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ABSTRACT

Nanoscale communication between nanodevices is a novel and interdisciplinary concept
including nanotechnology, biotechnology and communication technology. The construction
of nanonetworks by interconnecting nanodevices expands the capabilities of single nanode-
vices by means of cooperation between them. In this thesis, we first investigate the nanoscale
molecular communication channel between cardiomyocytes, i.e., Gap Junction (GJ) com-
munication channel, from an information theoretical perspective. In addition, we use the
GJ communication model to establish relations between cardiac diseases and GJ commu-
nication parameters for diagnosis and treatment of cardiac diseases, which is promising
for future nanomedicine and bio-inspired nanoscale communication applications. Next, we
present several receiver designs for diffusion-based molecular communication which is very
prone to intersymbol interference (ISI) due to residual molecules emitted previously. Fur-
thermore, the stochastic nature of the molecule movements adds a signal dependent noise
to the diffusion-based molecular communication. We introduce optimal sequence detection
and channel equalization methods to mitigate ISI and signal dependent noise, which arise in
the diffusion-based molecular communication. Afterwards, we introduce a novel nanoscale
wireless communication technique: Wireless Nanoscale Magneto-Inductive (WNMI) com-
munication in which the magnetic coupling between nanocoils is used to form a wireless
communication channel. Then, we investigate the WNMI communication channel to re-
veal its communication capabilities using information theory. The numerical results reveal
that the WNMI communication stands as a promising solution to nanoscale communication
between nanodevices. Finally, we present another novel and radically different nanoscale
communication method: Nanoscale Heat Communication (NHC) in which the heat transfer
via diffusion of the thermal energy is used for communication at the nanoscale. In addition,

we present an information theoretical analysis of the NHC channel to find its capacity.
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OZETCE

Nano-aygitlar arasindaki nano-6lgekli iletisim oldukga yenilik¢i ve nanoteknoloji, biy-
oteknoloji ve iletisim teknolojisini gerektiren disiplinler arasi bir aragtirma alanidir. Nano-
aygitlarin birbirlerine haberlesme kanallariyla baglanmasiyla olusturulan nano-aglar, nano-
aygitlarin birlikte caligmasini saglayarak yeteneklerini artirir. Bu tezde ilk olarak kalp
kasi hiicreleri arasindaki molekiiler haberlesme kanali, diger adiyla oluklu baglant: (GJ)
haberlesme kanali, bilgi kuramsal olarak incelenip modellenmistir. Bu model, kalp hastaliklar:
ve GJ haberlesme kanali parametreleri arasinda bir iligki kurabilmek icin kullanilmigtir. Bu
sayede kalp hastaliklarinin teshis ve tedavisi icin bilgi ve haberlesme teknolojilerinden fay-
dalanmanin yolu agilmigtir. Sonrasinda difiizyona dayali molekiiler haberlesmede goriilen
isarete bagh gliriiltii ve semboller arasi girigim ile bag edebilmek icin cgesitli alici tasarimlari
yapilmigtir. Bu tasarimlar arasinda optimum dizi tespiti ve kanal egitleme yontemleri bu-
lunmaktadir. Daha sonra, yeni bir nano-6lcekli haberlesme yontemi olan ve nano-bobinler
arasindaki manyetik baglantiya dayanan kablosuz nano-6l¢ekli magneto-endiiktif (WNMI)
haberlegsme modeli sunulmugtur. WNMI haberlesme kanalinin kapasitesi bilgi kuramsal
olarak analiz edilip bulunmustur. Sayisal analizler WNMI haberlesme yonteminin nano-
0lcekli kablosuz haberlesme icin umut verici bir teknik oldugunu gostermektedir. Son olarak
bir bagka yeni bir nano-6lgekli haberlesme yontemi olan nano-6lgekli 1s1 ile haberlesme
(NHC) modeli tanitilmigtir. NHC haberlesme tekniginde bilgi alig verigi 1simin termal
difiizyonla yayilmasi prensibine dayanmaktadir. Ayrica NHC haberlesme kanalimin kap-

asitesi bilgi kurami kullanilarak bulunmustur.
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Chapter 1: Introduction 1

Chapter 1

INTRODUCTION

Recent advances in the nanotechnology field have enabled the realization of intelligent
nanoscale devices, i.e., nanodevices (e.g., artificial devices or engineered organisms), in-
spired from the characteristics of molecular structures and biological cells. Nanodevices are
fullfeatured devices which are able to independently perform complex tasks ranging from
computing and data storing to sensing and actuation. However, their limited memory and
processing capabilities point out the requirement for establishment of nanonetworks, i.e.,
a number of nanomachines connected using nanoscale communication to jointly execute
application-specific tasks. The nanoscale communication between nanodevices is a novel
and interdisciplinary concept including nanotechnology, biotechnology and communication
technology [1]. The construction of nanonetworks by interconnecting nanodevices expands
the capabilities of single nanodevices by means of cooperation between them [2, 3]. In
the literature, there are several proposed techniques for the realization of the nanoscale
communication namely electromagnetic, acoustic or molecular communication [4, 5].

In this thesis, we first investigate the nanoscale molecular communication channel be-
tween cardiomyocytes, i.e., Gap Junction (GJ) communication channel, from an informa-
tion theoretical perspective. Next, we present several receiver designs for diffusion-based
molecular communication to mitigate intersymbol interference and signal dependent noise.
Afterwards, we introduce a novel nanoscale wireless communication technique: Wireless
Nanoscale Magneto-Inductive (WNMI) communication in which the magnetic coupling be-
tween nanocoils is used to form a wireless communication channel. Then we investigate the
WNMI communication channel to reveal its communication capabilities using information

theory. Finally, we present another novel and radically different nanoscale communication
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method: Nanoscale Heat Communication (NHC) in which the heat transfer via diffusion of
the thermal energy is used for communication at the nanoscale. In addition, we present an

information theoretical analysis for the NHC channel to find its capacity.

1.1 Nanoscale Molecular Communication

Molecular communication (MC) is a promising paradigm for communication at nanoscale
[1, 4] and it is inspired by the communication of the biological systems at cellular level [6].
In the MC, molecules are utilized to encode, transmit, and receive information. It is be-
lieved that the integration process of the molecular transceivers in nanodevices is more
feasible due to their size and natural domain unlike the classical communication techniques
[8]. Several nature-inspired and theoretically modeled MC techniques exist in the literature.
For example, in [6], based on the diffusion of pheromones, spores, and pollen, a long range
interconnection of nanodevices deployed over distances from a few centimeters to several
meters is discussed. On the other hand, short range MC technique between cardiomyocytes
is constructed by Gap Junction (GJ) channels and it is called GJ communication[17]. The
GJ communication is a promising solution to the communication of nanodevices. For ex-
ample, both MC system inspired by cell to cell communications through GJs [19] and MC
based on intercellular calcium signaling [20] require utilization of the GJ communication
channels for the communication in the nanoscale. However, these studies do not propose
a solution for the problem of modeling and analyzing the GJ communication channel from
the information theoretical perspective.

The research on the information theoretical investigation of the MC has been heavily
conducted in the literature [11], [52], [16], [53]. However, to the date, there is little effort
addressing the design of a receiver nanodevice which detects the transmitted information
from the received molecular concentration signal. For the MC, the information is encoded
in the concentration of the emitted molecules with on-off keying (OOK) modulation in
[7], [15], [14]. An emitted concentration pulse changes the molecule concentration at the
receiver location. Because of the diffusion of the emitted molecules from regions of high

concentration to those of low concentration, the molecule concentration at the receiver
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location decreases if the molecule emission ceases. However, the emitted molecules do not
vanish completely in the reception space. Therefore, a low signaling interval, i.e., a high
transmission rate, causes intersymbol interference (ISI) in the MC. If the transmitter waits
long enough to send a new concentration pulse, the effect of the ISI can be eliminated; then,
the information transmission rate becomes very low. Nevertheless, having high transmission

rates is desirable to improve communication capabilities of nanodevices.

1.2 Nanoscale Magneto-Inductive Communication

Several techniques in the literature are presented for the realization of the nanoscale com-
munication namely electromagnetic, acoustic, or molecular communication [4], [5]. However,
for the first time in the literature, we introduce a novel nanoscale wireless communication
technique: Wireless Nanoscale Magneto-Inductive (WNMI) communication in which the
magnetic coupling between nanocoils is used to form a wireless communication channel.
Using Electro-Magnetic (EM) waves for wireless communication at nanoscale has several
disadvantages which are high absorption losses due to molecular absorption and frequency
selective characteristics of the channel [61]. The molecular absorption loss is caused by the
process by which part of the transmitted EM wave is converted into internal kinetic energy
of some of the molecules in the communication medium [62]. In addition, since different
molecule types have different resonant frequencies and the absorption at each resonance
spreads over a range of frequencies, the nanoscale wireless EM communication channel is
very frequency-selective [61].

The WNMI communication stands as a promising alternative method for nanoscale wire-
less communication because it solves the problems associated with the nanoscale wireless EM
communication. First, since EM waves are not used, the WNMI communication mitigates
the high absorption losses caused by molecular absorption. Second, in the WNMI commu-
nication, the channel conditions depend on the magnetic permeability of the medium [66];
thus, having a communication medium with uniform permeability enables constant channel
conditions for the WNMI communication. A uniform channel can be created in a variety of

media such as air, water, blood, and tissue liquid due to almost the same permeability. In
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spite of its advantages, the point-to-point WNMI communication is a short-range nanoscale
communication since the strength of the magnetic field falls off much faster than that of EM
waves [63, 65]. That is, whereas the molecular absorption in the WNMI communication is
much less than that in the EM waves, the path loss of the WNMI communication may be
higher than the EM communication. Nevertheless, the path loss in the WNMI communica-
tion can be greatly reduced and the communication range can be significantly increased by
forming a waveguide structure with passive relay nanonodes similar to waveguides employed

in Magneto-Inductive (MI) communication [64, 66].

1.3 Nanoscale Heat Communication

Although recently, Molecular Communication (MC) is considered as a promising solu-
tion for the communication of nanodevices [7, 17], there are several disadvantages of MC.
For example, the limitation in the molecule storage of a nanodevice restricts the lifetime of
a nanonetwork and makes the MC impractical. On the other hand, refilling the molecule
storage of a nanodevice is very challenging. Furthermore, in the MC, the emission of the
signal molecules in the communication medium may result in undesired accumulation of
these molecules. For the first time in the literature, we introduce a novel and radically dif-
ferent nanoscale communication concept: Nanoscale Heat Communication (NHC) in which
the heat transfer is used for communication at the nanoscale. The NHC is based on the
diffusion of the thermal energy. That is, the temperature of the transmitter nanodevice
is modulated according to the transmitted information. The thermal energy emitted due
to an increase in the temperature of the transmitter or absorbed due to a decrease in the
temperature of the transmitter changes the temperature at the receiver location due to the
laws of thermal diffusion. Then, the temperature variation at the receiver location is sensed
by the receiver nanodevice using a thermal nanosensor.

The temperature modulation of the transmitter nanodevice is achieved by using the
MagnetoCaloric Effect (MCE) which is a well-known phenomenon defined as the change
in temperature of magnetic materials exposed to a varying magnetic field [82]. We use

the MCE in the NHC because it can be successfully implemented for temperature modu-
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lation at nanoscale. By utilizing a nanosolenoid to create a magnetic field and a magnetic
nanoparticle, the transmitter nanodevice can modulate the temperature of the nanoparticle
to transmit the desired information. Recently, the production and utilization of carbon
nanosolenoids have been successfully realized using carbon nanotubes (CNTs) [83, 84, 85].
In addition, the theoretical analyses of the CNT bundle-based inductors are presented in
[86, 87]. CNTs bundle-based inductors have been proposed as a possible replacement for

copper inductors due to their high conductivity and current carrying capabilities [88, 89].

1.4 Research Objectives and Solutions

The objectives of our research and the solution approaches are explained in this section.

1.4.1 Nanoscale Molecular Gap Junction Communication Channel

Molecular communication (MC) is a promising paradigm to communicate at nanoscale
and it is inspired by nature. One of the MC methods in nature is the Gap Junction (GJ)
communication between cardiomyocytes. The GJ communication is achieved by diffusion of
ions through GJ channels between the cells. The transmission of the information is realized
by means of the propagation of the Action Potential (AP) signal. Both the probability of the
AP propagation failure and the probability of the spontaneous AP initiation are obtained.
For the first time in the literature, the GJ communication channel is modeled and analyzed
from the information theoretical perspective to find the communication channel capacity.
A closed-form expression is derived for the capacity of the GJ communication channel.
The channel capacity, propagation delay and information transmission rate are analyzed
numerically for a three-cell network. The results of the numerical analyses point out a
correlation between an increase in the incidence of several cardiac diseases and a decrease
in the channel capacity, an increase in the propagation delay, and either an increase or a
decrease in the transmission rate. The method that we use and results that are presented
may help in the investigation, diagnosis and treatment of cardiac diseases as well as help in

the design of nanodevices communicating via GJ channels.
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1.4.2 Receiver Design for Molecular Communication

In the Molecular Communication (MC), molecules are utilized to encode, transmit, and
receive information. Transmission of the information is achieved by means of diffusion of
molecules and the information is recovered based on the molecule concentration variations at
the receiver location. The MC is very prone to intersymbol interference (ISI) due to residual
molecules emitted previously. Furthermore, the stochastic nature of the molecule movements
adds noise to the MC. For the first time, we propose four methods for a receiver in the MC to
recover the transmitted information distorted by both ISI and noise. We introduce sequence
detection methods based on maximum a posteriori (MAP) and maximum likelihood (ML)
criterions, both a linear equalizer and a nonlinear decision-feedback equalizer based on
minimum mean-square error (MMSE) criterion. We present a channel estimator to estimate
time varying MC channel at the receiver. The performances of the proposed methods
based on bit error rates are evaluated. The sequence detection methods reveal the best
performance at the expense of computational complexity. However, the MMSE equalizer
has the lowest performance with the lowest computational complexity. The results show

that using these methods significantly increases the information transmission rate in the

MC.

1.4.3 Nanoscale Magneto-Inductive Communication Channel

Nanonetworks constructed by interconnecting nanodevices using wireless communica-
tion allow nanodevices to perform more complex functions by means of cooperation between
them. For the first time in the literature, we introduce a novel nanoscale wireless communi-
cation technique: Wireless Nanoscale Magneto-Inductive (WNMI) communication in which
the magnetic coupling between nanocoils is used to establish a communication channel. The
nanocoils considered in this thesis are formed by Carbon NanoTube (CNT) bundles. The
WNMI communication solves high molecular absorption and frequency selective channel
characteristics problems, which are encountered in nanoscale wireless electromagnetic com-

munication, by introducing low absorption losses and flat channel characteristics. We begin
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with a presentation of the physical model of the point-to-point WNMI communication.
Then, we introduce the waveguide technique for the WNMI communication. We derive
path loss expressions for both of these methods. Afterwards, we present an information
theoretical analysis for both the point-to-point and waveguide-based WNMI communica-
tion techniques to find their channel capacities. The performance analyses show that using
waveguide technique in the WNMI communication significantly increases both the channel
capacity and feasible communication range by greatly reducing the path loss. Based on
the performance evaluations, the WNMI communication stands as a promising solution to

nanoscale communication between nanodevices.

1.4.4 Nanoscale Heat Communication Channel

Nanodevices can perform more complex functions in nanonetworks constructed by in-
terconnecting nanodevices using wireless communication by allowing cooperation between
nanodevices. For the first time in the literature, we introduce a novel and physically realiz-
able nanoscale communication technique: Nanoscale Heat Communication (NHC) in which
the heat transfer is used for communication at the nanoscale. The transmitted informa-
tion is encoded in temperature signals using the MagnetoCaloric Effect (MCE) which is the
change in temperature of a magnetic material exposed to a varying magnetic field. Thermal
energy emitted or absorbed by a transmitter nanodevice is subject to the laws of thermal
diffusion which changes the temperature of the communication medium. The transmitted
information is decoded by a receiver nanodevice that senses the temperature variations. We
derive an analytical expression for signal-to-noise ratio (SNR) in the NHC. Using the infor-
mation theoretical analysis, we obtain the closed-form expression for the channel capacity.
According to the performance evaluation of the channel capacity, the NHC provides a signifi-
cantly higher capacity communication compared with the existing nanoscale communication
techniques. Therefore, the NHC stands as a promising solution to nanoscale communication
between nanomachines based on its channel capacity performance, advantages, and possible

applications for emerging nanonetworks.
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1.5 Thesis Outline

This thesis is organized as follows. Chapter 2 presents the physical model of the Gap
Junction (GJ) communication. Next, an information theoretical model of the GJ commu-
nication channel is introduced. At the end of this chapter, we discuss relations between
cardiac diseases and the GJ communication channel parameters. In Chapter 3, we describe
the physical model of the diffusion-based Molecular Communication (MC). Then, the se-
quence detection methods for MC based on maximum a posteriori (MAP) and maximum
likelihood (ML) criterions are presented. In addition, a linear and a nonlinear type of
equalizers for molecular diffusion channel are presented. The performance of these methods
based on bit error rates are evaluated at the end of this chapter. In Chapter 4, we first
present the physical models of the point-to-point and waveguide-based Wireless Nanoscale
Magneto-Inductive (WNMI) communication methods and underline the governing physical
laws and mathematical formulations. Next, we present an information theoretical analysis
for both the WNMI communication methods. We conclude this chapter by discussing the
performance of the WNMI communication methods based on the numerical analyses of the
path loss and channel capacity. In Chapter 5, we explain the basic concepts of magne-
tocaloric effect (MCE) and underline the governing physical laws. Then, we describe the
physical model of the Nanoscale Heat Communication (NHC) and explain how each of the
components in the communication model works. Furthermore, we perform an information
theoretical analysis of the NHC to determine the closed-form expression for the channel ca-
pacity and the signal-to-noise ratio (SNR). We conclude this chapter by presenting numerical
analyses of both the channel capacity and the SNR for the NHC channel. In Chapter 6, we
conclude the thesis discussing the important research results together with the discussion

of future issues.
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Chapter 2

NANOSCALE MOLECULAR GAP JUNCTION COMMUNICATION
CHANNEL

Molecular communication (MC) is a promising paradigm to communicate at nanoscale
and it is inspired by nature. One of the MC methods in nature is the Gap Junction (GJ)
communication between cardiomyocytes. The GJ communication is achieved by diffusion of
ions through GJ channels between the cells. The transmission of the information is realized
by means of the propagation of the Action Potential (AP) signal. Both the probability of the
AP propagation failure and the probability of the spontaneous AP initiation are obtained.
For the first time in the literature, the GJ communication channel is modeled and analyzed
from the information theoretical perspective to find the communication channel capacity.
A closed-form expression is derived for the capacity of the GJ communication channel.
The channel capacity, propagation delay and information transmission rate are analyzed
numerically for a three-cell network. The results of the numerical analyses point out a
correlation between an increase in the incidence of several cardiac diseases and a decrease
in the channel capacity, an increase in the propagation delay, and either an increase or a
decrease in the transmission rate. The method that we use and results that are presented
may help in the investigation, diagnosis and treatment of cardiac diseases as well as help in

the design of nanodevices communicating via GJ channels.

2.1 Introduction

Nanoscale communication between nanodevices (e.g., engineered organisms or artificial
devices) is a novel and interdisciplinary concept including nanotechnology, biotechnology
and communication technology [1]. The construction of nanonetworks by interconnecting

nanodevices expands the capabilities of single nanodevices by means of cooperation between
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them [2, 3]. The realization of the communication between nanodevices can be achieved
through electromagnetic, acoustic or molecular communication [4, 5]. The Molecular Com-
munication (MC) concept is defined as the information transmission using molecules and it is
inspired by nature [6]-[8]. Several nature-inspired and theoretically modeled MC techniques
exist in the literature based on pheromones [6], flagellated bacteria and catalytic nanomo-
tors [2], pollen and spores [6], Forster Resonance Energy Transfer [9], and morphogenesis
[10].

An approach for further understanding of the information transmission in a molecular
environment is to investigate the MC from the information theoretical perspective. For
example, in [11] and [12], the information transfer capacity of the MC, in which propagation
of signaling molecules is based on Brownian motion and the number of molecules transmitted
or received represents the coded information, is evaluated. In [13], diffusion-based MC is
investigated, where information is carried on the frequency of signal molecules. In [14] and
[15], a diffusion-based MC is analyzed including several factors affecting the capacity of the
channel and an error compensation method for the reliable communication is proposed. In
[16], MC based on calcium signaling is investigated by developing an information theoretical
model.

In this chapter, for the first time in the literature, the nanoscale MC between ventricular
cardiomyocytes is modeled and analyzed based on the information theory to obtain the
communication channel capacity. The study presented in this chapter is given in [17]. The
communication between the cardiomyocytes is achieved by the transmission of ions through
channels in specialized structures of the cell membrane called Gap Junctions (GJs) [18].
This type of communication is called GJ communication. The GJ communication is an
approach that have been proposed for the communication of nanodevices. For example,
both MC system inspired by cell to cell communications through GJs [19] and MC based on
intercellular calcium signaling [20] require utilization of the GJ communication channels for
the communication in the nanoscale. However, these studies do not propose a solution for
the problem of modeling and analyzing the GJ communication channel from the information

theoretical perspective. To model and analyze the GJ communication channel based on the
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Figure 2.1: A simplified model of the GJ communication and the physical structure of GJs.
(a) The GJ communication model. (b) The enlarged section of a GJ including several GJ
channels. (c¢) The top view of a connexon.

information theory, we first introduce the model of the electrical signal propagation and the
model of the GJ channels. Then, we combine these models to obtain the failure probability
of the electrical signal propagation. In addition, the probability of the spontaneous electrical
signal propagation is derived.

The potential models for the GJ communication of nanodevices can be engineered from
commonly used techniques such as GJ transfection of cultured HeLa cells with connexin
coding DNAs [21] or injection of Xenopus oocytes with connexin coding RNAs [22]. There-
fore, the construction of the GJ communication channel is an existing technique used widely
in physiology experiments. Unlike most of the existing models in the literature, this study
presents information theoretical model of an already experimented, physically realizable
and hence, realistic nanoscale communication channel. The model presented in this chapter
may help in investigation, diagnosis and treatment of cardiac diseases. The information
theoretical model can be used in physiology studies of the GJ communication channel to
have a broader perspective in the investigations. Furthermore, the model can be utilized in

the design and engineering of the GJ communication for nanodevices.
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The rest of this chapter is organized as follows. Section 2.2 presents the physical model
of the GJ communication. In Section 2.3, an information theoretical model of the GJ
communication channel is proposed. Section 2.4 presents a numerical analysis of the channel
capacity, the channel propagation delay and the information transmission rate. In Section
2.5, relations between cardiac diseases and the channel capacity, the propagation delay and

the information transmission rate are discussed.

2.2 Physical Model of GJ Communication

In the myocardium, i.e., the muscular tissue of the heart, the communication between two
cardiomyocytes is achieved by the diffusion of ions at the cell-to-cell contact domain called
gap junction (GJ) through pipe-like channels clustered in the GJ known as GJ channels
[18]. The nanoscale MC between two cardiomyocytes is called GJ communication. For
the rest of the chapter, the GJ channels and the GJ communication channel should not be
confused with each other since the former refers to the physical channels clustered in a GJ
while the latter refers to the communication channel formed by the GJ channels clustered
in a GJ. To avoid any ambiguity between the physical channels and the communication
channel, the communication channel is always denoted by the G.J communication channel
and the physical channels are denoted by the GJ channels. In Fig. 2.1(a), a GJ forming
a GJ communication channel between two cardiomyocytes is indicated and in Fig. 2.1(b),
several GJ channels clustered in a GJ are shown.

In the GJ communication, the diffusion of ions between cardiomyocytes provides the
propagation of the electrical activity called cardiac Action Potential (AP). The AP is initi-
ated by the sinoatrial node, i.e., the impulse-generating tissue of the heart, and is used for
the transmission of the information between cardiomyocytes [18]. That is, the information
indicating whether cardiomyocytes contract or relax is encoded in the AP pulse train by
the sinoatrial node. A cardiomyocyte at rest contracts when an AP pulse is successfully
received, which is called excitation-contraction coupling [23]. In contrast, when there is no

AP pulse received by a cardiomyocyte, the corresponding cardiomyocyte stays at rest. Fur-
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thermore, cardiomyocytes have the so called all-or-none property, i.e., if stimulus is above a
threshold voltage, cardiomyocytes give complete response or otherwise they do not respond
at all [24]. The contraction and relaxation of the heart as a single unit is the result of
synchronous propagation of the APs.

A basic network model of the GJ communication is shown in Fig. 2.1(a). In the model,
APs are transmitted by a single transmitter caridomyocyte (TC), propagated through the
GJ by means of the diffusion of the ions, and received by a single receiver cardiomyocyte
(RC). The ions diffused from TC to RC continue to diffuse to adjacent unstimulated car-
diomyocytes, and this affects the AP initiation at the RC. To have a more realistic GJ
communication model, there is also a loading cardiomyocyte (LC) to capture the loading
effects of the unstimulated myocytes connected to the RC in the cardiac fiber. TC, RC, and
LC are identical. In addition, according to the properties of both cardiomyocytes and the
AP propagation stated above, the GJ communication between cardiomyocytes is considered
as a binary digital communication with On-Off Keying (OOK) modulation. That is, an AP

pulse is considered as binary bit 1 and its absence is considered as binary bit 0.

2.2.1 Action Potential Propagation

The heart beat is generated in the form of electrical activity of the impulse-generating
cells of the sinoatrial node. The initiation and the propagation of the electrical activity,
i.e., the AP, is the most efficient molecular signal conduction mechanism in the myocardium
[23]. The AP initiation in cardiomyocytes is described as follows. If a stimulus causes the
membrane potential, i.e., the potential difference across the membrane of the cardiomyocyte,
to become less negative than a threshold level, the sodium (Na™) channels embedded in the
membrane open and allow Na™ ions to enter the cardiomyocyte. This makes the membrane
potential to rise at a rate of about 300V/sec causing depolarization of the membrane.
Such a rapid increase in the membrane potential is called upstroke of the AP. As the
membrane voltage rises, Na™ channels close due to a process called inactivation. Next,
calcium (Ca®™) and potassium (KT) channels open, which causes the membrane potential

to stay constant; that is, the inward Ca?" current and the outward KT current compensate
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each other for a while. Then, Ca?t channels close but KT channels are still open causing
rapid repolarization of the membrane. Finally, the membrane potential is restored to around
—85mV . A significant amount of current knowledge about the action potential generation
process comes from the studies presented in [25]-[27]. In this chapter, we use the cardiac
ventricular action potential generation model given in [26].

The potential difference between the stimulated and the unstimulated adjacent car-
diomyocytes causes the ions to drift through the GJ channels leading the synchronous
propagation of the AP. That is, the GJ coupling enables the wave of the action potential
to propagate from one cardiomyocyte to a neighbor cardiomyocyte by means of diffusion
of the ions through the GJ channels. The AP propagation model that we use is presented
in [28]. The propagation model assumes that each cardiomyocyte is isopotential, i.e., the
membrane potential of each individual cardiomyocyte is the same over its membrane sur-
face. According to the model, the most important factor of the AP propagation is delay
for an AP to pass through GJs. For the ion current flowing through the cardiomyocyte
membrane, the current balance equation is

dv 1
CpS—— = ——(pt1 — 20y, + Up SI,, 2.1
i "R (Vng1 — 205 +Vp_1) + (2.1)

where vy, is the membrane potential for the nth cell in one dimensional cardiac fiber, i.e., the
potential difference between inside and outside of the cardiomyocyte, Cy, is the membrane
capacitance per unit area of the cardiomyocyte membrane, S is the surface area of the
membrane, Ry; is the total GJ resistance between the cardiomyocytes, and I,,, specifies the
ionic currents, e.g., Nat, Ca?t, and KT currents, per unit area of the membrane described

in detail in [26], [27]. We use the piecewise linear approximation of I,,, given in [28] as

CM1(V1 — 1)) %
T, v < V

In(v) = (2.2)
O(Q(‘gm_ 7))’ V*<w

where R, is the membrane resistivity, V7 is the resting potential of the cardiomyocyte
membrane, V5 is the sodium equilibrium potential, V* is the activation threshold voltage

for Na™ current, and a; and aw are constants chosen properly such that for Vi < v < Vs, area
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under both the piecewise linear function and the approximated function are the same [28].
The parameter values of (2.2) are taken as Vi = —87mV, Vo = 28.8mV, V* = —34.8mV,
a1 = 1, and as = 108 from the results of the AP model based on the formalism presented
in [29, 30]. The piecewise linear function with the given numerical values captures the
numerical features of the dynamics of the AP upstroke [28].

The most important deduction that can be extracted from (2.1) is that the propagation
fails if R,; is sufficiently large. That is, an increase in R,; causes a decrease in the number
of the diffused ions. The less number of ions may not be enough to increase the membrane
potential of RC above the threshold value. The critical GJ resistance between TC and RC is
denoted by R;; and RC has an infinite voltage threshold if Ry; > R .. In [28], an expression

is given for R ; as

. ITR,, [E? —2usFs + 1 Vo—V*\ E? =2 By + 1
S (1 —EQ),/OJQ V1 -V (1 —El),/al

where L is the length of the cardiomyocyte, and I', Ey, and Fs are variables defined as

I'=(Ri/Vi) + (Re/Ve) (2.4)

Ex = exp (\/(akI‘LQS) /Rm) . k=12 (2.5)

where R; and R, are the cytoplasmic and extracellular medium resistivity values, respec-
tively, V; is the volume of the cytoplasm of the cardiomyocyte, and V. is the volume of the
extracellular medium that surrounds the cardiomyocyte in the myocardium. The values of
a1, ag, Vi, Vo, and V* that we use in our work are as the same as the values given above.

w1 and po satisfy the equality RZJ = Ry; where Ry; is

EERY
Ryj = 2L /Fofg <M - f;i (_“’“1>Ek), k=12 (2.6)

Ey

Numerical result of Ry is found by solving two nonlinear equations which are Rj; = Rgy;
for k =1 and R, = Ry; for k = 2. The upper limit of the GJ resistance for the successtul

propagation is R;j since the AP propagation strictly fails if Ry; > R;j as stated above.
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2.2.2 Physical Model of Gap Junction Channels

The GJs include the GJ channels that form a connection between neighboring cells in
many tissues and organs providing chemical and electrical MC [18]. The length and diam-
eter of a complete GJ channel is approximately 10 — 15nm and 2 — 3nm, respectively [31].
Therefore, the GJ communication takes place at nanoscale. The physical structure of a
GJ channel is formed by two hemichannels called connexons and they are embedded in the
membrane of the connected cells. Furthermore, each hemichannel includes six transmem-
brane proteins called connexins that are oligomerized in a hexameric structure to form a
pore. Two hemichannels belonging to adjacent cells interact to form a complete GJ channel.
The structure of GJ channels in a GJ can be seen in Fig. 2.1(b). The GJ channels have an
evident selectivity for particle passage based on the permeability of the GJ channels and
size of the particles. Thus, the AP propagation between cardiomyocytes depends on the
permeability of the GJ channels since the diffusion of the ions is affected by the permeability
of the GJ channels [31].

According to the stochastic behavior of the GJ channels [32], a GJ channel have two
voltage-sensitive gates in series and one gate is located in each hemichannel. The channel
gates control the GJ permeability and each gate has two states: an open state resulting
in a high conductance and a closed state resulting in a low conductance for a hemichannel
[32] as shown in Fig. 2.1(c). The voltage-sensitive gates control the channel conductance
state in accordance to junctional voltage, i.e., potential difference between the membrane
potentials of two adjacent cardiomyocytes denoted by Vj, in a stochastic manner. Hence,
the gates associated with each connexon can be used to describe the stochastic GJ channel

dynamics. At any instant a GJ channel can be in any one of four states:

e HH state: both gates are open
e HL state: one gate is open and the other gate is closed
e LH state: one gate is open and the other gate is closed

e LL state: both gates are closed
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The occurrence of the LL state, however, is very rare [33] and such a state has a very small
conductance compared with the other states; thus, we choose to include only the first three
states by neglecting the LL state. The stochastic dynamics of the GJ channels given in [32]
is described by probabilities of a channel being in any of HH, HL and LH states, denoted

by prra, prL, and pr, respectively, given as follows

paH +pLa +pHL =1 (2.7)
dpru
= 61(V;) -par — a1 (Vj) - pru
dgt (2.8)
dIZL = (2(V;) - paE — @2(vj) - pHL

where Vj is the junctional voltage, a1 (V}), aa(Vj), B1(V;) and B2(Vj) are the rate constants

of the state transitions as demonstrated in Fig. 2.2. The rate constants are given as

a1(V;) = Aexp(—Aa(V; — Vo))
az(Vj) = Aexp(4a(Vj + V)
(2.9)
B1(V;) = Aexp(Ag(V; — Vo))
Ba(Vj) = Aexp(=Ag(V; + Vo))

where Vj is the junctional voltage at which the opening and closing rates of the GJ channel
gates have the same common value A\, and A, and Ag are constants that indicate the
sensitivity of a GJ channel to the junctional voltage [32]. Since connexin43 GJ protein is
the major GJ protein in the ventricular muscle [34], in the numerical analysis, we use data
obtained experimentally for the connexind3 GJ protein. Thus, we use the constants as A =
0.69, Ay = 0.04(mV)~L, Ag = 0.07(mV)~!, and Vy = 62mV adopted from experimental

studies of connexin43 GJ protein [35].
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Figure 2.2: The kinetic behavior of a GJ channel modeled by a state machine with three

states, i.e., HH, HL, and LH. The rate constants 8 and « refer to the forward reactions high
to low and the backward reactions low to high, respectively.

2.2.3 Action Potential Propagation Failure

The conductance of each GJ channel, denoted by G., is a random variable whose

probability mass function is

pun, f Gep = Gun
fa(Gen) =  pup, if Gen = Gur (2.10)
PLH, lf Gch == GLH

where Gy, Ggr, and Gpg are the conductance values of a single GJ channel in the
respective state [32]. In this study, we use the GJ channel conductance values as G =
73pS, Gy = 12pS, and Gy = 12pS, which are experimental results for connexin43
type GJ protein [34]. Since the GJ channels in a GJ are connected in parallel, the total
conductance of the GJ having ngg, ngr, and npy GJ channels in HH, HL, and LH states,

respectively, is given as
Ggj(Vj) =ngn - Gum +nyr - Gur +nrw - Gru. (2.11)

For a GJ consisting of N GJ channels, probability that there are ngy, nyr, and npy

GJ channels in HH, HL, and LH states, respectively, is found by multinomial distribution
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function given by

ngn - Guy +nur - Gur +nrg - Gru}

Pr{Gg;(V;)

(2.12)

=N

PHL
if ngg +nrg +nyr
otherwise.

nNLH

‘Pru
)
. nLH! . nHL!

NHH
Prm
nug!

N!
0,

Assume that a GJ includes N GJ channels and they are distributed such that the number

of the GJ channels in HH, HL, and LH states are ngpy, ngr, and npg , respectively. Then,
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the total number of different combinations of ngy g, ngr, and nyp g satisfying ngg +nrg +
ngr = N can be found in the following manner. Firstly, the selection of ngrgr = N, ngp = 0,
and nrg = 0 gives one combination. Secondly, for ngy = N — 1, there are two possible
combinations: ngr, =0, nrg = 1and nygy =1, npg = 0. Next, for ngyg = N — 2, there are
three possible combinations: ngr =0, nrg =2, ngr, = 1, nrg =1, and ngy = 2, ng = 0.
If we continue in a similar way, for ngy = 0, there are (N +1) combinations. As a result, the
total number of different combinations is given by 1+2+3+...+(N+1) = (N +1)(N +2).
For each combination, the total conductance value and the probability of the corresponding
combination is given in (2.11) and (2.12), respectively. We use MATLAB to obtain the
probability mass function of the total conductance of a GJ having total N GJ channels by
evaluating all possible channel state combinations and the corresponding probabilities.

Since the propagation of the AP fails when the GJ conductance value, Gy;(V}), is less

*

than the critical conductance value, G;, we can find the probability of the propagation

failure, denoted by Py, using the probability mass function of the GJ conductance as follows
Py = Pr{Gy (V) < G} (2.13)

where the critical conductance is the reciprocal of the critical resistance, G ; = 1/R; ;. The

failure probability Py depends on several parameters such as the critical GJ conductance

*,
93’

in (2.8), (2.12), and (2.13). In Fig. 2.3, the variation of P; with N and Vj is shown. For

the junctional voltage Vj, and the number of the GJ channels N, as clearly observed

constant N, an increase in V; does not severely affect Py at low V}; however, for V; > 30mV,
an increase in Vj significantly increases Py. The increase in P; at high V; is due to the
decrease in the GJ conductance caused by increased closure rates and decreased opening
rates of the GJ hemichannels for V; > 1} as given in (2.9). Therefore, at higher V}, Py is
higher than P at low Vj. In addition, at constant Vj, an increase in N decreases Py as seen
in Fig. 2.3 because conductance of the GJ increases with increasing N as given in (2.11).
The relation between the AP propagation and the stochastic behavior of the GJ channels
is described as follows. In Section II-A, it is shown that the success and the failure of the

AP propagation depends on the total GJ resistance R,; between two cardiomyocytes. That

*

is, if Ry; is larger than the critical GJ resistance jo, the AP propagation between two
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cardiomyocytes fails, otherwise the AP propagates successfully. On the other hand, the
total GJ conductance is a function of the junctional voltage V; as stated in Section II-B and
II-C. Since the AP propagation creates a junctional voltage on the GJ channels, R ; alters
during the AP propagation according to the behavior of the voltage-depended GJ channel
gates. Therefore, the AP propagation model and the stochastic model of the GJ channels are
interrelated and they are two fundamental models to describe the communication between

cardiomyocytes.

2.2.4 Spontaneous Action Potential Initiation

The AP initiation in a cardiomyocyte is caused by the diffusion of the ions from the stim-
ulated cardiomyocte to the unstimulated neighbor cardiomyocyte through the GJ channels
in the GJ. That is, the diffusion of ions stimulates the neighbor cardiomyocyte. However,
the AP generation can be triggered in the absence of a stimulus due to some abnormalities
of cardiomyocytes such as Early Afterdepolarizations (EADs) and Delayed Afterdepolariza-
tions (DADs) [27]. Although normal and healthy ventricular cardiomyocytes do not exhibit
such spontaneous generation of the AP [36], we incorporate the spontancous AP generation
into the GJ communication model considering diseased cardiomyocytes.

The spontaneous AP initiation in a cardiomyocyte can be triggered by the Ca?* release
units (CRUs) of the sarcoplasmic reticulum [37]. If a CRU fires, it emits a Ca** ion spark
into the cytoplasm of the cardiomyocyte. The emitted Ca?* ions increase the membrane
potential of the cardiomyocyte. Therefore, if the membrane potential becomes greater than
a threshold due to the released Ca?* ions by CRUs, an AP is triggered in the cardiomyocyte
without an external stimulus. The probability that a CRU fires in the time duration T is

P,=1—exp (—MTQ (2.14)
where P4z is the maximum probability of Ca?t spark occurrence/CRU /unit time, p is
the free Ca?* molar concentration in the cytoplasm, K is the Ca?" sensitivity parameter
and n is the Hill coefficient [37]. Let the number of the CRUs that fire in time T be

m. Assuming the CRUs are independent of each other, m is distributed by the binomial
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probability distribution as m ~ B(M, Ps) where M is the total number of the CRUs in a

cardiomyocyte. That is,

(2.15)

(1—p)M—m,

)

M
m

Since M is a large number, we can use the Gaussian approximation of the binomial distri-

Pr{m sparks}

bution given in (2.15) as

(2.16)

m ~ N (MP,, MP,(1 - P,)).

The number of Ca?* sparks should be large enough to initiate an AP. In the GJ com-

munication model, we use the half of the number of the CRUs as the required number of

sparks to trigger an AP in T duration. Thus, the probability of an AP initiation without
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any stimulus, denoted by P,, is

(2.17)

P, :Pr{% <m}=Q <(M/2)—MP>

MP,(1— Py)
where Q(-) is the @Q-function. Since the distribution of m is approximated by Gaussian
distribution, we can use @-function to describe the probability given in (2.17). In Fig. 2.4,
P,, with respect to both p and Py, is plotted. An increase in P4, causes an increase in
P,. Thus, an increase in P,,,, causes an increase in the expected number of the emitted
Ca’T sparks which increases the probability of the initiation of an AP as seen in Fig. 2.4.
Furthermore, since increasing the free Ca?* concentration p in the cardiomyocyte cytoplasm
increases Ps, an increase in p due to the Ca’?t concentration fluctuations increases the

spontaneous AP initiation probability.

2.3 Information Theoretical Analysis of Gap Junction Communication Chan-

nel

The GJ communication channel between TC and RC as illustrated in Fig. 2.1(a) is
modeled from the information theoretical perspective. The cardiac APs are used for the
information transmission between TC and RC. An AP pulse represents bit 1 and the absence
of the AP pulse represents bit 0. For the information theoretical model, we consider two
cases to figure out the transmission probabilities of the information from TC to RC. The
first case is the failure of the AP transmission; that is, RC detects bit 0 while bit 1 is
transmitted by TC. The probability of the first case is Py given in (2.13). The second case
is the initiation of the AP at RC in the absence of a stimulus caused by TC; that is, RC
detects bit 1 while bit 0 is transmitted by T'C. The probability of the second case is P, given
in (2.17). The AP propagation failure and the spontaneous AP initiation are caused by the
noise factors that intrinsically arise in the GJ communication. The intrinsic noise factors
are related to the stochastic nature of both the GJ channels and the CRUs. Therefore, the
information theoretical channel model of the GJ communication includes the peculiar noises
and the noise factors specific to the GJ communication.

The GJ communication channel exhibits Binary Asymmetric Channel (BAC) character-
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Figure 2.5: The GJ communication channel transmission diagram with the transmission
probabilities. The communication channel expresses binary asymmetric channel (BAC)
characteristics.

istics with On-Off Keying (OOK) modulation and it is represented in Fig. 2.5 based on
the analysis that we introduced so far. Also, the communication channel has memoryless
characteristics because of the fact that when the membrane voltage returns to its steady
state value at the end of an AP transmission, the voltage-dependent state probabilities of
the GJ channels returns to their steady state values. Thus, afterwards if another AP is
transmitted, the initial conditions for the probabilities of the GJ channel states are the
same as the previous transmission.

Assume that X is the transmitted bit by TC and Y is the received bit by RC. Then, we
define the AP transmission probability of TC as Pap, i.e.,

Pap, if X =1
Plz) = (2.18)

1— Pup, if X =0.

Using (2.18) and the channel transmission probabilities seen in Fig. 2.5, the joint probability

distribution of X and Y, denoted by P(z,y), is given as

(1—Pap)(1—P,), if (X =0,Y =0)
1 — Pap)P,y, (X =0,V =1
P(z,y) = ( ) ( ) (2.19)
PapPy, if (X =1,Y =0)
Pap(1—Py), if (X =1,Y =1)

The joint distribution P(z,y) expresses the probability of that the observed output symbol
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is y and the transmitted symbol is . The mutual information between X and Y denoted

by I(X;Y) is given in [38] as follows

I(X;Y) =" P(a,y)log, m (2.20)

where P(y) is the probability distribution of Y. To obtain P(y) is straightforward using the
joint distribution P(x,y). The GJ communication channel capacity denoted by Cy; is the
maximum value of the mutual information [38] and the capacity of the GJ communication

channel is found as follows
H(1-P,)— H(Py)

(1— Py)H(Py) — PrH(1 - Py) Pi+P,—1
;= I(X;Y)= 1 142 f w
Cyj r]gggf( ;Y) Pyt Py—1 +logy | 1+
(2.21)
where H () is the binary entropy function defined as
H(p) = —plogyp — (1 — p)logy(1 — p). (2.22)

The channel characteristics of the GJ communication varies with several parameters such as
the number of the GJ channels, the membrane resistivity, the cell length and radius. Since
such physiological properties vary among individual organisms and even among different
sites on the same heart, in the next section, we analyze the GJ communication channel

characteristics with respect to several physiological parameters.

2.4 Numerical Analysis

In this section, we present a numerical analysis of the GJ communication parameters
namely the channel capacity, the propagation delay, and the information transmission rate
to show how these parameters change with the properties of cardiomyocytes and GJs. The
results of the analysis can be used in the investigation of the biological properties of the GJ
coupled cardiomyocytes as well as in the design of nanodevices that use the GJ communi-
cation channel.

For the numerical analysis, we model the cardiomyocyte membranes using the model
presented in [26]. The propagation of the AP is simulated in a three-cell fiber as illus-

trated in Fig. 2.1(a). A stimulus is applied to TC to initiate the AP propagation. After
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Figure 2.6: An illustration for a successful and a failed AP transmissions between TC and
RC. Time instants of two stimuli that are applied to TC and the membrane potential changes
of TC and RC are shown. The simulation parameters are N = 110, L = 100um, r = 11um,
R; = 250Qcm, R, = 100Qcm, R, = 20kQem?, p = 100nM, Ppee = 0.3, M = 30000,
n=1.6,Ts =Tap, V. = V;/5 [26, 37, 40].

exciting TC, an AP propagates to RC through the GJ between TC and RC. Since the oc-
currence probabilities of the GJ channel states depend on the junctional voltage between
cardiomyocytes, we simulate the AP propagation by using the expected value of the total
GJ conductance. For discrete time steps At = 0.01ms, the junctional voltage is found as
the difference between the membrane voltages of TC and RC. Then, at the obtained junc-
tional voltage, the expected value of the total conductance is evaluated and replaced with
the previous total conductance value assuming the total GJ conductance is constant for

At = 0.01ms. The expected value of the total conductance is
E[GQJ(VJ)] = E[NGch] = N(])HHGHH +purGHL +pLHGLH) (2.23)

where the expectation of G, is found by using the probability mass function of the single

GJ channel conductance in (2.10). After simulating the AP propagation by using the
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Table 2.1: Simulation Parameters

Parameter Symbol | Value Range
Number of GJ channels | NV 105 — 120
Cardiomyocyte length L 90 — 105um
Cardiomyocyte radius r 10.0 — 11.5um
Membrane resistivity R, 19 — 20kQcem?
Free Ca?' concentration | p 590 — 600nM

expectation of Gy; given in (2.23), we use the junctional voltage between TC and RC
membranes for the channel capacity analysis.

An example of a successful and a failed transmission of APs between TC and RC can
be seen in Fig. 2.6 which illustrates the membrane voltage changes of TC and RC over
time. The channel propagation delay, denoted by 7, is the delay between the upstrokes of
the action potentials generated in TC and RC. The AP pulse duration, denoted by Tap,
is the time duration between the AP initiation instant and the time that the membrane
potential is restored to its initial value. The cycle length, denoted by T, is the time
between two successive stimuli that are applied to TC. That is, T is the signaling interval
of TC. Therefore, the information transmission rate, denoted by R, is given by R = 1/T¢.
In Fig. 2.6, the channel propagation delay 7, the AP pulse duration Tsp, and the cycle
length T can be seen.

The junctional voltage attained from the simulation is used to evaluate pyg, pgr, and
pru by using (2.7) and (2.8). Since the junctional voltage V; is time varying and the prob-
abilities depend on Vj, time average of the probabilities are used for (2.12). The numerical
analysis of the mutual information expression in (2.20) is performed with the parameters
given in Table 2.1. However, the derivations of mathematical expressions for both the chan-
nel propagation delay 7 and the action potential pulse duration T'4p are too complex because
of the nonlinear and stochastic nature of the membrane ion channels generating the AP [26].
Therefore, the numerical values of 7 and T4p are obtained from the simulation results of

the AP generation model as performed in the physiological investigations [39]. The numer-
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ical analysis is conducted on MATLAB. For the analysis, we keep the following parameters
constant at their typical physiological values which are R; = 250Qcm, R. = 100Qc¢m [40],
Praz = 0.3, M = 30000, n = 1.6 [37] and we assume V; = 5V, and Ts = Tp.

2.4.1 Channel Capacity
2.4.1.1 Effect of Number of Gap Junction Channels

For the first analysis, we investigate the effect of the number of the GJ channels N
in the GJ on the capacity of the GJ communication channel C,;. The analysis is carried
out for the GJ between TC and RC for which the number of the GJ channels are varied
from N = 105 to N = 120. We set the rest of the parameters as L = 100um, r = 11um,
Ry, = 20kQem? and p = 100nM [26, 37, 40]. The critical GJ conductance value for the
given parameter set is G, = 5.80nS found by using (2.3). In Fig. 2.7(a), the mutual
information I(X;Y’) is shown with varying AP generation probability Psp for different
number of the GJ channels. A change in the number of the GJ channels clustered in the GJ
affects directly the conductance of the GJ. Therefore, a lower number of the GJ channels
results in a smaller conductance value which causes Py to become larger and it can be seen
in Fig. 2.3. In other words, less number of the GJ channels makes the transmission of bit 1
more erroneous; thus, the capacity of the GJ communication channel decreases accordingly
as seen in Fig. 2.7(a). For N = 105, the capacity is Cy; = 0.19bit/use attained with
Pyp = 0.39 and for N = 120, the capacity is Cy; = 0.97bit/use attained with P4p = 0.49.
For N greater than 120, the capacity saturates and becomes Cy; = 1bit/use. Thus, the
channel capacity of the GJ communication designed for nanodevices can be increased with

an increase in the number of the GJ channels.

2.4.1.2 Effect of Cardiomyocyte Length

In this analysis, we examine the GJ communication channel capacity variation with the
length of cardiomyocytes, L. We change the value of L while keeping the other parameters
constant for N = 110, » = 11um, R,, = 20kQcm?, and p = 100nM [26, 37, 40]. The
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Figure 2.7: I(X;Y) in bit for several (a) number of the GJ channels, N, (b) length of the
cardiomyocyte, L, (c) radius of the cardiomyocyte, r, (d) the membrane resistivity of the
cardiomyocyte, R, and (e) the free Ca?t concentration in the cytoplasm, p, with varying
Pap.

change of the mutual information I(X;Y") with varying AP generation probability of TC for
different L values is shown in Fig. 2.7(b). The typical length of a ventricular cardiomyocyte
is L = 100um and for this length, Cy; = 0.51bit/use is reached with Pap = 0.42. For
lengths larger than 100um, the critical conductance value increases as a result of (2.3).
Thus, the increase in the critical conductance value yields an increase in Py and hence
a dramatical decrease in the capacity. The capacity reduction due to an increase in the
length can be seen in Fig. 2.7(b). For L = 105um, we find Cy; = 0.21bit/use reached
with P4p = 0.39, and for L = 90um, we find Cy; = 0.96bit/use reached with P4p = 0.49.
Therefore, the capacity of the GJ communication channel between shorter cardiomyocytes

is higher than the capacity between longer cardiomyocytes. As a result, the capacity of the

GJ communication used for the communication of nanodevices can be improved by using
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short nanodevices.

2.4.1.3 Effect of Cardiomyocyte Radius

The effect of the radius of the cardiomyocytes on the GJ communication channel capacity
is investigated by changing the value of the radius r, while setting the other parameters as
N =110, L = 100um, R,, = 20kQem? and p = 100nM [26, 37, 40]. To understand change
of the channel capacity with respect to r, we compute [(X;Y) for different values of r
with varying AP generation probability. The result of the analysis is shown in Fig. 2.7(c).
The capacity decreases significantly with increasing r. For example, we find for r = 10um,
Cy; = 0.98bit/use attained with P4p = 0.49 and for » = 11.5um, Cy; = 0.16bit/use
attained with Pap = 0.38. As a result, the GJ communication channel between the thinner
cardiomyocytes has larger capacity compared to the thicker cardiomyocytes. Thus, using

thin nanodevices can increase the capacity the GJ communication between nanodevices.

2.4.1.4 Effect of Membrane Resistivity of Cardiomyocyte

We investigate the effect of the membrane resistivity R,, of cardiomyocytes on the
GJ communication channel capacity. The membrane resistivity plays a critical role for
the AP initiation and the propagation as described in the Section II-A. Only R, value
is changed and the other parameters are set to N = 110, L = 100pm, r = 11pum and
p = 100nM [26, 37, 40]. An increase in R,, decreases the critical conductance value given
in (2.3); therefore, increasing R,, yields a reduction in Py and hence an increase in the
channel capacity. The increase in the channel capacity because of the increase in R, can
be seen in Fig. 2.7(d). The results of the numerical analysis show that for R, = 19kQcm?,
Cyj = 0.18bit/use achieved with P4p = 0.38 and for R,, = 20kQem?, Cyj = 0.51bit/use
achieved with P4p = 0.42. As a result, the GJ communication between cardiomyocytes
having higher membrane resistivity also has higher channel capacity. Hence, the channel
capacity of the GJ communication designed for nanodevices can be increased by using

membranes with high resistivity values.
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2.4.1.5 Effect of Free Calcium Concentration

In this part, we investigate the effect of the free Ca?* concentration p in the cytoplasm of
the cardiomyocytes on the GJ communication channel capacity. In this analysis, we use the
parameter values as N = 1000, L = 100um, r = 11um and R,, = 20kQem? [26, 40]. In Fig.
2.7(e), the mutual information I(X;Y) is shown for different concentration p values. An
increase in the free Ca?T concentration increases the probability of the spontancous AP wave
initiation P, as stated in Section 2.2.4. Therefore, increasing the free Ca?* concentration
decreases the capacity of the GJ communication channel Cy; given in (2.21). For example,
we find P, = 2.98 x 107* and Cy; = 0.99bit/use for p = 590nM and P, = 0.41 and
Cy; = 0.40bit/use for p = 600nM. That is, if fluctuations in the free Ca®" concentration
result in p > 590nM, the capacity of the GJ communication channel is reduced significantly.
Thus, we can say that high Ca?* concentration in the cytoplasm causes more erroneous

transmission of the information due to increased P, .

2.4.2 Channel Propagation Delay

An AP pulse transmitted by TC to RC propagates through the GJ channels between TC
and RC. During the AP propagation, the membrane voltage changes with time as shown in
Fig. 2.6. As illustrated in the figure, there is a propagation delay 7. In Fig. 2.8, variation of
the propagation delay with respect to the number of the GJ channels is shown. We use the
typical physiological values for the remaining parameters which are L = 100um, r = 11um,
Ry, = 20kQcem? and p = 100nM [26, 37, 40]. The delay of the AP propagation from TC
to RC decreases with increasing the number of the GJ channels. We find 7 = 11.58ms for
N =100, and 7 = 0.56ms for N = 1600. Furthermore, the delay shows an abrupt decrease
for increasing N from 100 to 300, and further increasing N causes the delay to decrease
slowly. For N less than 300, the coupling between TC and RC is so weak that increasing
N leads a large decrease in 7. On the other hand, for N larger than 300, TC and RC
are well coupled so that increasing N slightly decreases 7. Consequently, we can say that

further increasing N saturates the channel propagation delay to the propagation delay of
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Figure 2.8: The channel propagation delay, 7, between TC and RC with respect to the
number of the GJ channels in the GJ, N.

the cytoplasm of the cardiomyocyte, i.e., the effect of discreteness of the cardiac fiber due

to the GJ connections diminishes.

2.4.3 Information Transmission Rate

We model the GJ communication between two cardiomyocytes, i.e., TC and RC, as a
binary digital communication with OOK modulation as stated previously. Assuming the
cycle length is the same as the AP duration, i.e., To = Tap, the information transmission
rate, R, in bit/sec for the GJ communication is given as R = ﬁ where T and T4 p are the
cycle length and the AP duration, respectively, as shown in Fig. 2.6. The AP generation
in a cardiomyocyte is achieved by the voltage dependent conductance of the ion channels
embedded in the membrane as explained in Section II-A. In Fig. 2.9, Typ and R with

respect to the maximum conductance of the calcium channels, denoted by G¢yq, is shown.

T p variation for different G, values is found from the simulation results of the cardiac
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Figure 2.9: The information transmission rate, R, and the AP duration, T4p, with respect
to the maximum conductance of the calcium channels, G¢,.

AP model in [26] and the variation of R for different G, values is obtained accordingly.
In our previous analyses, we use the typical physiological value of G, = 0.09m.S/cm? [26].
In this part, we fix the other model parameters as N = 1000, L = 100um, r = 11um,
R, = 20kQem?, and p = 100nM [26, 37, 40]. According to Fig. 2.9, Tap increases and
R decreases with an increase in G¢,. We find Tup = 259msec and R = 3.86bit /sec for
Gcq = 0.05mS/em? and Tap = 598msec and R = 1.67bit/sec for Goq = 0.15mS/cm?. The
analysis presented in [41] also shows that the reduced permeability of the calcium channels
results in shorter AP durations which confirms our results. Moreover, since Cy; = 1bit is
found for N = 1000, the transmission rate of TC is the same as the reception rate of RC.
Although increasing R is a desired objective in the classical communication, for the GJ

communication, an increase in R due to the reduced G¢, may cause several arrhythmias

which are discussed in the next section.
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2.5 Gap Junction Communication Channel Parameters and Cardiac Diseases

The GJ communication between cardiomyocytes enables the electrical signal conduction,
i.e., the AP propagation, in the heart. Synchronous propagation of the APs leads the heart
to contract and relax as a single unit. Therefore, the GJ communication channel failures
and deficiencies cause several disorders in the synchronous propagation of the APs and
hence arrhythmias in the heart. Since the fundamental three-cell network model used in
this chapter constitutes the large communication network of cardiomyocytes in the heart,
the properties of the three-cell network reflect the properties of the large network. Thus,
the information about the large network of cardiomyocytes can be inferred from the results
presented above. In this section, we investigate the relations between cardiac diseases and
the GJ communication parameters which are the channel capacity, the propagation delay

and the information transmission rate.

2.5.1 Channel Capacity and Cardiac Diseases

In this part, the relation between cardiac diseases and the channel capacity of the GJ
communication is investigated. In the previous section, the effects of several parameters
on the channel capacity are shown. We present the relation between these parameters and
cardiac diseases using the results of several medical researches. For each parameter, the

relation between the channel capacity and cardiac diseases is observed.

2.5.1.1 Number of Gap Junction Channels

The numerical analysis performed in the previous section shows that a decrease in the
GJ coupling due to a reduction in the total number of the GJ channels clustered in a
GJ causes capacity of the channel to decrease. According to results of investigations of
heart diseases, a reduced GJ coupling leads to several heart diseases such as sudden death
due to spontaneous ventricular arrhythmia [42] or an increase in incidence of ventricular
tachycardias [43]. We can conclude that the reduction in the channel capacity due to the

reduced GJ coupling is related with the increased incidence of the cardiac diseases.
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2.5.1.2 Length of Cardiomyocyte

In the GJ communication, the channel capacity decreases with an increase in the length
of the cardiomyocyte, L, as shown in Fig. 2.7(b). The study presented in [44] investigates
effects of the structural properties of cardiomyocytes on ischemic cardiomyopathy (ICM)
and the results show that the length of cardiomyocytes is significantly longer in patients
with ICM. We can say that a reduction in the capacity of the GJ channel causes more erro-
neous transmission of the information; as a result, the coordination between cardiomyocytes
decreases and the cardiac tissue becomes diseased. It can be concluded that the decrease
in the GJ communication channel capacity due to an increase in L, and an increase in the

occurrence of ICM due to longer cardiomyocytes is correlated.

2.5.1.3 Radius of Cardiomyocyte

The channel capacity of the GJ communication decreases with an increase in the radius of
cardiomyocytes as illustrated in Fig. 2.7(c). The results of the study presented in [45] reveal
that the radius of cardiomyocytes is significantly longer in hypertensive patients compared
to normal subjects. In this case, an increase in the radius of cardiomyocytes causes both a
decrease in the channel capacity and an increase in the occurrence of hypertensive disease.
Therefore, the decrease in the channel capacity due to the increase in the cell radius is

correlated with the increase in the incidence of the hypertension.

2.5.1.4 Membrane Resistivity

The numerical analysis shows that a reduction in the membrane resistivity decreases
the channel capacity of the GJ communication as seen in Fig. 2.7(d). According to an
analysis presented in [46], a decrease in the cardiomyocyte membrane resistivity is related
to the impairment of the impulse propagation and it can cause severe cardiac arrhythmias.
This relation also confirms our result; that is, according to (2.3), a decrease in R, increases
the critical conductance value and a high critical conductance value can lead to an AP

propagation impairment. Consequently, the reduction in the channel capacity due to the
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reduced membrane resistivity is accompanied with the cardiac arrhythmia.

2.5.1.5 Free Calcium Concentration

From the numerical analysis, we observe that the GJ communication channel capacity de-
creases with an increase in the free Ca?" concentration inside the cytoplasm of the cardiomy-
ocytes as seen in Fig. 2.7(e). The free Ca?* concentration overload causes several triggered
arrhythmias such as Delayed-Afterdepolarizations (DADs) and Early-Afterdepolarizations
(EADs) [47]. Furthermore, these triggered arrhythmias are major initiators of ventricular
tachycardia which is an immediate precursor of ventricular fibrillation and a major cause
of sudden death by heart failure [47]. We can conclude that the GJ communication channel
capacity reduction due to the increased free Ca?t concentration inside the cytoplasm is

correlated with the increased occurrence of the ventricular tachycardia.

2.5.2 Channel Propagation Delay and Cardiac Diseases

According to the results of the AP propagation delay analysis, an increase in the number
of the GJ channels decreases the propagation delay as shown in Fig. 2.8. However, a
decrease in IV causes the propagation delay to increase and it is accompanied with a decrease
in the channel capacity. That is, a decrease in the number of the GJ channels increases
the propagation delay and decreases the channel capacity. As stated above, the reduction
of the GJ coupling due to the decrease in the number of GJ channel N causes several
cardiac diseases. Therefore, it can be concluded that the AP propagation delay between
cardiomyocytes is higher for the cases of the spontaneous ventricular arrhythmia [42] and

the ventricular tachycardia [43].

2.5.3 Information Transmission Rate and Cardiac Diseases

The results of the numerical analysis show that a decrease in the maximum calcium
channel conductance G, increases the information transmission rate between TC and RC.

Although in classical communication, increasing R is a desired objective, the physiological
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properties of cardiomyocytes cannot support very high transmission rates. In other words,
at higher transmission rates, each received AP pulse also leads the receiver cardiomyocyte
to contract and relax at higher rates due to the excitation-contraction coupling property of
cardiomyocytes. Therefore, since heart cannot support very high beating rates, an increase
in R causes several arrhythmias. In [48], heart rates >100 beats/min are referred to as
tachycardia causing the heart to be arrhythmic. Furthermore, prolongation of the AP
duration, T4p, is a reason of the development of EADs causing a number of arrhythmias
in the heart including long-QT syndrome and heart failure [36, 49]. As a result, we can
say that both very low and very high rate R increase the occurrence of the cardiac diseases

stated above.

2.5.4 Application on Nanomedicine

Nanomedicine is the application of the molecular nanotechnology on the medicine and
the availability of such technologies brings dramatic progress in the medical services [5].
Investigation, prediction, diagnosis and treatment of diseases are some areas that are covered
by nanomedicine. To be able to perform these applications, the nanomedicine proposes the
use of nanodevices, e.g., nanosensors, nanovehicles, and nanoactuators [5, 50].

Based on the observations stated above, the most important deductions are those in
diseased myocardium, the channel capacity of the GJ communication is lower and the
propagation delay is higher than for the case of healthy myocardium. Furthermore, the
causes of very high or very low information transmission rates contribute to the occurrence of
cardiac diseases. As a result, the information theoretical analysis of the GJ communication
may provide valuable insights into causes of the cardiac diseases. The channel capacity, the
channel propagation delay, and the transmission rate can be used as metrics for investigation,
prediction, diagnosis and treatment of several cardiac diseases in nanomedicine. These
parameters can be measured and monitored by using multiple intra-body nanodevices and
nanosensors communicating with cardiomyocytes via GJ channels. For instance, in [51],
the use of nanoparticles for molecular imaging, advanced therapeutics, and drug delivery

systems in treatment of cardiovascular diseases is discussed. In addition, the information
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theoretical analysis of the GJ communication can be used for simulation tools of drug tests to
confirm reliability of drugs. Hence, diagnosis and treatment techniques of cardiac diseases
using the information theoretical model of the GJ communication stands as a promising

application of the emerging nanomedicine.
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Chapter 3

RECEIVER DESIGN FOR MOLECULAR COMMUNICATION

In the Molecular Communication (MC), molecules are utilized to encode, transmit, and
receive information. Transmission of the information is achieved by means of diffusion of
molecules and the information is recovered based on the molecule concentration variations at
the receiver location. The MC is very prone to intersymbol interference (ISI) due to residual
molecules emitted previously. Furthermore, the stochastic nature of the molecule movements
adds noise to the MC. For the first time, we propose four methods for a receiver in the MC to
recover the transmitted information distorted by both ISI and noise. We introduce sequence
detection methods based on maximum a posteriori (MAP) and maximum likelihood (ML)
criterions, both a linear equalizer and a nonlinear decision-feedback equalizer based on
minimum mean-square error (MMSE) criterion. We present a channel estimator to estimate
time varying MC channel at the receiver. The performances of the proposed methods
based on bit error rates are evaluated. The sequence detection methods reveal the best
performance at the expense of computational complexity. However, the MMSE equalizer
has the lowest performance with the lowest computational complexity. The results show
that using these methods significantly increases the information transmission rate in the

MC.

3.1 Introduction

Molecular communication (MC) is a promising paradigm for communication at nanoscale
[1, 4] and it is inspired by the communication of the biological systems at cellular level [6].
The construction of nanonetworks by interconnecting nanodevices via MC channels expands
the capabilities of single nanodevices by means of cooperation between them [2, 3]. In the

MC, molecules are utilized to encode, transmit, and receive information. It is believed
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that the integration process of the molecular transceivers in nanodevices is more feasible
due to their size and natural domain unlike the classical communication techniques [8]. In
the MC, the information transmission relies on the diffusion process, i.e., the propagation
of molecules by means of the laws of free diffusion in an aqueous medium, enabling the
transmission of the information. Several nature-inspired and theoretically modeled MC
techniques exist in the literature. For example, in [6], based on the diffusion of pheromones,
spores, and pollen, a long range interconnection of nanodevices deployed over distances
from a few centimeters to several meters is discussed. On the other hand, short range
MC channel between cardiomyocytes is constructed by gap junction channels [17]. In [2],
flagellated bacteria and catalytic nanomotors are two proposed communication techniques
for the transport of DNA encoded information between emitters and receivers by means
of a physical carrier. Morphogenesis is also proposed as a method for communication of
nanodevices [10].

The research on the information theoretical investigation of the MC has been heavily
conducted in the literature [11], [52], [16], [53]. However, to the date, there is little effort
addressing the design of a receiver nanodevice which detects the transmitted information
from the received concentration signal. Although in [7], [15], the diffusion-based MC channel
is analyzed from an information theoretical perspective, noise sources are not incorporated
to the analysis. For the first time, the noise sources in the MC are analyzed in [8].

For the MC, the information is encoded in the concentration of the emitted molecules
with on-off keying (OOK) modulation in [7], [15], [14]. As described in [11], an emitted
concentration pulse changes the molecule concentration at the receiver location. Because
of the diffusion of the emitted molecules from regions of high concentration to those of low
concentration, the molecule concentration at the receiver location decreases if the molecule
emission ceases. However, the emitted molecules do not vanish completely in the reception
space. That is, if a new concentration pulse is emitted before the molecule concentration
at the receiver location becomes negligibly low, the receiver senses the effects of both the
previously emitted concentration pulses and the currently transmitted pulse. Therefore, a

low signaling interval, i.e., a high transmission rate, causes intersymbol interference (ISI)
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in the MC. If the transmitter waits long enough to send a new concentration pulse, the
effect of the ISI can be eliminated; then, the information transmission rate becomes very
low. Nevertheless, having high transmission rates is desirable to improve communication
capabilities of nanodevices.

For the first time in the literature, in order to recover the transmitted information
distorted by both the ISI and the noise at high transmission rates in the MC, we propose
the following solutions. Firstly, the sequence detection methods based on maximum a
posteriori (MAP) and maximum likelihood (ML) criterions are presented. Secondly, we
present a linear equalizer based on minimum mean-square error (MMSE) criterion. Finally,
a nonlinear MMSE decision-feedback equalizer (MMSE-DFE) is proposed. These methods
are well covered for the classical communication systems [54, 55]. However, most of these
techniques are developed for the communication channels having additive white Gaussian
noise (AWGN) at the output of the channel. Since in the MC, the noise that is added
to the received signal is signal-dependent which makes the noise nonstationary [8], the
existing techniques in the classical communication cannot be applied directly to the MC.
In this chapter, we modify the detection methods stated above to properly implement for a
receiver in the MC. The proposed methods significantly decrease the bit error probabilities
and hence increase the communication capabilities of nanodevices communicating via MC.
The study presented in this chapter is given in [56]. Since the magnetic recording channels
have also signal-dependent noise at the output of the channel [57, 58], the signal detection
methods used for magnetic recording channels are useful in the design of a receiver for the
MC.

The rest of this chapter is organized as follows. Section 3.2 describes the model of the
MC. In Section 3.3, the sequence detection methods based on MAP and ML criterions are
presented. A linear equalizer which satisfies the MMSE criterion is described in Section 3.4.
A nonlinear type of equalizer which is a decision-feedback equalizer is presented in Section
3.5. In Section 3.6, to estimate the time varying channel, a channel estimator is presented.

The performance of these methods based on bit error rates are evaluated in Section 3.7.
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3.2 Molecular Communication Model

The MC model that is considered in this chapter consists of a Transmitter Nanodevice
(TN), molecular diffusion channel, signal-dependent additive noise at the output of the
channel, and a Receiver Nanodevice (RN) as illustrated in Fig. 3.1. TN encodes the binary
information bits, {a;}, into the molecule concentration pulses. The concentration pulse,
denoted by s(t), is the time variation of the molecule concentration emitted by TN for the
transmission of one information bit. The transmitted concentration signal propagates until
it reaches the receiver location. The propagation relies on the particle diffusion process in
the aqueous medium. At the reception space, the molecule concentration, denoted by y(t),
changes according to both the time and the distance between TN and RN. Furthermore, a
signal-dependent concentration noise, n(t), is added to the molecule concentration signal in
the reception space. RN samples the noisy molecule concentration, denoted by z(t), in the
reception space, and decides the transmitted information sequence based on these samples.

In the model, we consider following assumptions:

e The communication takes place in a 3D aqueous environment having infinite extent

which is indexed through the Cartesian axes x, y, and z.

e The size of the TN is considered negligible with respect to the distance between the
TN and the RN. Therefore, the TN is approximated as a point source emitting desired

molecule concentration signals at the location (z =0,y =0,z = 0).

e The emitted molecules by TN propagates from the TN location (x = 0,y = 0,z = 0)
to the RN location (z = zg,y = yr, 2 = zg) only by means of the laws of free diffusion
in an aqueous medium. That is, the emitted molecules are subject to the Brownian

motion.

e The particle concentration measurement takes place inside the reception space having
a spherical shape with radius p. The received molecule concentration, z(t), is assumed

homogeneous inside the reception space.
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Figure 3.1: The diffusion-based MC model between TN and RN. (a) Graphical representa-
tion. (b) Block diagram representation.

e The communication between TN and RN is considered as the binary digital commu-
nication with OOK modulation with equally likely transmitted binary information

bits.

Firstly, we derive the impulse response of the molecular diffusion channel, i.e., h(t).
According to Fick’s second law of diffusion [7], the concentration of the molecules, denoted
by c(z,y, z,t), at location (x,y, z) and at time ¢ is described by the following equation

1 de(x,y, z,t)

_ 2
D 3t - V C(l‘aywzat)

(3.1)

where D is the diffusion coefficient of the medium and V2c(x,v, z,t) is the sum of the 3D

spatial second derivatives of ¢(x,y, z,t). The impulse response of the molecular diffusion
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channel is found by solving (3.1) with initial condition
c(z,y,z,tr 0) = 5($,y, Z) (32)

where the molecules are emitted by TN which is a point source located at (z =0,y = 0,z =

0). The response of (3.1) to the impulse given in (3.2) is

(2)° + ()* + (z)z} _

c(ac,y,z,t) = (33)

P [_ AtD

_m
(47t D)3/2
where m is the total number of the emitted molecules. Therefore, in a 3D medium, if RN

is located at (xR, yr, zr), the impulse response of the diffusion channel h(t) is given by

m r|?
h(t) = Wexp [_4|125|D] (3.4)

where |r| is the Euclidean distance between RN and TN, i.e., |r| = \/(zr)% + (yr)? + (2r)2.
To have a compact notation, we drop (z,y,z) term in h(z,y, z,t) because TN and RN
are located at fixed positions. Since the diffusion coefficient D depends on several factors
such as the temperature and viscosity of the fluid which are time varying properties, the
diffusion-based molecular channel is also time varying.

We consider the transmitter concentration pulse as a rectangular pulse given as

s(t) = Arect (75_TT/2> (3.5)

where A is the amplitude of the molecule concentration emitted by TN and T is the
duration of the molecule emission. Therefore, the response of the channel to the input
signal s(t) is denoted by y(¢) and can be obtained using the convolution operation as y(t) =
s(t) = h(t). The physical meaning of y(t) is the noiseless molecule concentration variation in
the reception space caused by one emitted pulse. The variation of y(¢) with respect to time
is shown in Fig. 3.2. Assuming the communication starts at time ¢ = 0, the total emitted
molecule concentration into the aqueous environment, denoted by sp(t), for the transmitted

information sequence {a;} is given as

sp(t) = a;s(t — j7T) (3.6)
j=0
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where T' is the duration of the signaling interval. Since the response of the channel to the

pulse s(t) is given by y(t), the total noiseless received concentration by RN is
o0
yr(t) = ay(t — jT) (3.7)
=0

The emission of a new pulse before the previously emitted molecules vanish in the reception
space causes ISI because y(t) is a infinite duration signal and do not disappear completely in
the reception space in a short time as illustrated in Fig. 3.2. That is, the currently emitted
pulse is distorted due to the previous transmissions which can be seen in (3.7). Since y(t)
decreases after reaching its maximum value at ¢ = t,,4,, the signaling interval T should
satisfy the condition T >> t,,4, in order to have negligible ISI. However, an increase in the
signaling interval decreases the transmission rate given as R = 1/T" and a low information
transmission rate is undesirable. It is aimed to have high transmission rates to improve
the communication capabilities of nanodevices using the MC. As a result, to deal with the
distortion caused by the ISI at higher transmission rates, we introduce several methods for
RN which are discussed in the subsequent sections.

At the output of the channel, an additive signal-dependent noise is added to the ISI
distorted signal yr(¢). Then, the total molecule concentration variation in the reception

space caused by the transmitted information sequence {a;} is given by

2(t) = agylt — §T) + () (3.8)

j=0
where n(t) is the particle counting noise generated by a random process [8]. To describe the
noise introduced in [8], firstly, we need to define the noiseless and noisy number of molecules

inside the reception space, denoted by Ny (t) and Np(t), respectively, given as

Ny(t) = Veyr(t);  Np(t) = Vrz(t) (3.9)
where Vi = (4/3)mp? is the volume of the spherical reception space. As given in [§], Np(t) is
distributed with Poisson probability distribution function (pdf) whose parameter is N, (t) at
observation time ¢. Therefore, both the expectation and variance of the number of molecules

in the reception space is N,(t). Furthermore, in a reliable MC between TN and RN, we can



Chapter 3: Receiver Design for Molecular Communication 46

27

10

y(®)

0 t 20 40 60 80
Time (usec)

Figure 3.2: The noiseless molecule concentration variation at RN, y(t), for D = 2.2 x
1072m?/s, r = 250nm, m = 10°, A =4 x 10%, T, = 4.7us.

assume that N, (t) > 100 condition is satisfied at any instant. Thus, the Gaussian approx-
imation of the Poisson distribution for N,(t) can be used, i.c., Ny(t) ~ N (N,(t), N,y(t)).
By using (3.9) and the pdf of Np(t), the received noisy molecule concentration in the re-
ception space, z(t), is distributed as z(t) ~ N (yr(t),yr(t)/Vg). Finally, the probability
distribution of the noise, n(t), is given as n(t) ~ N(0,yr(t)/Vr). Thus, the variance of the
additive Gaussian noise n(t) depends on both y(t) and the transmitted information sequence
{a;} which makes the noise nonstationary. Furthermore, based on the independency of the
Brownian movement of different molecules in the aqueous medium, the noise samples are
assumed independent of each other at different observation times [8].

We assume that RN is able to sample the molecule concentration inside the reception
space at a rate R, and the TN and RN are synchronized, i.e., both transmission and reception

start at the same time ¢t = 0. Therefore, the received signal samples by the RN is given as

=Y ajyp—j+nk, k=01, (3.10)
=0
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where 2z, = 2(kT), yr—; = y((k — 7)T), and ny = n(kT). However, the channel response
is causal, i.e., yr = 0 if k& < 0. Furthermore, in a practical system, it is acceptable to
assume that the length of the ISI is finite and given by I 4 1; that is, y = 0 for & > I.
Thus, z; depends on the currently transmitted bit aj and I previously transmitted bits

ag_1,...,0r_7. Then,
k 1
2 = Z ajYp—5 + Nk = Zyjak,j + ng, k=0,1,... (3.11)
j=k—1 §=0

Using (3.11), the discrete-time equivalent model of the diffusion-based MC channel is shown
in Fig. 3.3. The pdf of z; is
2z ~ N (g, o2) (3.12)

where the mean and variance, respectively, are

I I
1
M = Zyjak—j ;o= Zyjak—j (3.13)
j=0 R j=o
and the pdf of the noise samples is given as
ng ~ N(0,0%) (3.14)

After describing the propagation and noise models of the diffusion-based MC, we present
several methods for RN to recover the transmitted information bits that are distorted by

both the ISI and noise.

3.3 Sequence Detection

In the presence of the ISI, the sequence detection is equivalent to the problem of esti-
mating the state of a finite-state machine (FSM) [54]. For ISI with length I + 1, the state
of the FSM at any instant depends on the I most recent inputs. Since we consider binary
communication, the channel has 2! states. Therefore, the channel can be described by a
2/ _state trellis and the transmitted information sequence corresponds to a path through the
trellis. In Fig. 3.4, a trellis is illustrated for I = 2. Each branch represents a state transition

having a weight called the branch metric. The sum of the weights of each branch in a path
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Figure 3.3: Discrete-time equivalent model of the molecular diffusion channel with inter-
symbol interference.

is called the path metric. A sequence detector selects a path (sequence) corresponding to
the received signal sequence {z;} based on the path metric of the each possible path, which
is discussed later in this section. We consider two criterions to obtain the branch metrics:
the maximum a posteriori (MAP) and maximum likelihood (ML) where the former selects
the sequence maximizing the a posteriori probability density function and the latter selects
the sequence maximizing the likelihood function in the trellis search. Furthermore, RN can
reduce the complexity of the sequence detector and the number of sequences in the trel-
lis search by using the Viterbi algorithm to discard the unlikely sequences when the new

samples are received by the RN [59].

3.3.1 MAP Sequence Detection

The MAP sequence detector determines the transmitted sequence of information bits
{a;} by maximizing the joint pdf of the transmitted bits and the received samples [57].
That is,

Qév = argmax f(;év,gév) (3.15)
a

where N 4+ 1 is the length of the transmitted sequence of bits, @év denotes the detected

sequence for the transmitted information sequence a?’, the pdf f(z{',a’) is the joint pdf
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of the received concentration signal samples ;év and the transmitted bits gév . The bold
and underlined symbols indicate the sequence of those symbols whose starting and ending
elements are indicated in the subscript and superscript indexes, respectively. By Bayes rule,

the joint pdf can be factored as follows

f(z0,a0) =P(ad") f(z) | ap’)
N (3.16)
[IPCa [ ap) [T f(or | 2810 ad)

k=0 k=0

where P(a’) and P(ay, | aj,,) are the joint and conditional probability mass functions of
the transmitted binary information bits, respectively, f(z{ | a)’) and f(zy | 2 s al’) are

the conditional pdf’s. Since ay’s are assumed as independent,
P(ay | apyy) = Plar) (3.17)

The noise samples are also independent and the channel has a finite ISI length; thus, we
can exploit these properties of the MC to simplify (3.16). The conditional pdf of each

observation can be further simplified as follows

flan | 20, ad) = fzi | af_p) (3.18)

The conditional pdf of z; depends only on af ; which also can be seen in (3.11).
Maximizing the joint pdf given in (3.16) is equivalent to minimizing its negative loga-

rithm. Therefore, the MAP detector is given as

N N
&) = —argminln [H P(a) [T /(2 | az_»]

Lo k=0 k=0

N N
i [ a0+ S e )
L | k=0

h=0 (3.19)

=

= —arg m}lvnz [ln P(ag) +In f(zg | Qg—[)}
k=0

ag

N

= argmin Y MY (2, af_p)
20 k=0
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Figure 3.4: A trellis diagram for I = 2 with 2/ states.

where MMAP (2 a¥ 1) is the branch metric of trellis search in the Viterbi algorithm for

the MAP criterion and given by
MMAP (2 ak Y= —InP(ay) —Inf(z | af ;) (3.20)

By using the pdf of the noise samples, the conditional pdf of the concentration samples is

given as

1 2 — 2
fzx | @f_p) = —=—=exp [—(’“25"“)} (3.21)
27?0,% Ok

where pi, and o7 are given in (3.13). After substituting the pdf given in (3.21) into the
expression for the branch metric (3.20), and eliminating constant terms that are common,

the MAP branch metric becomes

. 2
MMAP (4 ah ) =no? + M — 2InP(ay) (3.22)
g

k

3.3.2 ML Sequence Detection

The ML sequence detection method determines the transmitted sequence of information

bits {a;} by maximizing the likelihood function [54], i.e.,

ay = argmax f(zg | af) (3.23)

a
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where the likelihood function f(z) | al’) is the joint pdf of the received concentration
signal samples z{¥ conditioned on the transmitted bits a}¥. Furthermore, if the transmitted
binary information bits are equally probable, i.e., P(ax) = %, the MAP sequence detection is
identical to the ML sequence detection. The ML sequence detector is the optimum detector
minimizing the error probability of a sequence [54]. With arguments similar to those for

MAP sequence detection, the ML sequence detection can be simplified as follows

N
ap’ = argmin Y MM (2, af_p) (3.24)
20 k=0

where MML(z;, aF ;) is the branch metric of the trellis search for the ML criterion. By

using (3.22) and eliminating the constant terms, the ML branch metric is

2
Z —_
MM (o af ) =Tnof + 2T/ (3.25)

Ok
A similar result is found in [58] for the magnetic recording channels which have also signal
dependent noise. After deriving the branch metrics, the Viterbi algorithm can be easily im-
plemented to reduce the computational complexity of the MAP and ML sequence detection

methods.

3.4 Minimum Mean-Square Error Equalizer

The MAP sequence detection in the presence of a priori symbol probabilities and the ML
detection in the presence of equally probable symbols minimize the probability of a sequence
error [54]. However, the complexities of the MAP and ML detectors grow exponentially
with an increase in the length of the ISI even if the Viterbi algorithm is implemented. At
nanoscale, the implementation of a complex circuitry is not practical. In this section, to
mitigate the ISI, we present a linear equalizer based on the minimum mean-square error
(MMSE) criterion called MMSE equalizer. The MMSE equalizer is a suboptimum linear
equalizer with significantly less complexity compared to the MAP and ML sequence detec-
tors [54].

In the MMSE equalization, the equalizer is designed to minimize the mean-square error

(MSE), i.e., e = ax_q — G, where aj_g is the transmitted bit in the (k — d)th signaling
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—tta

Figure 3.5: The block diagram of MMSE equalizer with S tap coefficients.

interval, a; is the estimate of that bit at the output of the equalizer and d is the equalizer
delay. The equalizer delay is found as follows. Let 4, be the greatest magnitude component
of {yr}. Also, let the number of MMSE equalizer taps be equal to S = 2ds + 1 where dy
is an integer. Then, we choose the equalizer delay as d = dj + dy [60]. Since the MMSE

equalizer is linear, its output as a linear combination of input samples is given by

S—1
=Y TqZh—g (3.26)
q=0

where rg through rg_; are tap weight coefficients of the MMSE equalizer as illustrated in
Fig. 3.5. The output ax is quantized to the nearest information bit in Euclidian distance to
decide aj by using a simple quantizer. We assume that the number of taps of the MMSE
equalizer is the same as the ISI length, i.e., S =1+ 1.

To minimize the MSE which is defined as J = Elegx|?, we can obtain a set of linear
equations by using the orthogonality principle in the mean-square estimation [54]. That
is, the coefficients {r,} are selected to make the error e orthogonal to the signal samples
{zr—p}, i.e., E[egz—p] = 0 for 0 < p < S—1. Then, by using (3.11) and (3.26), the following

set of equations are found

S—1
E|lap_q— Z T¢Zk—q | Zk—p| =0, p=0,1,...,5 -1 (3.27)
q=0
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or, equivalently,

S—1

reE[2k—q2k—p| = Elar—dzk—p), p=0,1,...,5 -1 (3.28)

<
Il
o

We use I'yq = E[zj—q2k—p] and &, = Elay_q2i—p| for a compact notation. After taking the

expectations, we get

I
Tpg = Z YmYm+p—q T O']%_p(qu, p,q=0,...,5—1
m=0 (3.29)
&p = Yd—p, p=01,....5-1

where 6, is the Kronecker delta function, a,%_p is the variance of the concentration sample
Zk—p, and yq_p is the (d — p)th coefficient of the equivalent discrete time channel. Thus,

(3.28) can be written as

S—1
prqrqup, p=0,1,....,5-1 (3.30)
q=0

Unlike the additive stationary Gaussian noise, the variance of the noise is signal-dependent
in the diffusion-based MC. As a result, for different transmitted information sequences,
there is a different optimum solution for the MMSE equalizer tap weights. The detected
bits ax through ag_g_ry1 are required to evaluate the variances a,% through a,%_ 541N (3.29),
assuming the decisions are correct. Hence, the output of the decision device is used in the
MMSE equalizer to solve (3.30) which makes the proposed MMSE equalizer signal sensitive.
That is, the equalizer tap coefficients are adaptively updated based on the detected bits.
Since using aj in the estimation of ay is inconsistent, we set ap = % in the estimation of a;
as an ad hoc method to prevent this inconsistency. ai = % has equal Euclidian distances
to both ar = 0 and a; = 1, that is, ax can be 0 or 1 with equal probabilities, which is
consistent with the equally likely transmitted bits. Also note that, the use of the wrong
decisions causes error propagation which may deteriorate the performance of the MMSE
equalizer

It is convenient to use matrix form to solve the set of equations given in (3.30) as follows

Try, = & (3.31)
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where 7, is the column vector of S optimum equalizer tap weights {r,} given as r,; =
[r0, T1, 5 -, rg_l]T and I' denotes the Hermitian covariance matrix with elements I',,
given in (3.29), and § is the column vector with elements &, given in (3.29). Therefore, for

kth received signal zj, the optimum equalizer tap weights to estimate a; are found as
ro.=I"1¢ (3.32)

where T'™! is the inverse of the matrix I'. Due to the nonstationary characteristic of the
noise, the optimum tap coefficients of the MMSE equalizer are updated at each sample using
the previously detected bits. Thus, the MMSE equalizer needs to perform the operation
given in (3.32) for each sample, which increases the complexity of the equallizer. However,
the proposed method for the MMSE equalizer is not as complex as the sequence detection

methods described in Section 3.3.

3.5 Minimum Mean-Square Error Decision-Feedback Equalizer

In this section, we consider an MMSE decision-feedback equalizer (MMSE-DFE) which
is a nonlinear type of equalizer to mitigate the ISI. The MMSE-DFE is also suboptimum,;
however, its performance is generally better than that of suboptimum linear equalizers,
e.g., the MMSE equalizer [54]. Furthermore, the MMSE-DFE still is not as complex as
the optimum ML and MAP sequence detection methods. The MMSE-DFE consists of two
sections that are a feedforward filter and a feedback filter as shown in Fig. 3.6. The decisions
are made on the output of the equalizer and they are propagated through the feedback filter
to eliminate the ISI. Since the input of the feedback filter is the output of a decision device,
the MMSE-DFE has a nonlinear characteristics. The output of the MMSE-DFE is the

estimate of the transmitted bit and it is given by

L—-1 M
ir =Y foth—qt+ > bolk—q—1 (3.33)
q=0 q=1

where 2z, is the noisy and ISI-distorted signal at the input of the MMSE-DFE and ay, is the
kth detected bit.
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Figure 3.6: The block diagram of the MMSE-DFE.

The feedforward filter is based on the MMSE criterion and as analyzed in Section IV,

its coefficients fy through f;_; are given by the system of linear equations
L—1

Z\I'quq:‘:opa p:()?l?aL_l (334)
q=0

where '), and ¢, are defined as
I
\I/pq = Z YmYm—+p—q + Ulgépqy p,q=0,...,L—1
m=0 (3.35)
Pp = Y1—p, pzoalvaL_l
As stated in Section IV, the coefficients of the feedforward filter are found by using the

matrix form representation of the system of the linear equations given in (3.34) as follows

f

~opt

=T 1y (3.36)

where L) ot is the vector containing the optimum equalizer tap weights {f,}, i.e., L) o

[fo, f1, .-+, fL_l]T, W1 is the inverse of the Hermitian covariance matrix with elements
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VU, given in (3.35), and ¢ is the column vector with elements ¢, given in (3.35). As in
the case of the MMSE equalizer, the optimum coefficients for the feedforward filter of the
MMSE-DFE are evaluated and updated at each sampling time.

The coefficients of the feedback filter of the MMSE-DFE detector are expressed in terms
of the coefficients of the feedforward filter [54] as follows

L-1
be=—> fih-a=—Fo Y k=12....M (3.37)
q=0
where Y, is the L-dimensional column vector defined as Y, = [Yky Yk—15 5« -, yk_LH]T,

The values of the coefficients of the feedback filter b; through by, completely eliminate
the ISI caused by the previously transmitted bits provided that the previous decisions are
correct and that M = L + I — 1 [60]. We choose L = I +1 and M = 2I. Thus, for the
coefficients of the feedback filter given in (3.37), the output of the MMSE-DFE given in
(3.33) reduces to

I
ik = foyrar—1 + > _ famr—q
q=0 (3.38)

= Pag_1 + wg
where wy, is the correlated Gaussian noise term and 5 = foy1. The correlation length of the
noise is the same as the ISI length I + 1 which can be seen from (3.38).

In Section 3.4, the output of the MMSE equalizer is quantized by a decision device to
the nearest bit in Euclidian distance. However, for a decision device of the MMSE-DFE, we
propose an alternative method to minimize the probability of the decision error. Motivated
by the ML sequence detection, the decisions are made as follows

N ~ k ~k—2 ~k—1
ap—1 = arg g}lcaiif(ak | Qk—lvgk—hgk—l)

= —argminln f(a | af . 4;7.8 7)) (3.39)

= arg min H(ag, ag—1)
ak—1

where H(ag, ax—1) is the comparison metric given by

H(an, ar—1) = —In f(ar | af_y,a;"7. @) (3.40)
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where 7(0,0), H(0,1), H(1,0), and H(1,1) are the metric values of the possible combina-
tions of a; and ag_1. In this case, the input samples of the decision device, i.e. a;’s, are
not independent due to the correlated noise term vi. By Bayes rule, the pdf given in (3.39)

can be written as

f@k_;laf_,,ak=%
fla | af 1,00 7 @) = ——— — (3.41)
f(Qkf} | a’é 1 Qy i)

By using the pdf of the independent molecule concentration samples at the output of the

channel, the expression given in (3.41) can be written as

~ K Ak—2
flag_ I|ak 185 7)
~k—1 ~k—2
fla” I|ak 185 7)

(3.42)

B (2m)! detcg  exp[—aNLTC, 'Ny]
| @m)IFdet Cy, exp[—in;Te, 'ny]

where Cy, is the (I41) x (I+1) covariance matrix of the data samples @ _; given al |, di }

and the cg is the I x I lower principal submatrix of
Cr=| ' (3.43)
. Ck

Ny is the (I + 1)-dimensional column vector of the differences between a;’s and their mean

values given Qi—p al,z %, i.e.,

Ny = [(ar — Bag_1), ... ,(@r_1-1 — Bag_1)]* (3.44)

ny is the vector including the last I elements of Ny, i.e.,

ny, = [(dr-1 — Bar—2), - (@1 — Bag—1-1)]" (3.45)

Using (3.42) for the comparison metric calculation and canceling constant terms, we get

det Cy,

H(ak, akfl) =In m

+ Ny C, !N, —njc; 'ny (3.46)
Therefore, the decision strategy of the decision device is

1, if minH(ak,ar—1) = {H(0,1) or H(1,1)}
G1 = ' (3.47)

0, if minH(ag,ax—1) = {H(0,0) or H(1,0)}
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The decision device computes the comparison metric given in (3.46) for each decision; thus,
such a decision device is more complex than a simple quantizer as used for the MMSE
equalizer in Section 3.4. In the performance analysis, we analyze the improvement in the
performance of the MMSE-DFE after implementing a decision device that uses the metric

given (3.46).

3.6 Adaptive Receiver

To recover the transmitted bits from the molecule concentration samples distorted by
both the ISI and noise, we present the following methods: the MAP and ML sequence
detectors, MMSE equalizer and MMSE-DFE in the previous sections. For each case, the
RN needs the knowledge of the discrete-time equivalent channel coefficients of the diffusion-
based MC channel, i.e., yo through y;. However, the molecular diffusion channel is time-
varying caused by the time variation of the diffusion coefficient D. Therefore, even if the RN
knows the initial channel coefficients, since the molecular diffusion channel is time-varying,
initial knowledge of the RN is not useful after the channel coefficients change.

To find the discrete-time equivalent coefficients of a channel that is unknown or time
varying, we adopt a channel estimator presented in [54, 55]. The channel estimator of the RN
recursively estimates the tap coefficients of the channel to minimize the MSE between the
actual received sequence and the output of the estimator. That is, the channel estimator
approximates the actual discrete-time equivalent channel with a similar structure to the
actual channel. The steepest-descent algorithm can be used for the estimation of the channel
tap coefficients. The operation of the channel estimator is as follows. Firstly, at each
sampling time a new data sample z; and the detected information bit for the corresponding
data sample aj are fed to the channel estimator as illustrated in Fig. 3.7. The estimate
for the data sample Zj is obtained by multiplying the sequence of detected bits {G;} by the

corresponding estimate of the coefficient {g;} and summing the results of all multiplications,
I
%= Gjan—j, k=0,1,... (3.48)
§=0

The difference between the data sample z; and its estimate Z; at kth iteration step generates
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Figure 3.7: The conceptual model of the channel estimator using in a detector.

an error signal e(¥) = z; — z,.. To form a new set of estimates of the channel coefficients,

the obtained error is used as

g =g AeWay_; j=0,1,..., 01 (3.49)

where Q(k)

;s the estimate of the channel coefficient y; at the kth iteration step, A is the

step size, and a; is the jth detected information bit in the estimator. The speed of the
convergence and the accuracy of the estimation are controlled by the value of the step size
A. A delay equal to the decision delay of the transmitted bit is required to have a proper
synchronization. When the MSE between zp and Z; is minimized, the estimates of the tap
weight coefficients of the channel estimator are exactly equal to the equivalent discrete-
time channel coefficients [54]. Furthermore, since the steepest descent algorithm is used
in (3.49) to adjust the channel coefficient estimates, the channel estimator is able to track
slow variations in the actual channel coefficients. We assume that the time variation of
the molecular diffusion channel is slow compared to the convergence speed of the channel
estimator. The channel estimator introduced in this section is compatible with all detectors

presented above.

3.7 Performance Analysis

In this section, we present the performance analysis of the ML sequence detector, the
MMSE equalizer and the MMSE-DFE detector. Since we assume that the transmitted
information bits are equally likely, the MAP sequence detection is equivalent to the ML

sequence detection. For the performance comparison of the proposed methods, the bit error
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rates of the corresponding methods are considered. We use the Monte Carlo simulation to
estimate the bit error rates. The bit error rates of the proposed detectors are evaluated

with respect to the signal to noise ratio (SNR) at the RN which is defined as

- 1 <
P [74_12‘3/”’2 mZkUn‘Q
_ty n=0 _ n=0
SNR = 7 = o - (3.50)
n O 0.5

71% Yn

n=0
where P, and P, are considered as the received signal power and the noise power, respec-
tively, at the receiver. In the SNR definition, we use the expected value of the noise variance.
As seen from (3.50), SNR depends on only the discrete time equivalent channel coefficients.
Therefore, we change the amplitude of the concentration pulse A to change SNR values.
For an emitted concentration pulse, the noiseless concentration in the reception space
y(t) reaches its maximum at ¢t = t,,4, as stated above. Hence, we set the sampling time of
RN as T = t;nqz in order to sample the concentration with the highest SNR for a given con-
centration pulse amplitude A. Furthermore, the change in y(t) at different communication
distances causes t,,q, to change. Thus, the signaling interval T' = t,,,4, and the information
transmission rate R = 1/T change with the communication distance. In the analysis, we
set the molecule emission duration as

7,2

T, = —
" 6Dy

(3.51)

where Dj is the initial value of the diffusion coefficient D. The value of the T, effects the
ISI length and the signaling rate. The selection of the molecule emission duration depends
on the application of the MC and the duration can be set in different ways. Since, we use
the expression given in (3.51), the IST length can be considered as I + 1 = 6 because y(kT)
for k > 6 becomes sufficiently small that can be ignored. Moreover, in the performance
analysis, we use 2°-state trellis for the ML detector, S = 6 taps for the MMSE equalizer,
L = 6 taps for the feedforward filter of the MMSE-DFE and M = 10 tap for the feedback
filter of the MMSE-DFE. In the analysis, we set the radius the spherical reception space

p = lnm.
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3.7.1 Time Invariant Channel

In this section, we consider the diffusion-based MC channel as time invariant by setting
D =22 x 1072 m?/s and we assume that the channel is known at RN. The performances
of the ML sequence detector, the MMSE equalizer, the MMSE-DFE using the decision
metric given in (3.46), and the MMSE-DFE using the simple quantizer are analyzed. In
Fig. 3.8(a), (b) and (c), bit error rates of the proposed detectors with respect to SNR for the
communication distances r = 50nm, r = 250nm, and r = 1um, respectively, are illustrated.
We do not show the ML sequence detector performance beyond SNR = 13dB since the
Monte Carlo simulation takes too long time to compute. In the simulations, the signaling
rates R = 3.12Mbps for r = 50nm, R = 127.9kbps for r = 250nm, and R = 8.1kbps for
r = 1000nm are used. The first conclusion can be drawn from Fig. 3.8 is that for different
distances, the performances of the considered methods are very similar. This is an expected
result since the communication rates are adjusted at different communication distances in
order to sample the concentration with the highest SNR for a given concentration amplitude
A. Therefore, the same bit error rate can be achieved at a longer distance with a lower
transmission rate.

Since the ML sequence detector is the optimum receiver, in the sense that it minimizes
bit error probability of a sequence [54], it gives the best performance compared to the rest
of the methods as seen in Fig. 3.8. On the other hand, the MMSE equalizer has the worst
performance among the others. The MMSE-DFE detectors have better performance than
the MMSE equalizer as expected. Furthermore, the MMSE-DFE with the decision device at
the output is almost 2dB better than the MMSE-DFE with a simple quantizer at the output
for a bit error rate equal to 10~4. For SNR less than 10dB, the performances of the MMSE-
DFE and MMSE equalizer are very close to each other. Then, we can conclude that using a
feedback filter does not improve much the performance of the forward MMSE equalizer at
low SNR values in the MC. Moreover, the performances of the proposed methods increase
with an increase in the complexity. That is, the best performance is obtained by the ML
detector which is the most complex detector and the MMSE equalizer which is the most

simple detector gives the worst bit error rate.
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Figure 3.8: Bit error rates of four different detection approaches at different communication
distances (a) r = 50nm, R = 3.12Mbps, (b) r = 250nm, R = 127.9kbps, and (c¢) r =
1lpm, R = 8.1kbps with same time invariant diffusion-based molecular channel known at

RN.
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Figure 3.9: Bit error rates of four different detection methods for time varying
diffusion-based molecular communication channels with (a) D(t) = 2.2 x 1072 + 0.8 x
10~ %cos(27t) m?/s and (b) D(t) = 2.2 x 1079 + 0.8 x 10~ %cos(107t) m?/s.

3.7.2 Time Varying Channel

The diffusion-based MC channel has time varying characteristics depending on several
factors as stated in Section II. In this part, we use the time varying diffusion channel together
with the channel estimator described in Section 3.6 with a step size A = 0.001 to investigate
the performances of the proposed methods in more realistic conditions. In this part, we set
the signaling rate R = 8.1kbps at a communication distance r = 250nm for the simulations.
In the Fig. 3.9(a) and (b), the performance analyses of the proposed methods for D(t) =
2.2 x 1072 + 0.8 x 107 %cos(27t) m?/s and D(t) = 2.2 x 1072 4+ 0.8 x 10~ %cos(107t) m?/s,

respectively, are shown. The time variation of the first channel is 5 times slower than the
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time variation of the second channel. The performances of all methods decrease when the
time varying channel is used, which can be seen when we compare Fig. 3.8(b) and Fig. 3.9.
Although we use the channel estimator for the time varying channel, the detectors cannot
exactly know the channel. That is, the transmitted information is recovered based on an
estimate of the time varying channel coefficients which might decrease the performance of
the proposed methods. Moreover, the convergence speed of the channel estimator should
be fast enough to estimate the exact channel coefficients. The step size A can be adjusted
according to the time variation characteristic of the channel. The performances of the
proposed methods for a time varying channel whose time variation is faster can be seen in
Fig. 3.9(b). We can say that the performances of all methods decrease with an increase in

the time variation of the channel if the step size A is not adjusted accordingly.
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Chapter 4

NANOSCALE MAGNETO-INDUCTIVE COMMUNICATION
CHANNEL

Nanonetworks constructed by interconnecting nanodevices using wireless communica-
tion allow nanodevices to perform more complex functions by means of cooperation between
them. For the first time in the literature, we introduce a novel nanoscale wireless communi-
cation technique: Wireless Nanoscale Magneto-Inductive (WNMI) communication in which
the magnetic coupling between nanocoils is used to establish a communication channel. The
nanocoils considered in this chapter are formed by Carbon NanoTube (CNT) bundles. The
WNMI communication solves high molecular absorption and frequency selective channel
characteristics problems, which are encountered in nanoscale wireless electromagnetic com-
munication, by introducing low absorption losses and flat channel characteristics. In this
chapter, we first present the physical model of the point-to-point WNMI communication.
Then, we introduce the waveguide technique for the WNMI communication. We derive
path loss expressions for both of these methods. Afterwards, we present an information
theoretical analysis for both the point-to-point and waveguide-based WNMI communica-
tion techniques to find their channel capacities. The performance analyses show that using
waveguide technique in the WNMI communication significantly increases both the channel
capacity and feasible communication range by greatly reducing the path loss. Based on
the performance evaluations, the WNMI communication stands as a promising solution to

nanoscale communication between nanodevices.

4.1 Introduction

Nanoscale communication between nanodevices is a quite novel and interdisciplinary

concept which includes nanotechnology, biotechnology, and communication technology [1].
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The nanonetworks constructed by interconnecting nanodevices expands the capabilities of
single nanodevices by means of cooperation between them [2]. Several techniques in the
literature are presented for the realization of the nanoscale communication namely elec-
tromagnetic, acoustic, or molecular communication [4], [5]. However, for the first time in
the literature, we introduce a novel nanoscale wireless communication technique: Wire-
less Nanoscale Magneto-Inductive (WNMI) communication in which the magnetic coupling
between nanocoils is used to form a wireless communication channel.

Using Electro-Magnetic (EM) waves for wireless communication at nanoscale has several
disadvantages which are high absorption losses due to molecular absorption and frequency
selective characteristics of the channel [61]. The molecular absorption loss is caused by the
process by which part of the transmitted EM wave is converted into internal kinetic energy
of some of the molecules in the communication medium [62]. In addition, since different
molecule types have different resonant frequencies and the absorption at each resonance
spreads over a range of frequencies, the nanoscale wireless EM communication channel is
very frequency-selective [61].

The WNMI communication stands as a promising alternative method for nanoscale wire-
less communication because it solves the problems associated with the nanoscale wireless EM
communication. First, since EM waves are not used, the WNMI communication mitigates
the high absorption losses caused by molecular absorption. Second, in the WNMI commu-
nication, the channel conditions depend on the magnetic permeability of the medium [66];
thus, having a communication medium with uniform permeability enables constant channel
conditions for the WNMI communication. A uniform channel can be created in a variety of
media such as air, water, blood, and tissue liquid due to almost the same permeability. In
spite of its advantages, the point-to-point WNMI communication is a short-range nanoscale
communication since the strength of the magnetic field falls off much faster than that of EM
waves [63, 65]. That is, whereas the molecular absorption in the WNMI communication is
much less than that in the EM waves, the path loss of the WNMI communication may be
higher than the EM communication. Nevertheless, the path loss in the WNMI communica-

tion can be greatly reduced and the communication range can be significantly increased by
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forming a waveguide structure with passive relay nanonodes similar to waveguides employed
in Magneto-Inductive (MI) communication [64, 66].

The MI communication has recently been introduced for wireless underground [65] and
underwater communication [66]. Wireless communication with EM waves in these mediums
is not feasible due to high attenuation rates. Since the magnetic permeability characteris-
tics of underground and underwater environments are uniform and similar to air [65, 66],
the MI communication is a promising method to communicate in dense mediums such as
soil and water. Therefore, unlike the nanoscale wireless EM communication, the WNMI
communication can be successfully utilized in solid, liquid or gas medium at the nanoscale.
Furthermore, for nanomedicine applications, the WNMI communication can be employed in
blood or tissue liquid without having very high attenuation rates. For example, in [67], a MI
communication network is used to provide a communication link between implanted large-
scale devices inside the human body, where the power for the implanted devices is provided
using the MI communication. Thus, the WNMI communication can be efficiently and suc-
cessfully utilized to establish a wireless communication link between implanted nanodevices
inside the human body as well as between an outer device and implanted nanodevices.

In this chapter, we first present the model of the point-to-point WNMI communication
between a single transmitter and a single receiver nanodevices. Both the transmitter and
receiver nanodevices are equipped with a single nanocoil. As an extension of our previous
study in [68], we assume that the nanocoils used for the WNMI communication are formed
by Carbon NanoTube (CNT) bundles. Recently, the production and utilization of carbon
nanocoils have been successfully realized using CNTs and CNT bundles [69, 70, 71]. At
the nanoscale, CNT bundle-based nanocoils are more feasible than copper nanocoils due to
the significantly higher conductivity and current carrying capabilities of CNTs than those
of copper nanowires [72, 73]. Furthermore, since the geometry of square planar nanocoils
is suitable for the manufacturing processes of integrated circuit production, we employ the
square planar geometry for the nanocoils used in our model.

We use the equivalent circuit model of the transmitter and receiver nanocoils to derive

an analytical expression for the path loss in the point-to-point WNMI communication chan-
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nel. Then, we introduce the waveguide model for the WNMI communication by employing
passive relay nanonodes between the transmitter and receiver nanodevices. We also obtain
the analytical expression for the path loss in the WNMI communication waveguide. After-
wards, we have further extended our study in [68] by presenting an information theoretical
analysis of both the point-to-point and waveguide-based WNMI communication techniques
to find their channel capacities.

The rest of this chapter is organized as follows. In Section 4.2, we present the physical
model of the point-to-point WNMI communication and underline the governing physical
laws and mathematical formulations. In Section 4.3, we introduce the waveguide model of
the WNMI communication. In Section 4.4, we present an information theoretical analysis
for both the point-to-point and waveguide-based WNMI communication methods. In Sec-
tion 4.5, we discuss the performance of the WNMI communication methods based on the

numerical analyses of the path loss and channel capacity.

4.2 Physical Model of Point-to-Point WNMI Communication

In this section, we present the physical model of the point-to-point WNMI communica-
tion between a single Transmitter Nanodevice (TN) and a single Receiver Nanodevice (RN).
In WNMI communication, the information transmission and reception are achieved using
a CNT bundle-based nanocoil with a magnetic core in TN and RN, respectively. That
is, the magnetic coupling between the transmitter and receiver nanocoils establishes the
WNMI communication channel. Since CNT bundles have significantly higher conductivity
and current carrying capabilities than those of copper nanowires, using CNT bundle-based
nanocoils at the nanoscale is more feasible than using copper nanocoils [72, 73|. In addi-
tion, we use square planar nanocoils in our model due to their suitable geometry for the
manufacturing processes of integrated circuit production. The schematic representation of
a CNT bundle-based nanocoil is shown in Fig. 4.1(a). CNT bundles, which form a CNT
bundle-based nanocoil, are composed of Single-Walled CNTs (SWCNTSs) as seen in Fig.
4.1(b). The side view of a CNT bundle-based nanocoil is shown in Fig. 4.1(c).

The point-to-point WNMI communication model is demonstrated in Fig. 4.2(a), where
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Figure 4.1: (a) The schematic representation of a CNT bundle-based nanocoil with square
planar geometry. (b) The enlarged view of a CNT bundle constituting the CNT bundle-
based nanocoil. (c) The side view of a CNT bundle-based nanocoil.

RN is located at a distance d from TN. A sinusoidal voltage source is used in TN, i.e.,
vp(t) = Vycos(wt), where w and Vj are the angular frequency and amplitude of the volt-
age source, respectively. The sinusoidal voltage source causes a sinusoidal current to pass
through the transmitter nanocoil. This current induces another sinusoidal current in the
receiver nanocoil and the induced current is used to accomplish the WNMI communication
between TN and RN. In Fig. 4.2(b), the transformer model of the WNMI communication
is shown. The mutual inductance M between transmitter and receiver nanocoils represents
the coupling between these coils. L; and Lo are the self-inductances of the transmitter
and receiver nanocoils, respectively. R; and Ry are the resistances, and C; and Cs are
the parasitic capacitances of the nanocoils. Z, is the load impedance which represents the
current consumption of the nanochip included in RN. [; is the sinusoidal current passing
through the transmitter nanocoil caused by the transmitter voltage source and I5 is the si-

nusoidal current induced in the receiver nanocoil by I;. The voltage on the load impedance



Chapter 4: Nanoscale Magneto-Inductive Communication Channel 69

is denoted by vg(t).
According to the transformer model illustrated in Fig. 4.2(b), the phasor analysis is

given by

1
VW=~ (Rl + jwly + w) — JwMIs
Je (4.1)

1
0=1 <R2 +jwlo + — + ZL) —JwMI.
JwCs
Then, the equivalent circuit of the WNMI communication model can be derived as shown

in Fig. 4.2(c) where

Zy =Ry + jwLy + 1/jwC
w2M2

Tt —
' ZL+ Ry + jwly + 1/jwCy
Zo = Rg + jwlLo + 1/ij'2 (4.2)
w2M2
Z1g = . :
Ry + jwLly + 1/jwCy
%
Vi =—j ’

wM - - .
Ri+ jwly + 1/jwC
Based on the equivalent circuit of the WNMI communication model, the transmitted

power, denoted by P, and the received power, denoted by P,, are given as
1 Vol }
P,=—-Red ——
' { Z1 + Zo
Z|Va|? }
|Zo + Z12 + Z1|?

where Re{-} denotes the real part. The transmitted power P; is defined as the power con-

(4.3)

1
PT'ZQRQ{

sumed in the transmitter nanocoil and the received power P, is defined as the power con-
sumed in the load impedance Z;. To maximize the received power P,., the load impedance
is adjusted to be equal with the complex conjugate of the total impedance of the receiver
nanocoil, i.e., Zj, = Z5 + Zj,. Hence, the received power becomes half of the total power
consumed in the receiver nanocoil, i.e., Pr = Re{|Vi|?/4(Z2 + Z12 + Z1)}. After some al-
gebraic manipulations, the path loss in the point-to-point WNMI communication channel,

denoted by Pf TP is found as

P, RiR
PPTP = 2t — g g2

P, WEIVER (44)
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Figure 4.2: The WNMI communication model and circuit models of the WNMI commu-
nication. (a) The model of the WNMI communication. (b) The transformer model of the
WNMI communication. (c¢) The equivalent circuit of the transformer model.

We assume that the transmitter and receiver nanocoils are identical. Thus, R} = Rs = R,
Ci=Cy=C,and L1 = Ly = L.

To be able to accurately characterize the resistance and inductance of a CNT bundle-
based nanocoil, we adopt the equivalent conductivity model of CNT bundles presented in
[74, 75]. The equivalent conductivity model is an efficient and accurate approximation of the
magnetic inductance of the discrete SWCNTs with a single conductor which has the same
dimensions as the CNT bundle. Both the magnetic inductance and the ohmic resistance

characteristics of the CNT bundle are captured by adjusting the resistivity of the single
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conductor to obtain a new effective resistivity, denoted by peg, which is given by

pcdg

Pm(l - Pmod) (4‘5)

Peff =

where p. is the ohmic resistivity of an individual nanotube, d, is the diameter of a SWCNT,
P, is the probability that a given SWCNTin the bundle is metallic, and P,,0q is a modifier
that accounts for the hexagonal spacing of bundles that results in one less SWCNT on every
other row of a bundle as depicted in Fig. 4.1(b) [74]. Assuming CNTs are densely packed,

Ppoq is given as follows
LO.E)H}LJ dg

g (4.6)

Pmod:

where w and t are the width and thickness of the CNT bundle, respectively, as shown in
Fig. 4.1(c), and ny, is the number of nanotubes in the vertical dimension of the bundle given
by nj, = [t/d.]|. Note that the equivalent conductivity model perfectly matches the ohmic
resistance of an CNT bundle.

Since we use the equivalent conductivity model in this chapter, we treat a CN'T bundle as
a single conductor with a conductivity peg to find the inductance and resistance of a CNT
bundle-based nanocoil. Therefore, we use the self-inductance model of a square planar
nanocoil formed by a single conductor given in [76] as an accurate approximation for the

self-inductance of a CNT bundle-based nanocoil which is given by

N2(a® + a?)
o _ 1
14275 <a “.)
a’ + a'

where a® and a' are the lengths of the inner and outer sides of the CNT bundle-based

L=117u

(4.7)

nanocoil, respectively, as illustrated in Fig. 4.1(c), N is the number of turns of the nanocoil,
and p is the magnetic permeability of the magnetic core of the nanocoil. The mutual

inductance M between the transmitter and receiver nanocoils is expressed as

M =k+/L1Ls = kL (4.8)
where k is the coupling coefficient between the nanocoils. The coupling coefficient k£ can be
given as [63]

k= 5 cos(a) (4.9)
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where d is the communication distance, i.e., the distance between transmitter and receiver
nanocoils, « is the angle between the axes of the coupled coils, and a is the average conductor
side length of the square planar nanocoils, expressed as @ = (a’ + a°)/2.

The resistance R of the CNT bundle-based nanocoils is found as follows
R =4aRyN (4.10)

where Ry is the resistance of the unit length of the CNT bundle and it is given by Ry =
pett / (wt) where peg is given in (4.5), w and ¢ are the width and thickness of the CNT bundle,

respectively. Then, assuming d >> a, the path loss expression becomes

74812 R§d°
PPTP 0 4.11
L w2abp2 N2 cos? () (411)

where ' = 1 + 27532131 The path loss is 6/"-order function of d. Thus, an increase in

the communication distance greatly reduces the received power. On the other hand, the
received power can be increased by using a large signal frequency w, a large number of turns
N, a large average nanocoil side length a, a large permeability of the magnetic core i, and

a small unit length resistance Ry.

4.3 Waveguide Model for WNMI Communication

In the previous section, the WNMI communication channel was modeled for a point-to-
point communication network. In the point-to-point WNMI communication, the received
power falls off proportionally with d® which can be seen in (4.11). Therefore, the com-
munication distance d has a severe effect on the received power, which limits the WNMI
communication range. In this section, to increase the feasible communication range of the
WNMI communication, we employ relay nanonodes between the transmitter and receiver
nanocoils to form a magneto-inductive waveguide.

For the WNMI communication, the relay nanonodes are assumed to be passive devices;
that is, a relay nanonode includes only a nanocoil and does not have a power source or
processing circuitry. The signal propagation through the relay nanonodes is achieved by

the magnetic coupling between nanocoils. That is, the sinusoidal current passing in the
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Figure 4.3: The waveguide model for the WNMI communication and circuit models of the
waveguide. (a) The model of the WNMI communication waveguide. (b) The transformer
model. (c¢) The equivalent circuit of the transformer model.

transmitter nanocoil induces a sinusoidal current in the nanocoil of the first relay nanonode.
Then, the induced sinusoidal current in the first relay nanocoil also induces a sinusoidal
current in the second relay nanocoil and the transmitted signal propagates in a similar
manner until the induced current reaches the receiver nanocoil.

The waveguide model for the WNMI communication is shown in Fig. 4.3(a). In the
waveguide, there are n identical nanocoils equally spaced including the nanocoils in the
transmitter and receiver nanodevices. Therefore, if the inter-relay distance, i.e., the distance

between two successive relay nanonode, is r, then, the communication distance between
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transmitter and receiver nanocoils is given by d = (n — 1)r. Furthermore, we assume
that only the adjacent nanocoils are magnetically coupled; hence, we only use the mutual
inductance between the adjacent nanocoils.

The multi-stage transformer model for the WNMI communication waveguide is demon-
strated in Fig. 4.3(b). The nanocoils in all nodes are assumed to be identical, and L, M,
and R are given in (4.7), (4.8), and (4.10), respectively. The equivalent circuit model for

the transmitter and receiver nanocoils can be seen in Fig. 4.3(c) where

Z = R+ jwL 4 1/jwC

Zy,=72"+ ZEknfl)n

w2M?

Zitie) = =——3 1 =2,...,nand Z =7

i(i—1) Z+Z(z+1)7, (n+1)n L (412)

w2 M? w2M?

Ziyy=——7——;1=23,...,nand Z15 =

(i—1)i Z+Z(i—2)(i—1) 12 7

Var(i—

Vigi = —jwM ——2MGD i 9 pand Vi = Vo

Z+ Zi—9)(i-1)
where Z;; denotes the reflected impedance of the M nanocoil into the jth nanocoil, and Vjy;
denotes the induced voltage on the i*" nanocoil, which is similar to the results presented
in [65]. According to the equivalent circuit of the WNMI communication waveguide, the
transmitted power P, and the received power P, are expressed as

1 Vol?
P, = Re{‘o‘}

2 Z + Zy

1 |VMn|2 }
P.—-R .
9 ¢ { 2(Z1 + Z + Zn-1ym)

To maximize the received power, the angular frequency of the transmitted signal is

(4.13)

chosen as the same as the resonant angular frequency of the equivalent RLC circuit of the
planar nanocoil. The resonant angular frequency of the nanocoil is given as w = 1/v/ LC
and hence jwL + (1/jwC) = 0. Therefore, the impedance of a nanocoil becomes Z = R and

the path loss in the waveguide-based WNMI communication is given by

Pr N |V7Mn|2

(4.14)

pwe _ D 2V@¢ (R+Zp—iyn + 21
L R+ Zy
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where

w2 M?

Z(n—l)n =
w2 M?
R+
w2 M?
R+ —m
L+ 2y

(4.15)

w2 M?

Zy =
w2 M?
R+

w2 M?
R+ —

- + 7 L
where Z1o = W?M?/R, Z = R+Z(;,—1)n, and Vrp is given in (4.12). Since the expression in
(4.14) is too complicated to simplify, the effect of several WNMI communication parameters
on the path loss in the waveguide-based WNMI communication is analyzed numerically in

the performance evaluation section of this chapter.

4.4 Information Theoretical Analysis of WNMI Communication

In this section, we present an information theoretical analysis for both the point-to-point
and waveguide-based WNMI communication methods to find their channel capacities. To
be able to derive a closed-form expression for the channel capacity, we start from modeling
the noise which arise in the WNMI communication.

At nanoscale, it can be assumed that the random thermal agitation of electrons moving
through the CNTs is the major electrical noise source [77]. Thus, we consider the electri-
cal thermal noise, which is called as the Johnson-Nyquist thermal noise, as the dominant
noise source in the WNMI communication [78, 79]. The power spectral density of the
Johnson-Nyquist thermal noise is nearly constant over the frequency spectrum and it can
be approximated as a white Gaussian noise [80]. The power spectral density of the thermal
noise is equal to kg7 where T is the temperature of the communication medium in Kelvin

and kp is the Boltzmann constant given by kp = 1.38 x 10723J/K. Although the total
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noise power over the entire frequency spectrum is infinite because it is a white noise, the
received noise power can ben limited by using a simple filter having a bandwidth equal to

B. Therefore, the total noise power over the bandwidth B is given as
P, = kgTB. (4.16)

Since the thermal noise in the WNMI communication has white Gaussian characteristic,
we use the classical channel capacity expression derived for channels having white Gaussian

noise as follows

C = Blog, <1 + PtéPL> (4.17)

where C' is the channel capacity, B is the bandwidth of the WNMI communication channel,
P, is the transmitted power, P is the path loss, and P, is the total noise power over the
bandwidth B [38]. In both the point-to-point and waveguide-based WNMI communication
methods, the path loss P; depends on the frequency of the transmitted signal, i.e., the
path loss increases as the signal frequency decreases as seen in (4.11). Thus, the channel
bandwidth of the WNMI communication is limited by the path loss. In this chapter, we
consider B as the 3dB bandwidth of the WNMI communication channel which is found by
solving

Py(f.— 0.5B)

Pr(fe) = ——5—— (4.18)

where f. is the central frequency of the transmitted signal defined by f. = w./27 and w is
the central angular frequency. That is, the path loss at the central frequency f. is half of
the path loss at the frequency f. — 0.5B. In addition, to maximize the received power, we
use the center frequency of the carrier signal as the same as the resonant frequency of the
equivalent RLC circuit of the nanocoil, i.e., f. = 1/27v/LC.

By using (4.11) to solve (4.18), the 3dB bandwidth of the point-to-point WNMI com-

BPTP

munication, denoted by , can be easily found as follows

BPTP — (2 - \@) fo= 227;/% (4.19)

According to (4.19), the bandwidth of the point-to-point WNMI communication is directly

proportional with the central frequency of the transmitted signal. The path loss expression
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for the WNMI communication waveguide in (4.14) is too complex to derive an explicit
formula for its the 3db bandwidth, denoted by BYE. Therefore, we find BV numerically
for the performance evaluation of the channel capacity.

The closed form expression of the channel capacity of the point-to-point WNMI com-
munication, denoted by C*T" | is found by substituting (4.7), (4.11), (4.19), and (4.16) in
(4.17) as follows

0.192yT a'1/2132 N cos?(a) P,
CPTP _ 7‘( logy [ 1+ o 0% 6(0‘2 ! (4.20)
TN/ paC 335k T3/ 2 R245C/
The channel capacity of the waveguide-based WNMI communication, denoted by C"¢, is
given by
P,
WG _ pWG t
where BYE and PZV G are evaluated numerically for the performance evaluation of the

waveguide-based WNMI communication channel capacity in the next section.

4.5 Performance Evaluation

In this section, we present the numerical performance analysis of both the point-to-point
WNMI communication and the waveguide-based WNMI communication. We use the path
loss and the channel capacity as the performance criterions and evaluate them with respect
to several parameters namely the communication distance d, the relative permeability of the
magnetic core p,, the outer side length of the nanocoils a®, the thickness of the CNT bundle
t, and the inter-relay distance r. The numerical evaluations are conducted on MATLAB.

In the numerical analyses, we keep the following parameters constant. For the dimensions
of a CNT bundle-based nanocoil, we use w = 4nm and s = Inm with N = 5 turns and
we set alpha = 0°. The diameter and resistivity of a SWCNT are given by d, = Inm and
pe = 1078Qm, respectively [74, 81]. In addition, we consider the probability that a given
SWCNT in the bundle is metallic as P,, = 1. We assume that the communication takes
place at room temperature, i.e., T' = 300K. We consider the parasitic capacitance of a CNT

bundle-based nanocoil as C = 0.01uF. Since nanodevices cannot produce a large amount
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of power, in order to get realistic results and according to the state of the art in molecular-
electronics, we assume that the transmitted power by TN is P, = 1nW. Furthermore, for the
path loss analyses, we assume that the angular frequency of the signal source is the same
as the resonant angular frequency of the equivalent RLC circuit of the CN'T bundle-based
nanocoil, i.e., w = 1/vLC.

4.5.1 Path Loss in Point-to-Point WNMI Communication

In this part, first, we numerically evaluate the path loss in the point-to-point WNMI
communication P TP given in (4.11) with respect to the communication distance d for dif-
ferent relative magnetic permeabilities of the magnetic cores in the nanocoils. The relative
magnetic permeability is defined as p, = u/pg where pg is the magnetic permeability of free
space given by po = 47 x 107"H/m. In this part of the numerical analyses, we assume that
the outer side length of the nanocoils is a® = 50nm and the thickness of the CN'T bundle is
t = 10nm. The numerical evaluation results of PLTY in dB are illustrated in Fig. 4.4(a).
According to the results, the path loss increases with an increase in the communication
distance, which can be also seen in (4.11). For example, for u, = 1000, PETP =41.1dB at
d = bmm and Pf TP —101.1dB at d = 50mm. As the communication distance increases,
first, the path loss exhibits a fast increase and then, it slowly increases. As a result, con-
sidering the power limitation of the nanodevices, the practical communication range of the
point-to-point WNMI communication is short. Furthermore, based on the results presented
in Fig. 4.4(a), an increase in the relative permeability p, decreases the path loss, which can
be clearly seen in (4.11). For all communication distances analyzed in this part, increas-
ing ;- from 500 to 2500 decreases the path loss by 7dB. Therefore, using a magnetic core
with large permeability in the nanocoil improves the achievable communication range of the
point-to-point WNMI communication by decreasing the path loss.

Next, we analyze the path loss in the point-to-point WNMI communication with respect
to the outer side length of the nanocoils a® with different thicknesses of the CNT bundle
t. For this part, we assume that the communication distance is d = bmm and the relative

magnetic permeability is g, = 1000. The results are shown in Fig. 4.4(b). According
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Figure 4.4: The path loss in the point-to-point WNMI communication P}j TP with respect
to (a) the communication distance d for different relative permeability values p, and (b)
the outer side length of the nanocoils a® for different thicknesses of the CN'T bundle ¢.

to the results, the path loss decreases with an increase in a°. For instance, for ¢ = 5dnm,
PETP = 43.0dB for a° = 50nm and PETP = 3.2dB for a¢° = 250nm. In addition, for
a® > 200nm, the path loss is approximately constant at Pf TP — 3.2dB. Moreover, based
on the results revealed in Fig. 4.4(b), the path loss decreases with an increase in the
thicknesses of the CNT bundle, which is an expected result according to (4.11). For example,
for a® = 50nm, increasing ¢ from 5nm to 15nm decreases the path loss by 9.37dB. As a
result, increasing the outer side length of the nanocoil and the thickness of the CNT bundle
increases the feasible communication range of the WNMI communication by reducing the

path loss.

4.5.2 Path Loss in WNMI Communication Waveguide

In this part, we begin with the analysis of the path loss in the WNMI communication
waveguide P}V¢ given in (4.14) with respect to the communication distance d for different
relative magnetic permeabilities p,. For this analysis, we assume that the outer side length
of the nanocoils is ¢° = 50nm and the thickness of the CNT bundle is ¢ = 10nm. Fur-
thermore, the inter-relay distance in the waveguide is constant and given by r = 0.5mm.
The communication distance is increased by increasing the number of relay nanocoils in

the waveguide. Note also that, the relay nanocoils in the waveguide do not require any
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Figure 4.5: The path loss in the WNMI communication waveguide PEV & with respect to
(a) the communication distance d for different relative permeability values u,., (b) the outer
side length of the nanocoils a® for different thicknesses of the CNT bundle ¢, and (c) the
inter-relay distance 7.

power. According to the results illustrated in Fig. 4.5(a), an increase in the communication
distance increases the path loss. For instance, for u, = 1000, PXV ¢ = 3.3dB at d = 5mm,
PG = 15.1dB at d = 50mm, and P}V¢ = 79.5dB at d = 250mm. Note that, for the same
communication distances, the waveguide technique greatly reduces the path loss compared
with the point-to-point WNMI communication. Although the path loss in dB abruptly
increases in the point-to-point WNMI communication as the communication distance in-
creases, in the WNMI waveguide, the path loss in dB increases linearly with a small slope
compared with the point-to-point case. As a result, by using the waveguide technique,
the range of the WNMI communication is significantly increased by greatly decreasing the
path loss. Based on the results, the waveguide-based WNMI communication stands as a
promising solution to long range nanoscale communication. Moreover, based on the results
shown in Fig. 4.5(a), an increase in the relative permeability p, decreases the path loss.
For example, for d = 100mm, increasing u, from 500 to 2500 decreases the path loss by
25.9dB. Hence, using magnetic cores in the nanocoils with large permeabilities also greatly
improves the feasible communication range of the waveguide-based WNMI communication
by reducing the path loss.

In the second of part the path loss analysis for the WNMI communication waveguide,
we investigate the path loss PEV G with respect to the outer side length of the nanocoils

a® with different thicknesses of the CNT bundle ¢. For this analysis, we assume that the
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communication distance is d = 20mm, the relative magnetic permeability is p, = 1000,
and the inter-relay distance is » = 0.5mm. The results are demonstrated in Fig. 4.5(b).
According to the results, the path loss decreases with an increase in a®. For example, for
t = Snm, PZVG = 12.6dB for a° = 50nm and PEVG = 3.0dB for a° = 100nm. Furthermore,
for a® > 80nm, the path loss stays approximately constant at PEV G = 3.0dB. Moreover,
based on the results revealed in Fig. 4.5(b), the path loss decreases with an increase in the
thicknesses of the CN'T bundle. For instance, for a® = 50nm, increasing ¢ from 5nm to 15nm
decreases the path loss by 7.8dB. Therefore, appropriately increasing the outer side length
of the nanocoils and the thickness of the CN'T bundle increases the feasible communication
range of the waveguide-based WNMI communication by greatly decreasing the path loss.
In the last part of the path loss analysis for the waveguide, we analyze the path loss
PZV G with respect to the inter-relay distance r. For this part of the analysis, we assume
that the outer side length of the nanocoils is a® = 50nm, the thickness of the CN'T bundle is
t = 10nm, the communication distance is d = 50mm, and the relative magnetic permeability
is p, = 1000. According to the results shown Fig. 4.5(c), the path loss increases with an
increase in the inter-relay distance. As r increases, the magnetic coupling between relay
nanonodes becomes weak causing the path loss between two relays to increase with an
increase in the distance between them as shown in Fig. 4.4(a). Thus, in the waveguide, the
total path loss between TN and RN becomes more severe as r is increased. For example,
PXVG = 3.7dB for r = 0.2mm and PEVG = 62.9dB for » = 1.0mm. Note that, although
decreasing the inter-relay distance greatly reduces the path loss, the cost of the waveguide
with a shorter inter-relay distance is increased because the number of relay nanocoils in the
waveguide is increased. Therefore, the inter-relay distance is selected in accordance with

the desired path loss and the cost of the waveguide.

4.5.3 Channel Capacity of Point-to-Point WINMI Communication

For the channel capacity analysis, we first numerically evaluate the channel capacity of
the point-to-point WNMI communication C*T* given in (4.20) with respect to the com-

munication distance d for different relative magnetic permeabilities of the magnetic cores
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Figure 4.6: The channel capacity of the point-to-point WNMI communication C*7* with
respect to (a) the communication distance d for different relative permeability values u, and
(b) the outer side length of the nanocoils a° for different thicknesses of the CNT bundle ¢.

in the nanocoils. For this analysis, we assume that the outer side length of the nanocoils is
a® = 50nm and the thickness of the CNT bundle is ¢ = 10nm. The numerical evaluation
results of C”TF in bps are illustrated in Fig. 4.6(a). Based on the results, the channel
capacity decreases with an increase in the communication distance, which can be also seen
in (4.20). For example, for u, = 1000, CFT¥ = 43.9Mbps at d = 5mm and CTTF = 65.8bps
at d = 50mm. As the communication distance increases, the channel capacity falls sharply
because the received power declines proportionally with d® in the point-to-point WNMI
communication. Furthermore, according to the results presented in Fig. 4.6(a), an increase
in the relative permeability u, increases the channel capacity. For instance, for d = bmm,
increasing pu, from 500 to 2500 increases the channel capacity from 27.6Mbps to 62.3Mbps.
Thus, using a magnetic core with large permeability in the nanocoil greatly improves the
channel capacity of the point-to-point WNMI communication.

Next, we analyze the channel capacity of the point-to-point WNMI communication with
respect to the outer side length of the nanocoils a® with different thicknesses of the CNT
bundle ¢. For this part, we assume that the communication distance is d = 5mm and
the relative magnetic permeability is p, = 1000. The results are shown in Fig. 4.6(b).
According to the results, first, the channel capacity increases with an increase in a® up to
a certain value of a®. Then, the capacity declines as a° is increased. That is, the channel

capacity is a concave function of a®. Therefore, for a given ¢, the channel capacity can be
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maximized by appropriately choosing the value of a° according to the capacity expression
in (4.20). For instance, for ¢ = 5nm, the channel capacity is maximized and it reaches
CPTP = 144.8Mbps when a° = 120nm. Note that, for t = 5nm, CFTF = 15.2Mbps for
a® = 50nm and CPTP = 113.0Mbps for a® = 250nm. Furthermore, based on the results
revealed in Fig. 4.6(b), the channel capacity increases with an increase in the thicknesses of
the CNT bundle. For example, for a® = 50nm, increasing ¢ from 5nm to 15nm increases the
channel capacity from 15.2Mbps to 74.3Mbps. Thus, the channel capacity of the point-to-
point WNMI communication can be significantly increased by appropriately adjusting the

outer side length of the nanocoils and the thickness of the CNT bundle.

4.5.4 Channel Capacity of WNMI Communication Waveguide

In this part, first, we analyze the channel capacity of the WNMI communication waveg-
uide CW& given in (4.21) with respect to the communication distance d for different relative
magnetic permeabilities u,. For this analysis, we assume that the outer side length of the
nanocoils is a° = 50nm and the thickness of the CNT bundle is ¢ = 10nm. Furthermore, the
inter-relay distance in the waveguide is constant and given by » = 0.5mm. We increase the
communication distance by increasing the number of relay coils in the waveguide. Based
on the results shown in Fig. 4.7(a), an increase in the communication distance reduces
the channel capacity. For instance, for u, = 1000, C"'¢ = 192.2Mbps at d = 50mm and
CWG = 3.1kbps at d = 250mm. Note that, for the same communication distance, the
WNMI communication waveguide has significantly larger channel capacity compared with
the point-to-point WNMI communication. Thus, the waveguide-based WNMI communi-
cation supports very high transmission bit-rates for long range nanoscale communication.
Moreover, based on the results shown in Fig. 4.5(a), an increase in the relative permeability
Wy greatly increases the channel capacity. For example, for d = 200mm, increasing pu, from
500 to 2500 increases the channel capacity from 0.24kbps to 12.5Mbps. Therefore, using a
magnetic core with a large permeability in the nanocoils significantly improves the channel

capacity of the waveguide.

In the second of part, we analyze the channel capacity of the waveguide-based WNMI
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Figure 4.7: The channel capacity of the WNMI communication waveguide C& with respect
to (a) the communication distance d for different relative permeability values p,., (b) the
outer side length of the nanocoils a° for different thicknesses of the CNT bundle ¢, and (c)
the inter-relay distance r.

communication C"'¢ with respect to the outer side length of the nanocoils a°® with different
thicknesses of the CNT bundle ¢. For this analysis, we assume that the communication
distance is d = 20mm, the relative magnetic permeability is p, = 1000, and the inter-
relay distance is r = 0.5mm. The results are demonstrated in Fig. 4.7(b). According to the
results, first, the channel capacity increases with an increase in a° until a certain value of a°.
Then, the capacity decreases when a° is increased. Since for a given ¢, the channel capacity
is a concave function of a°, the channel capacity of the WNMI communication waveguide
can be maximized by selecting the value of a° according to the capacity expression in
(4.21). For example, for ¢ = 5nm, the channel capacity reach its maximum value given
by CPTP = 612.5Mbps when a® = 80nm. Note that, CFTP = 244 5Mbps for a® = 50nm
and CPTP = 462.5Mbps for a® = 150nm. Moreover, based on the results illustrated in
Fig. 4.7(b), the channel capacity increases with an increase in the thicknesses of the CNT
bundle. For instance, for a® = 50nm, increasing ¢ from 5nm to 15nm increases the channel
capacity from 244.5Mbps to 636Mbps. As a result, by appropriately selecting the outer side
length of the nanocoil and the thickness of the CNT bundle, the channel capacity of the
WNMI communication waveguide can be significantly improved.

In the last part of the channel capacity analysis for the waveguide, we investigate the
effect of the inter-relay distance  on the channel capacity CW&. For this part, we assume

that the outer side length of the nanocoils is a® = 50nm, the thickness of the CNT bundle is
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t = 10nm, the communication distance is d = 50mm, and the relative magnetic permeability
is p, = 1000. According to the results shown Fig. 4.7(c), the channel capacity decreases
with an increase in the inter-relay distance. As we discuss in Section 4.5.2, as r increases,
the path loss in the WNMI communication waveguide increases, which causes the received
power to decrease. As a result, the channel capacity also decreases with an increase in 7.
For example, CW¢ = 869.8Mbps for r = 0.2mm and C"¢ = 178.3kbps for r = 1.0mm.
The inter-relay distance r causes a trade off between the channel capacity and the cost
of the waveguide. That is, as the inter-relay distance is increased, the channel capacity is
increased but the cost of the waveguide is also increased because for the same communication
distance, more relay nanocoils are required when the inter-relay distance becomes shorter.
Therefore, for a given communication distance, the inter-relay distance in the waveguide can

be adjusted according to the desired channel capacity and the total cost of the waveguide.
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Chapter 5

NANOSCALE HEAT COMMUNICATION CHANNEL

Nanonetworks constructed by interconnecting nanodevices using wireless communica-
tion allows the nanodevices to perform more complex functions by means of cooperation
between them. For the first time in the literature, we introduce a novel and physically
realizable nanoscale communication technique: Nanoscale Heat Communication (NHC) in
which the heat transfer is used for communication at the nanoscale. The transmitted in-
formation is encoded in temperature signals using the MagnetoCaloric Effect (MCE) which
is the change in temperature of a magnetic material exposed to a varying magnetic field.
Thermal energy emitted or absorbed by a transmitter nanodevice is subject to the laws
of thermal diffusion which changes the temperature of the communication medium. The
transmitted information is decoded by a receiver nanodevice that senses the temperature
variations. We derive an analytical expression for signal-to-noise ratio (SNR) in the NHC.
Using the information theoretical analysis, we obtain the closed-form expression for the
channel capacity. According to the performance evaluation of the channel capacity, the
NHC provides a significantly higher capacity communication compared with the existing
nanoscale communication techniques. Therefore, the NHC stands as a promising solution
to nanoscale communication between nanomachines based on its channel capacity perfor-

mance, advantages, and possible applications for emerging nanonetworks.

5.1 Introduction

Nanoscale communication between nanodevices is a quite novel and interdisciplinary con-
cept which includes nanotechnology, biotechnology, and communication technology [1]. The
nanonetworks constructed by interconnecting nanodevices expand the capabilities of single

nanodevices by means of cooperation between them [2]. The realization of the nanoscale
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communication can be achieved through electromagnetic, acoustic, or molecular communica-
tion [4, 5]. Although recently, Molecular Communication (MC) is considered as a promising
solution for the communication of nanodevices [7, 17], there are several disadvantages of
MC. For example, the limitation in the molecule storage of a nanodevice restricts the life-
time of a nanonetwork and makes the MC impractical. On the other hand, refilling the
molecule storage of a nanodevice is very challenging. Furthermore, in the MC, the emission
of the signal molecules in the communication medium may result in undesired accumulation
of these molecules.

For the first time in the literature, we introduce a novel and radically different nanoscale
communication concept: Nanoscale Heat Communication (NHC) in which the heat transfer
is used for communication at the nanoscale. The NHC is based on the diffusion of the
thermal energy. That is, the temperature of the transmitter nanodevice is modulated ac-
cording to the transmitted information. The thermal energy emitted due to an increase
in the temperature of the transmitter or absorbed due to a decrease in the temperature of
the transmitter changes the temperature at the receiver location due to the laws of thermal
diffusion. Then, the temperature variation at the receiver location is sensed by the receiver
nanodevice using a thermal nanosensor.

The temperature modulation of the transmitter nanodevice is achieved by using the
MagnetoCaloric Effect (MCE) which is a well-known phenomenon defined as the change
in temperature of magnetic materials exposed to a varying magnetic field [82]. We use
the MCE in the NHC because it can be successfully implemented for temperature modu-
lation at nanoscale. By utilizing a nanosolenoid to create a magnetic field and a magnetic
nanoparticle, the transmitter nanodevice can modulate the temperature of the nanoparticle
to transmit the desired information. Recently, the production and utilization of carbon
nanosolenoids have been successfully realized using carbon nanotubes (CNTs) [83, 84, 85].
In addition, the theoretical analyses of the CNT bundle-based inductors are presented in
[86, 87]. CNTs bundle-based inductors have been proposed as a possible replacement for
copper inductors due to their high conductivity and current carrying capabilities [88, 89].

Magnetic nanoparticles have been used for their ability to exhibit large MCE; e.g., the
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temperature of gadolinium (Gd) nanoparticles can be increased by 2K at room tempera-
ture by applying a magnetic field having approximately 500mT strength [90]. For instance,
magnetic nanoparticles are utilized in an experimental cancer treatment called magnetic
hyperthermia in which the MCE is used to heat and kill a tumor [91]. Furthermore, accord-
ing to the results revealed in [83], CNT-based nanosolenoids having a magnetic core with
high permeability might generate a magnetic field with a strength on the order of hundreds
of mT. Hence, the MCE can be conveniently utilized in the NHC to modulate the temper-
ature of a magnetic nanoparticle. As a result, unlike the most of the existing nanoscale
communication methods in the literature, the NHC technique is physically realizable and
hence, the NHC can be experimentally validated.

The NHC is based on the diffusion of the thermal energy; thus, the NHC and MC are
similar because the MC depends on the diffusion of molecules. However, the NHC does not
have the disadvantages of the MC. In the NHC, the electrical energy is converted to the
thermal energy. Therefore, in the NHC, a nanobattery is enough to provide power required
for the communication unlike the MC. Recently, novel energy harvesting techniques have
been proposed to recharge the energy stored in the nanobatteries [92]. For instance, an
experimental study for a piezoelectric nanogenerator is shown in [93]. Thus, by using these
techniques, it is possible to overcome the energy bottleneck of nanonetworks and to make
their lifetime infinite.

Unlike the MC, binary bipolar encoding can be used in the NHC. That is, the tem-
perature of the transmitter nanodevice can be modulated according to the binary bipolar
encoding using the MCE. As a result, the expected temperature variation of the communi-
cation medium due to NHC becomes zero. However, in the MC, the accumulation of the
molecules in the communication medium is an inevitable result [14]. Furthermore, the NHC
can take place in all three states of the matter since the thermal diffusion occurs in all the
states. However, the MC can be realized only in a liquid [8]. The implementation of the
NHC is simple compared with the MC since a nanodevice can become a transmitter by
incorporating a nanosolenoid and a magnetic nanoparticle into the nanodevice and, simi-

larly, a nanodevice can receive the transmitted temperature signals only by using a thermal
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Table 5.1: Comparison Table of Molecular Communication and Nanoscale Heat Communi-
cation

Property Molecular Communication | Nanoscale Heat Communication
Physical phenomenon Molecular diffusion Thermal diffusion

Lifetime Limited Unlimited

Communication Medium | Liquid Solid, liquid, gas

Effect on medium Molecule accumulation No total effect

Implementation Complex Simple

nanosensor. The summary of the comparison of the NHC and the MC is given in Table
5.1. The NHC stands as a promising solution to realize nanoscale communication between
nanomachines based on its advantages over the MC.

The rest of this chapter is organized as follows. In Section 5.2, we explain the basic con-
cepts of MCE and underline the governing physical laws and its mathematical formulations.
In Section 5.3, we describe the physical model of the NHC and explain how each of the
components in the communication model works. In Section 5.4, we perform an information
theoretical analysis of the NHC to determine the closed-form expression for the channel ca-
pacity and the signal-to-noise ratio (SNR). Section 4.5 presents numerical analyses of both

the channel capacity and the SNR for the NHC channel.

5.2 Theory of Magnetocaloric Effect

In [82], Warburg defines the MagnetoCaloric Effect (MCE) as the response of magnetic
materials to a varying magnetic field which manifests as a change in the entropy and temper-
ature of the magnetic material. The nature of the MCE is explained later and its practical
use to reach ultralow temperatures is suggested independently in studies [94] and [95]. In
[96], it is shown that the temperatures below 1K can be achieved successfully by the use
of the MCE. Furthermore, the model of the first magnetic refrigerator working at room
temperature is demonstrated in [97].

The MCE is an intrinsic property of all magnetic materials and is caused by the coupling



Chapter 5: Nanoscale Heat Communication Channel 90

of the magnetic sublattice with the magnetic field [98]. In Fig. 5.1, the thermodynamics of
the MCE for a ferromagnet, i.e., the entropy of the ferromagnetic material S with respect
to the temperature T', for both zero magnetic field Hy and a nonzero magnetic field Hy is
schematically illustrated. If the magnetic field H; is applied to the ferromagnet in an adia-

1'in which the total entropy of the system remains constant, the temperature

batic process
of the system increases due to MCE, which is called the adiabatic temperature change and
denoted by AT,4. The adiabatic temperature change can be visualized as the temperature
difference between (Sp, Tp) and (Sp,T1) points shown in Fig. 5.1 by the horizontal arrow,
ie, AT, =Ty —Tp.

The MCE can also be expressed by means of the entropy change, denoted by AS, when
the magnetic field H; is applied to the ferromagnet in an isothermal process®. Similar to
the isothermal compression of a gas, the isothermal magnetizing of a soft ferromagnet or a
paramagnet reduces the entropy of the material and the isothermal demagnetizing restores
the zero magnetic field entropy of the material similar to the isothermal expansion of a gas.
The isothermal entropy change is represented by the difference between (S, Ty) and (S1, Tp)
points illustrated in Fig. 5.1 by the vertical arrow, i.e., AS = Sy — 5.

The isothermal entropy change AS and the adiabatic temperature change AT, 4 represent

two quantitative characteristics of the MCE. The AS and AT,y are derived using one of

the fundamental Maxwell’s relations [99]

(5),- (),

where S(T, H) is the total entropy, M (T, H) is the magnetization, H is the magnetic field
strength, T' is the absolute temperature and the subscript outside the parentheses indicates

which variable is being held constant during differentiation. For an isothermal process, the

! An adiabatic process is defined as a process occurring without input or output of heat within a system,
i.e., the system is thermodynamically isolated. Therefore, by the second law of thermodynamics, in an
adiabatic process the entropy of the system does not change.

2 An isothermal process is defined as a process in which the temperature remains constant. In an isothermal
process, there is heat transfer between the system and the surroundings which causes the entropy of the
system change by the second law of thermodynamics.
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Figure 5.1: The schematic demonstration of the entropy of the ferromagnetic material with
respect to the temperature for zero magnetic field Hy and a nonzero magnetic field H;.

integration of the expression given in (5.1) yields

AS = /HHf <‘3Mé§’H)> an (5.2)

where H; and H; are the initial and final magnetic fields, respectively, applied to the
magnetic material. According to (5.2), the isothermal entropy change is proportional to the
magnetic field change and to the derivative of the magnetization with respect to temperature
at constant magnetic field. Furthermore, for an adiabatic process, another fundamental

expression to describe the MCE is [99]

Hy
AT, = — T <6M(T, H)

e or ), >3
where C(T, H)p is the heat capacity of the magnetic material at constant magnetic field
as indicated by the subscript H. Therefore, the adiabatic temperature change is directly
proportional to the absolute temperature, to the magnetic field change and to the derivative
of magnetization with respect to temperature at constant magnetic field; it is inversely

proportional to the heat capacity.
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5.3 Physical Model of Nanoscale Heat Communication

The NHC, which is proposed in this study for the first time in the literature, is a
novel communication paradigm to realize wireless communication between nanodevices.
The NHC model that is used in this study consists of a transmitter nanodevice (TN), a
receiver nanodevice (RN), a thermal diffusion channel between TN and RN, and a noise
caused by the stochastic fluctuations in the temperature at the output of the channel. In
this section, we introduce the NHC model by describing how each of the components in the

communication model works.

5.3.1 Transmitter

The transmitter nanodevice (TN) uses the binary bipolar encoding for the transmission
of the binary information bits {a;}. To transmit the information, the temperature of TN
is modulated according to the bipolar encoded signal. That is, a binary bit 0 is trans-
mitted by a zero temperature change and a binary bit 1 is transmitted alternately by a
positive temperature change and a negative temperature change with the same magnitude.
Therefore, the expected temperature change of the communication medium is zero. The
communication takes place in a 3D medium having a significantly larger extent than the
size of nanodevices. Furthermore, the communication medium can be solid, liquid, or gas.

The NHC with bipolar encoding is achieved by the utilization of the magnetocaloric
effect (MCE) in TN. The MCE is used in the NHC since it can be successfully imple-
mented to modulate the temperature at nanoscale. Fig. 5.2(a) shows the simplified model
of TN. TN includes a CNT-based nanosolenoid, a thermal insulator shell, a spherical mag-
netic nanoparticle, a nanobattery, and a switch. The CNT-based nanosolenoid is used to
create the desired magnetic field and change the temperature of the magnetic nanoparti-
cle by means of the MCE. Since a copper nanosolenoid has a significantly large resistance
and low quality factor due to nanoscale dimensions of copper wires, we use a CNT-based
nanosolenoid in TN for the NHC. CNT-based nanosolenoids have extremely high conductiv-

ity and current carrying capabilities [88, 89]. Therefore, the Joule heating in the CNT-based
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nanosolenoid is significantly lower compared with a copper nanosolenoid. Furthermore, we
assume that the nanosolenoid is enclosed by a thermal insulator shell to prevent the Joule
heating from interfering with the temperature signals transmitted by TN.

The information transmission process in the NHC is described as follows:

1. Initially, the switch is open and there is no current flowing through the nanosolenoid;
thus, there is no magnetic field created by the nanosolenoid as shown in Fig. 5.2(a).
The temperature of the magnetic nanoparticle is the same as the temperature of the

medium, denoted by T, i.e., the system is in thermal equilibrium.

2. Then, if the next information bit to be transmitted is a binary bit 0, the switch re-
mains open and the thermal equilibrium condition is sustained because the binary
bit 0 is transmitted by a zero temperature change. However, if the next information
bit to be transmitted is a binary bit 1, the switch is closed instantaneously which
causes a current flow through the nanosolenoid; thus, a magnetic field H is created
by the nanosolenoid as illustrated in Fig. 5.2(b). Since the magnetic field H is ap-
plied instantaneously to the magnetic nanoparticle, the process of the application of
magnetic field can be approximated as an adiabatic process. Thus, the temperature
of the nanoparticle increases by AT,y due to the MCE. Then heat flows from the
nanoparticle to the communication medium due to the temperature difference. For
example, the temperature of Gd nanoparticles increase by 2K by applying a magnetic
field having 500mT strength at room temperature [90]. With the advances in nan-
otechnology, CNT-based nanosolenoids having a magnetic core with high permeability
can generate a magnetic field with a strength on the order of hundreds of mT [83].
Thus, the MCE can be conveniently used in the NHC to modulate the temperature

of a magnetic nanoparticle.

3. In the NHC, the temperature of the magnetic nanoparticle is modulated according to
the binary bipolar encoding; then, the expected value of the temperature change of

the medium is zero. Furthermore, since the extent of the communication medium is
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Figure 5.2: The NHC model and the temperature encoding mechanism with binary bipolar
coding.

assumed to be significantly larger compared with the size of the magnetic nanoparti-
cle, the heat capacity of the communication medium is also significantly larger than

the heat capacity of the nanoparticle. For instance, 1L water at room temperature
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T = 300K has a heat capacity Cy = 4140J/K and a nanoparticle has a heat capacity
on the order of 107*¥J/K [100]. Thus, the steady state temperature change of the
communication medium caused by the NHC is negligible compared with the temper-
ature of the medium 7T and hence T can be assumed to be unchanged. Then, the
magnetic nanoparticle returns its initial temperature 1" after the thermal equilibrium

is reached as shown in Fig. 5.2(c).

4. After transmitting the binary bit 1, if the next information bit to be transmitted is
a binary bit 0, the switch remains closed and the magnetic field H is held constant.
However, if the next information bit to be transmitted is a binary bit 1, the switch is
opened instantaneously, which cuts off the current flowing through the nanosolenoid;
thus, the magnetic field H disappears as shown in Fig. 5.2(d). Since the magnetic
field H that is applied to the magnetic nanoparticle instantaneously vanishes, the
process of the removal of the magnetic field can be approximated as an adiabatic
process. Hence, the temperature of the nanoparticle decreases by AT,; due to the
MCE. Then, heat flows from the communication medium to the nanoparticle because

of the temperature difference.

5. The heat capacity of the communication medium is large enough that the temperature
of the medium 7T is assumed to be unchanged (see item(c) above) and hence the
temperature of the nanoparticle returns its initial value 1" after the thermal equilibrium
is reached as shown in Fig. 5.2(e). That is, the system reaches its initial condition
(see item (a) above). Therefore, the information transmission process continues from

item (a) in a cyclic manner.

The inductance of the nanosolenoid opposes the rate of change of the current flowing
through it when the switch in the TN is closed or opened. Therefore, when the switch is
closed or opened instantaneously, the current flowing through the nanosolenoid exponen-

tially increases or decreases, respectively, [101]. According to the transient analysis of the
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TN circuit, the time constant of this exponential increase and decrease is given by
T=—= (5.4)

where R and L are the resistance and inductance of the nanosolenoid, respectively. When
the switch is closed or opened, in order for the current to reach its steady state value,
approximately 57 time is required [101]. The adiabatic temperature change AT, of the
magnetic nanoparticle described in Section 5.2 is proportional to the magnetic field H
created by the solenoid, and the magnetic field is proportional to the current flowing through
the nanosolenoid. Thus, when the switch is closed or opened, 57 time passes for the magnetic
field to reach its steady state value. Since a CNT-based nanosolenoid has an inductance on
the order of 1nH and a resistance on the order of 10 [87], 57 is on the order of 0.5ns which is
an extremely short duration. Hence, during such an extremely short time, the heat transfer
between the magnetic nanoparticle and the surroundings is negligible and the generation
and removal process of the magnetic field can be assumed as an adiabatic process.

When the switch is closed instantaneously, the temperature of the magnetic nanoparticle
adiabatically increases by AT,q after 57 time. At the end of the adiabatic process, the
temperature of the magnetic nanoparticle changes according to the thermal diffusion. In
other words, the initial condition for the temperature of the magnetic nanoparticle is T +
AT,q before the thermal diffusion takes place. Thus, the adiabatic temperature change can
be modeled as an impulse function with a magnitude AT,,. Furthermore, the radius of the
spherical magnetic nanoparticle is considered negligible with respect to the distance between
the TN and the RN; that is, » < d. Therefore, the magnetic nanoparticle is approximated
as a point source emitting desired temperature signals at the location (x = 0,y = 0,z = 0).

Finally, the temperature variation of the magnetic nanoparticle is expressed as
s(z,y, z,t) = ATgqd(z,y, 2, t). (5.5)

According to the information transmission process described above, the total temperature

variation of the nanoparticle located in TN is given by

sr(@,y,2,8) = Y bys(x,y, 2t — jT) (5.6)

j=—o0
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Figure 5.3: The block diagram representation of (a) transmitter and channel, and (b)
receiver for the NHC model.

where {b;} is the bipolar encoded sequence of the binary information sequence {a;} and T}
is the signaling interval. The block diagram representation of the transmitter and channel

can be seen in Fig. 5.3(a).

5.3.2 Signal Propagation

The transmission of the information from TN to RN is achieved by the propagation of
the temperature signals transmitted by TN. The propagation of the temperature signals is
caused by the thermal diffusion. To derive the impulse response of the thermal diffusion
channel, we use the heat equation which describes the variation in temperature in a given

region over time [102]. The heat equation is given by

ou(x,y,z,t)

_ o2
5 = aVu(z,y, z,t) (5.7)

where u(z,y, z,t) is the temperature of the point (z,y, z) at time ¢, Vu(z,y, 2,t) is the sum
of the 3D spatial second derivatives of u(x,y, z,t), and « is the thermal diffusivity of the
medium assuming that the thermal diffusion takes place in a 3D medium. The impulse
response of the thermal diffusion channel can be found by solving (5.7) for a point heat

source with an initial condition for the temperature of the source

u(z,y,z,t =0) =d(x,y, 2). (5.8)
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The response of (5.7) to the impulse given in (5.8) yields the impulse response of the thermal

diffusion channel, denoted by h(t), and it is is given as follows

_ v |d|?

where V is the volume of the magnetic nanoparticle, i.e., V = (4/3)mr3, |d| is the Euclidean

distance between RN and TN, i.e., |d| = \/(zr)% + (yr)? + (2r)2, and (zg,yr, zr) is the
location of RN in 3D Cartesian coordinate system. To have a compact notation, we drop
(z,y,z) term in h(z,y, z,t) because TN and RN are located at fixed positions. Since the
thermal diffusivity constant is assumed to be time-invariant, the NHC channel is time-
invariant.

The temperature change at the RN location caused by the temperature variation of the
magnetic nanoparticle can be obtained as

2
y(t) = s(t) * h(t) = mem (—E’a), t>0 (5.10)

where % denotes the convolution operator. The total temperature change at RN location is

yr(t) = .Z biy(t — §Ts). (5.11)

5.3.3 Noise

At the output of the thermal diffusion channel, a noise is added to the total tempera-
ture variation signal yr(z,t). The additive noise, denoted by n(t), is a result of thermal
fluctuations which are random deviations of a system from its equilibrium. The thermal
fluctuations are generated by an additive Gaussian noise process with a power spectral
density (PSD) given as

kpT?
Sulf) =6

(5.12)

where T is the temperature of the communication medium, Cy is the heat capacity of
the medium at constant volume, and kp is Boltzmann constant [103]. Since in the NHC,
the temperature of the magnetic nanoparticle is modulated according to the binary bipolar

encoding, the expected value of the temperature change of the medium is zero. Furthermore,
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since the heat capacity of the communication medium is assumed to be significanlty larger
than the heat capacity of the magnetic nanoparticle, the steady state temperature change
of the medium is considered as negligibly small compared with the temperature of the
medium 7. For example, 1L water at room temperature 7" = 300K has a heat capacity
Cy = 4140J/K and a nanoparticle has a heat capacity on the order of 10718J/K [103].
Therefore, the temperature of the medium 7" and the PSD of the noise are assumed to be
constant. Consequently, based on the aforementioned assumptions, the additive noise in the

NHC can be modeled as an additive white Gaussian noise (AWGN) with a PSD in (5.12).

5.3.4 Receiver

The receiver nanodevice (RN) is located at a distance of d from TN and the total

instantaneous temperature variation at the receiver location is given by
z(t) = yr(t) + n(t). (5.13)

RN includes a thermal nanosensor in order to detect the temperature signals transmitted
by TN. The temperature sensor converts the temperature signals to electrical signals. To
increase the signal-to-noise ratio (SNR) of the received electrical signals, the power of the
noise is limited by a low pass filter (LPF) with unity gain before sampling the temperature.
The bandwidth of the LPF, denoted by B, is chosen to be B > 2/Ty so that the bipolar
signaling wave shape is preserved at the filter output, yet the noise power is reduced by the
filter [104]. It is assumed that RN samples the output of the LPF with a sampling time 7T
which is equal to the signaling interval of TN. Thus, assuming the detection is coherent and
there is no intersymbol interference (ISI), the signal of the temperature variation sampled
by RN is given as

2 = AT aabr + ng (5.14)

where zp, = z(kTs), n, = n(kTs), and AT, is defined as the maximum temperature change

at the receiver location and it is given by

AT,V

s - 5.15
(%7['6612)3/2 ( )

ATar = max y(t) =
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The delay required for the temperature of the reception space reaches its maximum value,
denoted by t,4., is given as

d2

o (5.16)

tmaz = argmaxy(t) =

The output of the sample and hold device is passed through a threshold device. The output
of the threshold device gives the detected bits that are transmitted by TN. If |z,| > Ty,
the output of the threshold device is 1, otherwise 0 where T}, is the threshold temperature.
To have a negligible ISI, the sampling time T should be large enough, i.e, T > t,,4.. The

block diagram representation of the receiver can be seen in Fig. 5.3(b).

5.4 An Information Theoretical Analysis of Nanoscale Heat Communication

In this section, we present an information theoretical analysis of the NHC. According to
the communication model described above, the NHC channel is a time-invariant additive
white Gaussian noise (AWGN) channel and the binary bipolar signaling is used for the
information transmission. In order to characterize the channel of the NHC, first, we derive
the information transmission probabilities of the channel.

Since the channel noise is AWGN, it is a zero-mean wide-sense stationary Gaussian
process. We know that for a Gaussian process at the input, the output of the linear processor
is also a Gaussian process. Therefore, the noise sample at the output of the sampler device
is a zero mean Gaussian random variable and the total output sample z, is a Gaussian
random variable whose mean value depends on the transmitted bipolar information bit b,
as in (5.14). That is, {z,| + 1 sent} ~ N(ATaz,03), {2n| — 1 sent} ~ N(=AT00,03),
{2,]0 sent} ~ N(0,02) where o3 is the variance of the noise samples and it is equal to
the average received noise power, denoted by P,, i.e., 0(2] = P,,. The power of the noise is
limited by the low-pass filter (LPF) before sampling the temperature; hence, the average
received noise power P, is given by

2
n_/ sy = 28T, (5.17)
Oy

If the threshold of the threshold device is T}, = AT}42/2, then the probability of erroneous
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Figure 5.4: The binary asymmetric channel (BAC) representation for the NHC.

transmission of bit 1 is given by

1 1
¢=5 Pr(0 received| + 1 sent) + 3 Pr(0 received| — 1 sent)

5.18
o JAT | _ o [ [ATRCy (5.18)
4P, 8kpBT?

where Q(+) is the Q-function. The probability of erroneous transmission of bit 0 is given by

AT AT?
p = Pr(1 received|0 sent) = 2Q) T";” =2Q %Zgg/ (5.19)

Since p # q, the NHC channel exhibits binary asymmetric channel (BAC) characteristics.
The BAC channel model of the NHC is illustrated in Fig. 5.4 based on the analysis that we
introduced so far.

Assume that X is the transmitted bit by TN and Y is the received bit by RN. Then, we

assume that TN transmits bit 1 with a probability Pr, i.e.,

PT, ifer=1
Px(x) = (5.20)

1—Pp, ifz=0.

Using (5.20) and the channel transmission probabilities seen in Fig. 5.4, the joint probability

distribution of X and Y, denoted by Pxy (x,y), is given as

(1=p)(1—Pp), if (z=0,y=0)

p(1 — Pr), if (z=0,y=1)
qPr, if (z=1,y=0)

\
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The joint distribution Pxy (z,y) expresses the probability of that the observed output sym-
bol is y and the transmitted symbol is . The mutual information between X and Y denoted

by I(X;Y) is given in [38] as follows

Pxy(z,
I(X:Y) = ZPXY(%?J) log, PXXY( y)

(@) Py (4) >22)

where Py (y) is the probability distribution of Y. It is straightforward to obtain Py (y) using
the joint distribution Pxy (z,y). The NHC channel capacity, denoted by C, is the maximum

value of the mutual information [38] and the channel capacity C is found as follows

H(1—p)— H(q)
+logy (142 at+p—1 (5.23)

C = max1(X;v) = =A@ ZaA1 = p)
P(e) g+p—1

where H(-) is the binary entropy function defined as

H(q) = —qlogy q — (1 — q)logy(1 — q). (5.24)

Furthermore, the operational channel capacity in bits/sec (bps) is given as

C
Cop = 77 (5.25)

where T is the signaling time of the NHC.
In order to derive an expression for the average received signal power, we start with the

general expression for the PSD of the digital signal in (5.11), which is given in [104] as

Sy(f) =:’5/§f)2 ﬁ;é Rye/ > /KT (5.26)

k=—o00

where Ry is the autocorrelation function of the bipolar encoded data, which is given as
Ry = E[bjbj 1] (5.27)

and Y (f) is the Fourier Transform of y(t) given by

AT, Vexp | —d %
Y(f) = d < \/>> [|f‘ coS (d 7T|f‘> — jfsin (d 7T|f‘>] (5.28)

dard|f]| a a
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To simplify the mathematical analysis, we consider a transmitted binary information se-
quence {ay} in which 0’s and 1’s are equally likely, i.e., Pr(a; = 0) = Pr(by = 0) = 1/2 and
Pr(ay = 1) = Pr(by = £1) = 1/2. Therefore, the autocorrelation function for the bipolar

encoded data is simply given by

1/2, k=0
Ry =q-1/4, [|k|=1 (5.29)
0, k| > 2.

Then, the summation term in (5.26) becomes

; 1 1, 1 _. 1 1
Z Rye? /KT — 3~ Zej%fTs - Zeﬂ%fTs =5~ 5008 2 fTs = sin®(w fTs).  (5.30)

Since the received signal is passed through the LPF, the average received signal power,
denoted by P, is given by
- B ATZ V2 B
Py :/ Sy(f)df = ad/ exp | —2d? I/l sin?(m fTy)df. (5.31)
-B

16Tsa2d?m? J_p a

The average received noise power P, is given in (5.17). Therefore, the received signal-to-

noise ratio (SNR) for the NHC is found as follows

P, AT2,V2Cy B 2 [T oo
SNR = B. ~ 3%k BToo2dT? /B exp | —2d — | 5in (mfTs)df. (5.32)

5.5 Performance Evaluation

In this section, we present the performance analysis of the signal-to-noise ratio (SNR) in
(5.32) and the channel capacity in (5.23) and (5.25). In the numerical analyses, we show how
the SNR and channel capacity of the NHC vary according to several parameters namely the
adiabatic temperature change, the thermal diffusivity constant, and the distance between
TN and RN. The results of the numerical analyses are used to determine the appropriate
configuration of the NHC parameters to achieve high channel capacity.

The analyses are carried out with a single TN and a single RN configuration as described

in Section 5.3. For the analysis, the radius of the magnetic nanoparticle is » = 5nm which
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is a typical nanoparticle radius size [105]. Since Ts > tyq, condition should be satisfied
to have a negligible ISI, we assume Ty = 10t,,4,. As we state in Section 5.3, if B > 2/Tj
condition is fulfilled, the received signal shape at the output of the low-pass filter (LPF) is
not distorted. Then, we set B = 2/Ts. The Boltzmann constant is kg = 1.38 x 10723J /K.
The communication is assumed to take place at room temperature, i.e., T' = 300K. Since
nanodevices can be used in many different environments and the NHC can take place in
all three state of the matter, the communication medium for the NHC depend on the
application for which nanodevices are used. For the numerical analyses, we consider the
communication medium as water with 1L volume. The constant volume molar heat capacity
of water at 300K is 74.53J/mol-K [100]. Thus, since the molar mass of water is 18g, the
heat capacity of the medium is found as Cy = 74.53 - (1000g/18g)J/K = 4.14 x 103J /K.
The thermal diffusivity of the water at 300K is o = 1.43 x 10~ "m?/s [106]. The numerical

analyses are performed using MATLAB.

5.5.1 Effect of Communication Distance

In the first analysis, we investigate the effect of the communication distance d on the
SNR and the channel capacity of the NHC. In this part of the analysis, the adiabatic tem-
perature change and the thermal diffusivity constant are kept unchanged at AT,; = 2K and
a = 1.43 x 10~"m? /s, respectively. The SNR variation with respect to the communication
distance d is illustrated in Fig. 5.5(a). The SNR decreases with an increase in d because
as the communication distance increases, the received power of the temperature signal P,
decreases, which can be seen in (5.31). For example, SNR = 107.7dB at d = 100nm and
SNR = —21.1dB at d = 2.5um.

In Fig. 5.6(a), the variation of the channel capacity C' in bit/use with respect to the
communication distance d is shown. For short communication distances, since the SNR
is too high as seen in Fig. 5.5(a), the effect of the noise on the information transmission
is negligible; that is, the erroneous transmission probabilities p and ¢ are too small. For
instance, for a communication distance d < 1.0um, the SNR > 15dB and the channel

capacity has its maximum value C' = 1.0bit/use. On the other hand, for long communication
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distances, since the SNR decreases and becomes negative, the effect of the noise turns out
significant and reduces the channel capacity. For example, for d > 1.0um, C' decreases and
becomes C' = 0.03bit/use at d = 2.5um as shown in Fig. 5.6(a).

The channel capacity C,, = C/T; in bps changes with respect to the communication
distance d as shown in Fig. 5.7(a). Note that, the variations of the channel capacity in
bit/use and bps with respect to d are different because substituting Ts = 10¢,,4, and (5.16)
in (5.25) yields C,, = 0.6aC/d?. Thus, the channel capacity C,, in bps decreases with an
increase in d as seen in Fig. 5.7(a), although the channel capacity in bit/use is constant and
C' = 1.0bit/use for d < 1.0um. For d > 1.0um, C in bit/use also decreases as d increases,
which causes the C,, in bps to decrease faster with respect to d. For example, the channel
capacity is Cpp, = 8.58Mbps at d = 100nm and it becomes C,, = 0.37kbps at d = 2.5um.
Therefore, we can say that the NHC can provide very high communication rates over a long
communication range compared with existing nanoscale communication techniques in the

literature.

5.5.2 Effect of Adiabatic Temperature Change

In this analysis, we investigate the effect of the adiabatic temperature change AT,; on
the SNR and the channel capacity. The communication distance and the thermal diffusivity
constant are kept unchanged at d = 500nm and a = 1.43 x 10~"m?/s, respectively, during
this part of the analysis. The SNR variation with respect to the adiabatic temperature
change AT,y is demonstrated in Fig. 5.5(b). The SNR increases with an increase in AT,q4,
which is an expected result because as AT,  increases, the received power of the temperature
signal P increases as seen in (5.31). For example, SNR = —16.6dB for AT,4 = 0.1K and
SNR = 43.3dB for AT,,; = 2.0K.

The channel capacity C' in bit/use with respect to the adiabatic temperature change
AT,q is shown in Fig. 5.6(b). For a small adiabatic temperature change, since the SNR
is too low as seen in Fig. 5.5(b), the effect of the noise on the information transmission
is significant which makes the channel capacity to become too low. For example, for a

adiabatic temperature change AT,; = 0.1K, the channel capacity is C' = 0.08bit/use. On
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Figure 5.5: The numerical analysis results performed over the SNR in dB with respect to
the (a) communication distance d, (b) adiabatic temperature change AT,4, and (c) thermal
diffusivity constant «.
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Figure 5.6: The numerical analysis results performed over the channel capacity C' in bit/use
with respect to (a) the communication distance d, (b) the adiabatic temperature change
AT,4, (c) the thermal diffusivity constant c.
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Figure 5.7: The numerical analysis results performed over the channel capacity C,, in bps
with respect to (a) the communication distance d, (b) the adiabatic temperature change
AT,4, (c) the thermal diffusivity constant c.

the other hand, for a large adiabatic temperature change, since the SNR is high, the effect of

the noise on the information transmission is negligible; that is, the erroneous transmission
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probabilities p and ¢ are too small. For instance, for AT,; > 0.5K, the SNR > 15dB and
the channel capacity C' in bit/use has its maximum value C' = 1.0bit/use as shown in Fig.
5.6(b).

The channel capacity C,, in bps changes with respect to the adiabatic temperature
change AT,q as shown in Fig. 5.7(b). Note that, since the signalling time 75 does not
depend on AT,4, the variations of the channel capacity in bit/use and bps with respect
to AT,y are the same. That is, for an adiabatic temperature change AT,; = 0.1K, the
channel capacity is C,, = 28.9kbps and for an adiabatic temperature change AT;q > 0.5K,
the channel capacity saturates and becomes C,, = 343.2kbps as illustrated in Fig. 5.7(b).
Therefore, the channel capacity can be increased by increasing the adiabatic temperature
change. However, since the channel capacity saturates as AT,y increases, to minimize
the effect of the temperature signals on the communication medium, the smallest AT,4
providing C' = 1.0bit/use can be used. According to the results, the NHC can provide very

high communication rates with very low adiabatic temperature changes.

5.5.3 Effect of Thermal Diffusivity Constant

In the last analysis, we investigate the effect of the thermal diffusivity constant « of the
communication medium on the SNR and the channel capacity of the NHC. For this part of
the analysis, the communication distance and the adiabatic temperature change are kept
unchanged at d = 500nm and AT,; = 2K, respectively. The SNR variation with respect
to the thermal diffusivity constant « is shown in Fig. 5.5(c). The SNR decreases with
an increase in «. This is an expected result because as the thermal diffusivity constant
increases, the average received power of the temperature signal P, decreases, which can be
seen in (5.31). Furthermore, substituting Ts = 10t,40, B = 2/Ts, and (5.16) in (5.17) yields
P, = 2.4ak:BT2d_QC‘;1. Therefore, increasing « also increases the average received noise
power P,. In addition, the SNR decreases abruptly when « is increased from 10~8m? /s to
4 x 107%m? /s; then, it decreases slowly. For instance, SNR = 69.9dB for a = 10~®m? /s and
SNR = —22.2dB for a = 10~*m?/s.

The channel capacity C' in bit/use with respect to « is shown in Fig. 5.6(c). For
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low thermal diffusivity constants, since the SNR is too high as seen in Fig. 5.5(c), the
effect of the noise on the information transmission is negligible; that is, the erroneous
transmission probabilities p and ¢ are too small. For example, for a thermal diffusivity
constant o < 4 x 1075m? /s, the SNR > 10dB and the channel capacity is very high, i.e.,
C > 0.97bit/use. On the other hand, for a high thermal diffusivity constant, since the SNR
is very low, the effect of the noise becomes significant and reduces the channel capacity. For
instance, C' = 1.0bit/use for a = 107¥m?/s and C = 0.02bit/use for a = 10~*m?/s as seen
in Fig. 5.6(c).

The channel capacity C,), in bps changes with respect to the thermal diffusivity constant
a as shown in Fig. 5.7(c). Note that, the variations of the channel capacity in bit/use
and bps with respect to d are different because C,, = 0.6aC/ d? as found in Section V-
A; that is C,, depends on . Since C also depends on «, the effect of the a on C,, is
not straightforward. The results show that increasing o from 10~®m?/s to 2 x 1075m?/s
increases the channel capacity C,, from 24.4kbps to 19.2Mbps. However, further increasing
a decreases C,), because C' becomes too low for high a values and its effect on C,, becomes
significant. For instance, increasing o from 2 x 107°m?/s to 10~*m? /s decreases Cop from
19.2Mbps to 4.4Mbps.

According to the results, we can say that the channel capacity of the NHC can reach
very high communication rates by selecting a communication medium having an appropriate
thermal diffusivity constant. For example, the channel capacity is C,, = 0.34Mbps for water
at 300K whose thermal diffusivity constant is a = 1.43 x 10~"m? /s, and the channel capacity

is Cop = 19.2Mbps for air at 300K whose thermal diffusivity constant is o = 1.9 x 10~5m?/s.
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Chapter 6

CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS

In this thesis, design and analysis of several nanoscale communication techniques are
performed for realization of a reliable and efficient communication between nanodevices.
The following four topics have been investigated under this research and each of them is

described in the following sections:

1. Nanoscale Molecular Gap Junction Communication Channel

2. Receiver Design for Molecular Communication

3. Nanoscale Magneto-Inductive Communication Channel

4. Nanoscale Heat Communication Channel

6.1 Research Contributions

In this section, we summarize the contributions of each chapter and underline the im-

portant results.

6.1.1 Nanoscale Molecular Gap Junction Communication Channel

In this study, we model the GJ communication channel between cardiomyocytes from the
information theoretical perspective for the first time in the literature. Firstly, we introduce
the AP propagation model between TC and RC and point out the conditions for the success
and the failure of the AP propagation. Afterwards, we describe the stochastic GJ channel
model. Then, as a result of the information theoretical analysis, we derive a closed-form

expression for the capacity of the GJ communication channel between TC and RC. Finally,
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the capacity of the GJ communication channel is analyzed numerically by using the capacity
expression for different physiological parameters namely the number of the GJ channels, the
cell length, the cell radius, the membrane resistivity, and the free calcium concentration.
The results of the numerical analysis of the GJ communication channel capacity and the
propagation delay show that a decrease in the channel capacity and an increase in the
propagation delay are highly correlated to several cardiac diseases such as spontaneous
ventricular arrhythmia and ischemic cardiomyopathy. It is also observed that very high
or very low information transmission rates cause cardiac arrhythmias. Consequently, the
model of the communication channel between cardiomyocytes presented in this thesis can
be used to get new insights into reasons of the cardiac diseases and hence diagnose and
treat these diseases with the advances in nanomedicine. Furthermore, the numerical results
reveal that the capacity of the GJ communication designed for nanodevices can be improved

using the GJ communication model presented in this study.

6.1.2 Receiver Design for Molecular Communication

In the MC, high signaling rates causes ISI because of the infinite duration impulse
response of the diffusion-based molecular channel. In addition, the MC suffers from a
signal-dependent noise at the receiver. For the first time in the literature, four signal detec-
tion methods for nanodevices communicating via diffusion-based molecular communication
channel are proposed in this thesis. We present the sequence detection methods based on
MAP and ML criterions, the MMSE equalizer, and the MMSE-DFE to mitigate both the
IST and noise in the MC. Firstly, the diffusion-based molecular channel is described, the im-
pulse response of the channel is obtained. Then, the nonstationary particle counting noise
is incorporated to the model to design the detection methods properly. Succeeding that
we present the MAP and ML sequence detection methods and derive branch metrics of the
trellis search in the Viterbi algorithm. Next, a linear equalizer based on MMSE criterion
is introduced. Then, a nonlinear type equalizer, MMSE-DFE, is presented. To improve
the performance of the MMSE-DFE, we propose a decision device based on ML detection
method at the output of the MMSE-DFE.



Chapter 6: Conclusions and Future Research Directions 111

According to the simulation results, while the best performance is achieved by the ML
sequence detector which is the most complex detector, the MMSE equalizer has the worst
performance which is the most simple detector. The performance of the MMSE-DFE stands
between MMSE equalizer and ML sequence detector. Furthermore, the usage of a decision
device instead of a simple quantizer increases the performance of the MMSE-DFE. A detec-
tor can be selected based on the required reliability of the communication and the feasible
complexity of the detector at nanoscale. Moreover, since the diffusion-based molecular chan-
nel is time varying, we propose using a channel estimator at RN. Our results reveal that in
MC, very high information transmission rates can be achieved with very low bit error rates
by using the detection methods presented above. Thus, the detection methods obtained in

this thesis significantly improves the communication capabilities of nanodevices.

6.1.3 Nanoscale Magneto-Inductive Communication Channel

In this thesis, we propose a novel nanoscale wireless communication technique, i.e., the
WNMI communication which relies on the magnetic coupling between the CNT bundle-
based nanocoils. We present the realistic physical communication models for both the
point-to-point and waveguide-based WNMI communication methods. Then, we derive the
analytical expressions for the path loss in these WNMI communication methods. After-
wards, we analyze both the point-to-point and waveguide-based WNMI communication
techniques from an information theoretical perspective to find their channel capacities.

The numerical performance analyses of the path loss show that using the waveguide
structure in the WNMI communication significantly improves the feasible communication
range by greatly reducing the path loss. Furthermore, the channel capacity of the waveguide-
based WNMI communication is considerably higher than that of the point-to-point WINMI
communication. The results of the numerical analyses also reveal that the channel capacity
of the WNMI communication methods can be significantly increased by appropriately ad-
justing the permeability of the magnetic core in the nanocoils, the physical dimensions of
the nanocoils, and the distance between relay nanonodes in the waveguide.

The WNMI communication stands as a promising alternative communication technique
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for wireless communication at nanoscale. First, the novel WNMI communication overcomes
the problems encountered in the nanoscale wireless EM communication by introducing low
absorption losses and flat channel characteristics. Second, although the path loss might
be more severe in the WNMI communication than in the nanoscale EM communication,
using the waveguide technique solves the high path loss problem in the WNMI communi-
cation. Last, the numerical results show that the channel capacity of the WNMI commu-
nication methods can reach very high values, which allows very high transmission bit-rates

at nanoscale.

6.1.4 Nanoscale Heat Communication Channel

In this thesis for the first time in the literature, we propose the NHC technique in which
the heat transfer is used for the transmission of information at the nanoscale. In the NHC,
the information is encoded using a well-known phenomenon, MCE, which is the variation
in temperature of magnetic materials exposed to a changing magnetic field. Recently, the
MCE has been used in experimental cancer treatments called magnetic hyperthermia in
which the magnetic nanoparticles placed in a tumor are exposed to a varying magnetic
field, which heats up the nanoparticles and kills the tumor. The NHC can be utilized
for the magnetic hyperthermia. For instance, nanodevices communicating with the NHC
can perform complex tasks such as diagnosis of cancer and precise detection of tumors.
Afterwards, the magnetic nanoparticles, which are initially employed for the NHC, can
be used by nanodevices to kill the detected tumors using the magnetic hyperthermia in a
coordinated way.

The NHC method has several advantages over MC even though both of the methods are
based on the diffusion. First, in the NHC, it is possible to overcome the energy bottleneck
of nanonetworks and to make their lifetime infinite by using, for example, a piezoelectric
nanogenerator. Second, in the NHC, since the binary bipolar encoding is used, the expected
temperature variation of the communication environment due to the NHC is zero. Third,
the NHC can be utilized in all three states of the matter, which expands the application

area of nanodevices communicating with the NHC. Last, the implementation of the NHC
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is simple. That is, a nanodevice can become a transmitter by incorporating a nanosolenoid
and a magnetic nanoparticle into the nanodevice. Similarly, a nanodevice can receive the
transmitted temperature signals only by a thermal nanosensor.

We present a realistic physical communication model for the NHC between a single
transmitter-receiver pair by describing how the transmitter, channel, and receiver in the
NHC model works. Then, we analyze the NHC channel from an information theoretical
perspective to obtain the closed-form expressions for the channel capacity and SNR. The
numerical results show that the channel capacity performance of the NHC can reach very
high rates over a long communication range compared with existing nanocommunication
methods in the literature. Furthermore, according to the results, the amplitude of the tem-
perature signals does not need to be very high. Therefore, the NHC is compatible to be used
inside a living organism without harming living cells in the communication environment.
Moreover, the channel capacity can be increased significantly by selecting a communica-
tion medium having an appropriate thermal diffusivity constant. As a result, the NHC
stands as a promising solution to nanoscale communication between nanomachines based
on its channel capacity performance, advantages, and possible applications for emerging

nanonetworks.

6.2 Future Research Directions

Investigation of GJ communication channel between cardiomyocytes from an information
theoretical perspective, and providing relations between GJ communication parameters and
cardiac diseases broadens the contributions of this study and can promote the development
of nanomedicine field. Therefore, this study provide a background for developing new
diagnosis and treatment strategies for cardiac diseases in nanomedicine, which opens a novel
research area. Furthremore, our ongoing works aim to investigate the GJ communication
for multiple cells in a 2D and 3D network of cardiomyocytes.

The performance analyses of our receiver designs for diffusion-based molecular commu-
nication show that using appropriate receivers significantly increases data rates in molecular

communication. Thus, for future implementation of molecular communication systems, our
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pioneering study constitutes a significant background information.

In this thesis, we present two novel and physically realizable nanoscale communication
methods namely WNMI communication and NHC. The performance analyses indicate that
these nanoscale communication methods have significantly high communication capabilities.
Thus, both methods stand as promising solutions to nanoscale wireless communication be-
tween nanodevices based on their channel capacity performances, advantages, and possible
applications for emerging nanonetworks. The models of these novel nanoscale communi-
cation techniques could be experimentally validated and utilized for future nanonetwork

frameworks.
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