an insect attack and also the type of the attacking insect, to determine the optimal
level of pesticides and the timing of their application [17, 23, 82, 106].
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Herbivore-induced plant volatiles (HIPVs)

Fig. 2.2 The plant reactions on herbivore attacks by emission of volatiles, both above- and
below-ground [26].

Furthermore, it has been shown that plants have sophisticated sensing capabilities. A plant
can monitor chemical compounds in the soil through its roots and share such observations
with other plants. Therefore, they can be utilized as bio-sensors to retrieve information on
underground soil conditions [80].

2.1.3 Communication Techniques

To enable communications across a nanonetwork and among nano-machines, four tech-
niques are proposed in the literature, namely nanomechanical, acoustic, chemical/molecular
and electromagnetic [9, 13]. Nanomechanical communication defines the transmission of
messages by mechanical contact between transmitter and receiver. In acoustic communica-
tion very high frequency acoustic waves can be used to encode and transmit information.
Molecular communication is based on the chemical signaling mechanisms that exists in the
nature. Finally, electromagnetic communication suggests the modulation and transmission of
information by the means of EM waves as in traditional communication systems.
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Fig. 2.3 The structure of a cell as a biological nano-machine [11].

The nanomechanical approach cannot be considered practical for nano-communications
as it requires the direct contact between the communicating nano-machines. Similarly, based
on the current technology, acoustic communication will not be feasible as the size and
power limitations of acoustic transducers challenge their integration in the structure of a
nano-machine [42]. Therefore, molecular and EM techniques can be considered as the most
promising approaches for enabling communications across nanonetworks.
Next, we review the general specifications of nanonetworks based on these two communica-
tion alternatives.

2.1.3.1 Molecular Communications

Molecular communication focuses on the transmission and reception of information encoded
in molecules. As stated earlier, this approach relies on natural chemical signaling. A molec-
ular nano-communication network can be realized based on the deployment of engineered
organisms or artificially fabricated devices [9, 83].

The main motivation for deploying biological organisms, e.g., a cell, bacteria, as nano-
machines stems from the fact that such structures include various components which can
be mapped on to the essential blocks of a generic nano-machine [11]. This mapping can be
performed as follows (Fig. 2.3):

• Memory unit: In the cytoplasm of a cell, there exist a variety of molecules which
are synthesized by means of DNA instructions. Such molecules can act as the nano-
memory components of a biological nano-machine.
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• Control and Processing units: The DNA molecules, which are comprised of genetic
instructions, can be considered as the control and processing units of a nano-device.
These molecules contain the required instructions for performing a variety of functions,
e.g., the generation of protein molecules with different concentrations according to
external stimuli.

• Communication unit: The gap junctions and hormonal receptors, located on the cell
membrane, provide communication facilities for a cell.

• Sensing and Actuation units: In the structure of a cell there are different types of
transient receptor potential channels and chemical receptors, which can act as the
sensing block. In addition, some other components such as flagella or pili provide the
actuation and movement capabilities for a cell.

• Power unit: Inside a cell there exist various molecules and structures to generate power.
For example, a cell synthesizes triphosphate molecules that act as the power supplier.
Furthermore, some structures such as the mitochondria or the chloroplasts can provide
the required chemical fuel through energy conversion.

Molecular communications can be categorized in two main groups based on their coverage
distance, namely as short-range and long-range. The former includes the inter-cell and intra-
cell communications in which the transmission range falls in the range of a few nm to a
few mm, and it is mostly taking place in an aqueous medium. While the latter refers to
communications in the range of a few mm up to several kilometres in an aqueous or dry
medium, which can be observed among communities of natural organisms such as insects.

Another classification of molecular communication can be based on their propagation
technique, which falls in the following categories [6, 84]:

• Walkway-based: In this approach, which is mostly observed in intra-cell communica-
tions, the molecules are transmitted in pre-defined paths by means of carrier substances
known as molecular motors. For example, Myosins and Dynein are specific protein
motors, which can convert the chemical energy to mechanical energy for information
transportation among cells.

• Flow-based: Flow-based molecular communication refers to the propagation of the
molecules in a liquid medium, in which the flow and turbulence are guided and
predicted. Hormonal communication through the blood and also pheromonal commu-
nication among colonies of ants are some examples in this category.
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• Diffusion-based: The propagation in this category is based on the diffusion of the
molecules throughout a liquid medium, which can be random or according to the
presented turbulence in that medium. A well-known example in this category is
calcium signaling among cells, in which the calcium ions with different concentrations
act as the messengers.

It should be emphasized that molecular communication takes place with a very low
propagation velocity, which results in very low data rates, i.e., in the order of a few bits per
hour. In addition, it is argued that molecular communications can lead to interference in the
natural communication system of an organ [42]. In conclusion, such specific characteristics
can limit the application of molecular nanonetworks in certain areas, e.g., real-time systems.

2.1.3.2 Electromagnetic Communications

Electromagnetic communications refer to the data transfer by means of EM waves, which
offers much higher propagation speeds compared to molecular communications. In the most
basic form, an EM nanonetwork can be composed of the following components [15]:

• Nano-devices: nano-scale machines with energy constraints, which are capable of
performing basic sensing and actuation tasks. These machines can be categorized in
two major groups of basic and multimedia nano-devices, depending on their capabilities
and building blocks.

• Micro-devices: micro-scale devices, which can be viewed as dedicated machines with
ample power and capable of performing complex tasks compared to nano-devices. The
micro-devices diffuse information collected by nano-devices and relay it to higher
layers of the network. In this structure, nano-devices can be grouped as clusters with
the micro-devices, as the cluster heads, for management purposes.

• Gateways: interfaces to relay the collected data from the nanonetwork to the external
network, or the Internet.

In this thesis, we only focus on nano-devices as the discussion on the specifications of
micro-devices or gateways are out of scope of this research.
Depending on the type of application, different topologies for an EM nanonetwork can be
adopted. However, a hierarchical topology, as opposed to an ad-hoc structure, can lead to
easier management and also scalability (Fig. 2.4).

The EM nano-machines, can be fabricated based on a top-down or bottom-up approach.
The top-down method suggests the downscaling of the current micro-scale device components
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Fig. 2.4 An EM nanonetwork architecture.

into the nano-scale; while the the bottom-up method discusses the deployment of individual
molecules to manufacture the building blocks of a nano-machine. Jornet and Akyildiz [7, 56],
propose the first model of such a device and its relevant functional units (Fig. 2.5). In the
following, each of the essential building blocks of a nano-device is discussed, with the main
focus on the specifications of the power, sensing and communication units.

• Memory unit: by utilizing nanomaterials and the recent manufacturing processes,
nano-scale memory units can be fabricated and integrated in a nano-machine. As an
example, a Silicon-based atomic memory is proposed in [16], where the presence or
the absence of an atom can indicate a binary status.

• Processing unit: graphene-based nano-structures, e.g., CNTs or GNRs, can be con-
sidered as the best candidates for the fabrication of the nano-processing unit of a
nano-machine. Regarding the unique quantum properties of graphene, such a pro-
cessing unit will be more compact and also much faster compared to Silicon-based
processors [101].

• Communication unit: due to the limited size of a nano-device, the maximum length of
an antenna in such a structure will be constrained to a few micrometres. This constraint
implies that the deployment of metallic-based antennas as nano-scale communication
units is not feasible, as their operational frequency will be extremely high, i.e., in the
order of a few hundred THz. Hence, for the realization of EM communications across
nanonetworks, Jornet and Akyildiz [59], propose the deployment of graphennas. Such
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Fig. 2.5 The conceptual model of an EM nano-device [7].

nano-antenna units will operate at a much lower frequency band, and more efficiently
compared to their metallic counterparts.

• Sensing and actuation unit: recently, specific types of chemical and biological nanosen-
sors have been fabricated, which possess highly accurate sensing capabilities, i.e.,
detection of the presence and concentration of a given gas as well as the molecular
composition of a substance. As an example, nano-scale transistors based on Silicon
nano-wires can be manufactured, where the presence of different molecules changes
the functional characteristics of the nano-transistor, enabling it to act as a highly accu-
rate chemical sensor [18, 25, 86]. In addition, nano-scale actuators in different forms,
e.g., nano-scissors and nano-tweezers, can be manufactured by deploying a variety of
nano-structures such as CNTs [72].

• Power unit: due to the size constraints of nano-devices to accommodate a battery
unit, self-powering structures are proposed as the most feasible solutions to provide
their required energy. These alternatives will allow a nano-node to harvest its required
energy from the environment, through the conversion of different types of energy, i.e.,
mechanical, vibration, thermal or hydraulic into electrical energy. Yang et al. [119]
propose one of such structures, which is in the form of a pyroelectric nanogenerator
and it can harvest electrical energy from the time-dependent temperature variations.

In Table 2.1, the general characteristics of EM and molecular nano-communications are
compared. As can be observed in this table, both approaches have distinct advantages and
also potential shortcomings. Therefore the preference of the communication method will be
mainly application-specific. In this thesis, we focus on vegetation monitoring applications of
nanonetworks. Due to the real-time and high-resolution requirements of such applications,
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Table 2.1 Comparison between EM and molecular nano-communications [84].

Communication Type EM-based Molecular-based

Components EM nano-machines Biological nano-machines
Signal types Optical/EM Chemical signals
Speed Speed of light (3×108 m/s) Extremely slow (e.g., µm/s)
Range m – Km nm – mm (short-range)

mm – Km (long-range)
Media Air or cables Aqueous (short-range)

Aqueous/dry (long-range)
Features Reliable, high heat dissipation Probabilistic, bio-compatible,

energy efficient

which in turn necessitate high data rate demands, EM-based approaches can be considered as
the most ideal communication technique.

It should be mentioned that, despite the limitations of molecular communications in terms
of transmission delay and data rate, such communication techniques can still have priority
over EM-based methods in certain applications. For example, in biomedical applications the
bio-compatibility of nanonetwork components is a challenge, which can be addressed by
deploying molecular communications and biological nanonetworks. In order to compensate
for the limitations of either of these approaches, hybrid nanonetworks can be used, which
will concurrently deploy both EM and molecular communications.

Although EM nano-communications are the best fit for the mentioned applications, there
are associated challenges for their feasibility, which mainly stem from their component size.
We follow our discussion by focusing on those issues.

2.1.4 Communication Challenges of Electromagnetic Nanonetworks

The miniature size and also very high operational frequency of nano-devices impose se-
vere limitations for the feasibility of EM nanonetworks. In addition, rough environmental
conditions can play an important role to affect their performance, specifically in outdoor
monitoring applications. In the following, we discuss such obstacles in more detail.

2.1.4.1 Limited Power Resources

As discussed before, due to the envisioned dimensions of nano-devices, integration of a
power unit in their structure would be challenging. Therefore, self-powering structures with
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Table 2.2 Various vibrational resources with their related frequency and acceleration magni-
tudes [98].

Vibration Source Peak Frequency (Hz) Acceleration Amplitude (m/s2)

Refrigerator 240 0.1
Car engine compartment 200 12.0
Kitchen blender casing 121 6.4
Clothes dryer machine 121 3.5
Small microwave oven 121 2.25

Washing machine 109 0.5

energy-harvesting capabilities are proposed as their potential power units. One potential
structure can be in the form of a piezoelectric nanogenerator, composed of an array of Zinc
Oxide nano-wires, which is capable of generating electricity while being compressed and
released; and also a nano-capacitor to store the harvested energy for later use [53, 108, 111].
The compress-release cycles can be introduced by external natural sources such as wind,
or alternatively, can be artificially generated by other means such as ultrasonic waves [27].
The frequency of these vibrations determines the duty cycle of a nano-device. Some of the
potential vibrational sources with their related frequency and acceleration amplitudes are
listed in Table 2.2.

In order to calculate the maximum energy that can be stored on such a nanogenerator
unit, first, we need to define the voltage of the charging nano-capacitor, Vcap. According to
the provided model in [63], the latter can be calculated as a function of the compress-release
cycles, ncyc, as:

Vcap(ncyc) =Vg

(
1− e(−

ncyc∆Q
VgCcap )

)
(2.1)

where Vg is the equivalent voltage of the generator, ∆Q is the harvested charge in a cycle
which depends on the specification of nano-wires and also the efficiency of harvesting
process, and Ccap is the capacitance of the nano-capacitor. Therefore, the stored energy in
the nano-capacitor can be defined as:

Ecap(ncyc) =
1
2

Ccap(Vcap(ncyc))
2 (2.2)
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Fig. 2.6 The very small magnitude of the harvested energy in each round (a), and a comparison
of the relatively long energy harvesting duration versus the energy consumption periods (b)
for a nano-device.

Hence, the maximum energy of the nano-capacitor can be calculated as:

Ecap−max = max(Ecap(ncyc)) =
1
2

CcapVg
2 (2.3)

From the equation above, it can be concluded that the size and specifications of the nano-wire
array and also the nano-capacitor are the determining factors in the maximum energy level of
a nano-device.

According to the current technology and the maximum predicted size of a nano-machine,
a maximum of a few hundred pJ can be harvested and stored on it. In [63], it is shown that
the required number of cycles to create such an energy level will be in the order of a few
thousand cycles, which, depending on the frequency of cycles, can take up to tens of seconds.

In Fig. 2.6, the magnitude of the harvested energy in each round, and also the energy
harvesting duration versus the energy consumption periods can be observed. In this figure,
we consider that Vg=0.42v, Ccap =9nF and the frequency of compress-release cycles is 50Hz,
i.e., the duration of a cycle is 1/50= 0.02sec. We also assumes that 2500 cycles are required
for a full charge of the nano-capacitor, which can be achieved in almost 50sec.

By considering the communication between nano-devices as the most energy consuming
process, the harvested energy is only sufficient to transmit a few hundred bits in a transmission
period which at most takes only a few nanoseconds. This issue shows the necessity of energy-
aware communication protocols across nanonetworks.
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Fig. 2.7 The resulting frequency-selective molecular absorption and noise for communications
in a medium composed of 20% of water vapor and the transmission distance of 1cm.

2.1.4.2 High Signal Loss and Distortion

The deployment of graphennas promises the feasibility of EM communications among nano-
machines, in an extremely high operational frequency in the THz range. The radiation in this
part of the EM spectrum, which is commonly referred to as the sub-millimeter wave band,
spans the frequency range of 0.3-10THz. However, as the vibrational frequencies of many
molecule types lie in this region, the realization of THz nano-communication is not trivial
[60, 93]. In this regard, one of the most challenging aspects is a very high level of signal
degradation and distortion, which can be observed in the following forms:

• Molecular Absorption: As a THz wave travels through the transmission path, it collides
with the constituent molecules of the medium, hence, parts of its energy is converted
into kinetic energy and will be lost. This type of loss, which is referred to as molecular
absorption, is frequency-selective and it strongly depends on several factors including
the mixture and concentration of different molecules in the medium, transmission
frequency and distance.

• Molecular Noise: The collision between a THz wave and the constituent molecules
of the medium not only attenuates the signal, but it also causes those molecules to
resonate. Such vibrations introduce a source of noise in the communications, known
as molecular noise. This type of noise is colored and its intensity varies at different
frequencies. In addition, it is only present during signal transmission, i.e., in the
absence of a signal in the channel it does not exist. In general, molecular absorption
can be considered as the main source of signal distortion in THz communications.
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According to the provided results in [60], in free-space communications in air1, water
molecules are the main contributors of the total molecular absorption and noise. In Fig. 2.7,
the total molecular absorption and noise are depicted for a 1cm long transmission path. It
can be observed that these phenomena divide the THz spectrum into several transmission
windows with different widths, and significantly degrade and distort the signal.

2.1.4.3 Rough Environmental Conditions

As the THz channel is a frequency-selective and moisture sensitive band, any changes in
the composition and concentration of channel components can influence the magnitude
of the molecular absorption and noise, and therefore, compromise the performance of
communications. As a result, under certain geographical/environmental conditions the
achievable data rates and the transmission range of a THz nanonetwork can be very limited.

The effects of medium characteristics and variations in performance can challenge many
of the environmental applications of nanonetworks, specifically outdoor monitoring systems,
where the medium composition can change frequently and rapidly. For example, Breitenstein
et al. [21] and Zygielbaum et al. [122] report the variations of the moisture ratio for coffee
and maize plants during dehydration and re-hydration periods. In both cases a dehydration
period in the order of few days can decrease the water content of the leaves by more than
50%, while a re-hydration period in the order of a few hundred seconds can increase the
water content up to 20% (Fig. 2.8). These observations suggest that the performance of a
THz nano-communication in such a scenario will fluctuate as a function of the hydration
cycles of the plants. In Fig. 2.9, the effect of moisture variations on reducing the transmission
range and channel capacity is depicted, for transmissions at 5THz.

In addition to the previously mentioned points, other natural effects such as variations
in direction and intensity of wind, temperature, pressure and so on can degrade the perfor-
mance of THz nanonetworks [12]. For example, in rainy or windy climates the nano-devices
are prone to be frequently blown out or washed away, which can result in a reduced accu-
racy of observations. All these issues necessitate the development of environmental-aware
transmission protocols for nano-communications.

2.2 Literature Review

In this section the current literature in the area of EM nanonetworks, which addresses
the mentioned communication challenges, is analyzed. It is important to mention that the

1Nitrogen, Oxygen, Argon, Carbon Dioxide and water vapor



2.2 Literature Review 27

0 100 200 300 400 450
30

35

40

45

50

55

60

Time [minutes]

W
a
te

r 
C

o
n

te
n

t 
R

a
ti

o
 

(a) Rehydration period

0 2 4 6 8 10 12 14 16 18 20
20

30

40

50

60

70

80

W
at

er
 C

on
te

n
t 

R
at

io

Time [day]

(b) Dehydration period

Fig. 2.8 Water content of coffee leaves following a rehydration and dehydration (replotted
from [21]).
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provided references are limited in number as there not many published research works on this
topic. These references mainly focus on physical and data link layer specifications, and they
aim to compensate those issues through the definition of efficient communication protocols
with respect to power consumption and signal loss.
This discussion is followed by reviewing the proposed physical layer protocols in §2.2.1, and
it is continued by summarizing the research works at the data link layer in §2.2.2.

2.2.1 Physical Layer Specifications and Protocols

The physical layer protocols provide the fundamental standards regarding the physical
data transmission across a network, which include a broad range of definitions such as the
communication hardware, channel models, data modulation and channel coding mechanisms,
and so on. In the following, we discuss the proposed channel models and physical layer
specifications for THz nano-communications.

2.2.1.1 THz Channel Models

In wireless communications, the characteristics of the transmitted signal change, as it prop-
agates in the medium towards the receiver. These changes depend on different factors,
including the transmission frequency, traveled distance, the composition of the medium, the
existence of obstacles between the transmitter and receiver and so on. The behavior of a
communication channel to modify the transmitted signal can be predicted by means of a
model being referred to as the channel model [48]. The main components of a channel model
are specifications for path-loss, scattering, multipath and noise. Given the channel model of
a transmission scenario, the received signal profile can be predicted.

Path-loss mainly describes the signal power loss in LoS communications, due to the
spherical expansion of the wave in the channel. In general, path-loss represents a steady
degradation in the signal power as a function of distance. However, if the LoS path between
the transmitter and receiver is obstructed by any objects, e.g., plants or buildings, the trans-
mitted signal undergoes further loss due to absorption, reflection, scattering and refraction
introduced by the object. The signal loss which has been introduced due to absorption, is
also referred to as shadowing and it generally shows a gradual and unsteady decay in signal
power, as it travels through the objects.
Furthermore, the transmitted signal can reach the receiver from indirect transmission paths
due to the reflection from different objects along the path. The reflected signals and the direct
path signals can reach the receiver with different phases and different experienced delays,
hence, introducing a constructive or destructive effect on the received signal power. This
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phenomenon in wireless channels is called multipath and it represents frequency dependant
variations in the signal power at the receiver. Finally, different types of noise, e.g., thermal,
ambient, can act as extra sources of power loss or distortion in wireless communications.

Jornet and Akyildiz [55, 60], proposed the first channel model for free-space and short
range THz communications, which includes precise path-loss, noise and channel capacity
models. The proposed models by these scientists include specifications for molecular
absorption loss due to air molecules, which can be modified to accommodate various gaseous
mediums with different compositions and concentrations. According to the provided results,
they report that water vapor is the main contributor of signal attenuation in free-space
THz communications, with greater or lesser effects at distinct frequencies. Although the
introduced models and analysis are comprehensive, they lack a discussion on other common
phenomena in wireless communications such as NLoS communications, scattering and
multipath.

As an improvement to the mentioned model, the effect of particle scattering on LoS THz
communications is studied and modeled by Kokkoniemi et al. [70]. It is shown that multiple
scattering, which occurs due to the collision of the traveling signal with small aerosols such
as water droplets, attenuates the signal and it also results in NLoS propagation. The latter not
only degrades the signal power but it also introduces a delay in communications. In order
to take such delays into account, the proposed model is provided in the time and frequency
domains. In an extension to that work, the introduced multiple scattering model is modified
based on a more realistic geometry and distribution of the particles in [69].
Han et al. [45] introduced a precise THz channel model based on the ray-tracing technique,
which incorporates the LoS paths and also accounts for the reflection, scattering and refraction
effects in communications. The proposed theoretical model is validated through comparison
with measurement data that exists in the literature. Then, based on such a model, an in-depth
analysis of the distance-varying and frequency-selective absorption behavior of the THz
channel is carried out. The provided results suggest that distance-adaptive and multi-carrier
transmissions can improve the performance of THz communications.

In many of the potential applications of nanonetworks, the signal propagation medium
is not gaseous, e.g., in biomedical applications where the transmission channel is mainly
blood and tissue. For an analysis on the feasibility of such applications, a discussion on THz
channel behavior in solid materials is required.

In the area of biomedical applications, there are many of research works which target the
body-centric wireless communications and discuss channel characterizations at microwave
frequencies [2, 3, 22]. However, these works cannot be applied to THz nanonetworks due to
the peculiarities of the THz channel.
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To address such a need, a simple path-loss model for short-range communications through
the human body is proposed by Yang et al. [114]. In that work, which focuses on blood and
fat as the body components, it is concluded that blood has a more significant effect on signal
degradation compared to fat, due to its higher concentration of water. It is also shown that
the effect of blood and fat on attenuating THz radiation is almost steady across the entire
frequency band, unlike the effect of water molecules in the air. Following that discussion,
the absorption loss of the fat tissue at 1 THz is investigated by means of a simple numerical
model in [115], where the authors concluded that for short transmission distances in the order
of a few mm the loss is not significantly large. Then, in a more focused analysis in [116], as
water is a significant composition of the human body, the THz path-loss in pure water and a
NaCl solution is theoretically and numerically studied. A comparison between the provided
results shows that the THz propagation loss in a medium of the NaCl solution is lower than a
medium of pure water.

As an extension to the previous works and based on the proposed path-loss models,
a channel capacity model is proposed in [117]. Then, by focusing on body-centric THz
nanonetworks, the effect of blood, fat and skin in absorbing the THz waves is analytically
studied and validated through numerical results. It is shown that the electrical properties of
skin and fat are almost similar, therefore, signal loss due to reflection among such layers is
not significant. Furthermore, by comparing the encountered loss through EM and molecular
communications, it is concluded that molecular communication undergoes a higher degree of
attenuation. Hence, the EM communication paradigm in nanonetworks will be more feasible.
Finally, by studying the channel capacity as a function of different pulse shapes, it is argued
that the transmission of Gaussian pulses can provide the highest data rates and transmission
ranges for THz nanonetworks.

Javed and Naqvi [50], also consider the biomedical applications of WNSNs and introduce
a log-distance THz path-loss model. By assuming that the network control units are located
outside the body and the nanosensors are scattered within the body, it is assumed that the
radiation is mainly shadowed by air and body components. Therefore, first, the absorption
behavior of air molecules and the body components are studied by means of a theoretical
path-loss model. In order to do so, the air is considered as mixture of different gases with
the water vapor as the most dominant component to attenuate a THz signal. The human
body is also considered as the composition of different components, e.g., bones, fat, blood,
muscle, each with different concentrations of water. Then, by deploying the theoretical model
and through extensive simulations, the components of a log-distance path-loss model are
extracted. In the proposed model, the short and medium transmission distances are studied,
while the transmission medium can be air, human body or a hybrid channel composed of
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both. The provided results indicate a very high level of attenuation in such channels due to
the high ratio of water content in the body.

Guo et al. [42], propose a channel model for in-vivo applications of WNSNs, where
the nanonetwork can be formed inside the human body. In order to enable communications
among nanosensors, the deployment of plasmonic nano-antennas is proposed, which will
operate at the optical region of the THz band, i.e., 400–750THz. As the communication
medium in these applications is composed of a variety of cells, with their sizes being
comparable to the THz wavelength, cell attenuation and scattering are introduced as the main
source of signal loss. Therefore, first, by modeling a single cell as a multi-layer sphere, the
scattering effect of such a structure is analytically modeled. Next, the proposed model is
extended to account for the scattering effect of a chain of cells as well as the cells located in
a 3D layered structure. The latter can be considered as a more realistic structure of the cell
arrangement in the layered body tissue. Finally, based on the proposed scattering models and
the resulting field intensities, a THz path-loss model is proposed. The numerical results in
that work, which are validated through extensive simulations, suggest that in the frequency
band under study, that cell scattering is the dominant source of signal loss compared to the
cell absorption loss. These observations motivate the deployment of lower frequency bands
to enable communication in WNSNs.

2.2.1.2 Nano-Antenna Unit

As discussed before, the small size of nano-machines limits the maximum size of their
antenna unit to a few micro meters. At such a scale, a classical metallic-based antenna will
operate in a very high frequency, in the order of a few hundred THz. According to the power
limitations of nano-devices, providing the required power for communications at such a
high frequency band will not be feasible. In addition, communications at the very high THz
frequencies encounter a very high path-loss, which can compromise the realization of EM
nanonetworks.

According to the peculiar quantum characteristics of graphene, radio scientists proposed
the deployment of this material, instead of metal, to enable communication among nano-
nodes. A graphene-based nano-antenna, graphenna, is capable to propagate short wavelength
Surface Plasmon Polaritons (SPP) with a lower loss compared to a metallic-based antenna
(Fig. 2.10). Such a structure has a very high electron mobility regardless of the temperature
[29, 92]. Therefore, the wave propagation velocity in graphennas is much slower than the
speed of the light in vacuum, which results in an operational frequency almost two times
below the operational frequency of metallic antennas [28, 32].
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Fig. 2.10 Surface plasmon polariton (SPP) waves formation on the surface of a graphene-
based nano-patch antenna [64].

Fig. 2.11 The proposed structure of a nano-antenna based on CNTs (right) or nano-patch
antennas based on GNRs (left) [59].
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Jornet and Akyldiz [59], propose the antenna unit of a nanosensor node in the form of a
nano-dipole antenna based on CNTs, or in the form of a nano-patch antenna based on GNRs
(Fig. 2.11). These scientists show that according to the maximum size of a graphenna, it will
efficiently resonate in the range of 0.1–10 THz. Although such an operational frequency is
far better than the frequency range of a metallic-based antenna, the mentioned spectrum is
still exposed to a very high loss level. Therefore, graphenna-based nano-communications
need to be accompanied by other mechanisms to ensure a reasonable performance.
In this regard, one of the significant advantages of graphenna for nanonetwork applications
is the tuning capability of its electronic properties, e.g., resonance frequency. Such a feature
can enable frequency tuning of nano-nodes in order to avoid high loss frequencies.
In general, the resonance frequency of graphennas can be tuned statically or dynamically
based on the following approaches:

1. Static frequency tuning: The graphenna’s resonance frequency is a function of its
dimensions and relaxation time, as well as the properties of the substrate which
supports the nano-antenna. The relaxation time of a material is basically the time lag
that it takes a perturbed system to return back into the equilibrium status.
The relation between the resonance frequency and the dimensions of a graphenna is
studied by Llatser et al. [74, 75]. It is shown that any increase in the width or any
decrease in the length of the nano-antenna reduces the resonance frequency and vice
versa. In these references, the relaxation time, which depends on the quality of the
graphene sample, is introduced as another means to control the resonance frequency,
bandwidth and the conductivity of the nano-antenna.
Additionally in [75], the effect of the substrate’s thickness and its dielectric constant
on the resonance frequency of the graphenna is studied. There, the provided simulation
results demonstrate that any increase in the substrate’s dielectric constant as well as any
decrease in the thickness of the substrate, leads to a slight decrease of the resonance
frequency of the graphenna. By proposing the structure of a graphenna in the form of a
nano-patch located on a dielectric substrate, Llatser et al. [76], show that the resonance
frequency of the nano-antenna also depends on its position on the substrate, meaning
that, locating the nano-antenna closer to the sides of the substrate will slightly increase
the resonance frequency.

2. Dynamic frequency tuning: Alternatively, dynamic frequency tuning of graphennas
can be accomplished through varying the temperature or the electrical conductivity of
the graphenna [75]. Electrical conductivity of a graphene sample is a function of its
chemical potential. The latter can be manipulated through doping or by applying an
electrostatic bias voltage to the graphenna [31, 41]. Llatser et al. [74], report a slight
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shift of the operational frequency to the higher frequencies through the increase of
temperature. The effect of a bias voltage on the resonance frequency of a graphene-
stacked dipole antenna is studied by Tamagnone et al. [104], who show that, by
applying a bias voltage in the range of 0-3V to the graphene stack its chemical potential
is increased in the range of 0-0.2eV, hence, its operational frequency is shifted to the
upper bands of the THz range.

In order to resolve the high signal loss in THz nano-communications, Atakan and Akan
[13], propose the deployment of an array of high-gain and highly directive nano-antennas.
The graphennas array can greatly amplify the output signal power, which in turn results in
an increased transmission rate and distance. This solution can be accompanied by NLoS
communication mechanisms, in which the direct paths with a high loss level are substituted
with NLoS low attenuation paths. One of such techniques is the ray-tracing based NLoS
communication approach which is introduced by Piesiewicz et al. [93]. This approach is
based on the installation of dielectric mirrors in the transmission environment to extend the
communication reliability between nodes, where the radio system can dynamically choose
between LoS or NLoS paths.

2.2.1.3 Data Modulation

Data modulation refers to a process in which some of the characteristics of a carrier signal,
e.g., amplitude, phase or frequency, are varied to enable the transmission of the information
over a physical link.

In classical wireless communications, a continuous wave acts as the carrier signal. How-
ever, such modulation schemes seem infeasible for EM nanonetworks due to the energy
constraints of nano-devices. As such devices can only harvest and store a very limited amount
of energy in a relatively long period, they cannot provide the required energy to generate
continuous high-power carrier signals in the THz band.

Jornet and Akyldiz [58, 61], propose a pulse-based amplitude shift keying modulation
technique, called Time Spread On-Off Keying (TS-OOK), for nano-communications. In
this approach, a preamble indicates the start of a transmission, followed by a sequence of
ultra-short pulses and silent periods to indicate logical “1”s and “0”s, respectively. The
“1”s and “0”s are separated over time by fixed periods which are much longer than the
pulse duration. Following the same idea, Peper et al. [91], suggest spike-based signaling in
nanonetworks, which is inspired from the neural pulse-based communications. The proposed
pulses in this mechanism are longer in duration compared to those in the TS-OOK approach.

The advantages of such modulation techniques are manifold. Firstly, the deployment of
silent periods for presenting a logical status can help nano-nodes to preserve more energy.
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Secondly, it can eliminate the molecular absorption and noise, as these phenomena are mainly
presented upon transmission of a signal. Thirdly, in a densely populated nanonetwork such
modulation techniques can reduce the probability of collisions and errors in bit detection.
Finally, by presenting a logical status with an ultra-short pulse and also introducing long
separation periods between symbols, the data of multiple nano-nodes can be interleaved. The
latter allows the concurrent transmission of nano-devices, which consequently can increase
the information capacity of the nanonetwork.

Although these modulation mechanisms promise efficient communications across nanonet-
works, they can be mainly valid for very short transmission ranges, where the molecular
attenuation is not drastically high. Han and Akyldiz [44] propose a distance-aware and multi-
carrier-based modulation scheme for THz communications. In their proposed approach,
first, the transmitter determines the available transmission frequency window based on the
transmission distance, which can satisfy a desired path-loss threshold. Then, the selected win-
dow is divided into several non-overlapping sub-windows for transmission of multi-carrier
signals. Finally, the carrier signal in each individual sub-window is modulated based on the
MQAM modulation scheme, in which M is specified according to some constraints such as
the allowed bit error rate. This approach offers the parallel transmission of data in several
sub-channels, which can enhance the data rate for longer communication distances. However,
the complexity of its modulation control unit can challenge the deployment of this approach
for nanonetworks.

2.2.1.4 Channel Coding

In communication networks, channel coding refers to a set of mechanisms to control the
errors and provide reliable transmissions via different means, e.g., transmitting extra parity
bits.

In many applications of nanonetworks, a very large number of nano-machines need to
be deployed to provide the required resolution and also the quality of service. Therefore,
in such scenarios, collisions and interference between parallel/adjacent transmissions will
be inevitable. According to the power limitation of nano-machines, this problem cannot be
solved by deploying traditional solutions, e.g., transmission coordination based on a central
node.

However, this issue can be addressed by means of efficient channel coding techniques for
nano-communications. One of such mechanisms is introduced in [54, 62], which is based on
reducing the weight of codewords in a pulse-based communication system, in order to reduce
the probability of interfere in densely populated nanonetworks. Basically, the weight of a
codeword refers to the number of 1’s in the codeword structure, which is equivalent to the
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transmission of a pulse in such a system. The proposed scheme suggests the transmission of
longer codewords with a smaller number of 1’s and a higher number of 0’s, or silent periods,
instead. In addition to interference mitigation, this coding technique can preserve the energy
level of nano-machines. In [4], the performance of such a mechanism is compared against
traditional strategies such as Automatic Repeat reQuest (ARQ) and Forward Error Correction
(FEC). It is shown that low-weight channel coding can outperform the traditional solutions
in different terms, including energy consumption and latency.

An energy-efficient channel coding mechanism is proposed by Kocaoglu and Akan
[65, 66], which is based on the introduction of a Hamming distance constraint. This technique
tends to minimize the codeword energy in a system that uses on-off keying modulation.
Such an approach can meet the energy constraints of nanonetworks, specifically in densely
populated ad-hoc nanonetworks [67].

2.2.2 Data Link Layer Specification and Protocols

The data link layer is composed of two sub-layers, namely as Media Access Control (MAC)
and Logical Link Control (LLC), where the former mainly includes standards for regulating
the access of nodes to the shared transmission medium; while the latter mainly deals with flow
and error control. In the following, we discuss the proposed MAC protocols and mechanisms
for THz nano-communications.

2.2.2.1 Medium Access Control

One of the provided services by MAC protocols is the channel allocation to nodes. In wireless
networks, such a process includes sharing the bandwidth among different wireless nodes
in order to offer an efficient use of the bandwidth, as well as preventing collisions among
concurrent transmissions of adjacent nodes.

The existing literature in the area of THz communication shows that molecular absorption
and noise divide the THz band into several transmission windows of different frequency
widths [20, 56, 60, 93]. These works suggest that transmission in preselected frequencies and
windows based on the transmission condition, i.e., dynamic channel allocation, can enhance
the robustness of communications in the THz channel.

Piesiewicz et al. [93], analyzed the free-space transmissions within the range of 0.3–
1THz for distances up to 1Km. They reported several transmission windows with their
corresponding attenuation level and bandwidth, and also show that communications in the
introduced windows undergo a lower level of signal attenuation. In a similar approach, the
frequency–selective behavior of the THz channel is studied by Boronin et al. [20]. They
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propose the idea of transmission in the transparency windows, where the transmittance of
the medium is beyond a certain threshold. In that paper, the transparent frequencies with
their corresponding bandwidths are defined for certain transmission distances – implying
that communications in these windows are resilient to molecular absorption and noise. It is
also shown that there exists a trade–off between the communications range, Signal to Noise
Ratio (SNR) and the achievable channel capacity. It means that, if maximizing the SNR
and channel capacity (in the order of a few Tbps) are of high importance, transmission in
the beginning of the first defined window (0.1–0.5THz) with a bandwidth equal to 50GHz
is the most efficient alternative, though, it limits the transmission distance (up to a few
cm). Otherwise, if the achievable transmission distance is the main concern (over 10m),
transmission in narrower windows (in the order of a few MHz) at the beginning of the first
window (0.1–0.5THz) is the most efficient approach. Although this alternative decreases
the channel capacity (up to a few Mbps), it still can satisfy the required bandwidth for many
applications of nanonetworks.

By focusing on the biomedical applications of WNSNs, Javed and Naqvi [50], analyze
THz radiation through a channel composed of air and human body components. Similar to
previous works, they also reported the division of the THz channel into a set of frequency
windows with variable widths, where they defined the width and the mean value of absorption
in each window. Therefore, they suggest that the selection of the transmission channel can be
carried out based on the transmission distance and also the windows with a lower attenuation
rate.

As molecular attenuation has various effects on different frequencies in the THz channel,
Zarepour et al. [120], introduce an adaptive frequency hopping mechanism for an application
of nanonetworks within chemical reactors. The proposed approach tends to optimize the
performance of communications in a composition variant channel, through improving the
SNR. For such a purpose, the most probable composition of the reactor at any time slot is
approximated to perform the frequency hopping process.

In addition to all the mentioned benefits, dynamic channel allocation mechanisms can
affect the achievable transmission distance for wireless nano-nodes. In order to improve
the performance of broadcast-based communications, Yalgashev et al. [113], propose the
adaptive transmission range control of nano-nodes based on the density of the nanonetwork.
Through simulation results, they show that such an approach can improve the connectivity
of the network and also the performance of communications in different areas, including
throughput and latency.

In the area of Wireless Sensor Networks (WSNs) and also Ultra Wide Band (UWB)
networks, comprehensive MAC protocols have been proposed [8, 43]. However, such
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approaches cannot be deployed in nanonetworks, as they do not consider the unique behavior
of the THz band nor the power limitations of nano-devices.

Jornet et al. [57], introduce the first MAC protocol for THz nanonetworks, referred
to as PHLAME. This protocol, which deploys a novel rate division time-spread on-off
keying approach as well as a low-weight channel coding scheme, is based on negotiation
of the communicating nodes to select the most efficient communication parameters. The
performance of this technique is analytically evaluated in terms of energy consumption,
delay and achievable throughput; and it is concluded that it can support densely populated
nanonetworks. In a similar approach, Wang et al. [107], proposed an energy and spectrum-
aware light-weight MAC protocol for nano-communications. This mechanism attempts to
improve the network throughput and offer a fair channel access among nano-machines, which
are centrally controlled by a nano-controller.

The centralized structure of the previous protocol can be considered a drawback in
dense nanonetworks. To resolve such a shortcoming, Mohrehkesh and Weigle [81], develop
a receiver-initiated channel access protocol, called Receiver-Initiated Harvesting-Aware
Medium Access Control (RIH-MAC). This protocol is scalable and it can operate in a
centralized fashion, or alternatively in a distributed format to support highly populated
nanonetworks. In the centralized mode, the protocol coordinates the communication be-
tween nano-machines and a central node, based on a probabilistic approach. While in a
distributed scenario a distributed edge-coloring method is used to determine the channel
access mechanism. RIH-MAC is an energy-aware protocol, which can adapt based on the
energy harvesting rates.

2.3 Summary and Conclusion

In this chapter, we discussed the concept of nano-scale networks as the next communication
paradigms. In this regard, we demonstrated how such networks can evolve the current
applications to a new level as well as initiating a new generation of applications. It was
discussed that more efficient agricultural monitoring systems are one of such applications,
which can take advantage of the unique properties of nanonetworks, specifically through
precise and real-time observations. Then, among different communication approaches,
EM-based solutions were introduced as the most practical methods to accommodate the
requirements of those applications.

It was argued that the operational frequency band of EM nanonetworks will be in the THz
channel [59]. According to the literature, it is known that THz communications are prone
to a very high degree of loss, which is medium-specific and can reduce the overall network
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performance. Hence, EM nanonetworks are envisioned to deal with serious obstacles at the
physical layer [60]. In addition to the high loss level, other factors, including the limited
power resources of nanonetwork components as well as their rough environmental conditions
were introduced as issues which can challenge the realization of this type of communications
[12, 63].

It was discussed that the traditional communication protocols are not suitable for EM
nano-communications as they do not take the unique properties of nanonetworks and also the
peculiarity of their communication channel into account. As a result, novel protocols need to
be developed for the feasibility of nano-communications and their related applications. In
this regard, the discussion was followed by reviewing a subset of the current research works
in this area, which mainly focus on the physical and data link layers to address the mentioned
issues.

It needs to be highlighted that the existing literature lacks efficient protocols/strategies,
which are particularly developed for THz nano-communications in vegetation environments.
The proposed approaches in this area should account for the specific communications charac-
teristics and constraints in such conditions.

As an example, the reviewed research works in §2.2.1, included several channel models
only for THz radiation in free-space or through the human body [68, 70, 115, 117]. However,
those models cannot approximate the signal loss and its variations in a medium composed of
plant foliage. As such estimations are required for performance analysis purposes, it can be
concluded that the propagation models through vegetation are essential for the feasibility of
environmental applications of nanonetworks.

To address such a shortcoming, in Chapter 3, we introduce initial THz path-loss models
in the proximity of vegetation. The proposed models can estimate the encountered loss
due to the absorption by air and also the absorption and surface scattering caused by plant
leaves. These models can be modified based on the general properties of the communication
channel, e.g., medium composition or the ratio of the traveled path through the leaves/air. As
another significant aspect of the introduced models, their capability to predict the average
path-loss and also its variations around the mean value can be mentioned. The calculation of
the average signal loss is based on the average value of the transmission parameters and by
means of our proposed primary THz path-loss model. However, the approximation of the
loss variation is based on performing Monte-Carlo simulations and linear regressions.

Similarly, the reviewed literature in the area of channel allocation, in §2.2.2, were limited
to free-space propagation and THz nano-communications through a body [20, 50, 120].
Furthermore, those works were centered around combating the total signal loss via locating
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the most clear transmission windows/frequencies, regardless of the effects of the allocated
channel on other performance parameters, such as power consumption or spectrum utilization.

We account for these issues in Chapter 5, by introducing several channel assignment
strategies which are combined with a basic sink node selection method, for hierarchical
nanonetworks. These approaches are attenuation- and medium-aware, as they are proposed
in a cross-layer fashion and based on the physical channel constraints. Therefore, they can be
adjusted for nano-communications in vegetation environments. In addition to loss reduction,
such approaches aim to satisfy a variety of objectives, including efficient bandwidth utilization
or the efficient power consumption associated with the frequency tuning process. These
mechanisms make the channel allocation decisions for individual nano-devices, given their
specific transmission conditions, e.g., distance or medium composition. The latter can be
considered as the main difference between the proposed strategies and the reviewed literature
in this area.

Apart from the mentioned points, there is the lack of theoretical performance evaluation
models for THz nano-communications in the mentioned scenarios. In this regard, we
present a framework in Chapter 4, which can be used for the performance analysis of nano-
communications in the vicinity of plants. By including primary models of a plant, this
framework can provide a testbed for the deployment of a nanonetwork. The plant models
can be defined according to the general characteristics of vegetation, e.g., leaf distribution
and attributes; hence, they can take a variety of plants into account. In addition, the proposed
framework is composed of performance evaluation benchmarks, for approximating the
probability of success in LoS and NLoS nano-communications. The LoS probability model
is centered on the simplifying assumption that THz radiation cannot propagate through
the vegetation leaves due to their high moisture level. However, in order to consider more
realistic scenarios, the NLoS probability model is introduced, in which the THz radiation can
partially pass through leaves.

In the rest of this dissertation, the proposed models and strategies are described and
analyzed in more detail.



Chapter 3

THz Channel Models

In wireless communications, the characteristics of the transmitted signal change as it prop-
agates in the medium towards the receiver. These changes depend on different factors
including the transmission frequency, travelled distance, the composition of the medium
and the existence of obstacles between the transmitter and receiver. The behavior of a
communication channel to modify the transmitted signal can be predicted by means of a
channel model, which typically accounts for the path-loss, shadowing, scattering, multipath
and noise.

As we discussed earlier, the THz channel demonstrates peculiar behavior in terms of
signal distortion and degradation, which cannot be observed at the lower frequency ranges.
Hence, the channel models for communications at the lower frequencies, i.e., the GHz
channel, cannot be applied for communications at this range. This issue necessitates the
study of precise channel models for the feasibility of communications at such a frequency
spectrum and for different transmission mediums.

The current literature mainly discusses THz radiation in a gaseous medium or human
tissue, which mostly benefits biomedical applications of THz nanonetworks. However,
focusing on the potential environmental monitoring applications, none of the provided
models discusses wave propagation within a vegetation environment.

In this chapter, first, we discuss two primary THz path-loss models which include
specifications for free-space radiation as well as propagation in the proximity of vegetation.
These initial models approximate the average signal degradation due to the existence of
air molecules, specifically water vapor, and also the plant leaves in the transmission path.
However, the introduced path-loss in practical applications of THz nanonetworks will be
variable, due to the variable number and thickness of the encountered leaves, as well as
the random transmission distances through air and leaves. Hence, in order to take such a
randomness into account, we also propose a log-distance path-loss model. This model, which
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is based on fixed transmission frequencies, incorporates a random shadow fading variable
and approximates the variation of the path-loss from its mean value. In the absence of THz
nano-devices, we extract the parameters of the log-distance path-loss model and the attributes
of the shadow fading variable by means of Monte-Carlo simulations. In addition, we define a
THz channel capacity model for communication in the mentioned environments based on the
proposed path-loss models. Finally we evaluate the proposed models through simulation and
numerical results.
This chapter is structured as follows: §3.1, discusses the primary THz path-loss models and
in §3.2 the log-distance based model is described. §3.3 presents the THz channel capacity
model. In §3.4 and §3.5, we present the numerical and simulation results based on the
proposed models. Finally §3.6 summarizes this chapter.

3.1 Primary THz Path-Loss Models

The primary path-loss models for THz radiation can be categorized into the following groups:

1. Free-space path-loss: A basic model that only considers the free-space wave propaga-
tion, in which the main sources of loss are the wave expansion along the path and also
the absorption effect of the air molecules.

2. Path-loss in the vicinity of vegetation: A more advanced path-loss model, an extension
to the basic model, which considers the presence of objects, i.e., plant leaves, along
the transmission path. In such a model, extra sources of signal loss will be introduced
due wave absorption or scattering by the objects.

In the following, first, we introduce the components of the basic path-loss model to predict
the free-space propagation loss. Then, by considering communications in a vegetation
environment, we extend the basic model and add extra terms to account for absorption and
surface scattering loss of leaves.

3.1.1 Free-Space Path-Loss Model

A basic path-loss model for free-space THz communications can be defined as:

PLP1( f ,d) =
PT x( f )

PRx( f ,d)
= S( f ,d)ζ ( f ,d) (3.1)

where f is the frequency, d is the transmission distance, PT x(.) and PRx(.) are the power
spectral density (psd) of the transmitted and the received signals, respectively; S(.) defines
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Fig. 3.1 The THz free-space spreading loss for a transmission distance of 0.01m.

the spreading loss and ζ (.) accounts for the absorption loss. In free-space transmissions, the
absorption loss is mainly introduced by air molecules.
Next, we describe each of these terms in more details.

3.1.1.1 Spreading Loss

The spreading loss, also known as free-space path-loss, indicates the attenuation of the signal
power due to its spherical spread around the transmitting antenna, for an omnidirectional
antenna. This loss can be defined based on the well-know Friis equation as:

S( f ,d) =
(

4π f d
c

)2

(3.2)

where f is the transmission frequency, d represents the path length and c is the speed of light
in a vacuum.
As it can be observed, this type of loss only depends on the transmission frequency and
distance. Furthermore, this equation suggests that increasing the transmission frequency
at a certain distance results in a very high and quadratic decay of the signal power. The
spreading loss frequency dependence for a fixed length transmission path of 0.01m is plotted
in Fig.3.1).

3.1.1.2 Absorption Loss

Once a traveling EM wave collides with the constituent molecules of a transmission medium,
part of its energy is converted into kinetic energy and will be lost to the traveling wave. This
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type of loss, which is referred to as the molecular absorption, can be defined based on the
transmittance of a medium, τ(.), as:

ζ ( f ,d) =
1

τ( f ,d)
(3.3)

where f is the transmission frequency and d is the path length. In fact, the transmittance of a
medium represents the fraction of the signal power that can pass through that medium. By
employing the Beer-Lambert law, this parameter can be quantified based on the absorption
coefficient of the medium, α(.), as well as the length of the traveled path through that
medium, as:

τ( f ,d) = e−α( f )d (3.4)

The absorption coefficient of a medium represents the intensity of the signal loss in that
medium, per unit of distance, and it depends on several factors including the electrical
properties of the substances in the medium. As is shown in the equations above, the
absorption coefficient and the molecular absorption loss of a medium are directly related, i.e.,
a larger absorption coefficient implies higher loss and vice versa.

For free-space transmissions, we can consider that the absorption coefficient of the
medium is the same as the absorption coefficient of air, αa( f ), i.e.,

α( f ) = αa( f ) (3.5)

In the following, we discuss the calculation of αa( f ) based on the specific composition of
the air.

• Absorption Coefficient of Air Molecules: Air is composed of different gas molecules,
each with different concentrations and various effects on attenuating the traveling THz
wave. The absorption coefficient of air is a frequency-dependent parameter which
represents the overall absorption of air molecules per unit of distance. Jornet and
Akyildiz [55, 60], defined such a parameter for THz radiation by deploying the radiative
transfer theory. This theory discusses the interaction, or specifically the absorption,
of an EM wave with matter as it passes through a medium. In order to define the air
absorption behavior, they used the provided data in the High Resolution Transmission
(HITRAN) database [97], which specifies the transmission characteristics of a variety
of molecular types at different frequency bands.
According to their observations, the magnitude of the air absorption coefficient depends
on the particular mixture and concentration of different gas molecules found in the air.
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Therefore, this parameter can be defined based on the weighted sum of the absorption
coefficients of individual gases, αa

t (.), as:

αa( f ) =
G

∑
t=1

Ctα
a
t ( f ) (3.6)

where G is the total number of various gases in the medium and Ct represents the
volumetric fraction of each gas. It should be highlighted that several factors contribute
to the overall absorption of an individual gas including temperature, pressure and the
resonance frequency of the gas. The proposed model can be deployed to predict the
absorption coefficient of any gaseous medium, given the medium composition and the
volumetric fraction of each substance.

Through the provided numerical results, Jornet and Akyildiz concluded that among
all constituents of normal air, water vapor has the highest impact on attenuating THz
radiation. Further details for calculating the overall absorption coefficient of air based
on its constituents can be found in [60].

3.1.2 Path-Loss Model in the Vicinity of Plants

If the transmission path is obstructed by random objects, e.g., vegetation foliage, some
additional elements need to be added to the proposed path-loss model in equation (3.1) for a
more precise approximation of signal loss. Such an extended model can be presented as:

PLP2( f ,d) =
PT x( f )

PRx( f ,d)
= S( f ,d)ζ ( f ,d)Ψ( f ,d) (3.7)

where f is the frequency, d is the transmission distance, PT x(.) and PRx(.) are the psd of the
transmitted and the received signal, respectively; S(.) is the spreading loss defined in equation
(3.2), ζ (.) represents the total absorption coefficient of the channel defined in equation (3.3),
and Ψ(.) is the encountered scattering loss. In this extended model, ζ (.) accounts for the
total absorption created by different objects along the path. For communications through
vegetation, the latter can be obtained by calculating the total absorption coefficient of a hybrid
channel. It means that α(.) in equation (3.4) should be modified for a medium composed of
air and the plant components, e.g., leaves, fruits, stalks and so on.
Next, we discuss the formulation of α(.) in such a scenario.
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3.1.2.1 Absorption Coefficient of a Hybrid Channel

In the most basic scenario, we can assume that transmissions through vegetation are ob-
structed and attenuated by air molecules and leaves. This assumption can simplify the
development of an initial THz path-loss model for communications in the vicinity of plants.
In future work, this model can be extended to take the encountered loss due to other compo-
nents of a plant, and consequently the overall loss of a plant, into account.

Therefore, we define the total absorption coefficient for such a hybrid channel as a
function of the absorption coefficients of air and leaves, αa( f ) and αl( f ), as:

α( f ) = Aαa( f )+Bαl( f ) (3.8)

In this definition, A and B are weighting factors which represent the proportion of the total
path traveled by the wave through the air and leaves, respectively (Fig. 3.2). These weighting
coefficients are defined as:

A =
1
d

n+1

∑
i=1

da
i , B =

1
d

n

∑
j=1

dl
j ≈

nT
d

s.t.
n+1

∑
i=1

da
i +

n

∑
j=1

dl
j = d

(3.9)

where d is the total path length, n is the number of the encountered leaves between transmitter
and receiver, ∑

i
da

i and ∑
j

dl
j are the total path length through air and leaves, respectively, and

T is the average thickness of leaves. It should be noted that n and T are random in practice
and depend on the characteristics and the statistical distribution of leaves in a specific plant
type.

The absorption coefficient of the air can be calculated by deploying equation (3.6), based
on the transmission frequency and the particular mixture of air. However, the absorption
coefficient of a leaf can be defined differently and based on the electrical properties of the
leaf at specific frequencies. In the following, we discuss an analytical approach for modeling
and calculation of αl(.).

Absorption Coefficient of Plant Leaves:
The absorption coefficient of leaves at THz frequencies defines the signal loss as it passes
through the leaf tissue. Such a parameter for a leaf, as a solid transmission medium, can be
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Fig. 3.2 A single radio link, where the traveling signal undergoes attenuation due to air
molecules and the encountered leaves.

extracted from its extinction coefficient, κl(.). The latter, which also represents the magnitude
of signal loss, can be related to the absorption coefficient by the following expression [114]:

αl( f ) =
4πκl( f ) f

c
(3.10)

where f is the transmission frequency and c is the speed of light in a vacuum.
The extinction coefficient depends on the complex relative permittivity of a material, εr(.).

In general, permittivity is a frequency-dependent value which depends on the polar moments
of the material molecules and decides both the amount of energy temporarily stored in the
substance and the permanent energy transfer to the substance. The relative permittivity, also
referred to as the dielectric constant, represents the ratio of the permittivity of the material to
that of vacuum, i.e.,

εr( f ) =
ε( f )
ε0( f )

(3.11)

where ε0(.) is the vacuum permittivity.
The relative permittivity is commonly represented in a complex format as:

εr( f ) = εR( f )+ jεI( f ) (3.12)
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Fig. 3.3 Schematic of a THz-TDS system for detecting the electrical properties of a leaf [37].

In this definition, the real part, εR(.), defines the proportion of wave energy stored within the
material, whereas the imaginary part, εI(.), represents the proportion of energy transferred
from the wave to the material.

Therefore, the extinction coefficient of a substance can be calculated as a function of the
real and imaginary parts of its complex relative permittivity as [114]:

κl( f ) =

√√√√√ε2
R( f )+ ε2

I ( f )− εR( f )

2
(3.13)

In order to approximate the absorption coefficient of leaves at THz frequencies, their complex
relative permittivity should be accurately measured and modeled.

Among different approaches to measure such a parameter, THz-TDS can be considered
as a well-known technique. In this measurement approach, a broadband pulse, which is a
narrow time domain impulse, referred to as a THz pulse, is transmitted through air and its
magnitude and phase is compared with the same pulse being passed through the intended
material to infer the permittivity of the sample [109]. An example of such a system to detect
the permitivity of a leaf is illustrated in Fig 3.3.

It should be emphasized that a leaf does not have a homogeneous structure, but rather it
is a complex composition of different components, including air cavities, water, sugars and
proteins. As a result, providing a precise permittivity model of a leaf can be complex, as
different components in its structure have different permittivity values [38].
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Fig. 3.4 Model of a leaf as a complex structure which is composed of air, water and dry tissue
[19].

As an alternative to address this problem, Ulaby and Jedlicka [105], considered that such
a heterogeneous structure can be modeled as a mixture of water, air and bulk/dried plant
material as the most effective components on EM radiation (Fig. 3.4). Then, based on the
proposed model of a leaf they demonstrated the accuracy of several permittivity models
against the actual measured values at GHz frequencies.

One of the well-known models to approximate the complex permittivity of a non-uniform
multi-compound material is the Landau, Lifshitz, Looyenga (LLL). This model is derived
from the Effective Medium Theory (EMT), and it is developed based on the proportion of
constituent components of a substance [78]. As a result, it is well-suited to characterize
the permittivity of a material such as a leaf. However, it mainly describes the effective
permittivity of a substance composed of two components.

This constraint is resolved in [52, 99], by adding an extra term to the existing LLL model,
which takes all the significant elements of a leaf into account.

In the proposed model, the permittivity of a leaf can be calculated as a function of the
volumetric fraction, V , and the relative complex permittivity, ε , of the leaf constituent
elements as:

3
√

εl( f ) =Vs
3
√

εs( f )+Vw
3
√

εw( f )+Va
3
√

εa( f ) (3.14)

where indices l, s, w and a stand for leaf, solid plant material, water and air, respectively.
The relative complex permittivity of water in THz frequencies is widely studied in

the literature, as a function of frequency and also of temperature [51, 73]. Therefore, the
proposed model in equation (3.14) can approximate the permittivity of any type of leaf given
the permittivity of the solid leaf material and also the volumetric fraction of each component
of a leaf. This equation in turn can be deployed to calculate the extinction coefficient in
equation (3.13), and consequently the absorption coefficient of leaves in equation (3.10).
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3.1.2.2 Surface Roughness Scattering Loss

Due to the short wavelength of the THz radiation, which is in the sub-millimeter range, THz
transmissions are exposed to a very high degree of various types of scattering loss, e.g.,
scattering made by very small particles or from the rough surfaces [49, 70]. In the case of
nano-communications in vegetation environments, as the THz wavelength is comparable
with the surface roughness profile of plant leaves, part of the radiation can be lost due to
surface roughness scattering. In general, we can define the signal loss due to the scattering
effect as:

Ψ( f ,d) = eαs( f )d (3.15)

where αs(.) is the scattering coefficient. As we are only concerned with the scattering due to
the surface roughness of leaves, the latter can be presented as:

αs( f ) = αs,l( f )B (3.16)

where B is the fraction of the path traveled through leaves defined in equation (3.9), and
αs,l(.) represents the scattering coefficient of leaves. For THz radiation, this coefficient can
be described by a Rayleigh roughness factor as follows [52]:

αs,l( f ) =
1
T

(
∆ε( f )

4πσl f cos(φ)
c

)2

∆ε( f ) =
√

εl( f )−1

(3.17)

where ∆ε( f ) is the contrast in the permittivity of leaves and it can be calculated by deploying
equation (3.14), σl stands for the standard deviation of the leaves height profile, φ and f are
the angle and frequency of the incident wave and T is the average thickness of a leaf.

3.1.2.3 Total Attenuation Coefficient of a Hybrid Channel

Jördens et al. [52], observed that for THz communications in the proximity of leaves, the total
signal loss can be more accurately approximated if the absorption and surface scattering loss
are concurrently taken into account. In this regard, they suggest the addition of the scattering
coefficient to the absorption coefficient, to formulate the total attenuation coefficient of
leaves.
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In a similar approach and by assuming that the transmission medium is mainly composed
of leaves and air molecules, we define the total attenuation coefficient as:

αtot( f ) = Aαa( f )+B(αl( f )+αs,l( f )) (3.18)

where αa(.) is the absorption coefficient of air, αl(.) and αs,l(.) are the absorption and
scattering coefficients of leaves, respectively; while A and B represent the ratio of the total
transmission path through the air and leaves.

3.2 A Log-Distance Path-Loss Model

In addition to the discussed primary models, the total path-loss in a medium can be approxi-
mated by means of a log-distance model, for a fixed frequency and as a function of distance
[39, 50]. In such a model, a random variable can be incorporated to represent the shadow
fading effect. In fact, shadowing is the variation of the path-loss from its mean value, as the
signal travels through random and possibly different objects that exist in the transmission
path. This type of path-loss model can be defined as:

PLE(d)[dB] = PL0 +10γ log10(d)+Xσ (3.19)

where d is the path length, PL0 shows the path-loss at a reference point, γ is the path-loss
exponent and Xσ defines a random variable which represents the shadow fading characteristics
of the transmission medium.

In general, the parameters of a log-distance path-loss model, i.e., PL0, γ and attributes
of Xσ , can be extracted based on empirical measurements, or alternatively, by Monte-Carlo
simulations and fitting a curve to the measured/simulated data.

3.2.1 Log-Normal Shadow Fading

In a vegetation monitoring application, we can assume a random and large number of air
molecules and leaves exist between the communicating endpoints, which cause the shadowing
phenomenon. Therefore, according to the central limit theorem, the shadow fading variable
in such an environment, Xσ , can be considered as a Gaussian/Normal random variable [103].
As Xσ is in logarithmic scale, it is commonly referred to as log-normal shadowing with the
following distribution:

p(Xσ ) =
1√

2πσs
exp
[
−(Xσ −µs)

2

2σ2
s

]
(3.20)
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where σs and µs stand for the standard deviation and the mean value of the shadowing
variable.

3.3 THz Channel Capacity

In a wireless channel, the theoretical upper limit of the total channel capacity can be calculated
based on the Shannon theorem as [40]:

C(d) = Bw log2

(
1+

Sp

Np

)
(3.21)

where d is the distance, Bw is the transmission bandwidth, Sp is the psd of the transmitted
signal and Np is the encountered noise power. However, as the THz channel is frequency-
selective, the noise power cannot be considered flat, so the mentioned channel capacity model
will not be valid.
To address this constraint, Jornet and Akyildiz [60], proposed to divide the transmission
bandwidth into very narrow sub-bands, within which the psd of the colored noise can be
considered flat. Then, the total capacity can be calculated by summing up the capacity of
narrow frequency windows over the desired THz spectrum. Therefore, the introduced model
in equation (3.21) can be redefined as:

C(d) = ∑
z

∆ f log2

[
1+

Sp( fz)

PL( fz,d)Np( fz,d)

]
for z= 1, 2, . . . (3.22)

where fz stands for the central transmission frequency in the zth window with a width equal
to ∆ f = fz − fz−1, PL(.) is the total path-loss and the rest of parameters are the same as
defined above.

It is worth noting that, if we tend to study the total channel capacity in free-space com-
munications, PL(.) will be defined based on the primary model in equation (3.1). Otherwise,
if transmissions are taking place in the proximity of plant leaves, PL(.) will be defined
according to the primary model in equation (3.7), or via the log-distance model in equation
(3.19).
Next, we discuss the relevant noise and signal models.

3.3.1 Molecular Absorption Noise

The frequency-selective nature of the THz channel causes a non-steady absorption behavior
across this spectrum, which in its turn introduces a colored noise in communications. In fact,
the origin of this noise is the collision of the traveling signal with the channel molecules, in
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which part of the signal energy causes the molecules to oscillate and create noise. This type
of noise, known as molecular noise, can be considered as the main source of signal distortion
in the THz transmissions, and it can be modeled as:

Np( f ,d) = kBBwTm( f ,d) (3.23)

where f , d and Bw define the transmission frequency, distance and bandwidth, respectively;
kB is the Boltzmann constant and Tm(.) represents the molecular noise temperature with the
following definition:

Tm( f ,d) = T0e( f ,d) (3.24)

where T0 is the reference temperature and e(.) stands for the emissivity of the channel. The
latter represents the effectiveness of a channel to emit the thermal energy, and it can be
defined based on the channel transmittance, τ(.) in equation (3.4), as follows;

e( f ,d) = 1− τ( f ,d) (3.25)

We emphasize that for free-space communications, τ(.) is calculated based on the absorp-
tion coefficient of the air as in equation (3.5); whereas, in communications in the vicinity of
vegetation the absorption coefficient of the hybrid channel is employed, i.e., equation (3.8).

3.3.2 Signal Model

Jornet and Akyildiz [60], carried out a comprehensive analysis to show the effect of the
transmitted signal characteristics on the achievable THz channel capacity. According to the
presented results, transmission of a signal with flat psd is the most efficient approach for
maximizing the total channel capacity. However, due to the power constraints of a nano-
device, transmission of continuous carrier-based signals is not a feasible communication
approach. Hence, pulse-based transmissions can be considered as an alternative, which can
preserve the limited energy of the nano-devices. In this regard, the exchange of ultra-short
pulses are proposed as the enabling technique for the data transmission in nanonetworks,
where the duration of the pulse is in the order of a few picoseconds and its power is
consequently mainly contained in the THz frequency range.
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In the most basic form, such a pulse can be considered as Gaussian-shaped with the following
format:

p(t) =
a0√
2πσp

exp

[
−
(t −µp)

2

2σ2
p

]
(3.26)

where a0 is a constant value for adjusting the pulse energy, σp defines the standard deviation
of the pulse in seconds, and µp represent the pulse centre in seconds. Accordingly, the psd of
the transmitted pulse can be defined as:

Sp( f ) = a0
2 exp

[
−(2πσp f )2

]
(3.27)

3.4 Evaluation of the Primary Models

In this section, we deploy the proposed primary models to approximate the average signal
loss and channel capacity for free-space THz communications as well as communications in
the proximity of plants. For such a purpose, first, we define the environmental conditions for
the numerical study of the primary path-loss models. Such specifications include the relative
humidity of the transmission medium as well as the ratio of the traveled path by the signal
through air/leaves. Then, we study the effect of the variation of these parameters on the total
attenuation coefficient, path-loss and achievable channel capacity for both models.

3.4.1 Numerical Study Setting

In the following, we review the environmental conditions, which are the basis for the
numerical analysis of the proposed models. In this analysis, we consider the encountered
loss for communications across a single radio link.

3.4.1.1 Transmission Conditions

As the host environment, a coffee plant is considered, where the THz radiation can be
obstructed by a random number of coffee leaves (in this study we ignore any types of
obstruction causes by other parts of the plant such as fruits, stalks and so on). As the total
attenuation coefficient of a fresh coffee leaf, i.e., αl(.)+αs,l(.) in equation (3.18), we use
the measured data in [52].

For an analysis on the total attenuation coefficient and path-loss, we assume that the ratio
of the traveled path through leaves, i.e., B in equation (3.9), varies from 0 to 0.005. It should
be noted that a value of B = 0 corresponds to free-space transmissions, and the variation in
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Fig. 3.5 The total attenuation coefficient for THz communications in free-space, B = 0, and
in the vicinity of fresh coffee leaves, B ̸= 0.

the range of 0.001 to 0.005 accounts for a sparse and a dense plant structure, respectively.
The relative humidity is set as 1% and 10%; and three different transmission distances as
0.01m, 0.1m and 0.2m are considered. It is worth noting that the selected moisture levels
only tend to show the lower range and also the pattern of signal loss, as the actual humidity
level in a typical vegetation environment will be much higher.

To study variations of channel capacity as a function of leaf attributes, we consider a
uniform distribution of leaves with the mean value in the range of 0–20 [leaves/m] with the
relevant leaf thickness of 100µm or 200µm as addressed in [99]. The provided results are
based on considering 80% of humidity, and the transmission of 100fs long Gaussian pulses
with a sub-channel width of 50GHz at 0.3THz.

3.4.2 Total Attenuation Coefficient

To calculate the attenuation coefficient for free-space transmissions and also for communica-
tions in a channel of air and leaves, we used equations (3.5) and (3.18), respectively. In Fig.
3.5, the total attenuation coefficients for the specified channel condition is shown. Firstly, we
can see in free-space communications, i.e., B = 0, the air molecules are the only attenuating
components of the medium and the THz band is divided into transmission windows with
different widths. This observation is in good agreement with the results reported in [60].
Secondly, for propagation through air and leaves , i.e., B ̸= 0, we see that just the magnitude
and slope of the attenuation coefficient varies, while the size of the transmission windows are
intact. We therefore conclude that the effect of leaves on the attenuation coefficient is linear
for all the frequencies, while that of the air molecules is random and frequency-selective.
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3.4.3 Total Path-Loss for the Entire THz Spectrum

Next, we calculate the total path-loss as a function of frequency and humidity for three
transmission distances. In Fig. 3.6a–3.6b, the free-space path-loss is shown by deploying
equation (3.1), where the great effect of moisture level on the total loss can be observed.
Then, by deploying equation (3.7) the total path-loss in a hybrid channel is plotted in Fig.
3.6c– 3.6f. For a fixed humidity level, it can be seen that increasing B by five times causes
a significant increase in the total loss. This observation shows the high impact of leaves
on attenuating the THz radiation. In all the plots, we can see a very high level of path-
loss for transmission distances exceeding a few cm, which challenges the feasibility of
plant monitoring applications of nanonetworks, specially for high ratios of leaf density and
humidity. From the provided results it can be concluded that THz communications in such
environments will be limited to extremely short transmission distances by means of specific
communication protocols, e.g., transmission in pre-defined absorption resilient frequencies
or multi-hop communications approaches. In addition, it can be observed that lower THz
frequencies, sub-1THz, seem to be a more practical frequency spectrum for the realization of
such applications.
We emphasize that the main goal of this study is to demonstrate the magnitude of signal loss
across THz band. However, it is known that the reception of a signal with loss levels more
than 90dB is practically infeasible.

3.4.4 The Effect of Leaf Attributes on Channel Capacity

The total channel capacity for the described environment is plotted in Fig. 3.7, based on
equation (3.22). In this scenario, we study the variation of channel capacity as a function of
distance and also the number of encountered leaves, n. Therefore, we deploy the path-loss
models defined in equations (3.1) and (3.7), which correspond to free-space transmissions and
transmissions through leaves, respectively. The noise model is the one defined in equation
(3.23). It can be observed that transmission through leaves, i.e., n ̸= 0, has a drastic effect in
degrading the channel capacity compared to free-space transmissions, i.e., n = 0. In addition,
the great effect of leaves thickness and the number of encountered leaves on reducing the
effective transmission range is shown.

3.5 Evaluation of the Log-Distance based Model

In this section, we deploy the proposed primary models to perform Monte-Carlo simulations
in order to define the variations of the path-loss. Therefore, we consider a plant monitoring
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Fig. 3.6 The total path-loss in vicinity of coffee leaves with different humidity levels and
ratios of the travelled path through leaves, B. Plots (a) and (b) represent the path-loss in
free-space, plots (c) and (d) are the path-loss in a sparse plant environment; while plots (e)
and (f) show that of a denser plant.
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Fig. 3.7 Channel capacity comparison for free-space communications, n = 0, and communi-
cations in a plant environment, n ̸= 0, while communicating at 0.3THz.

nanonetwork composed of a large number of nano-nodes. In such a scenario, we describe
specific simulation assumptions for extracting the parameters of the proposed log-distance
path-loss model. These assumptions range from the attributes of the plant such as the
distribution and thickness of leaves, to the number of nano-nodes. Finally, we discuss the
effect of the variation of each parameter on the magnitude of the path-loss, through simulation
results.

3.5.1 Simulation Setting

In the absence of fabricated THz nano-devices, we use simulation results to define parameters
of the proposed log-distance based model in equation (3.19).
Next, we discuss our assumptions for the implementation of Monte-Carlo simulations. These
assumptions include specifications of the environmental condition and also the deployed
nanonetwork.

3.5.1.1 Plant Structure

As the host environment, we consider the same coffee plant structure as the previous experi-
ments. We assume that the thickness of coffee leaves is a random value in the range of 100
– 220 µm and the distribution of leaves for any random radio link (or between any pair of
nano- and micro-device) is either Poisson point or Uniform with a mean value of 10 or 15
[leaves/m]. Furthermore, we assume that the relative humidity varies in the range of 10% -
80%.
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Fig. 3.8 The nanonetwork structure for Monte-Carlo simulations.

3.5.1.2 Nanonetwork Specifications

We assume that the intended monitoring nanonetwork is composed of a large number of nano-
devices/transmitters and several micro-scale receivers as the sink nodes. In the following
simulations, the number of nano-devices varies between 104, 105 and 106 which transmit
their data in 50GHz wide transmission windows at fixed frequencies in the range of 0.3
– 1 THz. The transmission distance for any communicating pair is a random value in the
range of 0.01 – 1m, which varies based on the position of nodes. It is worth noting that in
each scenario the transmission frequency of all nodes is identical, though, their experienced
transmission conditions are different.

3.5.1.3 Monte-Carlo Simulations

The main idea of Monte-Carlo simulations for nanonetwork communications is having a
very large number of nodes randomly scattered in the area under inspection. Hence, the
communication condition for each node is influenced based on its random position in the
simulation environment (Fig. 3.8). The random positioning of nodes let the simulation
parameters adopt a variety of values in predefined ranges. Hence, the variations of some
parameters of interest can be studied as a function of the random variations of simulation
parameters. In our specific monitoring application, we are interested to study the effect of the
features of a random physical link, e.g., the number and thickness of the encountered leaves
or the transmission distance, on the variations of the path-loss.
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Fig. 3.9 The total path-loss in the vicinity of a plant, with variable moisture ratios.

To simulate a 3D model of a plant, we can consider a cylindrical shape as the stem and
oval shapes to represent leaves, which are attached to the stem at random coordinates. We
can assume that the attributes of the stem and leaves, i.e., radius, thickness and so on, are
random values and there can be a variable number of leaves on the plant. Then, by scattering
nano-nodes at random locations on leaves, and positioning receivers on specific points on the
stem, the actual length of each individual link and also the number of the shadowing leaves
in that link can be calculated.

However, creating such a model is complex and computationally intensive. In addition,
our main concern in such simulations is to infer the attributes of each physical link in order
to determine the variation of path-loss. Concluding, rather than using such a complex model
to retrieve the link attributes, in the most basic form, we can create several sets of random
values in specific ranges to account for the properties of a link.

Then, regardless of the implementation type, the total path-loss can be approximated
based on the obtained link attributes and by means of the proposed primary path-loss model
in equation (3.7). Next, the resulting path-loss can be demonstrated by a scatter plot. Finally,
the parameters of the log-distance path-loss model can be extracted by fitting a curve to the
scatter path-loss plot. We use the MATLAB bisquare robust fitting tool to find the best fit
values for PL0, γ as well as the mean and standard deviation of the shadowing variable, Xσ .
In the following, the simulation results are presented based on the mentioned settings.

3.5.2 The Path-Loss for Lower THz Band based on the Primary Model

Firstly, the path-loss based on equation (3.7) is plotted in Fig. 3.9, for a single radio link and
different humidity ratios. We assume that the average number of leaves per unit of distance is
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10 [leaves/m], and the average thickness of leaves is 160µm. This plot can provide a higher
resolution insight on the loss behaviour for short distance communications at the lower THz
band, as practical condition for plant monitoring nanonetworks. Once again the immense
effect of leaves and humidity in the total path-loss can be seen. In addition, it can be observed
that the magnitude of the path-loss has local peaks, specifically in the range 0.5–0.6THz,
0.7–0.8THz and 0.9–1THz.
We use this plot as a reference to compare against the resulting path-loss based on Monte-
Carlo simulations.

3.5.3 Determination of the Type of Shadow Fading

As the first step to infer the parameters of the log-distance path-loss model, we need to
determine the type of shadowing occurred by a random number of leaves and also the random
proportion of the path through the air.

In order to do so, we consider the scenario where there are 104 nano-devices randomly
scattered on the coffee plant, with a random distance in the range of 0.01–1m to their sink
nodes. In addition, we assume that there exists a random number of leaves between any
communicating pair, which follows the spatial Poisson point distribution with a mean equal
to 10 [leaves/m]; and a random thickness in the predefined range. The transmission frequency
of nano-devices is set as 0.3THz.

The resulting path-loss as a function of distance is plotted in Fig. 3.10a. In this figure the
great effect of the transmission distance on the magnitude of the path-loss can be observed.
To remove the effect of shadow fading from our numerical results, we averaged the path-loss
values over the distance (Fig. 3.10b), which in turn simplifies the proposed model in equation
(3.19) as:

PLE(d)[dB] = PL0 +10γ log10(d) (3.28)

The resulting averaged path-loss can be approximated by a regression curve as in Fig. 3.10b,
whose intercept and slope define PL0 and γ , respectively. In this figure, the reference path-
loss and the path-loss exponent can be approximated as PL0 = 128.25dB and γ = 6.93.
Subtracting the mean path-loss in equation (3.28) from the total path-loss in equation (3.19)
results in data which represents the shadow fading of the transmission medium, Xσ , as shown
in Fig. 3.11.

In order to determine the distribution of shadowing variable, the probability distribution
function (pdf) and the cumulative distribution function (cdf) of the obtained data is presented
in Fig. 3.12; and the results are compared with those of a normal distributed variable. Due
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Fig. 3.10 The path-loss as a result of the spreading and shadow fading effects.

to the similarity with pdf and cdf of a normal distribution, the resulting shadowing in a
plant environment can be considered as a log-normal random variable, defined in equation
(3.20), with mean µs and standard deviation σs. In the presented results in Fig 3.10, the
standard deviation and mean of the shadowing variable are equal to σs = 16.34 and µs =1.85,
respectively.

3.5.4 Path-Loss based on Monte-Carlo Simulations

After determination of the shadowing type, in the next set of experiments we extract parame-
ters of the proposed path-loss model in equation (3.19) for different transmission conditions.

Following the same assumptions as the previous experiment, we consider a nanonetwork
of 104 nano-nodes randomly scattered on the coffee plant. This time we consider a broader
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Fig. 3.11 Shadow fading effect of a medium composed of air molecules and plant leaves.
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Fig. 3.12 Probability and cumulative distribution function of the shadow fading.
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Table 3.1 Parameters of a log-distance path-loss model for transmission distances up to 1m.

Frequency [THz] PL0 γ σs µs

0.30 128.10 6.65 16.36 1.39
0.35 133.69 7.09 17.56 1.46
0.40 139.27 7.51 18.75 1.48
0.45 147.94 8.22 20.08 1.55
0.50 157.11 9.17 21.65 1.83
0.55 423.09 35.92 48.32 −4.37
0.60 182.59 11.53 24.57 1.79
0.65 170.73 10.48 25.09 2.11
0.70 177.77 11.18 26.45 2.28
0.75 374.16 30.57 43.47 −2.10
0.80 189.27 11.92 28.67 1.76
0.85 185.07 11.50 29.29 1.86
0.90 193.22 12.44 30.81 2.16
0.95 209.95 14.16 32.72 2.18
1.00 289.91 21.83 38.87 1.18

range of frequencies in the 0.3–1THz spectrum, and in each round of simulation we increase
the frequency by 50GHz.

In Table 3.1, the extracted parameters based on the simulated path-loss values are pre-
sented for each frequency. As is shown, there are some rapid increases in the values of PL0

at 0.55THz, 0.75THz and 1THz. These observations are in good agreement with the local
peaks observed based on the primary path-loss model in Fig. 3.9.

Next, the total path-loss based on the proposed log-distance model in equation (3.19) and
also the relevant parameters from Table 3.1 is presented in Fig. 3.13. The provided results
suggest a higher level of path-loss at the mentioned frequencies compared to the rest of the
spectrum under study, for all the transmission distances.

Finally, we compare the path-loss based on Monte-Carlo simulations and the primary
model in Fig. 3.14, for a transmission distance of 1m and the same channel settings as before.
It is worth noting that, in simulations we consider the variation of the input parameters
in the predefined range; while, the averaged values of these parameters are used for the
path-loss approximation based on the primary model. The data presented in this figure are
extracted from Fig.3.9 and Fig.3.13. The results show that the proposed log-distance/Monte-
Carlo based model approximates the primary model, where the former defines the path-loss
variations while the latter represents the mean path-loss.
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Fig. 3.14 A comparison between the path-loss curves based on the Monte-Carlo simulations
and the primary model, for a transmission distance of 1m.

3.5.5 Number of Nano-Devices and the Log-Distance Path-Loss

In order to study the effect of the number of nano-nodes on the path-loss parameters,
we extend the number of nano-nodes. For this purpose, we carried out the Monte-Carlo
simulations by deploying 104, 105 and 106 nano-devices/or individual radio links. The
environmental and channel settings are the same as before, in which the transmission distances
vary in the range of 0.01–1m and the frequency spectrum of 0.3–1THz is covered. The
resulting path-loss parameters can be observed in Table 3.2. It can be concluded that repeating
the simulations for different numbers of nano-devices results almost in the same data.
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Fig. 3.15 Path-loss comparison for different distributions of leaves.

3.5.6 Leaf Distributions and the Log-Distance Path-Loss

Next, we are interested to study the path-loss parameters based on different distributions of
leaves. Due to the fact that the spatial distribution of coffee leaves, or similar plant species,
is not addressed in the literature, we consider spatial Poisson point and Uniform distributions
for such a parameter. These distributions are generic and can simplify our analysis, whilst
they can be replaced by other distribution functions. As the number of nano-nodes does not
have a significant effect on the results, in this scenario we deploy 104 nano-devices which
operate at 0.6THz. We consider the mean value of 10 [leaves/m] for both distributions. The
resulting averaged path-loss is plotted in Fig. 3.15. As expected, both distributions lead to
the same attenuation behavior and consequently similar values for PL0 and γ . However, they
result in different mean and standard deviation values of the shadowing variable, i.e., µP =
1.9 and σP = 24.79 for Poisson distribution versus µU = -4.2 and σU = 32.45 for the Uniform
distribution.

3.5.7 Monte-Carlo based Path-Loss for Various Moisture Contents and
Density of Leaves

Finally, we discuss the effect of the humidity ratio and the density of leaves on the path-
loss parameters. In this case, we deploy 104 nano-devices in the nanonetwork, where the
transmission distance vary up to 1m and the distribution of leaves is Uniform. The resulting
data is presented in Table 3.3. It can be observed that for lower frequencies and a certain value
of leaf density, an increase in the humidity results in a minor increase in PL0. Whereas, for
higher frequencies, PL0 increases greatly with an increase in the humidity ratio, independent
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Table 3.3 Path-loss parameters for different density of leaves and humidity ratio of air.

Leaf density
[leaves/m]

Water content
[%]

Frequency [THz] PL0 γ σs µs

10 10 0.30 127.05 6.47 16.40 1.42
0.40 137.96 7.50 18.73 1.62
0.50 146.28 8.11 21.48 1.90
0.60 155.40 8.89 23.25 1.98
0.70 163.40 9.60 26.00 2.08
0.80 170.98 10.22 27.72 2.16
0.90 179.25 10.96 30.30 2.38
1.00 193.81 12.21 32.66 1.74

80 0.30 128.68 6.82 16.19 1.56
0.40 139.81 7.65 19.17 1.70
0.50 156.57 9.00 21.33 1.61
0.60 183.16 11.73 24.77 2.08
0.70 176.96 10.99 26.08 1.95
0.80 189.36 12.09 28.78 2.02
0.90 194.89 12.88 31.01 2.60
1.00 252.69 18.03 35.99 1.16

15 10 0.30 150.82 9.05 21.00 1.72
0.40 163.99 10.30 23.67 2.08
0.50 175.89 11.00 27.81 1.74
0.60 188.31 12.18 30.43 2.19
0.70 200.86 13.61 32.93 2.05
0.80 209.84 13.92 36.15 1.62
0.90 224.92 16.14 39.73 2.15
1.00 241.13 17.23 42.47 1.56

80 0.30 150.42 8.83 21.33 1.58
0.40 164.93 10.13 24.50 2.03
0.50 187.41 12.33 27.82 1.77
0.60 215.65 15.11 31.58 1.94
0.70 213.38 14.62 33.71 1.63
0.80 229.24 16.11 36.97 1.55
0.90 237.09 17.03 40.01 1.75
1.00 340.18 27.79 49.22 −0.98
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of density. It also can be concluded that for a given ratio of moisture content, increasing the
average density of leaves results in a great increase in PL0.

3.6 Summary and Conclusions

In this chapter, we introduced initial path-loss models for THz nano-communications in the
proximity of plants, which can be modified based on the transmission medium characteristics,
e.g., attributes of vegetation and channel composition. The proposed models mainly take the
attenuative effect of air and leaves into account by incorporating spreading, absorption and
leaf surface scattering loss phenomenons.

The first model, introduced as the primary model, provides an approximation of the
mean path-loss based on the average values of transmission parameters, e.g., average number
or thickness of the encountered leaves. The second model is log-distance based, which
was introduced for an estimation of the path-loss variations around its average value. It
should be highlighted that although the latter can provide more realistic approximations of
the encountered loss, it is less suitable for real-time applications as it relies on simulations.
Furthermore, we reviewed a THz channel capacity model, which can deploy the proposed
path-loss models to estimate the theoretical data rates in such communication scenarios.

In the later discussions, we analyzed the total loss and channel capacity under different
transmission assumptions, e.g., various physical attributes of leaves. Through the numerical
and simulation results, we demonstrated that leaves attenuate the THz radiation to a much
higher degree, compared to air. It was also shown that the attenuation cause by leaves is
linear for all frequencies. However, air has a non-linear attenuation behavior across the
THz spectrum, e.g., for transmission frequencies below 1THz it has local peaks in the range
of 0.5–0.6THz, 0.7–0.8THz and 0.9–1THz. Such a frequency-selective behavior, which
mainly depends on the moisture content of the air, splits the frequency band into several
transmission windows with various widths. Transmissions in those windows will be more
resilient to the air absorption effects. We also discussed the great effect of leaf attributes on
signal loss, which can consequently cause a drastic reduction of the channel capacity and
also the effective transmission distance in nano-communications.

The proposed models in this chapter can provide a better understanding of signal attenua-
tion patterns in vegetation environments. Therefore, they can be deployed for an analysis
of THz nano-communications in those scenarios, which will be useful in different aspects.
For example, by locating transmission windows and their related bandwidths, higher level
communication protocols can be used for allocating such clear frequency channels to nodes.



Chapter 4

Performance Evaluation Models

In the previous chapter, we discussed how the performance of THz communications can be
affected based on frequency, variations of the medium composition - specifically the moisture
content, and also the existence and the distribution of objects in the LoS communications,
i.e., plant leaves. In this regard, we provided models to approximate the signal attenuation
and the total channel capacity under a variety of channel assumptions.

Our proposed models can be used for an analysis on THz nanonetworks communications
and describe the challenges of such networks at the physical layer. These challenges can
influence the performance of communications in different terms, including the packet loss
ratio, delay and so on. Hence, for the feasibility of nanonetworks applications, these effects
on performance need to be studied.

However, as the research and development of THz nanonetworks are still in the early
stages, the deployment of actual nano-devices in a real vegetation environment is not yet
possible. As a result, the performance analysis for these networks is mainly limited to
modeling. This issue, necessitates the development of precise models for the deployment
environment of nano-devices as well as accurate models for performance evaluation purposes.

Therefore, in this chapter, we provide a framework which can be utilized for the analysis
of THz communications in a plant monitoring nanonetwork. This framework includes
models of a plant as the hosting environment, which can be modified based on the plant
characteristics. Then, by using the proposed plant models, two benchmarks are defined to
approximate the probability of successful transmissions across a nanonetwork. The proposed
models define such a probability by taking the LoS and NLoS communications into account.
The structure of this chapter is as follows: In §4.1 and §4.2, the relevant models of a plant
and the probability of successful transmissions are described. In §4.3, the proposed models
are evaluated and, finally, §4.4 summarizes this chapter.
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4.1 Plant Models

In this section, we introduce our plant structures, as the hosting environment for a monitoring
nanonetwork. In order to do so, first, we propose a simplified plant model by taking the
physical attributes of a plant into account. Then, we refine the proposed model to consider
more realistic communication scenarios.

4.1.1 Basic Plant Model

We assume that in specific types of plants, leaves, which are attached to the stem with certain
angles, can be categorized based on their average length. According to the literature, the
height of a plant can be divided into various moisture regions, depending on the ratio of
water content [122], where typically those parts closer to the ground contain higher moisture
levels.

Based on these assumptions, in the most basic form a plant can be modeled as I concentric
cylinders, Ci, with related radius, ri, which are centered on a stem with a given height, h, for
i = 1...I. In this model, which is illustrated in Fig. 4.1 and Fig. 4.2, the average leaf length,
Li, the average leaf density/distribution, λi (average number of leaves per unit of distance),
and also the leaf angle, θi, can be considered as constant values within individual cylinders.
The classes of leaf lengths specify the total number of cylinders, I, and the radius of each
cylinder can be calculated as a function of the related average leaf length and angle, e.g.,
ri = Li.Sin(θi).

The proposed cylindrical model can be divided into four quadrants, Q1 −Q4, on a top
view. Due to the high volume of leaves, we assume that only nodes located in the same
quadrant can communicate. Additionally, the plant structure can be horizontally divided
into J moisture regions with relevant humidity ratios, w j, for j = 1...J. All of the described
parameters in this model can be extracted through measurements of specimens of a particular
plant species/variety.

4.1.2 Refined Plant Model

In the previous subsection, we introduced a basic model of a plant by considering certain
assumptions in the plant structure. Here, we slightly refine those assumptions to enhance the
proposed model and provide more realistic scenarios for nanonetwork communications.
As stated before, in a cylindrical model, we assumed that the average leaf density/distribution,
λi, is a constant value within individual cylinders.
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Fig. 4.1 Concentric cylindrical model of a plant.
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Firstly, we refine such an assumption by considering λ1 ≤ λ2 ≤ ...λi−1 ≤ λi, for i = 1...I.
It means that further cylinders have a higher density of leaves compared to those closer to the
stem. In other words, it is assumed that as we move from the stem towards the circumference
of a plant the number of the encountered leaves increases.

In addition, previously we considered the division of the cylindrical model into four
quadrants, and we assumed that if nodes are in different quadrants around the stem, they
cannot communicate. However, such an assumption is not realistic as there might be
cases in which the communicating nodes are in very close proximity, though located in
different quadrants. Therefore, the proposed quadrant regions suggest that such nodes cannot
communicate. As a result, we redefine our model by assuming that in a hierarchical topology
nano-nodes can communicate if they are located in the field of view of their designated sink
nodes. In other words, the quadrant-based approach would not be used anymore, but rather
the field of view approach instead.

4.2 Successful Transmission Probability Models

In this section, we propose two models to measure the probability of successful transmissions
across a nanonetwork. These models are introduced based on the defined plant structures
and they can be categorized as follows:

1. Line of Sight Communications: The proposed model in this category requires a variety
of conditions for successful transmissions; one of which is the existence of obstruction-
clear radio links between communicating nodes.

Such a condition necessitates LoS paths for successful communications, which implies
that if there exists any obstacle, e.g., leaves or branches, between nodes the THz radia-
tion cannot reach the receiver. For performance analysis of THz nano-communications,
this model will be used along with the basic plant model, defined in §4.1.1.

2. Non-Line of Sight Communications: The second model can be considered as a refine-
ment of the previous model, and it will be used together with the plant structure defined
in §4.1.2. Here, we assume that NLoS communications among nodes are feasible. This
statement is based on the fact that THz radiation can partially pass through obstacles
such as leaves, depending on their physical and chemical properties.

Once again, it should be highlighted that these models were developed at different stages of
this research work.
Next, we discuss each of the mentioned models in more detail.
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4.2.1 Line of Sight Communications

The successful transmission probability across a nanonetwork depends on the following
criteria [63]:

1. The energy level of the receiver;

2. The collisions between packets transmitted by interfering nano-devices;

3. The transmissivity characteristics of the THz channel;

4. The existence of obstructions in LoS communications.

By considering synchronized single-hop communications in a nanonetwork, based on hand-
shaking and receiver initiated transmissions [81], packet loss due to lack of the energy at the
receiver can be ignored.

We can also make the simplifying assumption that collisions can be ignored in the
scenarios studied here. To justify this assumption, we calculate the maximum transmission
duration of a fully charged nano-device, based on the following conditions:

• A pulse-based on-off keying modulation technique is deployed, where the pulse
duration, Tp, and the separation periods between symbols, Ts, are 100 femtoseconds
and 100 picoseconds, respectively.

• With the maximum stored energy on a nano-device, the maximum transmittable traffic,
Mbits, is 1600 bits (considering equal probability of transmitting “1”s and “0”s, p1 and
p0). After depleting energy, it takes almost 50 seconds for a nano-device to be fully
recharged [7, 63].

Therefore, the maximum transmission duration for a nano-device, Ttr, can be approximated
as:

Ttr = Mbits [p1(Tp +Ts)+ p0(Ts)]

= 1600[0.5(100×10−15 +100×10−12)+0.5(100×10−12)]

u 160×10−9 = 160 nanoseconds

s.t. p1 = p0 = 0.5

(4.1)

In order to avoid collisions, the number of required time slots, Nslot , can be calculated as:

Nslot =
1

Ttr
=

1
(160×10−9)

= 625×104 slots/sec (4.2)
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This value can also be interpreted as the maximum number of nano-devices that can transmit
concurrently at the same frequency within a second. Considering our specific applica-
tion, where a limited number of nano-devices are deployed, having more than one node
communicating at the same time slot and frequency band is justifiably improbable.

However, if the nanonetwork consists of a very large number of nano-devices and also if
nano-devices require to transmit a huge volume of traffic, i.e., multimedia traffic, collisions
can occur with a high probability. In such scenarios, a Multi Frequency Time Division
Multiple Access (MF-TDMA) mechanism such as the one proposed in [118] can be deployed
to provide collision avoidance as well as the efficient use of bandwidth.

Therefore, the successful transmission probability at time t can be formulated as:

Psuccess(t) = (1−Pprop−loss(t))× (1−Pobst−loss(t)) (4.3)

In this definition Pprop−loss(.) is the packet loss probability due to the attenuative characteris-
tics of the THz channel, which depends on the intensity of the path-loss; while Pobst−loss(.)

is the packet loss probability due to the existence of an obstacle between the nodes in a LoS
communication fashion.
In the following, the calculations of these probabilities are discussed.

4.2.1.1 Loss Probability due to THz Path-Loss

In order to model the probability of loss due to signal degradation, first, we define the required
ratio of the channel capacity for a nano-node as:

Ri =
Capi( fi,di)

Abits
(4.4)

where fi and di are the transmission frequency and distance for the ith nano-node, Capi(.) is
the channel capacity at the given point and defined in equation (3.22), and Abits represents
the average number of bits that a fully charged nano-device can transmit in a second.

According to our previous assumptions, a nano-device can transmit a maximum of 1600
bits in a few nanoseconds and it takes almost 50 seconds to be fully recharged. Therefore,
on average it can transmit 1600/50 = 32 bits/sec. Hence, Ri resembles the proportion of the
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required channel capacity for the successful transmission of a nano-device.
Then, we define the ratio of the traffic that a nano-device can pass through the channel as:

ηi(t) =

1, if Ri ≥ 1.

Ri, otherwise. (4.5)

This equation means that if Ri ≥ 1, the available capacity is greater than the need of the
nano-device, so, all its traffic can pass. Otherwise, a portion of the traffic will be lost due to
the path-loss.

Finally, the the probability of loss due the path-loss can be defined based on the ratio of
the aggregated traffic that cannot pass through the channel as:

Pprop−loss(t) =

N
∑

i=1
(1−ηi(t)).tri(t)

N
∑

i=1
tri(t)

(4.6)

where N is the number of active nano-devices at a given time, tri(.) is the traffic transmitted
by a nano-device.

4.2.1.2 Loss Probability due to Obstruction

Here we assume that the THz radiation cannot pass through objects, so, the existence and
distribution of the plants components can greatly affect the total loss probability.
The magnitude of the encountered loss due to obstruction, Pobst−loss(.), mainly depends on
the plant structure and characteristics. Hence, we employ the introduced plant model in
§4.1.1 to define this probability.

By considering a plant as concentric cylinders, which is divided into equal quadrants
and also assuming a constant leaf density/distribution within a cylinder, the obstruction
probability can be formulated as:

Pobst−loss(t) =
N

∏
i=1

Pobs−loss
i (t) (4.7)

where N defines the number of active nano-devices at a given time and Pobs−loss
i (.) defines

the obstruction probability for individual nano-devices, based on their position and distance
regarding sink nodes. By assuming that sink nodes are located at fixed spots on the stem and
nano-devices are randomly scattered on leaves, this probability is defined as follows:
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Fig. 4.3 Line of sight communications based on the proposed plant model.

• If a nano-device and its designated sink node are located in different quadrants around
the stem, we assume that there exists no direct path between them. In this case, the
obstruction probability is:

Pobs−loss
i (t) = 1 (4.8)

• Otherwise, if a nano-device and its designated sink node are located in the same
quadrant around the stem, the obstruction probability depends on the distance and the
leaf distribution between them.

Here, we assume the distribution of leaves follows a spatial Poisson point process.
Therefore, the probability of finding k leaves between a nano-device in the mth cylinder
and its sink node, which are d m apart, can be calculated as:

P(k in d) =
(λmd)k

k!
e−λmd (4.9)

where λm is the average number of leaves in [leaves/m], and according to the plant
model it can be interpreted as the leaf density in the mth cylinder. Finally, the probabil-
ity of obstruction can be defined by having at least one leaf between the communicating
nodes, i.e.

Pobs−loss
i (t) = 1−P(k = 0) = 1− e−λmd (4.10)

As an example, the obstructed and non-obstructed communications are illustrated in Fig.
4.3. In this figure, N1 can communicate with M1, whereas the LoS between N2 and M1 is
blocked. Also, N3 cannot communicate with M1 as it is located in a different quadrant.
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4.2.2 Non-Line of Sight Communications

The proposed successful transmission probability can be further refined by considering the
following conditions:

1. The energy level of the receiver;

2. The collisions between packets transmitted by interfering nano-machines;

3. The ability of the THz radiation to adequately propagate through a hybrid channel
composed of obstacles and air.

According to this definition, we assume that the THz radiation can partially pass through
some obstacles, e.g., plant leaves. Hence, the ratio of the propagated signal affects the
probability of successful transmissions. This assumption is based on the possibility of NLoS
THz communications and it is in contrast with our assumption in the previous subsection,
e.g., the full blockage of THz radiation by any type of objects.

Based on our previous discussion, packet loss due to lack of energy at the receiver can be
avoided by employing synchronized MAC layer protocols. We also showed that collisions
are unlikely to happen in certain network scenarios, where there are only few nano-nodes in
the network and the transmission rate is low due to the energy constraints.

Therefore, the probability of successful transmissions can be mainly determined based
on the ratio of the THz radiation which can pass through the channel. Hence, by focusing on
single-hop communications, we can redefine such a probability as:

Psuccess(t) =
N

∏
i=1

(1−Pl
i li(t)) (4.11)

where N is the number of nano-devices, Pl
i is a time independent value which determines the

loss probability for individual nano-nodes, and li(.) indicates whether a node is active at a
given time. The latter depends on the active periods of a nano-nodes, T a

i , and it is defined as:

li(t) =


1, if t ∈ T a

i : {t1, t2, ..., tz}

where t1 = uni f (T1,T2) and

tz = tz−1 +uni f (T1,T2)

0, otherwise.

(4.12)

where uni f (T1,T2) is a uniform random value in seconds, which accounts for the full charging
duration of a nano-node.
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Fig. 4.4 The top view of the cylindrical plant model, demonstrating the field of view of a
micro-device.

It is worth noting that equation (4.11) is proposed for a network scenario in which nano-
devices are deployed at random locations on a plant for real-time monitoring of various
chemical emissions. Therefore, there will be a failure in network communications if any of
the nano-nodes fails to transmit its sensed data.

The loss probability for a nano-node, i.e., Pl
i in equation (4.11), can be defined based on

the existence of an obstruction in the line of sight and also the attenuative characteristics of
the THz channel. In addition, the limited field of the view of sink nodes/micro-devices can
affect such a probability.

We assume that in the network structure under study, i.e., micro-devices installed on the
stem, the field of the view for a micro-device is limited to a certain angle as ω . Such an angle
can be approximated based on the illustrations in Fig. 4.4 as:

ω = 2π −ϕ

where

tan(ϕ) =
2tan(ϕ

2 )

1− tan2(ϕ

2 )
−→ ϕ = arctan

(
2tan(ϕ

2 )

1− tan2(ϕ

2 )

) (4.13)

where tan(ϕ

2 ) can be calculated according to the depth of a micro-device, hm, and the radius
of stem, rs, as:

tan(
ϕ

2
) =

rs√
(hm + rs)2 − r2

s
(4.14)

Next, we propose a loss probability model for individual nano-devices, which takes their
positions into account.
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4.2.2.1 Nano-Device Outside the Field of View of Micro-Device

We assume, if a nano-device is outside the field of view of its designated micro-device, its
radiated signals cannot reach the destination. This statement is based on the assumption that
the stem does not pass the THz radiation due to its high volume of water content. Therefore,
the loss probability for an individual nano-device is:

Pl
i = 1 (4.15)

For example, in the scenario depicted in Fig. 4.4, N1 and N3 can communicate with the
micro-device, while all the communications of N2 is obstructed by the stem.

4.2.2.2 Nano-Device within the Field of View of Micro-Device

If a nano-device is within the field of view of its sink node, the loss probability depends on
the magnitude of the path-loss, which is introduced by air and possibly several layers of
leaves.

In order to discuss the calculation of this probability, first, we need to review our proposed
primary THz path-loss model in §3.1.2. According to that model, the path-loss in the vicinity
of vegetation can be approximated as:

PLP2( f ,d) = S( f ,d)ζ ( f ,d)Ψ( f ,d) (4.16)

where f and d are the transmission frequency and distance, S(.) stands for the spreading loss,
ζ (.) is the absorption loss and Ψ(.) defines the scattering loss due to surface roughness. By
replacing the spreading, absorption and scattering loss in equation (4.16) with their relevant
models from §3.1.2, it can be defined as:

PLP2( f ,d) =
(

4π f d
c

)2

eα( f )deαs( f )d (4.17)

In this definition c is the speed of light in vacuum, α(.) is the total absorption coefficient of
the hybrid transmission medium and αs(.) is the total scattering coefficient. If we consider
that air and leaves are the main sources of absorption and the uneven surface of the leaves is
the main source of scattering, the equation above can be redefined as:

PLP2( f ,d) =
(

4π f d
c

)2

e(Aαa( f )+B(αl( f )+αs,l( f )))d (4.18)
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which in dB is equal to:

PLP2( f ,d)[dB] = 20log
(

4π f d
c

)
+

+10d
(
Aαa( f )+B(αl( f )+αs,l( f ))

)
log10 e

(4.19)

where αa(.) and αl(.) are the absorption coefficients of the air and leaves, respectively, and
αs,l(.) is the scattering coefficient due to the surface roughness of leaves. In this equation A
and B are weighting factors, which represent the ratio of the total path traveled by the wave
through the air and leaves. These factors are defined as:

A =
1
d

n+1

∑
i=1

da
i , B =

1
d

n

∑
j=1

dl
j ≈

nT
d

s.t.
n+1

∑
i=1

da
i +

n

∑
j=1

dl
j = d

(4.20)

where d is the total path length, n is the number of encountered leaves between the transmitter
and receiver, ∑

i
da

i and ∑
j

dl
j are the total path length through air and leaves, respectively, and

T is the average thickness of leaves.
To calculate the probability of loss for a nano-node, we need to know what is the

maximum number of leaves between a communicating pair that allows the correct reception
of the signal at the receiver. This in turn depends on the specific distribution and physical
attributes of the leaves.
We assume the path-loss threshold for THz communications is Lth dB, i.e., the maximum
permitted path-loss for a correct signal demodulation process at the receiver. So, by replacing
the desired value of the path-loss threshold in equation (4.19), and also replacing the A with
its equivalent from equation (4.20), the maximum proportion of the path that can be traversed
through leaves, Bmax, can be calculated as:

Bmax =

Lth−20log
(

4π f d
c

)
10d log10 e −αa( f )

αl( f )+αs,l( f )−αa( f )
(4.21)

where f and d are the transmission frequency and distance, c is the speed of light, αa(.) and
αl(.) are the absorption coefficients of air and leaves, and αs,l(.) is the scattering coefficient
due to surface roughness of leaves.
According to equation (4.20), we can define Bmax based on the average thickness of leaves,
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T , and also the maximum number of encountered leaves, Nmax. Therefore, equation (4.21)
can be redefined as:

Nmax =

(
Lth−20log

(
4π f d

c

)
10d log10 e −αa( f )

)
d(

αl( f )+αs,l( f )−αa( f )
)

T
(4.22)

This equation can be interpreted as if the number of leaves between any communicating pair
is less than Nmax, the total path-loss will be less than the predefined threshold, hence the
signal can be demodulated at the receiver; and conversely, if the number of leaves is greater
than Nmax, the signal cannot be properly demodulated.

It should be highlighted that if the spreading loss is greater than the predefined path-loss
threshold, the numerator in equation (4.22) and consequently Nmax will be negative values.
In such a case, the signal will be considered as lost and the loss probability is:

Pl
i = 1 (4.23)

In order to calculate the probability of loss for a nano-node, given positive values of Nmax,
we need to calculate the likelihood of having more than Nmax leaves in a distance equal to d
m between communicating nodes, i.e.

Pl
i = P(k in d ≥ Nmax) = 1−P(k in d ≤ Nmax) (4.24)

where k is the number of encountered leaves in the LoS communication.
The precise analysis of equation (4.24) requires an accurate model of the spatial distribu-

tion of leaves in a specific type of plant. In our research, we mainly focus on the coffee plant.
However, we have not found any studies on the spatial distribution of coffee leaves in the
literature. As a result, we consider the latter as spatial Poisson point. Hence, according to the
provided plant model, the probability of finding exactly k leaves in a distance equal to dm
between a nano-device, located in the mth cylinder, and its sink node is:

P(k in d) =
(λmd)k

k!
e−λmd (4.25)
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where λm is the average number of leaves in [leaves/m], and it represents the leaf density in
the mth cylinder. To approximate the probability of having exactly or less than Nmax leaves
between two nodes, we can use the cdf of the spatial Poisson point distribution as:

P(k in d ≤ Nmax) = e−λmd
⌊Nmax⌋

∑
s=1

(λmd)s

s!
(4.26)

Finally, by replacing the equation above in equation (4.24), the loss probability of a nano-
device can be obtained as:

Pl
i = 1− e−λmd

⌊Nmax⌋

∑
i=1

(λmd)i

i!
(4.27)

4.3 Evaluation of the Proposed Framework

In this section, we analyze the performance of THz communications for a single radio link,
based on the provided models. The intended scenario considers a nano-device which is
located in the field of view of its sink node, where its radiation is shadowed by air and a
random number of leaves.

Firstly, we review the environmental assumptions which are deployed in our numerical
analysis. These assumptions include the characteristics of the leaves and also the transmission
medium. Then, the total path-loss for free-space transmissions as well as communications in
the proximity of a plant are discussed. In this case, we consider the entire THz frequency
spectrum, i.e., 0.3–10THz, and also transmission distances up to 1m. Next, by focusing on a
more practically realizable case, i.e., a frequency range of 0.3–0.8THz [100] and distances up
to 0.5m, the path-loss threshold range is defined and the maximum allowed ratio of leaves in
the transmission path is studied. In our numerical study, we vary a combination of parameters
such as the humidity ratio of the medium and the attributes of leaves to study their effect on
the link performance.
Finally, through varying environmental conditions and the path-loss threshold limits, the loss
probability based on the proposed models is discussed.

4.3.1 Numerical Study Setting

In this subsection, the general transmission conditions are reviewed. The numerical analysis
of the proposed models is performed based on these specifications.
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4.3.1.1 Transmission Conditions

We study THz communications in the vicinity of a coffee plant, where plant leaves are
considered as the main source of signal obstruction. Therefore, the THz waves propagate in
free-space or alternatively through a hybrid channel composed of air and leaves.

In our numerical study, we assume the transmission of Gaussian pulses with a sub-channel
width of 50GHz, and in a medium that can contain 10% or 80% of moisture. The average
number of leaves between the communicating nodes varies in the range of 5 – 20 [leaves/m]
and the average leaf thickness is considered as 100µm.

The total attenuation due to absorption and scattering of a fresh leaf, i.e., αl(.)+αs,l(.)

in equation (4.19), are set based on the measured data in [52]. As the ratio of the travelled
path through leaves, i.e., B in equation (4.20), we consider values of 0.001 and 0.01.

4.3.2 The Total Path-Loss for Distances Up to 1m

As the first experiment, the total path-loss is presented in Fig. 4.5, based on equation (4.18).
In this figure, the signal loss for transmission distances up to 1m and the entire THz band is
presented. The moisture level of the air is considered as 10% and 80% to convey two extreme
conditions. In addition, we account for communications in free-space as well as a sparse and
a dense plant by considering B = 0, B = 0.001 and B = 0.01, respectively. It is worth noting
that, earlier, the path-loss was studied in §3.4.3 for only a subset of transmission distances.
Therefore, the provided results in this section can be considered more comprehensive.

Firstly, it can be observed that for a fixed humidity ratio, an increase in B and consequently
the number of encountered leaves causes a considerable increase in the path-loss. Therefore,
the effective transmission distance is decreased greatly. Secondly, for a fixed value of B an
increase in the moisture content results in an increase of the path-loss at certain discrete
frequencies. Finally, a comparison between all plots shows that leaves have a higher impact
on attenuating the THz radiation compared to the moisture content of the air.

4.3.3 Path-Loss Threshold Definition

To analyze the loss probability across a radio link with a random number of leaves, a value
for the path-loss threshold, Lth, should be defined and justified. As previously demonstrated,
the path-loss varies along with several parameters, such as the moisture level of the medium,
transmission distance and frequency, leaves attributes and so on.

In order to take the variations of the path-loss into account, we calculate the upper and
lower bounds of this parameter by considering the best and the worst transmission conditions.
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(a) Relative humidity = 10%, B=0
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(b) Relative humidity = 80%, B=0
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(c) Relative humidity = 10%, B=0.001
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(d) Relative humidity = 80%, B=0.001
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(e) Relative humidity = 10%, B=0.01
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(f) Relative humidity = 80%, B=0.01

Fig. 4.5 The total path-loss as a function of distance and frequency, for different humidity
levels in the air and the proportion of path through leaves, B (the presented results are
truncated at 500 dB). Plots (a) and (b) represent the path-loss in free-space, plots (c) and (d)
are the path-loss in a sparse plant environment, and plots (e) and (f) show that of a denser
plant.
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Fig. 4.6 The total path-loss [dB] for a variety of leaf ratios in [leaves/m]; where (a) represent
the best and (b) shows the worst transmission conditions.

Hence, we can assume that the total path-loss for the rest of the scenarios will fall into
the defined boundaries. To account for a more practical condition, we limit the previous
scenario by considering the maximum transmission distance as 0.5m and a frequency range
of 0.3–0.8THz; while having the same moisture levels. Therefore, the transmission frequency
and a moisture level of 0.3THz and 10% can be considered as the best communication
scenario; whereas these parameters for the worst case transmission can be considered as
0.8THz and 80%.

In Fig. 4.6, the total path-loss versus distance is plotted for a variety of the average
number of leaves, i.e., λm = 5,...,20 [leaves/m], and the average leaf thickness of 100µm.
Therefore, the required path-loss threshold in a specific plant type can be inferred, given
its statistical leaves distribution. For example, by assuming the average number of leaves
per unit of distance in a typical coffee plant as 15 [leaves/m], the path-loss threshold can be
considered in the range of 110–140dB. Similarly, if an average of 5 [leaves/m] is assumed,
then the path-loss threshold need to be defined in the range of 90–110dB.

4.3.4 Analysis of the Maximum Number of Leaves

After defining the threshold values for path-loss, we want to discuss the maximum allowed
number of leaves, Nmax, based on such values. The latter affects the signal degradation level
and consequently the probability of loss for individual radio links.

In this regard, the variation of Nmax is studied based on equation (4.22) and by varying
different parameters such as distance, frequency and the path-loss threshold. Here, we
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consider the transmission distances up to 0.5m, the frequency range of 0.3–0.8THz and
moisture levels of 10% and 80%. Following the assumption of previous experiment, average
number of leaves is considered as 15 [leaves/m], which results in a path-loss threshold of
110–140dB.

In Fig. 4.7, it can be observed that for 10% of moisture content, an increase in the
frequency or distance results in an almost steady decrease of the number of leaves for both
values of threshold. Whereas, for a high moisture content equal to 80%, an increase in the
frequency can result in a rapid decrease or increase in the maximum leaf number. This
peculiar behavior, specifically for distances over 0.2m is due to the variable magnitude of
molecular absorption and noise which affects random THz frequencies.

To justify this claim, the total path-loss for the same frequencies and moisture levels and
also a subset of transmission distances, i.e., 0.2, 0.3, 0.4 and 0.5 m, is presented in Fig. 4.8.
As it is shown, the magnitude of the path-loss for a higher moisture content has local peaks,
specifically in the range 0.5–0.6THz and 0.7–0.8THz. It can be concluded, when these peaks
occur, there is less link budget left for attenuation by leaves and the maximum number of
leaves drops accordingly (in Fig. 4.7), before rising again as we move away from the peak.

4.3.5 Loss Probability for a Single Radio Link

Finally, we want to analyze the loss probability for a single radio link scenario. As stated
before, the aggregated loss probabilities of the individual nano-devices determine the total
probability of the loss/success of nano-network communications.

In our study, we deploy equation (4.27), while covering transmission distances up to
0.5m and two frequency bands of 0.3THz and 0.8THz. In addition, by assuming the average
number of leaves in the plant as 15 [leaves/m], we consider a subset of path-loss thresholds,
i.e., 110, 120, 130 and 140 dB.

As the loss probability is defined based on the maximum number of leaves in a link
(according to equation (4.27)), first, we plot Nmax for the aforementioned transmission
conditions in Fig. 4.9a and Fig. 4.9b. In these plots, an increase in the distance shows a
step-shaped and gradual decrease in the maximum allowed number of leaves. The observed
step behavior in these figures are due to rounding up the calculated values of Nmax, based on
equation (4.22).

Then, by employing the extracted Nmax values, the resulting loss probability for the same
channel conditions are presented in Fig. 4.9c and Fig. 4.9d. It can be observed that whenever
the number of leaves stays constant over distance, it results in a steady increase in the related
loss probability. Whereas, whenever the number of leaves changes at a given distance, it
causes a step behavior in the loss probability value as well. In addition, a comparison between
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Fig. 4.7 Maximum number of leaves for a given channel condition and predefined path-loss
thresholds.
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Fig. 4.8 The total path-loss for specific transmission distances.
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the loss probability plots shows the high impact of the moisture content, frequency and also
the path-loss threshold on the effective transmission distance.

4.4 Summary and Conclusions

In this chapter, we proposed a framework to evaluate the performance of THz communications
across a plant monitoring nanonetwork. This framework includes abstract models of a plant,
which can be modified based on the physical characteristics of a plant. In addition, it can
accommodate different plant types. For the performance analysis purposes, this framework
also includes models to approximate the probability of successful transmissions for LoS and
NLoS communications.

Through numerical study, we approximated the total path-loss for transmission distances
up to 1m, and based on the obtained results, we defined a boundary for the path-loss threshold.
The proposed boundary, which depends on the structure of the plant and the communication
scenario, can be utilized for defining the demodulation threshold at the receiver. The latter
can be considered as an initial guideline for receiver design purposes.
Then, we analyzed the effects of the channel conditions and also the boundaries of the
path-loss threshold on the maximum number of leaves that can be encountered along the
transmission path, and consequently the performance of single radio links in terms of loss.

Our analysis suggests that the plant characteristics, e.g., the thickness and density of
leaves, the moisture content of the medium, transmission frequency and also the path-loss
threshold have a great impact on the performance of THz nano-communications. Therefore,
for network design purposes, all such parameters should be taken into account to provide the
desired performance level. The provided models and analysis can form the foundation of
vegetation monitoring applications of WNSNs.
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Fig. 4.9 The maximum number of leaves for a certain transmission condition and predefined
path-loss thresholds in (a) and (b). The resulting loss probability for a single radio link in (c)
and (d).



Chapter 5

Dynamic Channel Allocation in Plant
Monitoring Nanonetworks

One of the main goals of channel allocation techniques in traditional wireless networks is to
share the bandwidth among nodes in order to offer an efficient use of the spectrum, as well as
preventing collisions among concurrent transmissions of adjacent nodes. Such mechanisms
can be implemented in a static or a dynamic fashion, depending on the network condition
and mobility of nodes.

According to our discussion in the previous chapters, there exists a high level of signal
loss and distortion at specific frequencies in the THz channel. It was shown that such a loss
has a great influence on the performance of communications across single radio links, and
consequently the overall performance of nanonetworks. However, as this phenomenon has
various effects on different frequencies, it can be controlled/decreased by efficient channel
assignment to nano-nodes.

Therefore, in addition to all the mentioned benefits, channel allocation mechanisms can
be considered as a means to decrease the signal loss, and hence to improve the performance
of THz nanonetworks. Focusing on monitoring applications of nanonetworks, the deployed
frequency assignment techniques need to take the variations of the environmental conditions
into account. As a result, dynamic channel allocation seems to be well aligned with the
requirements of such applications.

In this chapter, we propose several bio-inspired strategies for dynamic channel assignment
to nano-devices. The proposed approaches, which are based on the capability of graphennas
to be tuned to the desired frequency, aim to optimize several performance metrics in a
vegetation monitoring nanonetwork, i.e., optimizing the achievable channel capacity, power
consumption, spectrum utilization and so on. Then, by deploying our proposed framework
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from the previous chapter, we analyze the performance of the introduced strategies under
various plant and network configurations.

We emphasize that the introduced approaches are developed based on a prior knowledge
of the nanonetwork environmental condition and also the position of nano-nodes. Hence,
their direct application in a real world scenario can be challenging, due to the resource
constraints of nano-nodes. As a result, the proposed approaches should be considered as a
guideline, defining the ideal communications setting for nanonetworks, which need to be
approximated by real world implementations.
The structure of this chapter is as follows: In §5.1, the frequency tuning capabilities of
graphennas are discussed and several strategies for such a purpose are introduced. We
propose our performance optimization algorithms in §5.2. Then, we evaluate the proposed
strategies in §5.3 and summarize this chapter in §5.4.

5.1 Dynamic Frequency Tuning of Nano-devices

As the molecular absorption and noise in the THz spectrum are frequency-selective, dynamic
channel assignment to nodes can make nano-communications resilient to high power loss. In
this regard, first, we discuss the frequency tunability of graphennas and the required energy
in this process. Then, based on such a capability at the physical layer, we discuss several
frequency selection strategies, which can be implemented in the data link layer.

5.1.1 Frequency Tuning of Graphennas

The resonance frequency of graphennas can be tuned statically or dynamically [75]. In this
thesis, we focus on dynamic frequency tuning approaches, which enable the dynamic channel
assignment to nano-nodes according to the medium conditions and also the transmission
distance. The dynamic frequency selection can be performed by varying the electrical
conductivity of the graphenna. The latter is a function of the chemical potential of the
graphene sample, which can be manipulated through applying an electrostatic bias voltage to
the nano-antenna. The required energy to shift the resonance frequency, f , of a graphenna
patch can be approximated based on curve fitting of data provided in [75], as:

E( f ) =0.048× f 2 −0.005× f −0.033

∀ f > 0.918 THz
(5.1)

This equation suggests a quadratic relation between the frequency and the required energy
consumption to tune the antenna into the desired channel.
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5.1.2 Frequency Selection Strategies

In general, we assume that the monitoring nanonetwork under investigation follows a hierar-
chical and cluster-based structure, composed of nano-devices and micro-nodes/sink nodes,
i.e., the discussed topology in §2.1.3.2. In such a structure, nano-devices will be triggered by
detecting certain chemical substances in the environment, and consequently they transmit
their sensed data to a designated micro-device.

In addition to the proper channel assignment to nano-nodes, an efficient sink node/cluster
selection approach can improve the overall performance of nanonetwork communications.
Such an approach needs to take the proximity of nano-nodes to their sink nodes and also the
balanced distribution of nano-nodes among sink nodes into account. The former promises a
higher channel capacity for each nano-device, while the latter ensures a fair energy consump-
tion at the micro-device level.

In the following, we investigate several frequency selection strategies for nano-devices,
which are accompanied by an initial approach for the micro-node assignment. We measure
the performance of these strategies in different terms, including balancing the number of
nano-devices among micro-devices, minimizing the associated energy consumption through
the frequency tuning process and also maximizing the aggregated channel capacity.
Next, we formally define our target objectives, which should be satisfied while finding a
solution.

5.1.2.1 Distribution of Nano-Nodes Among Micro-Devices

We define the first objective as balancing the number of nano-nodes among micro-devices/clusters,
which can be formulated as:

Ob j1 = max

 1
Q
∑

q=1

1
NDq

 (5.2)

where Q is the total number of micro-devices/clusters in the nanonetwork and NDq represents
the total number of nano-devices assigned to the qth micro-device. Through this objective,
we aim to ensure a fair distribution of nano-devices among micro-devices.
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5.1.2.2 Energy Consumption

As stated earlier, the frequency tuning of graphennas is a energy consuming process. There-
fore, we introduce the second objective as minimizing the energy consumption associated
with the frequency tuning process of nano-devices. This objective can be defined as:

Ob j2 = min

(
ND

∑
k=1

E( fk)

)
(5.3)

where ND is the total number of nano-devices, fk is the selected transmission frequency for
the kth nano-device and E(.) is the required energy for tuning a nano-antenna at fk, which
can be calculated from equation (5.1).

5.1.2.3 Channel Capacity

According to the channel capacity model discussed in §3.3, we define the last objective which
tries to tune the frequency of nano-devices based on transmission conditions. This objective
aims to maximize the aggregated channel capacity of the nanonetwork according to different
strategies; namely as Basic, Off-line, Constraint-based, Swarm-based and Two-phase.
In the following, these strategies are discussed and formulated.

1. Basic: This strategy aims to optimize the total channel capacity through maximizing
the capacity for each individual nano-device. This goal can be achieved through
dynamically tuning the operational frequency of nano-devices to the most noise and
absorption resilient frequency, regarding the channel conditions. Here, frequency
overlapping is allowed, therefore among the selected frequencies, duplication or even
convergence to the best frequencies can be observed. To avoid the probable collisions in
this case, a time division mechanism can be employed, which prevents the transmission
of the nano-nodes with the same frequency at the same time. This objective can be
formulated as:

Ob j3 = max

(
ND

∑
i=1

Cap( fi,di)

)
(5.4)

where ND represents the total number of nano-devices, fi defines the allocated fre-
quency to the ith nano-device, di is the distance between the ith nano-device and its
designated micro-node and Cap(.) is the channel capacity function based on equation
(3.22);
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2. Off-line: This strategy maximizes the channel capacity of the nanonetwork based on the
precalculated data, in an off-line fashion. Here, we assume that the best transmission
frequencies in the desired THz band are calculated for a variety of destinations and
also medium conditions; and the obtained data is stored in a database. Therefore the
frequency assignment process is performed by retrieving the data from the database,
given the transmission conditions of individual nano-devices.

Similar to the Basic approach, this strategy can result in frequency duplication and
it needs to be accompanied by a time division multiple access algorithm to avoid
potential collisions. This approach can be formulated the same as in equation (5.4) and
depending on the nanonetwork size and the computational resources, it might be costly
under certain network scenarios;

3. Constraint-based: While trying to maximize the aggregated channel capacity, this
approach prevents any overlapping of frequencies through defining hard constraints.
This strategy is well suited to a frequency division multiple access algorithm to mange
transmissions within the nanonetwork. This objective can be formulated with the same
parameters as:

Ob j3 = max

(
ND

∑
i=1

Cap( fi,di)

)
s.t.

fi ̸= f j, ∀ j = 1,2, · · ·ND, i ̸= j

(5.5)

4. Swarm-based: Providing the same general goal as previous strategies, this approach
ensures that no frequency overlapping exists between interfering nano-devices. It
also ensures that there is an efficient use of the THz spectrum. To satisfy such
goals, this approach utilizes a biological swarming mechanism proposed by Gazi and
Passino [35, 36], through the introduction of frequency attraction/repulsion functions.
Equation (5.6) formulates this objective, where the first term tries to maximize the
capacity and the second term tries to avoid frequency overlapping among nano-devices,
while controlling the spread of frequencies across the desired band:

Ob j3 = max

(
ND

∑
i=1

Cap( fi,di)−
1
2

ND

∑
i=1

ND

∑
j=1, j ̸=i

ai j.g( f j − fi)

)
(5.6)

where all the parameters are the same as described above and ai j is an element taken
from the adjacency matrix of the network. Such a matrix represents the connectivity
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of the nano-nodes in the nanonetwork, i.e., if nano-devices i and j are interfering the
related element is “1” otherwise it is “0”. In the equation above, g(.) is a function
which represents the attraction and repulsion between selected frequencies.
This function has the following format:

g( f j − fi) =
(
ga( f j − fi)−gr( f j − fi)

)
| f j − fi| (5.7)

where ga(.) and gr(.) represent attraction and repulsion functions, respectively.

In this thesis, we consider a constant attraction and a bounded repulsion, which can be
defined as following:

ga( f j − fi) =CA, gr( f j − fi) =
CR

( f j − fi)2

s.t.

CA, CR > 0

(5.8)

where CA and CR are the attraction and repulsion constants.
The deployment of the aforementioned swarming mechanism can be beneficial in
different aspects, including:

• Frequency reuse among non-interfering nano-devices;

• Swarming the nanonetwork around a central frequency, i.e., 1
N

N
∑

i=1
fi, which

controls the spread of frequencies across the band and enables efficient use of the
spectrum;

• Shorter frequency hops for micro-devices, hence reducing energy consumption at
the micro-device level.

It is worth noting that the degree of attraction/repulsion between selected frequencies
depends on the deployed swarming functions and also the constants, i.e., CA and CR;

5. Two-phase: This approach seeks to maximize the aggregated capacity in a two-phased
fashion. In the first phase, the best transmission frequencies are located by deploying
the introduced Off-line strategy. Then in the second phase, the output of the first
phase is fed to the Swarm-based strategy, i.e., equation (5.6), to avoid any frequency
duplication between interfering nano-nodes and to control the spread of frequencies.

We emphasize that the introduced objectives can be in contrast. For example, the energy
consumption function in equation (5.1) shows a quadratic relation between the transmission
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frequency and the consumed energy during the frequency tuning, which implies that the
energy consumption is minimized by tuning the graphennas into lower frequencies, while the
channel capacity maximization objective will not be necessarily satisfied by transmitting at
lower frequencies, due to the random molecular absorption and noise in the THz band.
Similarly, the first objective of fair distribution of nano-nodes among micro-devices and
the third objective of the maximization of the channel capacity cannot be simultaneously
satisfied. Meaning that, while the former tries to assign an equal number of nano-devices to
each micro-node, the latter tries to assign the closest sink node to each nano-device in order
to maximize the channel capacity.

5.2 Performance Optimization by Genetic Algorithms

In the previous section, we introduced several frequency assignment algorithms in order to
optimize several objectives. Since this optimization problem is multi-objective in nature,
we need to employ heuristic solutions such as Genetic Algorithms (GAs) to define the most
efficient communication setting for a nano-device. Therefore, we use a weighted sum multi-
objective GA approach, which is defined in Appendix A. The proposed method suggests
the definition of separate objective functions, Ob js, according to the number of intended
objectives, S, and assignment of weights, Ws, to each of the them, for s = 1,2, ...,S. Hence,
by summing up the weighted normalized objective functions, the problem can be converted
into the optimization of a single objective problem as:

Ob j f =W1.Ob j1 +W2.Ob j2 + . . .+WS.Ob jS (5.9)

In such an approach, the objective functions can have equal weights if they have the same
level of importance; otherwise, they can have various weighting factors.
It is worth noting, the proper selection of GA parameters, e.g., the population size, mutation
and elitism rates and so on, can guarantee the efficiency of the found solutions as well as the
convergence time of the algorithm.

Our proposed GA-based frequency and sink node selection algorithm is presented in
Alg. 5.1. Upon running, this algorithm randomly divides the nano-devices into clusters by
assigning a random micro-device to each of them. Then, it assigns a random operational
sub-frequency in a predefined boundary to each of the nano-devices. Following this step, the
efficiency of the frequency and micro-device assignments is evaluated against the intended
objectives.

In the next phase, the algorithm tries to improve the objective values by assigning different
frequency and micro-device to each nano-device, through crossover and random mutation
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Algorithm 5.1 The frequency and sink node selection approach, based on Genetic Algo-
rithms.
Inputs:
Frange: Intended frequency range, Chcomp: Channel composition,
Q :Number of micro-devices, ND: Number of nano-devices,
Nind : Population size, Ggap: Generation gap,
Pmut : Mutation probability, δ : Number of iterations,

Outputs:
Nind ×ND solutions in (Mi, fi) format, where
Mi: Designated micro-device id for the ith nano-device,
fi: Selected frequency for the ith nano-device

Main algorithm:
1: Generate Nind rows of ND random pair of solutions, (Mi, fi);
2: Save them in population Pop;
3: for r = 1 to δ do
4: Evaluate Pop based on objectives;
5: Select Nind ×Ggap of the best solutions in Pop;
6: Save them in population Pop1;
7: Crossover population of Pop1;
8: Mutate population of Pop1 with probability of Pmut ;
9: Evaluate Pop1 based on objectives;

10: Update Pop with best solutions in Pop1;
11: end for
12: Return the Pop as the best solutions

operands. Then, it evaluates the efficiency of new assignments and replaces the old solutions
with a proportion of the new improved solutions. This loop continues for a certain number of
generations, or alternatively, the convergence of the solutions to assure that the best solutions
have been found. The final output of this algorithm defines the best pair of micro-node and
frequency for each of the nano-devices, in order to satisfy a subset of objectives.

Here, we assume that micro-devices are interfaces between nano-devices and external
networks. Hence, for the sake of the computational complexity of the GA-based mechanism,
we assume that the proposed algorithms are being run on an external computationally efficient
resource, e.g., a cloud service. Therefore, the micro-devices retrieve the optimized settings
and dictate them to the nano-nodes to dynamically tune their antennae. Then, the micro-
devices in each cluster start a frequency hopping process to probe and collect the data from
nano-devices based on the dictated frequencies.
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5.3 Evaluation of the Dynamic Channel Allocation Algo-
rithms

We now analyze the performance of our proposed strategies, based on the associated nanonet-
work and channel models defined in chapter 3 and also the introduced framework in chapter
4.
In this regard, we consider two different configurations:

• Scenario 1: This configuration is based on the LoS communications and by deploying
the basic quadrant-based model of a plant. In this case, we chose a maize plant and we
assume that the THz radiation cannot pass through the plant leaves. As a result, any
such radiation will be fully absorbed by leaves. In addition, we consider the free-space
THz propagation model.

• Scenario 2: This configuration is based on the NLoS communications and according to
the refined plant model. Here, we assume that the THz radiation is not fully blocked by
leaves, but rather a ratio of it can pass through, as shown in [99]. In this case, we select
coffee as the plant type, and we consider the hybrid channel model for THz radiation
through air and leaves.

We highlight that the selection of these plants species are based on the limited literature in
this area. In the following, we discuss the general simulation setting used for our experiments.
Then, we specify our assumptions for each of the plant types and communication scenarios.
For each of the mentioned scenarios, we vary a combination of parameters including the
number of nano- and micro-devices, the moisture ratios and also the leaf density to measure
the performance of the resulting nanonetwork. We evaluate the performance of communi-
cations in different contexts, including the aggregated channel capacity, efficient spectrum
utilization, fair distribution of nano-nodes among micro-devices, probability of successful
transmissions and so on.

5.3.1 General Simulation Setting

In this section, we review our general simulation settings for the components of the nanonet-
work and also the specifications of the deployed GA. These settings are in common for
simulations based on scenario 1 and scenario 2.
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5.3.1.1 Nanonetwork Specifications

The nanonetwork under study is composed of micro-devices, nano-devices and data relaying
gateways. However, we are only concerned about the details of nano-devices. Here, we
assume the deployment of chemical nano-nodes with the size of 1000 µm3 [10, 63], which
comprise power and communication blocks along with the relevant chemical sensor, process-
ing and storage units. In our simulation setting, we only define the power and the antenna
unit specifications as their properties will directly affect the performance of communications.

The nano-nodes are supposed to be self-powering. So, the piezoelectric nano-generator
discussed in §2.1.4.1 is considered as their power unit, which includes a Zinc Oxide nano-
wires array and a nano-capacitor for energy storage. In our simulations, we consider a
nano-wire array of 1000 µm2, along with a nano-capacitor with the capacitance and charging
voltage of 9nF and 0.42V, respectively. According to such attributes, the nano-device can
store a maximum of 800pJ with a full charge.

We assume the bending/releasing cycles of nano-wires, which determines the duration
of the energy harvesting process in a nano-device, are provided by the means of ultrasonic
waves at a frequency equal to 50Hz. By considering the harvested electric charge in each
cycle to be 6pC and also the required cycles for the full charge to be 2500 rounds, it takes
a nano-device around 50 seconds to be fully charged [63]. We also adopt the pulse-based
modulation mechanism proposed in [58], based on the transmission of 100 femtosecond
long Gaussian pulses which are separated by 100 picoseconds periods. By assuming that
the required energy to transmit a pulse is equal to 1pJ, and also an equal probability of
transmitting “1”s and “0”s, the total harvested energy will be enough to transmit 1600 bits in
each event detection round.

In our specific plant monitoring application, we assume that nano-devices are randomly
scattered on the plant leaves (e.g., applied via suspension in a spray) and based on their
location regarding the micro-devices, they form clusters; While micro-devices or cluster
heads are located at predefined points on the stem to manage clusters of nano-devices.

5.3.1.2 Genetic Algorithm Settings

As stated earlier, the proposed GA-based strategies try to find the best configuration setting
for each nano-node, i.e., a pair of transmission frequency and the micro-device id, in order
to address certain objectives. We use the introduced MATLAB GA toolbox in [24], to
implement our proposed algorithms. This toolbox contains implementations of GA functions
and operands, which can be modified for our specific optimization problem. It is clear that
the proper initialization of GA parameters can affect the performance of the algorithm, e.g.,
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an efficient convergence time. However, such discussion is out of the scope of our research.
Therefore, the adopted values for various GA parameters in our simulations are based on the
provided data in the mentioned reference.

In the following, we review the structure and settings of the deployed GA, while more
details in this regard can be found in Appendix A.

1. Chromosomes and Genes: In GA implementations, a chromosome or an individual
is composed of several genes. Each individual can be considered as a potential solution
of a given problem, in which the value of each gene corresponds to a value in the
search space.
In our proposed solution, we consider that each chromosome contains ND integer
values as genes, which corresponds to the total number of nano-devices deployed in
each simulation scenario. Each single gene contains a pair of micro-device id and
frequency values, i.e., (Mi, fi), as the communication setting for the ith nano-node.
Such a pair of values can be encoded as a single integer value into a gene as follow:

gi = MiPrn + fi, f or i = 1,2, · · ·ND (5.10)

where ND is the total number of nano-devices and Prn is a large prime number. The
primary values of the micro-device id and the frequency can be retrieved by decoding
genes, i.e., dividing the value of an encoded gene over the given prime number and
storing quotient and remainder. According to such a presentation of genes, an individual
can be defined as:

Chr =
[
g1 . . . gi

]
(5.11)

2. Population: Several chromosomes or potential solutions of a problem create the initial
population of the GA. The population size, Nind , indicates the number of chromosomes
in that population. In our simulations, we consider that the size of a population is twice
the number of genes/nano-nodes, i.e., Nind = 2ND, and its structure can be defined as:

Pop =

Chr1
...

Chr j

 , f or j = 1,2, · · ·Nind (5.12)

where Chr j is the chromosome structure defined in equation (5.11).
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3. Objective Function: The performance of each individual of a population in the
problem domain is evaluated based on the objective functions. We introduced several
functions in §5.1.2 to optimize the overall performance of nanonetworks in terms of
the distribution of nano-nodes among micro-nodes, the consumed power for frequency
tuning of graphennas and also the aggregated channel capacity.

As there exist more than one function to be optimized, we use the introduced weighted
sum multi-objective GA to convert this problem into a single objective optimization
problem. In our simulations, we seek to address only two of the aforementioned
objectives at each scenario. We also consider that objectives are equally important,
hence, the final objective function is defined as:

Ob j f = 0.5Ob ja +0.5Ob jb (5.13)

where Ob ja and Ob jb correspond to the introduced functions in §5.1.2.

4. Fitness Function: The relative effectiveness of each individual to solve the problem,
compared to the rest of the population, is determined by a fitness function. For such
a purpose, a non-negative scalar value in the range of [0, Fval] can be assigned to
individuals, where Fval is an arbitrary number showing the upper bound of the fitness
value. In this work, we set the value of this parameter as Fval =2. Therefore, the most
efficient solutions have a fitness value closer to 2, while the fitness value of the worst
alternatives is closer to 0.

5. Selection: At each iteration of a GA, a subset of the created population will be chosen
based on a selection operand for the crossover or the reinsertion processes. In our
proposed algorithms, we use stochastic universal sampling as the selection operand.
The ratio of the selected individuals from the initial population, Sind , is determined
by a term referred to as the generation gap, Ggap, where Sind = Ggap.Nind . In our
simulations we set Ggap = 0.7.

6. Crossover (Recombination): Along the crossover operation, the selected individuals
are mated to create a subset of offspring. The crossover function deployed in this thesis
is based on the definition of an internal mask, which specifies the contribution of each
of the parent chromosomes to their offspring structure. In such an implementation, after
parents selection, the adjacent individuals swap genes based on the created crossover
mask to breed an offspring.
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7. Mutation: To avoid the convergence of the population into a local optimum value,
a mutation operand is used to guarantee that a diverse range of variables from the
search space are selected. This process alters the genes of a chromosome within an
specified range, and based on a very low probability defined by Pmut . As the individual
genes in our implementation are encoded values, i.e., composed of the frequency and
micro-device id, we need to retrieve their primary components before the mutating
process. As a result, we decode each gene to its initial parameters and store the results
in separate data structures. Then, the mutation operand is applied to the decoded data
structures separately. Finally, the mutated data structures are encoded again to form
an integer single value gene. In our simulations, we set the mutation probability as
Pmut = 0.07.

8. Reinsertion: A fraction of the generated and mutated offspring should be inserted into
the old parents population by means of a reinsertion operand. We deploy a fitness-based
reinsertion, where the best-fitted offspring replace their least-fitted parents. To ensure
the propagation of the most fit individuals through several generations an elitism value,
Erate, will be deployed. We set this value as Erate = 0.3, meaning that through the
reinsertion process only 70% of generated offspring will be reinserted into the old
population.

9. Termination: We set the termination of the algorithm based on the convergence of
individuals as well as the number of generations, which varies according to the size of
the nanonetwork.

For the frequency tuning process, we set a minimum frequency distance between frequen-
cies of 1GHz, while transmitting 50GHz wide pulses. We also set our swarming constants
as CR = 2 and CA = 1, however, these values are chosen arbitrarily and can be changed to
maximize the performance of the algorithm.

5.3.2 Plant Structure for Line of Sight Communications

For simulations based on scenario 1, i.e., free-space communications in a basic plant model,
we choose a maize plant. We assume that such a plant is 2m tall with two classes of leaf
lengths equal to 0.85m and 1.25m, and a leaf angle equal to 60◦ [96, 102]. The height of the
plant can be divided into three equal regions with different moisture levels. According to
the provided basic model in §4.1.1, this plant can be modeled as two concentric cylinders
with the following related parameters: h =2m, I =2, J =3, L1 =0.85m, L2 =1.25m and
θ1 = θ2 =60◦. Following these assumptions, next, we present the simulation results.
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Table 5.1 Comparison of relative error between exhaustive search and GA-based channel
allocation approaches.

Number of nano-devices Relative Error Iterations of Algorithm

20 0.0041 500
50 0.0459 1200
100 0.0753 1800
200 0.1333 3000

5.3.2.1 Comparison of GA-Based and Exhaustive Search Results

As the first experiment, we study the efficiency of our proposed strategies to locate the global
optimal solutions for frequency assignment to nano-nodes. Therefore, we compare the results
of the GA-based channel allocations with those of the exhaustive search of the desired band
in the range of 1–2THz. In this scenario, we deploy the Basic strategy, while setting the main
objectives as optimizing the channel capacity and the power consumption in the frequency
tuning process. The simulations are carried out up to a convergence point of the algorithm,
i.e., the results provide a standard deviation equal to 20GHz. We configure our plant model
with three moisture regions with 10%, 40% and 80% water content from top to the bottom,
respectively. The simulated nanonetwork is composed of 5 micro-devices and 20, 50, 100
and 200 nano-devices.
For the comparison purpose, the relative error between the provided results by two approaches
is used, which can be defined as:

Rerror =
1

ND

ND

∑
z=1

| f GA
z − f exh

z |
f exh
z

(5.14)

where ND is the total number of nano-nodes, f GA
z is the selected frequency for the zth

nano-node based on our proposed algorithm, and f exh
z is the located frequency according to

the exhaustive search of the defined band.
The resulting relative errors are presented in Table 5.1. According to the provided values,
it can be concluded that the GA-based channel allocation approach can approximate the
exhaustive search results.
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Fig. 5.1 Comparison of the distribution of 100 nano-devices between various number of
micro-devices with 95% confidence, and based on a random and the Swarm-based approach.

5.3.2.2 Distribution of Nano-Nodes Among Sink Nodes

In order to discuss the distribution of nano-devices between micro-nodes/clusters, we consider
a nanonetwork of 100 nano-nodes and 5/10 micro-nodes. Such a nanonetwork is deployed
in the mentioned plant structure which contains 10%, 40% and 80% water content in its
moisture regions. We deploy the Swarm-based approach and compare its output with a
random frequency and sink node selection strategy, while optimizing the aggregated channel
capacity and also a balanced distribution of nano-devices among clusters are our main
objectives. Here, we only consider the Swarm-based approach as the rest of the proposed
strategies share the same objective in terms of distribution of nano-devices across clusters.

The simulation results are shown in Fig. 5.1, for both number of micro-devices. We
can observe the efficiency of the Swarm-based approach to balance the distribution of
nano-devices between clusters in both scenarios.

5.3.2.3 Channel Capacity Comparison Among Different Approaches

Next, we want to compare the achievable channel capacity based on the proposed approaches
against random frequency assignment to nano-nodes. In this scenario, the nanonetwork
is composed of 50 nano-devices, 5 micro-devices and the same moisture levels as in the
previous experiment. The main objective functions deployed in this case are channel capacity
maximization and also minimization of power consumption in the frequency tuning process.

According to the simulation results in Fig. 5.2, it can be concluded that the random
channel allocation is the worst strategy as it does not consider the specific medium conditions.
A comparison between the proposed strategies shows that the Two-phase and Off-line
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Fig. 5.2 Aggregated channel capacity comparison among strategies with 95% confidence, in
a nanonetwork of 5 micro-devices and 50 nano-devices.

approaches are the best solutions as they are based on precalculated optimal frequencies.
Then, the Basic and Swarm-based approaches can be considered as next best solutions as
they permit frequency overlapping. The performance of the Constraint-based approach is
the worst among our proposed solutions, as it avoids any frequency duplication even among
non-interfering nano-devices.

It is worth noting that although the Two-phase and Off-line approaches are the best
solutions, they need prior knowledge of the best transmission frequencies for individual
nano-devices under a wide range of conditions. Such a requirement can be costly in certain
conditions, hence, limit their application.

5.3.2.4 Frequency Distributions and Energy Consumption

We refer to the energy consumption as the required energy for tuning the graphennas at the
desired frequency. Therefore, we define the total energy consumption across a nanonetwork
as:

Etot =
ND

∑
m=1

E( fm) (5.15)

where ND is the number of nano-devices and E(.) is based on equation (5.1), which defines
the consumed energy in tuning a nano-antenna at fm. According to that equation, the
distribution of frequencies can affect the magnitude of the consumed energy, i.e., tuning the
graphennas in higher frequencies consumes more energy and vice versa.

In order to study the frequency distribution and the resulting energy consumption among
different approaches, the same nanonetwork scenario and the objectives as the previous
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Fig. 5.3 Comparison of the proposed approaches regarding the distribution of frequencies
assigned to nano-devices.

experiment are considered. Fig. 5.3 represents the distribution of frequencies across the
1–2THz range. It is shown that the Off-line and Basic approaches have the least frequency
spreads as they try to converge the network to the most clear channels. Then, Two-phase
and Swarm-based are the next efficient approaches to control dispersion of frequencies as
they allow duplication among non-interfering nano-devices. Finally, the Constraint-based
algorithm has the widest spread frequencies as it does not have any mechanism to control
such an issue.

A comparison between all the proposed approaches against random channel assignment
shows that the former have smaller frequency median values, which implies a more efficient
energy consumption behavior. In order to validate such a statement, we calculate the total
consumed energy of the nanonetwork in Table 5.2, according to the mentioned frequency
distributions. It can be observed that the Two-phase and Random approaches have the lowest
and highest energy consumption values, respectively, based on their median frequency values.

5.3.2.5 Probability of Successful Transmission in Line of Sight Communications

We now study the probability of successful LoS transmissions based on equation 4.3, which
was defined in chapter 4. Therefore, we consider the deployment of 100 nano-devices and
10 micro-devices in the nanonetwork. As the Two-phase strategy demonstrated a good
performance in the previous simulations, it is adopted as the channel allocation mechanism
for this scenario. We also assume that the plant moisture regions contain 10%, 20% and 30%
water and the nano-devices are evenly distributed among horizontal and vertical regions.

According to the defined cylindrical plant model, we assume different leaf densities for
the internal and external cylinders, which are shown by λ1 and λ2, respectively. We consider
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Table 5.2 Comparison of the proposed approaches regarding the required energy for frequency
tuning of nano-devices.

Approach Median Frequency (THz) Energy Consumption (eV)

Basic 1.18 1.48
Off-line 1.18 1.38

Constraint-based 1.19 1.74
Swarm-based 1.18 1.34

Two-phase 1.16 1.18
Random 1.5 3.34

the case that these parameters are set as λ1 = 2 and λ2 = 4 [leaves/m]; and then we vary
these values as λ1 = 4 and λ2 = 8 [leaves/m].

First, we compare the successful transmission probability for the nano-nodes located in
the internal cylinder, i.e., closer to the stem and the sink nodes, against those nano-nodes in
the external cylinders. The resulting performance, which is averaged over 10 second periods,
is shown in Fig. 5.4a and Fig. 5.4b. In both plots, it can be observed that the successful
transmission probability in the external cylinder is considerably lower than that of the internal
cylinder. By comparing these plots, it can also be concluded that increasing the leaf densities
by 2 times in either of the cylinders, decreases the successful transmission probability by
more than 1.5 times.

Following the same configuration, next, we study the probability of successful trans-
missions for nano-nodes located in each of the moisture regions on the plant. The results
are demonstrated in Fig. 5.5a-5.5c, for two sets of leaf densities in the cylindrical regions.
According to these plots, it can be concluded that an increase in the moisture content in
different regions slightly reduces the probability of successful transmissions, for all values of
leaf densities. In addition, a comparison of the successful transmission probability at each
region shows that an increase in the ratio of leaves degrades the mentioned probability. In
the simulations carried out, it can be observed that an increase in the leaf density by a factor
of 2, leads to the decrease of successful transmissions probability almost by 1.3 times at each
moisture region.
We repeated the same simulations for different combinations of water content in these 3
regions, ranging from 1% to 80%, and observed that results were not significantly different.



5.3 Evaluation of the Dynamic Channel Allocation Algorithms 109

0 50 100 150 200 250 300
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Timet[second]

S
u

cc
es

sf
u

ltT
ra

n
sm

is
si

o
n

tP
ro

b
ab

ili
ty

Int.t Cylinder,tλ
1

=2

Ext.tCylinder,tλ
2

=4

MeantInt.
MeantExt.
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Fig. 5.4 Successful transmission probability in LoS communications, for nano-nodes located
in different cylindrical regions of a plant.

Concluding, the successful transmission probability is majorly affected by the leaf density
rather that the moisture content.

5.3.2.6 Instantaneous Throughput for Line of Sight Communications

We define the instantaneous throughput as the successfully transmitted data across the
nanonetwork per unit of time. This term can be defined as:

T hroughput(t) = tr(t).Psuccess(t)/t (5.16)

where t is the transmissions duration in second, tr(.) is the aggregated transmitted traffic by
nano-devices, and Psuccess(.) is the successful transmission probability as defined in equation
(4.3).

For throughput calculation, we consider the communications at the internal cylinder and
at the topmost part of the plant. The total transmission duration is set as 300 seconds. First,
we analyze the effect of the number of nano-devices on the achievable throughput. In this
scenario, we assume the moisture level in the area under study varies in the range of 1%-80%
and a leaf density in the range of 0–9[leaves/m]; while there are 5 micro-devices, and 20/100
nano-devices deployed. By implementing the Two-phase strategy, the achievable throughput
is shown in Fig. 5.6.

A comparison between two plots shows that increasing the number of nano-devices
increases the throughput. Such an observation can be due to the increased volume of the
traffic which is transmitted by a larger number of nodes. Alternatively, it can be the result of
an improved probability of success in transmissions, due to the deployment of more nodes.
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(b) Region 2 with 20% moisture content
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Fig. 5.5 Successful transmission probability in LoS communications, for nano-nodes located
in different moisture regions of a plant.
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Fig. 5.6 Throughput comparison for a nanonetwork of 5 micro-devices and various number
of nano-devices.
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Fig. 5.7 Throughput comparison for a nanonetwork of 50 nano-devices and various number
of micro-devices.
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Fig. 5.8 Achievable throughput for different number of micro-devices and a moisture content
of 30%.

We can also see that for all moisture levels, an increase in the leaf density can decrease
the throughput drastically, specifically for the leaf ratios in the range of 0 – 5 [leaves/m].
Furthermore, it can be observed that an increase in moisture level decreases the throughput,
however at a much slower pace compared to when the leaf density changes.

Next, we investigate the effect of the number of micro-devices on the achievable through-
put. Considering the same configuration as in the previous experiment, and by deploying 50
nano-devices and 2/10 micro-devices, the resulting throughput is shown in Fig.5.7. Once
again the significant degradation of the throughput as a function of the increased leaf density
can be observed in these plots. To infer the effect of the number of micro-devices on the
throughput more precisely, this parameter is compared in Fig.5.8 for both numbers of micro-
devices and a moisture content of 30%. It can be concluded that increasing the number of
micro-devices is slightly improving the throughput, due to the decreased average distance
between nano-devices and their sink nodes.

5.3.3 Plant Structure for Non-Line of Sight Communications

For simulations based on scenario 2, i.e., communications in a hybrid channel and for a
refined plant model, we consider a coffee plant. We assume that such a plant is a 1m single
stem with the radius of 0.01m and two classes of leaf lengths equal to 0.2m and 0.3m, and a
leaf angle equal to 60◦. The height of the plant can be divided into three equal regions with
different moisture levels. According to the provided refined plant model in §4.1.2, this plant
can be modeled as two concentric cylinders with the following related parameters: h=1m,
I=2, J=3, L1=0.2m, L2=3m and θ1=θ2=60◦. The total attenuation due to absorption and



5.3 Evaluation of the Dynamic Channel Allocation Algorithms 113

scattering of a fresh leaf are set based on the measured data in [52].
According to the radius of the stem, i.e., rs=0.01m, and by assuming the depth of a micro-
device as hm=0.01m, the field of view for micro-devices, ω , can be calculated based on
equation (4.13), as follows:

tan(
ϕ

2
) =

1√
(1+1)2 −12

= 0.57 −→ ϕ = arctan
(

2×0.57
1− (0.57)2

)
≈ π

3
(5.17)

Therefore,

ω = 2π −ϕ =
5π

3
= 300◦ (5.18)

It should be highlighted, as our simulations are coordinate based, the coordinates of the
nano-nodes and micro-devices and also the field of view for micro-devices can determine
whether the nano-nodes are capable to communicate with their sink nodes or not.

5.3.3.1 Probability of Successful Transmission in Non-Line of Sight Communications

We now study the probability of successful NLoS transmissions based on equation 4.11,
which was defined in chapter 4. We assume that the humidity regions of the plant contain
10%, 40% and 80% moisture, from the top to the bottom of plant. We also consider the
deployment of 4 micro-devices and 100 nano-devices, which are evenly distributed between
the horizontal and vertical structural regions of the plant. In such a model, the average number
of leaves in the internal and external cylinders are set as λ1 = 10 and λ2 = 15 [leaves/m],
respectively. For the channel allocation to nano-nodes, the Two-phase strategy is used as it
shows a more efficient performance compared with the rest of the proposed approaches.

We compare the performance of communications for the nano-nodes located in the
internal cylinder against those located in the external cylinder. In this regard, we consider
average leaf thickness values of 100µm and 200µm; and also path-loss threshold values of
110dB and 140dB. The probability of successful transmissions is presented in Fig. 5.9, based
on the mentioned simulation settings. The provided results are averaged over 10 second
periods. It is worth noting that, equation (4.11) is a function of time and it varies based on
the number of active nano-nodes and their channel conditions. We assume after depleting the
energy, it takes nano-devices a random time in the range of 50–60sec to be fully charged and
capable to communicate again. Therefore, at any given time, there will be only a subset of
active nano-nodes in the network.
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First, a comparison between all the presented plots shows a higher probability of success
in transmissions for the nano-devices located in the internal cylinder, due to a lower ratio
of leaves in this region. In addition, it can be observed that for a certain value of the leaf
thickness, increasing the path-loss threshold results in a greater increase in the successful
transmission probability of the nano-nodes located in the external cylinder, compared with
those which are located in the internal cylinder. This observation is due to a shorter distance
between nano-nodes located in the internal cylinder and their sink nodes, as well as the lower
ratio of the leaves in the internal cylinder.
Following the same reason, for a given path-loss threshold, increasing the average leaf
thickness affects communications in the external cylinder more considerably compared to
the communications of nano-nodes located in the internal cylinder.
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(a) Leaf thickness= 100µm,
Path-loss threshold = 110dB
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(b) Leaf thickness= 200µm,
Path-loss threshold = 110dB
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(c) Leaf thickness= 100µm,
Path-loss threshold = 140dB
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(d) Leaf thickness= 200µm,
Path-loss threshold = 140dB

Fig. 5.9 Successful transmission probability in NLoS communications, for nano-nodes
located in different cylindrical regions of a plant.



5.4 Summary and Conclusions 116

5.4 Summary and Conclusions

In this chapter, we proposed several frequency allocation strategies for a hierarchical nanonet-
work deployed within a plant environment. These strategies, which are accompanied by a
basic sink node assignment algorithm, seek to decrease the attenuation and noise effects in
the channel, through locating the clearest transmission frequencies.
In order to evaluate the performance of the proposed approaches, we used our previously
introduced framework. This framework can be modified to analyze the performance under a
variety of transmission scenarios, including different plant types as well as LoS and NLoS
communications.

Our analysis highlights the following conclusions. Firstly, our proposed strategies can
approximate the results of the exhaustive search of the desired channel to define the most
appropriate frequencies. Secondly, these strategies improve the performance of the nano-
communications in several contexts, as opposed to transmission at random frequencies.
Among all the introduced approaches, the Two-phase strategy, which is based on the pre-
stored data, has the most efficient performance regarding the spectrum usage and energy
consumption. Thirdly, leaf density has a greater impact on degrading the performance of
LoS transmissions, compared to the effect of moisture ratio. This conclusion is based on the
increased probability of signal loss due to the increased probability of obstruction in LoS
communications. It is also shown that increasing the number of nano-devices improves the
network throughput considerably, as the number of observations is increased, offsetting the
probability of obstruction in LoS transmissions. On the other hand, increasing the number of
micro-devices leads to only a marginal improvement of the performance, which is due to
a decrease in the average distances between transmitters and their sink nodes. Finally, the
drastic effect of the path-loss threshold on the probability of success in NLoS transmissions
was studied. The obtained results show that the desired performance can be achieved through
the efficient selection of the path-loss threshold value based on the plant attributes.



Chapter 6

Conclusions and Future Work

In this thesis, we aimed to contribute to the area of THz nanonetworking through the
definition and evaluation of our research hypothesis. This hypothesis states that a cross-layer
communications framework, which includes frequency allocation strategies combined with
medium-specific path-loss models will be viable for nanonetwork communications in a
vegetation environment. In the following, we discuss how the structure of this document
addresses such a hypothesis.

In chapter 3, we introduced path-loss models for THz communications in vegetation
environments, which can accommodate different types of plants. We also reviewed a THz
channel capacity model to evaluate the achievable data rates in nano-communications. The
proposed path-loss models are basic as they only account for the attenuative effects of air
and plant leaves on THz radiation. However, as the current literature does not contain any
similar work in this area, these models can be considered as base lines for an analysis on the
THz propagation in such scenarios.

We studied the total encountered path-loss under different assumptions of the transmission
channel, with respect to its composition and also leaves attributes. The provided results
demonstrated that air constituents, especially moisture, create attenuation peaks across the
entire THz band. These peaks divide the spectrum into narrower transmission windows,
where their widths are a function of the frequency, distance and also the relative humidity.
On the other hand leaves loss behavior is linear and it has a much higher degree compared to
air.

It can be concluded that the magnitude of signal loss in such hybrid channels depends on
the specific composition of the medium and also attributes of leaves. The resulting loss can
in turn greatly reduce the effective transmission distance and channel capacity. Therefore,
in order to make THz nano-communications resilient to loss, the transmission windows
need to be located based on the specific channel conditions. Then, in order to improve the
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performance of nanonetworks, advanced communication protocols need to be developed for
the allocation of those clear channels to nano-nodes.

In chapter 4, we introduced a framework for the evaluation of nano-communications
performance in the proximity of plants. As the research on this topic is still at an early
stage, it is not feasible to deploy nanonetworks in actual plant environments and perform
real performance measurements. In this regard, our proposed framework includes primitive
models of a plant, which can be considered as the host environment for a monitoring
nanonetwork. The proposed models can be modified based on plant characteristics to
take different species into account. In addition, this framework includes definitions for
performance evaluations in terms of probability of success in transmissions. The proposed
benchmarks are specified for LoS and NLoS nano-communications. The probability model
for LoS transmissions is basic as it assumes that THz radiation cannot pass through leaves.
Hence, the signal loss is mainly considered due to the obstruction caused by leaves and
also the limited THz channel capacity to relay the generated traffic. However, in a real
transmission scenario, THz waves can pass through leaves, where the proportion of the
transmitted signal depends on the properties of leaves. Therefore, the probability model for
NLoS transmissions was introduced to take such an issue into account.

In the rest of the chapter, first, we approximated the total path-loss by considering ex-
treme transmission conditions for vegetation monitoring nanonetworks, i.e., transmission in
the vicinity of a sparse/dense plant and in a medium with low/high humidity ratios. Once
again, we observed the great effect of moisture, leaves and distance on the level of signal
degradation.
Then, by focusing on a subset of transmission frequencies and distances and also the best/-
worst channel conditions, we defined boundaries for the path-loss threshold. Those bound-
aries, which are defined as a function of the vegetation attributes, can specify the maximum
acceptable path-loss threshold for proper reception of a signal. As the path-loss threshold
definition can be modified based on the specific transmission condition, it can provide guide-
lines for transceiver design purposes.
In the later discussion, we analyzed the effect of the channel attributes and the path-loss
threshold on the maximum number of leaves that can obstruct the transmission path. There it
was shown that for lower moisture ratios, the maximum number of leaves linearly decreases
with an increase of distance/frequency. However, for a high level of moisture content, such a
parameter had a non-linear behavior across the frequency band, i.e., rapid increase/decrease
at various frequencies; which is due to the high absorption peaks at specific frequencies.
Finally, based on such an analysis, we studied the loss probability for single radio links.
It is worth to note, that our introduced performance benchmarks, approximate the overall



6.1 Future Work 119

probability of success in transmissions as a product of the loss probability for single radio
links. It was shown that the efficient selection of the path-loss threshold can reduce the
probability of loss and consequently improve the achievable transmission distance.

In chapter 5, we defined several frequency allocation strategies, which are combined with
an initial sink node selection algorithm, for hierarchical nanonetworks. These approaches
rely on physical channel models, introduced in chapter 3, for the most efficient channel
assignment to the network components. In fact, such mechanisms are implemented in order
to optimize several performance metrics, including the aggregated channel capacity, total
consumed energy in the frequency tuning process and distribution of nano-devices between
sink nodes. As there are several parameters to be optimized, we used a multi-objective GA to
find the best communication settings for nano-nodes, given specific transmission conditions,
e.g., distance, medium composition and so on. In addition, we deployed swarming techniques
to control the spread of the allocated frequencies across the THz channel.

We demonstrated that the proposed approaches can approximate the results of exhaustive
search, by locating the global optimal frequencies. In addition, it was shown that they
outperform a random frequency/sink node assignment approach, in order to optimize the
channel capacity and power consumption. However, in terms of the fair distribution of
nano-nodes among sink nodes, their performance is almost similar to a random approach.
Among all the proposed strategies, those which allow the frequency duplication, result in a
more efficient use of the spectrum.

Then, based on the proposed communications framework in chapter 4 and also deploying
the most efficient channel assignment approach, we analyzed the performance of LoS and
NLoS nano-communications in a vegetation environment. There we observed the significant
effect of plant leaves and moisture on reducing the probability of successful transmissions,
especially for LoS communications. It was concluded that a higher performance can be
achieved through deploying a larger number of nano- or micro-devices in the network as well
as an efficient selection of the path-loss threshold value.

6.1 Future Work

In this section, we address some of the potential future work that can emerge as the continua-
tion of this research project. In this regard, we consider short term and long term research
goals. By focusing on the physical channel specifications, our short term research plans
center around more refined THz channel models for communication through vegetation.
However, in the long term plans, we will consider the higher layer communication protocols
for nanonetworks, given their communication constraints.
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6.1.1 Short Term Plans

The initial THz path-loss models presented in chapter 3, can be used for an estimation
of the total loss due the presence of air and also plant leaves along the transmission path.
These models consider the introduced absorption by the air and leaves, and also the surface
roughness scattering of leaves as the main sources of the THz signal loss.

Despite the proposed path-loss models are based on measured data available in the
literature, for individual leaves and leaf types, we wish to validate them through comparison
with some real measurements involving links operating in the vicinity of a variety of plants.
The measurements can be carried out by deploying the introduced THz-TDS system in
Chapter 3. Such an approach is based on the radiation of a broadband THz pulse through a
leaf or several leaves and then comparing the magnitude and the phase of the received signal
with the free-space transmissions [37].

In addition to the above mentioned points, in a realistic wireless communication scenario,
there are other factors which can contribute to the total loss, such as reflections from surfaces.
For nano-communications in the vicinity of plants, one avenue of research that needs to be
explored is the effect of reflections on the total received signal power, for single leaf and
multiple leaves transmission scenarios.

For example, it is known that once a propagating wave encounters a slab, a proportion of
the signal can pass through the slab, while the rest is reflected back [14, 88]. In this case, the
transmitted signal can get trapped inside the slab and undergo a series of forward/backward
reflections (Fig. 6.1a). The ratio of the transmitted/reflected signal depends on several
parameters, including the electrical properties of the slab and its thickness and also the
transmission frequency. For a transmission path which is composed of several slabs, this
behavior can be observed within the individual slabs as well as among the consecutive
layers (Fig. 6.1b). Such phenomenons can have constructive/destructive effects, so they can
influence the total signal level at the receiver.

As stated, the proposed models can approximate the signal loss due to the absorption
by plant leaves. This issue can affect the validity of these models for THz communications
through plant foliage. Therefore, another refinement to the proposed models is the investi-
gation of the encountered loss due to other parts of the vegetation, e.g., fruits, stalks, stems
and so on. The provision of loss models for various parts of plants can lead to generic loss
models, which can predict the total signal degradation level in a plant canopy, given its
general properties.
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(a)

(b)

Fig. 6.1 The resulting reflections for transmission through a single slab (a); and multiple
slabs (b) [112].
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6.1.2 Long Term Plans

Similar to traditional WSNs, nanonetwork communications will deal with different challenges
regarding rough environmental conditions, in which they will be deployed in. The vegetation
monitoring nanonetworks will be exposed to a variety of harsh natural factors, including
heavy rain, hail or snowfall, sandstorms and so forth, which can cause nano-nodes to be
blown/washed away [12]. They can also be physically destroyed or relocated by animals. In
addition, nano-nodes can fail due to hardware/software malfunctioning. All these points can
cause a high degree of disconnectivity for nanonetworks, which in turn can degrade different
aspects of the performance, e.g., the accuracy of observations.

Therefore, developing fault-tolerant and environmental-aware communication protocols
can tackle those challenges. Such protocols can be proposed in a cross-layer fashion, while
satisfying various strategies at different layers of the network. For example, they can include
topology reformation mechanisms for communications in an environment with rapid climate
changes. At a more advanced level, such protocols can also determine specifications for
the number of the deployed nano-devices and also their refreshment rate based on several
criteria, such as nodes failure rate, geographical and climate conditions or the desired level
of observations. Further research around the above mentioned points is considered as our
future and long term objective.
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Appendix A

Among the existing approaches, we deploy a GA as on optimization solution in this thesis.
In the following, we describe more details about this technique and its implementation in
our work. Such a description includes the main principals of the algorithm and also its most
fundamental operators and functions.

A.1 Genetic Algorithm

GA refers to a class of adaptive and heuristic search techniques, which resemble the natural
biological evolution. The main idea of this approach is to find the most optimized solutions
of a certain problem, based on the principle of survival of the fittest generation [24].
Next, we review the principle and components of such a technique.

A.1.1 Principle

The main principle of a GA, is to map the solution space of a given problem into natural
individual entities, i.e., chromosomes. Therefore, the population of potential solutions can
be mapped into a population of chromosomes. In this mapping, each solution, which can
be composed of a single or multiple decision variables, will be presented as genes in the
structure of individual chromosomes.
Then, in a population of chromosomes, the fitness of individuals can be evaluated based
on the definition of single or multiple objectives in the problem domain. The most fitted
individuals of a population will be selected as the parents to reproduce the next generation,
through biological mechanisms, i.e., crossovers and mutations. In such a way, highly fitted
individuals relative to the whole population have a high probability of being selected for
mating; whereas those which are less fit will have a lower chance to be selected.
After the mating process of parents, performance of the resulting offspring to satisfy the
objectives will be evaluated. Then, a subset of the most efficient individuals will be reinserted
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to the primary population. The reinsertion of the offspring to their parents population is based
on the replacement of less efficient parents with their more efficient offspring. Therefore, the
new generation is supposed to be better suited to the environment, in the context of solving
the problem, compared to their primary parents generation.
The selection of the most fitted individuals and reproduction of the new generations, as well
as the evaluation and reinsertion of the resulting offspring will continue iteratively up to the
stage that certain criteria are satisfied, e.g. for a certain number of generations, or when a
particular point in the search space is encountered.
There are certain terminologies and operators employed in the GA, such as individuals,
population, objective and fitness functions, crossover and mutation and also reinsertion,
which are discussed next.

A.1.2 Individuals and Population

The combination of decision variables of a problem form an individual, or a chromosome,
which is the main entity for the GA operations. In such a structure, each decision variable
acts as a gene or the most basic component of a chromosome. One of the most common
formats to present an individual is the integer presentation, where the genes of a chromosome
are represented by integer values. A number of individuals, or the potential solutions of a
problem, form a GA population. The individuals of a population can be initialized by using a
uniformly distributed random number generator. For such a purpose a maximum number of
individuals can be generated, with their genes being random values selected in a predefined
range. An individual can be presented based on the following format:

Chr =
[
g1 . . .gi

]
f or i = 1,2, · · ·Nvar (A.1)

where gi is an integer value representing the ith decision variable/gene of a potential solu-
tion/chromosome and Nvar is the chromosome length or the number of genes in an individual.
In a similar approach a population can be defined as:

Pop =

Chr1
...

Chr j

 f or j = 1,2, · · ·Nind (A.2)

where Chr j is the chromosome structure defined in equation (A.1) and Nind is the maximum
number of individuals of the population.
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A.1.3 Objective Function

The objective function in a GA determines the performance of individuals of a popula-
tion in the problem domain. Such a function can be implemented in a single-objective or
multi-objective fashion. The purpose of an objective function with a single objective is
minimizing/maximizing a single value, e. g, minimizing the power consumption of wireless
nodes across a network. Whereas, the purpose of a multi-objective function is to optimize
several parameters, which can be considered as maximization of a set of values and minimiza-
tion of the rest. It should be noted, that a multi-objective function can represent conflicting
goals. For example, defining an objective as maximizing the duty cycles of wireless nodes
in a network can disturb the energy consumption minimization as another objective. One
of the most common implementations of a GA with several objectives is the weighted-sum
multi-objective GA [71], in which the final objective function is constructed based on a
weighted sum of the several objective functions. Therefore, the final objective function can
be presented as:

Ob j f =W1.Ob j1 + · · ·+Wt .Ob jt f or t = 1,2, · · ·Nob j (A.3)

where Ob jt is a single normalized objective function with its relevant weight as Wt , and Nob j

represents the total objectives that need to be satisfied.

A.1.4 Fitness Function

The relative performance of an individual within a population can be evaluated according a
fitness function. In fact, the fitness function transforms the value of the objective function
into a non-negative scalar value in an arbitrary range, e.g., [0, Fval], which represents the
relative fitness of individuals. In an optimization problem, the most fitted individuals are
assigned values closer to Fval; whereas, the least fitted solutions are assigned values closer to
0. The resulting fitness values are the basis for selecting an individual for the reproduction
process of the next generations.

A.1.5 Operators

In the following, the main GA operators which contribute to the creation of generations are
discussed:

1. Selection: This is the operation in which a certain number of individuals are selected
based on their relative fitness, for mating purposes, or for reinsertion into the cur-
rent population and formation of the next generations. Among different selection
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approaches, stochastic universal sampling is a common technique, where the samples
are chosen by deploying a set of selection pointers. In this approach, the sum of
the raw fitness values of all the individuals is defined by a real-value as Sum, and
individuals are mapped one-to-one into continuous intervals in the range of [0, Sum].
Then, Sind pointers which are equally spaced will be used to select the samples, where
Sind denotes the number of the required individuals. In this regard, the population
is shuffled and a number in the range of [0 Sum/Sind] is randomly chosen, which
represents the location of the first selection pointer. Finally, the required samples are
chosen by generating Sind equally spaced pointers, and selecting the individuals whose
fitness span the positions of the pointers. The number of individuals to be selected
from an initial population is determined according to the population size, Nind , and also
the generation gap, Ggap, as: Sind = Ggap.Nind . In fact, the generation gap specifies the
fraction of the population that need to be regenerated.

2. Crossover (Recombination): Crossover or recombination refers to the process in which
the selected individuals are combined to produce a subset of offspring. Through such a
process, which resembles the natural mating of chromosomes, the resulting individuals
inherit some of their parents biological characteristics. In the most basic type of
crossover, a random point along chromosomes is selected, then, all genes located
after the selected point will be swapped between chromosomes. An extension to this
algorithm is known as the uniform crossover, where a crossover mask is applied to the
parent chromosomes to determine their contribution in the mating process. In fact, the
crossover mask is a matrix with the same length as the parents, where each entry is
a random parity value that acts as a mask to define the donating parent and genes to
reproduce an offspring.

3. Mutation: The mutation operand alters the elements of the chromosome structure with
a very low probability, Pmut . This process guarantees that a diverse range of variables
from the search space are selected; hence, it avoids the convergence of individuals to
a local optimum. There exists a variety of mutation operands based on the encoding
type of individuals. Among all, uniform mutation is one of the most common mutation
operators which replaces the selected gene with a random value taken from a predefined
range. This type of mutation is applicable to integer value individuals.

4. Reinsertion: Following the crossover and mutation operations, the generated offspring
should be reinserted into the initial parent population. One of the widely used rein-
sertion categories are generational algorithms, where all or a ratio of the generated
individuals will be inserted into the old population to form the next generation. The
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replacement process can be accomplished based on the fitness of the offspring and a
replacement/deletion strategy. One of the most well-known replacement strategies is
replacement with the worst individuals, in which the least fit parents will be replaced
with their most fit offspring. To guarantee the propagation of the most efficient individ-
uals to the next generations, an elitism mechanism can be employed. Such a technique
retains a ratio of the best solutions from any generation, Erate, to be carried across
the new population, in order to allow them to sustain. The elitism mechanism can
significantly improve the convergence time and computational cost of GA.

A.1.6 Termination

As GA-based techniques are stochastic, they do not provide a single solution, but rather a
class of best fitted alternatives. For the definition of such solutions, the algorithm needs
to terminate upon satisfying certain conditions. Termination of the algorithm based on the
generation number is one of the most common techniques in GA, where the algorithm runs
for a certain number of generations defined by the user. Another alternative to terminate a
GA is the convergence of the population based on a predefined threshold.
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