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ABSTRACT

Nanoscale communication is a novel and quite interdisciplinary research area which aims
to design and develop communication networks among nano-size machines to extend their
limited capabilities for groundbreaking biomedical, industrial and environmental applica-
tions. In this thesis, we propose and investigate a novel nanoscale wireless communication
method based on a physically realizable phenomenon, Forster Resonance Energy Transfer
(FRET) which is observed among fluorescent molecules such as semiconductor nanoparti-
cles and organic dyes. Based on the well-established theory of FRET, we first information
theoretically model FRET-based point-to-point communication channel between a single
pair of fluorophore-based nanomachines with single-exciton transmission scheme. Further-
more, we analyze the performance of FRET-based point-to-point and broadcast nanoscale
communications with multi-exciton transmission scheme performing realistic Monte Carlo
simulations. We also propose a long range nanoscale communication channel based on
multi-step FRET. We develop electrically and chemically controllable information routing
techniques that are applicable to FRET-based nanonetworks. Moreover, we analyze FRET-
based mobile molecular nanonetworks deriving analytical models for FRET-based mobile ad
hoc molecular nanonetworks (FRET-MAMNET) and FRET-based mobile molecular sen-
sor/actor nanonetworks (FRET-MSAN). Lastly, we perform an experiment in which we
achieve to transfer data with the transmission rates of 50, 150 and 250 kbps through the
mixture of Fluorescein and Rhodamine B as the donor/acceptor pair. This experiment is

one of the first physical realizations of communications at nanoscale.
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OZETCE

Nano-haberlesme nano boyutlu makineler arasinda haberlesme aglar: geligtirerek nano-
makinelerin kisithi yeteneklerini yenilik¢i uygulamalarda faydalanilmak iizere geligtirmeyi
amaclayan yeni ve disiplinlerarasi bir aragtirma alanmidir. Bu tezde, yariiletken nano-tanecik-
ler ve organik boyalar gibi floresan molekiiller arasinda gézlemlenen ve fiziksel olarak gercekle-
nebilen bir fenomen olan Forster Rezonans Enerji Transferi'ne (FRET) dayali nano boyutlu
kablosuz haberlesme metotu onerilmis ve incelenmistir. Oncelikle, FRET teorisi temel
alinarak, floresan 6zellikli iki nano-makine arasindaki tekli eksiton iletimine dayali FRET
tabanli noktadan noktaya haberlesme kanali bilgi kuramsal olarak modellenmigtir. Buna
ilaveten, goklu eksiton iletimine dayali FRET tabanli nano boyutlarda noktadan noktaya ve
yayim haberlesmesinin performansi gergekci Monte Carlo simiilasyonlari ile analiz edilmistir.
Bu tezde ayrica, cok basamakli FRET tabanli uzun mesafeli bir nano-haberlegme kanali da
onerilmigtir. FRET tabanli haberlesme aglar: icin elektriksel ve kimyasal olarak uzaktan
kontrol edilebilen iki ayr1 sinyal yonlendirme mekanizmas: tasarlanmigtir. Ayrica, FRET
tabanl mobil tasarsiz molekiiler nano-aglar ve mobil molekiiler sensor/aktér nano-aglar:
i¢in analitik modeller geligtirilmigtir. Son olarak, Fluorescein ve Rhodamine B organik boya
molekiilleri arasinda FRET ile deneysel olarak bigi aktarimi gerceklestirilmistir. Bu deney,
nano boyutlarda bilgi aktariminin fiziksel olarak gergeklestirilebildigi oncii galigmalardan

biri olmugtur.
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Chapter 1

INTRODUCTION

Nanoscale communication is a novel research area aiming to develop communication
networks among nano-size machines to extend their capabilities for groundbreaking appli-
cations. Traditional communication techniques are not applicable at nanoscale due to size
and energy restrictions of nanomachines and relatively tough ambient conditions. There-
fore, the literature about nanoscale communications mostly focus on developing bio-inspired
communication techniques such as molecular communications.

In this thesis, we propose and investigate a radically different molecular communication
method based on a quantum-mechanical phenomenon, Forster Resonance Energy Transfer
(FRET) which is observed among fluorescent molecules like organic dyes and semiconductor
nanoparticles. Low dependence on the environmental factors, controllability of its funda-
mental parameters, and relatively wide transfer range make FRET a promising candidate
to be used for high-rate nanoscale communications.

Based on the well-established theory of FRET, we informational theoretically model
FRET-based point-to-point communication channel between a single pair of fluorophore-
based nanomachines with single-exciton transmission scheme and relate the communication
performance with environmental and intrinsic parameters. We perform realistic Monte Carlo
simulations to analyze the FRET-based point-to-point and broadcast nanoscale communica-
tions with multi-exciton transmission scheme. We also propose another nanoscale communi-
cation channel with higher communication coverage based on multi-step FRET. We develop
electrically and chemically controllable information routing techniques that are applicable
to FRET-based nanonetworks. We also investigate FRET-based mobile molecular nanonet-
works, and derive analytical models of FRET-based mobile ad hoc molecular nanonetworks
(FRET-MAMNET) and FRET-based mobile molecular sensor/actor nanonetworks (FRET-

MSAN). We finally conduct an experiment in which we realize a nanocommunication system
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based on FRET.

1.1 Nanoscale Communications

Recent developments in nanotechnology have enabled manufacturing of low-power and low-
cost molecular-size machines, i.e., nanomachines, with the most basic sensing, actuating
and computing capabilities by the manipulation of molecules at individual level. The lim-
ited coverage and functionalities of nanomachines can be improved significantly with the
development of intra- and inter-communication systems for these tiny machines. A group of
nanomachines cooperatively exchanging some sort of information or command is envisioned
as nanonetwork.

The coordination of nanomachines with various capabilities in nanonetworks is envisaged
to enable many cutting-edge applications in medical, industrial and military fields. The
medical applications that nanonetworks are promising include immune system support, bio-
hybrid implants to be used especially in restoration of central nervous system, in-body health
monitoring with cellular precision, efficient drug delivery systems, and genetic engineering.
Food and water quality control, battlefield monitoring, as well as nuclear defence can be
given as the possible industrial and military applications of nanonetworks [1].

Many research efforts have been directed toward the development of a communication
system between nanomachines. While some of the studies concentrate on the adaptation
of traditional communication systems to nanoscale, e.g., electromagnetic, acoustic commu-
nications, some of them are inspired by nature and imitate the biological communication
systems for their models. Electromagnetic communication for nanomachines is based on
encoding the information by modulating electromagnetic waves in the THz band [2]. In
acoustic communication, the information is encoded into acoustic energy [28]. The ma-
jority of the efforts have been devoted to the molecular communications [8]. Molecular
communication has been emerged as the most promising method to realize the commu-
nication between future nanomachines, especially, biological nanomachines. Many of the
molecular communication methods proposed so far are inspired from the existing in-body
systems. In molecular communication, the information is basically encoded into the con-
centration, availability, or constituents of the molecules. Examples of biologically inspired

molecular communication methods include the systems based on calcium signaling, gap



Chapter 1: Introduction 3

junction channels [59], pollens and spores [30], molecular motors and microtubules [9], as
well as pheromones.

A major drawback of the proposed molecular communication methods is the requirement
of mimicking the cellular communication components, i.e., it necessitates complex cell-like
nanomachines with advanced capabilities such as releasing molecules at the desired con-
centration and receiving through receptors. Furthermore, since the proposed methods are
mainly based on the diffusion of molecules through propagation medium, the communication
is very slow compared to the traditional communication systems.

In this thesis, we propose a radically different molecular communication solution based
on FRET that can provide very high-rate and reliable communication even between the

simplest, single molecular functional units.

1.2 Forster Resonance Energy Transfer (FRET)

Forster Resonance Energy Transfer (FRET) is a non-radiative energy transfer process
mostly observed among fluorescent molecules, i.e., fluorophores, such as organic dyes, flu-
orescent proteins, chemiluminescent substrates, fluorescent polymers, as well as semicon-
ductor nanoparticles, e.g., Quantum Dots (QDs), Carbon Nanotubes (CNTs), which have
spectral similarities, and are located in a close proximity such as 0-10 nm [51]. Acceptor
molecule does not have to be fluorescent to be involved in the transfer process. When both
donor and acceptor molecules are fluorescent, the phenomenon is also named Fluorescence
Resonance Energy Transfer.

FRET is a quantum mechanical phenomenon based on the long range dipole-dipole
interaction of an excited donor fluorophore with a suitable ground-state acceptor fluorophore
in its close proximity. It does not require a collision of the fluorophores, and the transfer
process does not produce heat.

FRET is widely exploited in studies of biotechnological research including fluorescence
microscopy, molecular biology and optical imaging [23]-[39]. The phenomenon yields a sig-
nificant amount of structural and spatial information about the donor and acceptor pair
by means of optical signals with nanoscale resolution, therefore, many methods based on
FRET have been developed and used in these areas. For example, using its strong depen-

dence on distance, FRET is exploited as a spectroscopic ruler [74] while determining the
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intramolecular and intermolecular distances and monitoring the conformational changes of
proteins [37]. Several chemical and biological nano-sensors based on FRET, some of which
utilize DNA as the scaffold for fluorophores, have been developed [56], [73], [81]. Further-
more in nanomedicine, exploiting FRET, QDs have been employed as the photosensitizing
agents for photodynamic therapy (PDT) in cancer treatment [71], [22]. Moreover, the quan-
tum coherence behavior of FRET in short distances has been widely studied showing the
potential usage of FRET for future quantum computer designs [72]. Despite an extensive
literature about the phenomenon, FRET is investigated from the communication theoretical

perspective for the first time in this thesis.

1.3 Research Objectives and Solutions

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

1.3.1 FRET-Based Point-to-Point Nanoscale Communication Channel with Single Exciton

Transmission

Realizing communication among nanomachines extends their limited capabilities for ground-
breaking applications. Among the numerous solutions proposed for communication at
nanoscale, molecular communication has attracted the most attention because of its bio-
compatibility. However, the complex nature of the molecular processes like transmission
and reception required for molecular communication makes it infeasible at the current stage
of nanotechnology. Besides, the slowness of information transmission processes limits its
applications. To overcome this limitations, in this chapter, we propose to exploit a well-
known phenomenon, Forster Resonance Energy Transfer, as a radically different molecular
communication method.

We aim to model FRET-based nanocommunication channel between a donor fluorophore
as the transmitter nanomachine (TN) and an acceptor fluorophore as the receiver nanoma-
chine (RN). A single exciton, i.e., excited state of a participating molecule, is considered to
be the information carrier. Assuming that a remote optical information source is available
to excite the donor fluorophore, i.e., TN, and employing binary ON/OFF Keying (OOK)
modulation scheme, we first investigate the probability of successful transmission of infor-

mation from TN to RN. We mostly benefit from the rate equations given by Theodor Forster
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in his seminal work [29]. We also investigate the information transmission through a long-
range sequential FRET-based channel that includes a relay nanomachine (HN) between TN
and RN. We information theoretically analyze the proposed communication channels, and
derive analytical expressions for the mutual information between TN and RN, and channel
capacity. The dependence of the channel capacity on the fundamental parameters of FRET,
e.g., intermolecular distance, spectral similarity, molecular orientations, and the refractive
index of the medium, is demonstrated through numerical simulations. The results of the
simulations show that high capacity nanoscale communication is possible with FRET by

selecting the appropriate values for the controllable system parameters.

1.8.2 FRET-Based Point-to-Point and Broadcast Nanoscale Communication Channels with

Multi-Exciton Transmission

FRET-based nanocommunication can be very unreliable when the intermolecular distance
is much greater than the Forster radius of the employed molecules [45], or there are more
than one RN in the proximity of TN. To solve this unreliability problem, we propose to
encode single bit information into multiple excitons by the excitation of TN with longer
stimulations coming from the information source.

Based on the facts that an excited fluorophore cannot be re-excited until it relaxes to
the ground state, and the excited state lifetime is a random variable, during the long stim-
ulation, the generation of excitons on the donor fluorophore occurs at random times. Also,
for the different excitations of donor during a single stimulation, the system parameters,
e.g., the availability of the acceptors and the relative orientation of the nanomachines, can
change significantly. The high degree of randomness of the transmission process makes it
impossible to derive analytical expressions for the performance parameters like channel ca-
pacity. Therefore, we simulate the transmission of information through the point-to-point
and broadcast communication channels with realistic Monte Carlo algorithms to obtain
successful transmission probabilities of information for different values of system parame-
ters. We also investigate Inter-Symbol Interference (ISI) for different lengths of stimulation

signal, and derive the maximum reliable communication rates.
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1.3.83 Information Routing in FRET-Based Nanonetworks

Design of nanonetworks composed of a large number of nanomachines with different sens-
ing, actuating and computing capabilities requires to investigate the feasible methods for
controlling the route of the information flow. The reliable routing of information coming
from an information source to the target nanomachine or cluster of nanomachines is crucial
for the proper operation of nanonetworks. In this chapter, we propose two different routing
methods, electrical and chemical routing, applicable to the FRET-based nanonetworks.

We first propose and investigate an electrically controllable information routing method
exploiting the Quantum Confined Stark Effect (QCSE) observed among fluorescent semi-
conductor nanoparticles. QCSE defines the Stark Shift that occurs in the emission spectra
of semiconductor nanoparticles with the application of an external electrical field. Shift in
the emission spectrum of a donor molecule changes the extent of spectral overlap between
the donor’s emission and the nearby acceptors’ absorption spectra. Considering a deploy-
ment of two receiver nanomachines with different spectral characteristics (RN; and RNy)
near a transmitter nanomachine (or router nanomachine) (RtN), the FRET-based commu-
nication channels between RtN-RN; and RtN-RNs can be switched on and off according to
the amount of electrical field applied to RtN.

The second information routing method proposed in this chapter is based on the nanoscale
shuttle-like movement of [2]rotaxane macrocycle between two nodes with acid/base treat-
ment. This chemical routing exploits the strong dependence of FRET probability on the
intermolecular distances.

Transmission of information from RtN to RNs for different states of RtN is simulated
using the Monte Carlo algorithms developed for the FRET-based broadcast communication.
We show that information flow can be efficiently directed in an FRET-based nanonetwork
by either external control, i.e., electric field, or depending on the environmental conditions,

i.e., acid/base condition.

1.3.4 Multi-Step FRET-Based Long-Range Nanoscale Communication Channel

The low communication range is the main limitation of FRET-based nanoscale communi-
cation method. Although the multi-exciton scheme leverages the reliable communication

range up to 5 x Ry, it is still much lower than the typical range of diffusion-based molecular
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communication methods. To further improve the spatial range and the achievable trans-
mission rate of the communication, in this chapter, we propose a novel method for FRET
communication based on multi-step FRET employing identical relay fluorophores between
TN and RN, and utilizing multi-exciton transmission scheme.

We investigate two deployment scenarios for the relay fluorophores: ordered relays in a
host material with prescribed locations, and disordered, i.e., randomly deployed, relays in a
three dimensional aqueous medium. The channel with ordered relays is considered for im-
mobile nanomachines communicating through a wire-like channel that can find practicality
for several on-chip applications. The channel with randomly deployed relays is considered
for mobile nanomachines that can constitute mobile ad-hoc nanonetworks and nanosensor
networks. We simulate the communication through the proposed channels following a real-
istic algorithm based on the competitive behavior of the multiple excitons and concerning
many sources of randomness intrinsic to the phenomenon. Following a Monte Carlo ap-
proach, we evaluate the performance of the channels by means of information theoretical
capacity and interference probability between successive transmissions, then we derive the
maximum achievable data transmission rates over these channels. We infer from the results
that using the channels with both ordered and disordered relays, two nanomachines can
communicate at a rate up to tens of Mbps through distances over tens of nanometers. To
the best of our knowledge, the achievable rates with multi-step FRET-based communica-
tion over this range of distances are significantly higher than that can be achieved by any

biologically inspired communication method proposed so far.

1.3.5 FRET-Based Mobile Molecular Nanonetworks

In the previous chapters, we model FRET-based communication channels with different
configurations assuming that the communicating nanomachines are immobile during the
communication. However, most of the applications, especially in-body applications, that
nanonetworks promise require for nanomachines to be mobile. Therefore, in this chapter,
we focus on network of mobile nanomachines communicating through FRET.

We introduce two novel mobile molecular nanonetworks: FRET-based mobile molecular
sensor/actor nanonetwork (FRET-MSAN) which is a distributed system of mobile fluo-

rophores acting as sensor or actor node; and FRET-based mobile ad hoc molecular nanonet-
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work (FRET-MAMNET) which consists of fluorophore-based nanotransmitter, nanoreceivers
and nanorelays. We model the single message propagation exploiting the SIR model of epi-
demics. We derive closed form expressions for the probability of the actor nodes to detect
a message generated on the sensor nodes in FRET-MSAN, and for the average detection
time of the transmitted message by the nanoreceivers in FRET-MAMNET. We numerically
evaluate the performance of these networks in terms of reliability and transmission delay
for varying number of nanonodes and varying size of nanomachines, as well as, for several

FRET-related parameters.

1.53.6 Experiment

The literature about nanocommunications is mostly focused on the theoretical development
of nanocommunication techniques and communication theoretical modeling of nanocommu-
nication networks, and lacks of empirical studies that validate the feasibility of the proposed
nanocommunication methods.

In this chapter, we carry out an experiment to realize a nanocommunication system
based on FRET. Using a common fluorescent dye pair of Fluorescein and Rhodamine B as
the donor and the acceptor, respectively, we design a multi source multicast communication
network, and transmit a pseudorandom binary digital information through this network at
different rates. We investigate the performance of the communication system by means of
eye diagrams and calculating the error rates for transmission rates of 50, 150 and 250 kbps.

The results of the experiment reveal that information can be transmitted reliably using
FRET with the information transmission rates up to 150 kbps. At these rates, the bit error
rate is calculated as less than 104, However, the received signal is significantly distorted
above 150 kbps. At the transmission rate of 250 kbps, we observe the bit error rate as

higher than 1072
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Figure 2.1: Jablonski diagram demonstrating state transitions of donor and acceptor for
fluorescence and FRET cases.

Chapter 2

THEORY OF FORSTER RESONANCE ENERGY TRANSFER

The theory of FRET between immobile fluorophores is established in 1948 by Theodor
Forster’s seminal work [29]. The governing equations are then validated experimentally in
late 1970s [74].

There are two types of possible relaxation pathways for an excited donor fluorophore:
radiative and nonradiative relaxation. Radiative relaxation occurs through fluorescence.
Nonradiative relaxation can be through collisional quenching or FRET. Collisional quench-
ing is rarely observed, and mostly fluorescence and FRET are the main processes that
compete with each other for the relaxation of the donor. If there is not a suitable acceptor
in the proximity of the excited donor, it relaxes through fluorescence, i.e., by emitting a
photon, as shown in Fig. 2.1(a). In case there is a suitable energy acceptor, FRET can
occur, and the excited donor can transfer its excitation, i.e., exciton, to the nearby acceptor
molecule and sensitize it as in Fig. 2.1(b). If the sensitized acceptor is fluorescent, it re-

leases a photon with a wavelength belonging to its emission spectrum. The photon released
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Figure 2.2: Probability of FRET with varying intermolecular distance.

from the sensitized acceptor generally has a lower energy than the photons released through
fluorescence of the donor molecule.

The occurrence of FRET depends on mainly three conditions: ) an excited fluorophore
must be in close proximity (0-10 nm) with at least one ground-state acceptor; i¢) the emission
spectrum of the donor and the absorption spectrum of the acceptor must overlap; and 7ii) the
relative orientation of dipole moments of the donor and the acceptor fluorophores must not
be orthogonal. When these conditions are satisfied, FRET competes with fluorescence
process. The probability of FRET for an excited donor fluorophore can be given in terms

of process rates as the following

kr
P, = — 2.1
FRET = (2.1)

where kr and kr are the fluorescence and FRET rates, respectively. kg is the reciprocal of
the mean of excited state lifetime of the donor 7p in the absence of a nearby acceptor, i.e.,
1/rp,. Tp denotes the time that the excited donor molecule stays in the excited state before
relaxing through fluorescence, and it is a random variable. The probability distribution of
Tp can be approximated generally as a single exponential based on the fluorescence lifetime
measurements [51]. The mean lifetime is shortened when there exists different pathways
for the donor to relax including FRET. In the case that there exists an acceptor in the

proximity of the donor, i.e., FRET is a possible relaxation pathway for the donor, the mean
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Figure 2.3: Absorption and emission spectra of Enhanced Cyan Fluorescent Protein (ECFP)
as the donor fluorophore and Enhanced Yellow Fluorescent Protein (EYFP) as the acceptor
fluorophore, and the spectral overlap of ECFP emission and EYFP absorption [22].

of the donor lifetime 7p4 is given as

1

= 2.2
/J’DA kR_I_kT ( )

TpA is also an exponential random variable [51]. FRET rate kp is given in terms of
fluorescence rate as the following
Ry’

kr = kR(f) (2.3)

where Ry is the Forster radius denoting the distance between the molecules when Prrpr is
0.5, and R defines the intermolecular distance between the transition dipole centers of the
molecules. The strong dependence of probability of FRET on the intermolecular distance
is demonstrated in Fig. 2.2.

Ry relates the FRET rate with environmental and intrinsic parameters and can be

expressed by
RS = 8.8 x 1022k*n74Qp / Fp(Nea( M)A (2.4)
0

where the 2 is the relative orientation factor, Qp is the quantum yield of the donor and n
is the refractive index of the medium. The integral part of (2.4) denotes the degree of the
overlap of the emission band of the donor and the absorption band of the acceptor and is
denoted by J(A),

s = [ foeatyrtan (2.5)
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Figure 2.4: Critical angles of relative orientation between donor and acceptor fluorophores.

where fp(A) is the normalized fluorescence emission intensity and e4(\) is the acceptor
molar absorptivity. The spectral overlap of a common FRET pair, Enhanced Cyan Fluo-
rescent Protein (ECFP) - Enhanced Yellow Fluorescent Protein (EYFP), is demonstrated
in Fig. 2.3.

The orientation factor (x2) can be given as follows
k% = (cosfp — 3cosfp cos 0 4)> (2.6)

where 07, Op and 04 are the angles determined by the emission and absorption transition
dipoles of the fluorophores [51] as shown in Fig. 2.4. Assuming isotropic and unrestricted

distributions for all three angles, the distribution of x2 can be given as follows [9]

L _n(2++v3 0<k2<1
pr2(K®) = ¢ 238 ( : o (2.7)
L In(——2t¥3_) 1<x2<4
2V 3K2 VKZHVEK2-1 - -

In most FRET studies, x? is taken as its mean value which is 2/3 assuming isotropically
free molecules.

In the case of mobile fluorophores, the situation is radically different in the sense that
during the excited state lifetime of the donor, the intermolecular distances and the relative
orientation of the dipole moments of fluorophores are not constant. Furthermore, the excited
donor fluorophore can get in close proximity with a varying number of acceptors if the donor
lifetime or the diffusion coeflicient of the fluorophores is sufficiently long. Considering that
the excitons randomly walk in a random lattice consisting of diffusing fluorophores, giving

a closed form expression for the transfer rate requires some assumptions. Stryer et al.
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postulated the governing rate equations for the energy transfer from a single excited donor
to a single ground-state acceptor in a three dimensional environment assuming that the
fluorophores are in the rapid-diffusion limit [76]:
6
b = O (25)
d—a
where Rg 4, is the Forster radius between the donor and the acceptor, and V' is the volume
of the three dimensional medium. a4_, is the possible closest distance between the centers

of the donor and the acceptor. When there are more than one acceptor molecules, the total

FRET rate between the donor and the acceptors becomes
ki = kraNo (2.9)

where N, is the number of available, i.e., ground-state, acceptor molecules in the environ-

ment. The rapid-diffusion criterion is given as

% > 1 (2.10)
where D is the sum of diffusion coefficients of the donor and the acceptor, 7y is the natural
excited state lifetime of the donor, i.e., 79 = 1/kg, and s is the mean intermolecular distance
between donor-acceptor fluorophores [76], [41].

The rapid diffusion limit can be achieved by using fluorophores with moderate diffusion
coefficients and long lifetimes such as 1 — 2 ps [41]. Stryer et al. showed that the transfer
rate and efficiency of the energy transfer are greatly enhanced when molecules are diffusing

in the rapid diffusion limit [76].
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Chapter 3

FRET-BASED POINT-TO-POINT NANOSCALE COMMUNICATION
CHANNEL WITH SINGLE EXCITON TRANSMISSION

In this chapter, a novel and physically realizable nanoscale communication paradigm is
introduced based on a well-known phenomenon, Férster Resonance Energy Transfer (FRET)
for the first time in the literature. As reviewed in Chapter 2, FRET is a non-radiative en-
ergy transfer process between fluorescent molecules based on the dipole-dipole interactions
of molecules. Energy is transferred rapidly from a donor to an acceptor molecule in a close
proximity such as 0 to 10 nm without radiation of a photon. Low dependency on the
environmental factors, controllability of its parameters and relatively wide transfer range
make FRET a promising candidate to be used for a high rate nanoscale communication
channel. In this chapter, the simplest form of the FRET-based molecular communication
channel comprising a single transmitter-receiver nanomachine pair and an extended version
of this channel with a relay nanomachine for long range applications are modeled consid-
ering nanomachines as nanoscale electromechanical devices with basic sensing, computing
and actuating capabilities. Furthermore, using the information theoretical approach, the
capacities of these communication channels are investigated and the dependency of the ca-
pacity on some environmental and intrinsic parameters is analyzed. It is shown that the
capacity can be increased by appropriately selecting the donor-acceptor pair, the medium,

the intermolecular distance and the orientation of the molecules.

3.1 Introduction

Nanoscale communication is a novel and quite interdisciplinary research area. In recent
years, several potential approaches have been proposed in order to achieve communication
in the nanoscale such as electromagnetic, acoustic or molecular [1], [60]. Here, we introduce a
novel and radically different method for the communication in the nanoscale by exploiting a

well-known, physical controllable phenomenon, Forster (or Fluorescence) Resonance Energy
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Transfer (FRET).

In this chapter, for the first time in the literature, FRET has been approached from the
communication perspective and introduced as a novel molecular communication paradigm.
There are many biologically inspired and theoretically modeled molecular communication
techniques in the literature including the communication models devised based on intercel-
lular calcium signaling [58], pheromones [30], flagellated bacteria and catalytic nanomotors
[31], carbon nanotubes [7], pollen and spores [30], as well as morphogenesis [54] in order
to encode, transfer and decode information. FRET-based communication method is based
on a physically existing phenomenon and unlike the other techniques it provides signifi-
cantly higher capacity communication. The excited state energy of molecules that conveys
the information is transferred in the nanosecond range so that FRET-based communica-
tion is incomparably faster than the already proposed nanoscale communication techniques.
Furthermore, high-level controllability of almost all of the system parameters makes FRET-
based channel more reliable. The abundance of both theoretical and practical studies about
FRET in the literature and availability of its experimental setups provide the opportunity
of making improvements validating theoretical model based on experiments. Hence, unlike
most of the existing approaches in the literature, we introduce an already analyzed and
experimented, therefore, a physically realizable, and hence, clearly realistic solution to the
problem of nanoscale communication.

In this chapter, we also enhance the FRET-based communication channel in order to
realize nanoscale communication over distances longer than 10 nm with the integration
of a relay node between transmitter and receiver. In this extended version of the model,
excited energy of the donor is transferred first to the fluorophore on the relay nanomachine,
afterwards the excited relay fluorophore transfers its energy to the acceptor fluorophore on
the receiver nanomachine via FRET. This sequential energy transfer (also called multi-step
FRET in the literature) is achieved experimentally in some studies related to fluorescence
spectroscopy such as [36], [79] locating several numbers of fluorophores in a linear order
over several distances. Such enhancement is significant because it shows the potential of
the FRET based nanoscale communication in the sense that it can be extended further
being a solution for long range nanoscale communication and similar network schemes such

as multiple-access or broadcast.
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The remainder of this chapter is organized as follows. In Section 3.2, we model the
FRET-based communication channel with a single donor-acceptor pair. In section 3.3, the
extended version of the channel with an addition of a relay node is modeled to realize a
longer range communication based on FRET. An information theoretical analysis of FRET-
based channel is performed in Section 3.4 in order to determine the closed-form expression
for the capacity of the channel. In Section 3.5, we analyze the dependence of the channel
capacity on some environmental and intrinsic factors and demonstrate a selection strategy
for these parameters to achieve higher communication capacity. Besides, we investigate the

dependence of the capacity of the channel with a relay node on internodal distances.

3.2 Channel Model

We constructed our communication model with a single donor fluorescence molecule (D)
bound to a transmitter nanomachine (TN), and a single acceptor fluorescence molecule (A)
bound to a receiver nanomachine (RN), at fixed locations separated by a reasonable distance
R in an aqueous medium considering FRET as the communication channel with the system
exciton, i.e., the combined state of electron and hole, being a carrier as shown in Fig. 3.1,
where 07 is the angle between the emission transition dipole of donor and the absorption
transition dipole of the acceptor, p and 64 are the angles between these dipoles and vector
joining the donor and the acceptor, respectively. The arrow between (D) and (A) shows the
FRET direction. Other arrows show the transition dipoles of (D) and (A) as well as the
direction of incoming photon with a wavelength of A;. Assuming the molecules are properly
selected, i.e., they have sufficient spectral overlap (J(A)), in the case of a donor excitation,
FRET occurs with probability of Prrer.

When a laser source excites the donor at a proper wavelength, basically there are two
ways of relaxation for the donor, the first one is through radiative emission, i.e., fluorescence
and the second one is through FRET disregarding the other low-probability non-radiative
relaxation pathways such as dissipation as heat or collision with another molecule, i.e.,
collisional quenching as well as intersystem crossing to an excited triplet state which can
actually result in phosphorescence.

In FRET spectroscopy, the FRET efficiency is determined by continuously exciting the

donor and calculating the proportion of the number of FRET relaxations to the number
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Figure 3.1: Point-to-point FRET-based molecular communication channel model with single
TN and RN communicating via FRET.

of total relaxation processes in a specified time interval [16]. The efficiency of the energy
transfer as a function of intermolecular distance and Forster radius, Ry is formulated as
Ry

E(R) = ——9_
®) R{ + RS

(3.1)

where R is the distance between the donor and the acceptor molecules [51]. For a single
cycle of excitation and relaxation of the donor, the FRET efficiency can be considered as
the probability of the excited donor to relax through resonance energy transfer. Thus, using
(3.1), for a single exciton, the probability of FRET as a function of intermolecular distance

can be given by
__ A8
RS + RS

where Ry is the Forster radius and it is calculated according to (2.4). In [63], in a medium

Prrer(R) = E(R) (3.2)

of water with a refractive index of 1.3342 at 25°C, assuming rapid randomization of rela-
tive orientation of molecules, i.e., kK2 = 2/3, for a pair consisting of ECFP (Enhanced Cyan
Fluorescent Protein) as donor and EYFP (Enhanced Yellow Fluorescent Protein) as accep-
tor, the Forster radius is calculated as 4.92 nm. Both ECFP and EYFP are the variants
of Green Fluorescent Protein (GFP) and widely used in various fluorescence spectroscopy
applications for their similar spectral characteristics, photostability, high extinction coeffi-
cients and high quantum yields [67]. At the same time, the pair ECFP-EYFP is a good
candidate for communication purposes due to the relatively large value of Ry.

In FRET-based communication model, donor excitation is realized by a pulsed laser
source which has a waveshape approximated in Fig. 3.2. The duration of pulses can be

selected very short compared to the lifetimes of the fluorophores used in the model because
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Figure 3.2: Approximated laser pulse shape and lifetime determination.

of energy saving concern. Lasers with femtosecond-width pulses are already commercially
available. The laser source could be considered as the main information source of the
communication system and is not considered to be a part of TN at present due to energy
and size limitations. Vast number of photons released by the laser with wavelengths near
to the excitation maximum of the donor, guarantee the donor excitation in femtoseconds
duration, since the absorption probability of the donor is almost 1 for that wavelengths.
Therefore, in the subsequent probability calculations, the probability of donor excitation at
any instant of laser pulse duration is assumed to be 1.

Excited state lifetime is determined by measuring and recording the fluorescence times of
many fluorophores of the same kind after an excitation by a very small duration pulsed laser
and calculating the mean of these records as shown in Fig. 3.2. Therefore, it is very possible
for the employed donor and acceptor flurophores not to have the anticipated lifetimes. In
addition, the lifetime of the same fluorophore is not always constant. The lifetime of a
fluorophore is a critical parameter in determination of the laser excitation period (Tf) in
the sense that an excited fluorophore cannot be re-excited until it relaxes to the ground
state [14]. For example, the donor molecule cannot transfer the excited state energy to
the acceptor through FRET if the acceptor is still in its excited state as a result of the
preceding FRET process. Therefore, we consider the worst -with the longest duration- case

while determining Ty;.
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In the model, we implemented On-Off Keying Modulation with two bits available as
in the traditional digital communications. The excitation of the donor by the information
source at the beginning of a time interval (Tp) corresponds to bit 1, and no-excitation at
the beginning of a time interval corresponds to bit 0. The RN is assumed to have the ability
of checking whether the acceptor is excited through FRET or not during the corresponding
time interval. If it is excited through FRET, it decides that the TN transmitted bit 1,
otherwise it decides that the TN transmitted bit 0. With further investigations on nanoscale
system design, such RN designs can be potentially realizable. At current FRET studies,
acceptor fluorescence is observed with a system comprising a Photomultiplier Tube (PMT)
and a Near-field Scanning Optical Microscope (NSOM) in order to detect whether or not
FRET occurs [24]. This mechanism is considered to be used as the ultimate destination
of information in the future studies aiming to validate the FRET-based communication
channel experimentally.

In Fig. 3.3, conceptually we demonstrate the different cases for data transmission. For
the case in Fig. 3.3-a, a laser directed to the donor molecule releases a pulse which has
a duration of 7. The wavelength of photons released by laser is near to the excitation
maximum of the donor in order to guarantee the donor excitation. During 77, donor absorbs
a photon and becomes excited at any instant. In the excited state, after an average time
TpA, i.e., the lifetime of donor in the case of FRET, donor succeeds in transferring the
excited energy to the acceptor molecule through FRET with the probability of Prrer(R).
Therefore, acceptor molecule in RN also becomes excited through FRET. The time required
for FRET to be completed is the reciprocal of FRET rate, i.e., Tprpr(R) = 1/kr(R) =
7p(R/Ro)®. Acceptor molecule stays in excited state for an average time of 74 and then it
relaxes by emitting a photon which has a Stokes shifted wavelength, i.e., greater wavelength
and lower energy. RN detects the excited state of acceptor in the time interval 0 — Tp
and decides bit 1. In the figure, excitation and fluorescence durations are neglected since
they are too small compared to the lifetimes and FRET duration which are approximated
according to the measured values for previously mentioned fluorescent protein pair ECFP-
EYCP. The measured lifetimes are 2.68 ns for the donor ECFP and 2.88 ns for the acceptor
EYFP [66].

In Fig. 3.3-b, again the donor is excited to transmit bit 1, however, this time donor



Chapter 3: FRET-Based Point-to-Point Nanoscale Communication Channel with Single Ezciton
Transmission 20

(a) (b) (c) (d)

Laser
Beam
Intensity

Donor 1 T
Electronic
States | Tpp
S —

1,0

-—

Sop t
[
Acceptor E | : :
Electronic o | | |
States w | | |
TA 1 | Ta 1
S S o <
1A o Na— + | -
1 1 1 1
] | | |
i j|> I I s I
: | | | I
| | 1 N |
Soa I <—>' 1 1 1 ot
| TrReT= 1/k1 1 | | |
1 l 1 1 1
1 1 1 1 1
0 Ty 2Ty 3Ty 4Ty

Figure 3.3: Example data stream demonstrating pulsed laser beam intensity, donor state
transitions and acceptor state transitions for different cases. (a) FRET case; bit 1 is trans-
mitted by TN, bit 1 is detected by RN. (b) No-FRET case; bit 1 is transmitted, bit 0 is
detected. (c) No-excitation case; bit 0 is transmitted, bit 0 is detected. (d) Direct excitation
case; bit 1 is transmitted, bit 1 is detected.

fails to deliver its excited energy to the acceptor molecule of RN with the probability of
1 — Prrer(R) in the time interval Ty — 2 Ty. Therefore, RN cannot detect an excited
state during this time interval and decides bit 0. The probability of failure for this case can
be minimized by adjusting the intermolecular distance to the values smaller than Ry.

In Fig. 3.3-c, the laser source does not release pulse in order for TN to transmit bit 0,
therefore, the donor is not excited in the time interval 2 Ty — 3 Ty. As a result, the
acceptor also is not excited and RN decides the correct bit, i.e., bit 0.

In Fig. 3.3-d, the laser source excites both the donor and the acceptor directly. This
undesired situation is known as direct excitation and can be very problematic for FRET
applications in fluorescence microscopy. Direct excitation occurs when donor is excited by a
laser source at a wavelength that belongs to excitation spectrum of both donor and acceptor.

Although direct excitation can be minimized by using a laser with a small excitation volume
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and appropriately directing the laser source to the donor molecule in TN, it is seen in
Fig. 3.3-d that direct excitation does not result in any confusion for RN to detect the
correct bit.

The case in Fig. 3.3-a can be extended to the worst -with the longest duration- case
for data transmission to determine minimum excitation period, i.e., Ty_min. Since the
fluorophores with lifetimes longer than the determined average lifetime constitute a small
portion of the entire as seen in Fig. 3.2, in order to ease the calculation, we assume that the
maximum values of lifetimes are the same as the specified mean values, i.e., Tp_maz = TD
and TA_maz = Ta as well as TpA_maz = Tpa. Assuming that the donor excitation occurs
with the absorption of the last photon released by laser source and neglecting the relatively
small excitation time of the donor and disregarding direct excitation, in order to prevent

intersymbol interference, the minimum value of the excitation period Ty is given as

TH-min =TL +TDA + TFRET + TA (3.3)

Ty must be reasonably greater than the minimum value considering the weakness of the

assumptions made.

3.3 Relay Channel

In the literature, there are several studies that achieve multi-step FRET for transmission
of excited energy over distances longer than 10 nm [36], [79]. Furthermore, in one of the
related works, multi-step FRET is proposed for design of a photonic wire [77]. Multi-step
FRET is realized by employing relay molecules between donor and acceptor. These relay
nodes act like both donor and acceptor at the same time, i.e., they transfer the energy
absorbed via FRET to the next ground-state molecule in close proximity through FRET.
A long-range version of FRET-based communication comprising sequential FRET channels
can be realized using multi-step method.

In Fig. 3.4, the simplest form of multi-step FRET-based communication model with one
transmitter nanomachine (TN) with a donor fluorophore (D), one receiver nanomachine
(RN) with an acceptor fluorophore (A) and one relay nanomachine (HN) with a relay
fluorophore (R) is demonstrated. The arrows between (D), (R) and (A) show the FRET

direction. Other arrow shows the direction of incoming photon with a wavelength of \;.
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Figure 3.4: Long-range FRET-based communication model with multi-step FRET.

The nanomachines are located linearly to improve the energy transfer range, therefore, the
intermolecular distance between the donor fluorophore on TN and the acceptor fluorophore
on RN, i.e., Rp4 is given by

Rpa = Rpr+ Rgra (3.4)

where Rpp is the distance between the donor fluorophore on TN and the relay fluorophore
on HN and Rp4 is the distance between the relay fluorophore on HN and the acceptor
fluorophore on RN.

The overlap between the emission spectrum of donor fluorophore and the absorption
spectrum of the relay fluorophore as well as the overlap between the emission spectrum of
relay fluorophore and the absorption spectrum of the acceptor fluorophore must be signif-
icantly large to allow multi-step FRET to occur between these molecules. The probability
of direct FRET between TN and RN is ignored assuming Rp 4 is significantly greater than
Roy.pa, i.e., the Forster distance of donor-acceptor pair. As a consequence, the direct com-
munication between TN and RN is assumed to be disabled. Therefore, the multi-step
channel is considered as a series of two independent channels. Therefore, the overall trans-
fer efficiency between the excited donor and the ground state acceptor via multi-step FRET,
i.e., Epa is given by

Epa = Epr X Era (3.5)

where Eppg is the FRET efficiency between the excited donor fluorophore and the ground-
state relay fluorophore and Er4 is the FRET efficiency between the excited relay fluorophore
and the ground-state acceptor fluorophore [79]. Using (3.1), (3.2) and (3.5), the probability

of FRET between the donor and the acceptor for a single exciton in terms of Rpr and Rra
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R OR (nm)

Figure 3.5: Prrpr,pa with varying Rpr and Rra for ECFP(D)-EYFP(R)-EGFP(A) ar-
rangement.

is given by
p (Rom, Ria) R pr R{ pa (3.6)
FRET,DA{IDR, IiRA) = : X : .
R pr+Rpp  Rfpa+ Bia

where Rg pr is the Forster distance of donor-relay pair and Ry ra is the Forster distance

of relay-acceptor pair. As it is seen in (3.6), if Ry pr and R ra are not equal, Prrer, DA
is not directly related to Ry pa as in the case of single pair FRET-based communication.

In order to demonstrate the dependence of Prrer,pa on Rpr and Rra, we theoret-
ically construct a multi-step communication model using the previously mentioned fluo-
rescent proteins in linear arrangement and in a medium of water at 25°C assuming rapid
randomization of relative orientation of molecules. We select ECFP as the donor, EYFP as
the relay and EGFP (Enhanced Green Fluorescent Protein) as the acceptor molecule. The
Forster distances between these molecules under given constraints are measured in [63] as
Ro ecrp—pyrp = 4.92 nm and Ry py pp—parp = 3.25 nm. The dependence is shown in
Fig. 3.5. As it is seen, in order to optimize this two-step channel for high FRET efficiency
and long communication range, it would be a wise decision to set Rpgr greater than Rga,
because Ry pr is greater than Ry ra.

The idea of multi-step (or multi-channel) can be applied to realize longer communication
with more than one relay in the same manner. For example, in the experimental study

[36], a relatively high FRET efficiency of ~ 68% is achieved with five flurophores over
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a distance of ~ 13 nm. We believe, with the discoveries of high efficiency FRET pairs
and further improvements on locating and orienting techniques of fluorophores, nanoscale
communication can be realized over longer internodal distances with less relay nodes by
using multi-step FRET technique and the advantages of this communication paradigm over
wiring the nanomachines together such as mobility and minimizing energy cost and budget

become more clear.

3.4 Information Theoretical Analysis

The FRET Channel is modeled similar to Z-channel with On-Off Keying (OOK) Modulation

as in Fig. 3.6 assuming the excitation period i.e., T}y, is large enough to prevent ISI. Every

Figure 3.6: Z channel transition diagram with the transition probabilities.

time when the laser excites the donor at the beginning of the interval T, i.e., it intends to
transmit bit 1 with probability Pr, the probability of FRET occurrence during that interval
determines the success of transmission of bit 1. Thus, using (3.2), TN achieves to deliver
bit 1 with probability of p; given in terms of intermolecular distance R as follows
R§

P = B R

(3.7)

Therefore, the probability of failure of transmitting bit 1 when the donor is excited is
(1= pa[R]).

When the donor is not excited at the beginning of an interval, the probability of FRET
abstinence during that interval gives the success probability of bit 0. The only noise source
for that transmission might be an external laser source exciting the acceptor molecule and
causes the acceptor to fluorescence randomly. In our model with one information source,

assuming there is no noise factor that affects the channel and the receiver is reasonable.
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Hence, the successful transmission probability of bit 0 is unity, i.e., pg = 1. Therefore, in
this case, the failure probability of transmitting bit 0 becomes (1 — pg) = 0.

Although we disregard the external noise factors, the channel acts like a noisy channel
since the probability of FRET occurrence is intrinsically not equal to 1. According to
the transmission probabilities, the transition matrix of the Z-channel considering X as the

transmitted bit by TN, and Y as the received bit by RN is given as

Py | (oPm o (1= pe)(1-m)
a PF<1—p1[R]) Pr p1[R]

The simplified form of the transition matrix for pg = 1 can be given by

l—PF> 0

RS R§
PF<R3+R6) PF(R8+R6

Consequently, the mutual information I(X;Y) between X and Y can be inferred from

P(Y|X) =

the transition matrix as
I(X;Y) = H(Pp p1[R]) — Pr H(1 — p1[R)]), (3.8)

where H(.) denotes the binary entropy. Therefore, the capacity of the FRET channel, Cp,

can be given by maximizing the mutual information as follows
Cr =max [[(X;Y)] (3.9)

It is possible to increase the channel capacity that varies in accordance with some ex-

ternal and intrinsic parameters by selecting appropriate excitation probabilities, i.e., Pg.

3.5 Numerical Analysis

In this section, we present the numerical analysis performed over the mutual information
expression given in (3.8) to show how the FRET-based communication capacity varies ac-
cording to some environmental parameters and some intrinsic parameters that are specific
to the employed FRET pair. The aim of this analysis is to determine the appropriate config-
uration of FRET-based communication parameters, which can achieve high communication
capacity according to changing environmental parameters. We perform the numerical anal-

ysis using MATLAB. The simulation parameters can be seen in Table 3.1.
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Table 3.1: Simulation Parameters

EBFP - DsRed
ECFP - EYFP
EGFP - EYFP
ECFP - EYFP - EGFP (relayed case)

Donor - Acceptor pair

Intermolecular distance (R) | (3 —6) nm

1 (vacuum)
Refractive index (n) 1.3342 (water at 25°C)
1.5185 (silicon oil at 25°C)

2/3 (rapid randomization)
Orientation factor (x°)

4 (parallel dipole moments)

0.9 T T
—H8— R=3.00nm
--@-R=4.00nm
08 —¥— R=5.00nm |
-4+~ R=6.00nm

0.7

o6 /e

10GY

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 3.7: I(X;Y) in bits with varying Pp for different R.

3.5.1 Effect of Intermolecular Distance

For the first analysis, we investigate the effect of the intermolecular distance (R) on the
capacity of FRET-based communication channel. The analysis is carried out with single
donor and single acceptor configuration using ECFP-EYFP as the FRET pair assembled on
the nanomachines assuming rapid randomization of the relative orientation of the molecules
as well as the nanomachines in a medium of water at 25°C.

Selecting the medium and orientation parameters as specified before, the Forster radius
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for ECFP - EYFP pair is calculated as Ry = 4.92 nm [63]. In Fig. 3.7, mutual information
(I(X;Y)) given in (3.8) is shown with varying excitation probability of the donor (Pr)
for different R. For R values higher than the Ry, the probability of FRET in the case
of donor excitation, i.e., p1, significantly decreases. As a result, the transmission of bit 1
can be erroneous when the distance between TN and RN is large. Therefore, the capacity
decreases for higher R. On the other hand, when R is less than Ry, p; increases. Therefore,
the capacity increases with decreasing internodal distance. Consequently, it is necessary to
select appropriate R and Pr according to the assembled donor - acceptor pair to achieve
higher communication capacity. The capacity is maximized for R = 3 nm by Pp = 0.474.
We find Cpqr = 0.86 bit. Hence, we can communicate more information by using input

symbol 0 more frequently than 1 with intermolecular distance of 3 nm.

3.5.2  Effect of Medium

In this analysis, we investigate the channel capacity for different media. The analysis is
carried out with single ECFP-EYFP pair as the donor and the acceptor assembled on TN
and RN, respectively. The nanomachines are located in different mediums and separated
by a distance of 4nm assuming rapid randomization of relative orientation of the molecules
and nanomachines.

For ECFP - EYFP pair, the Forster radius calculated in [63] assuming the medium as
water at 25°C changes in accordance with the medium. In Fig. 3.8, mutual information
I(X;Y) given in (3.8) is shown for varying excitation probability of the donor (Pp) for
different media and different refractive indices. As the refractive index of the medium
decreases, the Forster radius given in (2.4) increases. Therefore, the probability of FRET,
i.e., successful transmission probability of bit 1 for the pre-specified intermolecular distance
increases. As a consequence, the capacity of the channel increases with decreasing refractive
index of medium. The capacity is maximized for vacuum by Pr = 0.43. We find Cy o =

0.57 bit.

3.5.8 Effect of Relative Orientation Factor

Here, we investigate the effect of relative orientation factor (k2) on the channel capacity

using ECFP - EYFP as the donor - acceptor pair assembled on the nanomachines. The
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Figure 3.9: I(X;Y) in bits with varying Pr for different 2.

nanomachines are located in a medium of water at 25°C and separated by a distance of
4 nm.

Relative orientation factor is a measure of the relative orientation of the donor emission
dipole moment and the acceptor absorption dipole moment. Determining the exact orien-

tations of donor and acceptor molecules is impossible at this point. However, many of the
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studies in the literature about FRET assume rapid randomization of the relative orientation
of the dipole moments. The orientation factor is 2/3 in the case of rapid randomization.
In addition, we investigate the mutual information when the orientation of the dipole mo-
ments of the molecules are parallel. In this case, the orientation factor reaches its maximum
value, i.e., k2 = 4. The result of the analysis seen in Fig. 3.9 reveals that the parallel ori-
entation can significantly increase the capacity of FRET-based channel compared to rapid
randomization. When further advances in the nanotechnology make it possible to control
the orientation of molecules, orienting the dipole moments of the donor and the acceptor
molecules in parallel will be a wise strategy to achieve higher communication capacities.

For parallel orientation, the capacity is Pr = 0.47. We find C,4; = 0.70 bit.

3.5.4 Capacity Analysis for Different FRET Puairs

In this analysis, we investigate the FRET-based molecular communication capacity for
various donor - acceptor pairs with different spectral properties, assembled on TN and RN
respectively. The nanomachines are located in a medium of water at 25°C and separated
by a distance of 4 nm. The molecules that constitute the FRET pairs are selected among
the variants of Green Fluorescent Protein (GFP). The selected donor - acceptor pairs are
commonly used in FRET studies and there is a wide variety of studies about GFP variants
in the literature.

There is a direct relationship between the spectral overlap of molecules and Ry as well
as FRET efficiency, i.e., the transmission probability of bit 1 (p;). As the overlap of the
spectra increases, Ry as well as p; increases. The emission and absorption spectra of the
selected donor - acceptor pairs are demonstrated in Fig. 3.10. For the pair of Enhanced Blue
Fluorescent Protein (EBFP) and Red Fluorescent Protein (DsRed), the spectral overlap is
the minimum among the other selected pairs. Therefore, Ry for EBFP and DsRed is the
minimum and calculated as 3.17 nm [63]. Conversely, the overlap between the emission
spectrum of Enhanced Green Fluorescent Protein (EGFP) and the absorption spectrum of
EYFP is the maximum among the others. As a result, Ry for EGFP - EYFP pair is the
maximum and calculated as 5.64 nm [63]. For the remaining FRET pair ECFP - EYFP,
Ry is previously given as 4.92 nm [63].

Fig. 3.11 demonstrates the mutual information, I(X;Y"), given in (3.8) for varying exci-
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Figure 3.11: I(X;Y) in bits with varying Pp for various donor - acceptor pairs.

tation probability of the donor (Pp) for donor - acceptor pairs. As expected, the capacity

is higher for the pair EGFP - EYFP because of the higher transmission probability of bit

1 (p1) as the consequence of higher spectral overlap. As the spectral overlap decreases, the

capacity also decreases. Therefore, for the pair EBFP - DsRed, the capacity is the mini-

mum among the others. The selection of the donor and acceptor pair with larger spectral

overlap is the key strategy in order to achieve higher communication capacity. The capacity

is maximized for EGFP - EYFP by Pr = 0.45. We find Cj,q. = 0.74 bit. Hence, we can
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Figure 3.12: I(X;Y) in bits for several Pp with varying Rpr and Rra for ECFP(D)-
EYFP(R)-EGFP(A) configuration.

communicate more information by using input symbol 0 more frequently than 1 for EGFP

- EYFP pair.

3.5.5 Capacity Analysis for Long-range FRET-based Communication Channel with Multi-
step FRET

Here, we analyze the multi-step FRET-based communication channel information theoret-
ically for the simplest form with only one relay in a similar manner with the single-pair
analyses. The main difference of the multi-step case is the determination of p;. Assuming
that a proper selection for excitation period (Tf) is made, neglecting direct excitation and
using the fact that p; = Prrpr, p1, i.€., the probability of successful transmission of bit 1
between TN and RN for the linear two-step donor-relay-acceptor arrangement can be ex-

pressed as the same as the right-hand side of (3.6) in terms of the intermolecular distances.

With the same assumption for Ty, the probability of success in transmission of bit 0
between TN and RN (po,pa) is 1, i.e., the same as in the case of the single-pair FRET-based
communication. With these transmission probabilities, we conclude that the multi-step
channel also shows the Z-channel characteristics demonstrated in Fig. 3.2.

For a linear arrangement of the previously mentioned triplet ECFP-EYFP-EGFP on TN,
HN and RN respectively which are located in a medium of water at 25 °C and assuming rapid
randomization of relative orientation of the molecules on the nanomachines, i.e., kK? = 2/3,

the dependence of mutual information (I(X;Y)) on Rpr and Rr4 is analyzed using (3.8)
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and the results are demonstrated in Fig. 3.12.

As it is seen in Fig. 3.12, the dependence of the reliability of the channel on internodal
distances is in parallel with the results obtained for efficiency dependence in Fig. 3.5. Par-
ticularly, we conclude that using bit 0 more frequently than bit 1, i.e., decreasing Pp, results

in an increase in the mutual information and the capacity for the same arrangement.
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Chapter 4

FRET-BASED POINT-TO-POINT AND BROADCAST NANOSCALE
COMMUNICATION CHANNELS WITH MULTI-EXCITON
TRANSMISSION

Nanoscale communication based on Forster Resonance Energy Transfer (FRET) en-
ables nanoscale single molecular devices to communicate with each other utilizing excitons
generated on fluorescent molecules as information carriers. Based on the point-to-point
single-exciton FRET-based nanocommunication model, we investigate the multiple-exciton
case for point-to-point and broadcast communications following an information theoreti-
cal approach and conducting simulations through Monte Carlo approach. We demonstrate
that the multi-exciton transmission significantly improves the channel reliability and the
range of the communication up to tens of nanometers for immobile nanonodes providing
high data transmission rates. Furthermore, our analyses indicate that multi-exciton trans-
mission enables the broadcasting of information from a transmitter nanonode to many re-
ceiver nanonodes pointing out the potential of FRET-based communication to extend over
nanonetworks. The high transmission rates obtained by multi-exciton scheme for point-
to-point and broadcast communications make FRET-based communication promising for

future molecular computers.

4.1 Introduction

Nanonetworks allow nanomachines to cooperatively exchange information to achieve more
complex tasks ranging from nuclear defense to in-body drug delivery and disease treatments
[1], [3]. The exchanged information among nanomachines might be an output of a sensing
process or a logic operation, as well as a control signal sent by a remote information source
that intends to control the operation of nanomachines. Modeling the potential informa-
tion sharing mechanisms among nanomachines are crucial for the design of fully functional

nanomachines with networking capabilities. Several approaches have been proposed in order
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to achieve communication at nanoscale such as electromagnetic, acoustic, nanomechanical
or molecular, some of which are inspired by nature [30], [2]. In addition to the existing tech-
niques, in this thesis, we propose and investigate a novel and radically different nanoscale
molecular communication method exploiting FRET.

In this chapter of the thesis, based on the channel model given in 3, we investigate the
feasibility and performance of FRET-based broadcast communication channel between one
TN and many RNs from the network perspective. Furthermore, we propose encoding infor-
mation into multiple excitons, instead of single-excitons, in order to improve the reliability
of the communication. We analyze the performance of FRET-based point-to-point and
broadcast communication channels with multi-exciton transmission. Performance evalua-
tions of the communication channels are carried out through simulations with Monte Carlo
algorithms based on the competitive behavior of multiple excitons.

The remainder of this chapter is organized as follows. In Section 4.2, we briefly present
the basics of the proposed multi-exciton transmission scheme. In Sections 4.3 and 4.4, we
information theoretically model FRET-based point-to-point and broadcast communication
channels with multi-exciton transmission. In Section 4.5, we evaluate the performance of

the proposed communication schemes in terms of information theoretical capacity.

4.2 Multi-Exciton Transmission Scheme

FRET-based communication can be very unreliable if the internodal distance is greater than
the Forster radius of the molecules [45], or there are more than one RN communicating with
TN. In order to reduce the error probability, one might come up with the idea of transmitting
the signal many times through the channel. However, without a feedback mechanism, i.e.,
without the knowledge of the TN about the success of the transmission, this method has
to be applied for each transmission with the number of repetitions determined prior to
communication. For the case of single TN - single RN communication with fixed repetitions,

the bit interval required for negligible ISI is multiplied with the number of repetitions, N:

Tb,repeat—min =N X Tb,min =N X (TDA,ma:C + 7—A,max) (41)
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Assuming, R, n, and x? are constant for each transmission, the transmission probability of

bit-1 becomes

pP1 = 1-— (1 — PFRET)N (42)

po is again equal to 1 for repeated transmission. As can be seen intuitively, this transmission
scheme significantly reduces the error probability of bit-1. Therefore, the capacity is ex-
pected to increase with increasing N. However, high bit duration 7} required for negligible
ISI significantly reduces the transmission rate.

Since the excited state lifetimes of the molecules are random variables with exponential
distributions, it is very possible for an exciton to be removed from the system in a duration
smaller than T}, ;;,. This makes it inefficient for IS to send fixed period pulses to TN.
An alternative way to reduce the error probability of transmission with relatively small bit
intervals is to increase the pulse duration sent by IS into nanoseconds range and allow many
excitations to be generated on TN in one pulse duration with a probabilistic manner. In this
scheme, for the representation of bit-1, IS continuously sends photons or electrons to TN in
a pulse duration. TN is expected to be excited by the first photon or electron coming from
IS. After a duration of 7p4, TN relaxes through FRET or fluorescence. If 7p4 is smaller
than the pulse duration, then TN is excited again as soon as it relaxes, and this continues
until the pulse duration ends. In other words, multiple excitons are transmitted during a
pulse duration to represent bit-1.

In the following sections, multi-exciton transmission scheme is applied to FRET-based
point-to-point and broadcast channels, and transmission probabilities, channel capacities

and ISI characteristics are investigated through Monte Carlo simulations.

4.3 FRET-Based Point-to-Point Communication with Multi-Exciton Trans-

mission

In this section, we revisit our point-to-point communication channel model in order to
investigate the communication performance of the channel with multi-exciton transmission
scheme. Here, IS sends an optical or electrical pulse with T}, duration to TN in the
beginning of a Tp-duration time slot to make it transmit bit-1. In order for TN to transmit
bit-0, IS does not send any pulse during the time interval Tp. In one slot time interval, i.e., bit

interval, TN can be excited and relaxed through FRET or fluorescence many times. When
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RN is excited through FRET, bit-1 is detected by RN, and then the transferred exciton is
removed from the system after a random occupation time, 74, which is also an exponential
random variable with mean p,,. Once RN detects bit-1, it neglects other excitations until
the current bit interval ends. If RN is not excited in a bit duration, it decides that bit-0 is
sent.

Assuming that there is no other excitation source except IS, the successful transmission
probability of bit-0, i.e., pg, equals to 1. The transmission probability of bit-1 can be written

as

p1=1-]](1 - Prrer.) (4.3)

where N is a random variable which defines the number of excitons generated by the pulse
with duration T,;s.. Note that in this scheme, TN is always in the excited state during
Thuise, such that, when it is relaxed through fluorescence or FRET, it is immediately excited
by another photon or electron coming from IS. Therefore, the generation time of the i

exciton on the donor is expressed by

1—1
Tyi =Y Tpay (4.4)
=1

where 7pa4; denotes the excited state lifetime of the donor for the ith exciton, i.e., the
occupation time of the ith exciton on the donor. 7p4; is an exponential random variable
with a mean that depends on the state of the acceptor at time T}, ;. The acceptor can be in
the excited state at time Ty ; due to the transfer of a preceding exciton. Therefore, prp, ,

can be expressed as

é if A is excited at T} ;
Hrpa,; = 1 ) ) ) (4.5)
Ttk if A is available at T}, ;
where kr; is the FRET rate for the ith exciton that can be given as follows
Ro;.°
kr,i = kR(%) (4.6)

where Ro; = (8.8 x 1022k2n=%J(\))"/%. Ry, depends on the random variable x? which
defines the relative orientation of the fluorophores during the generation and relaxation of
the ith exciton. Assuming the molecules are isotropically free, x2, ..., n?\f are independent

and identically distributed (i.i.d.) random variables with the probability distribution defined
in (2.7).
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Accordingly, the ith exciton on the donor fluoresces or is transferred to the acceptor
through FRET at time T}.; = Ty; + Tpa;. If the exciton is transferred to the acceptor at
T, i, it occupies the acceptor until the acceptor fluoresces at time 7;.; + 74 ;. Note that the
emission spectrum of the acceptor and the absorption spectrum of donor are assumed to be
non-overlapping, therefore, fluorescence is the only way for the excited acceptor to relax.
T4,; denotes the occupation time of the ith exciton on the acceptor, and it is an exponential
random variable with mean p,. The exciton 7, stays in the system for 7p 4, if it results in
fluorescence of the donor; and for 7pa; + 74, if it results in fluorescence of the acceptor.

The FRET probability for the ith exciton, i.e., Prrpr;, is a random variable that

depends on the state of the acceptor at time 7} ;:

0 if A is excited at T} ;

Prrer: = (4.7)

Frthos if A is available at T, ;

The randomness of PrreT,; as well as p; is originated from the random nature of relative
orientations and the occupation times. Due to high degree of stochasticity, we simulate
the transmission of bit-1 following a Monte Carlo approach in order to obtain numerical
expressions for p; as well as ISI probability for different system parameters. Using the

obtained values, we analyze the channel capacity and achievable rates in Section V-A.

4.4 FRET-Based Broadcast Communication with Multi-Exciton Transmission

FRET occurs when the transition dipole moments of two fluorophores come into resonance.
Therefore, FRET is a pairwise energy transfer, such that it is not possible for an excited
donor molecule to transfer its excited energy to more than one acceptors at the same time.
However, if the donor is excited and relaxed continuously for a sufficiently large time interval,
as in the case of multi-exciton transmission, it is possible that each of the acceptor molecules
is excited through FRET by different excitons.

FRET-based broadcast communication can be realized with one TN surrounded by many
RNs in a close proximity as seen in Fig. 4.1. TN sends the same binary information come
from IS to each of RNs. The information theoretical capacity of this broadcast commu-
nication channel is limited by the performance of the worst point-to-point channel in the

network. If we assume that RNs are located by the same distance from TN, the broadcast
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Figure 4.1: Demonstration of FRET-based broadcast communication with a single TN
communicating with three RNs in close proximity

channel capacity equals to the capacity of one of the TN-RN point-to-point channels. There-
fore, we investigate the binary transmission probabilities through single TN-RN channel in
the broadcast network to determine the overall broadcast channel capacity.

Assuming that TN communicates with k& number of RNs, the successful transmission
probability of bit-1 to the jth RN, p; ;, is the probability that jth RN gets excited via
FRET in a bit interval Tj, when TN is continuously excited by IS in a time duration of
Tpuise- Note that Tpyse < Ty, and Tjyse begins at the beginning of Tj,. Assuming that the

length of T}, guarantees the no-ISI condition, p; ;j can be given as

N

prj=1—[[0 = Prrer;.) (4.8)
i=1

Po,j, i.e., the non-excitation probability of the jth RN during 7T}, when IS sends no pulse,
is 1 assuming that there is no other excitation source. Here, Prrpr,;,; is a random variable
that represents the probability of FRET between TN and the jth RN for the ith exciton.
N is a random variable indicating the number of the excitons generated by one pulse. Note
that the donor is always in the excited state, and the generation time of the i¢th exciton
is given as in (4.4). Tpay, i.e., the occupation time of the exciton ¢ on the donor, is an

exponential random variable and its mean can be expressed as

k
prpa, = (kr+ Y krjilg )" (4.9)
j=1



Chapter 4: FRET-based Point-to-Point and Broadcast Nanoscale Communication Channels with
Multi-exciton Transmission 39

where k7 ;; is a random variable which defines the FRET rate between TN and the jth RN
for the 7th exciton, and 1, ;; is the indicator function defined on the set of the acceptor
molecules. 1,4 ;; = 1, if the jth acceptor A; is available at time Ty ;, and 1,4 ;; = 0, if A; is in
the excited state at time Ty ;. k7, in terms of the orientation parameter can be expressed

by
kr

kr.ji = 8.8 X 1022/<aj2-7in_4(]j()\)ﬁ (4.10)
J

where R; is the distance between the centers of the transition dipole moments of TN and
the jth RN. J;(\) is the degree of the overlap between the emission spectrum of the donor
and the absorption spectrum of A;. R; and J;(\), as well as n, are assumed to be constant

during the communication. x;; is the relative orientation factor of the donor and A; during

the generation and relaxation of the exciton i. For isotropically free molecules, ”?717 - /%2.7 N
as well as Hii, e H%i are i.i.d. random variables with the probability distribution defined
in (2.7).

At time Ty ; + Tpa,i, the exciton 7 is either removed from the system by the fluorescence
of TN, or is transferred to one of the RNs. The probability of the transfer for the ith exciton
to A; in terms of process rates is given as

krjilr,ji
k
kr+ 2 0y kriilei

where 1, ;; = 1 when A; is available at time T, ;, and 1, ;; = 0 when A; is excited at time

Prrprji = (4.11)

T ;.
The transmission of bit-1 is simulated for FRET-based broadcast communications with
different system parameters following a Monte Carlo approach. We numerically obtain py ;,

and then, investigate the broadcast channel capacity and ISI probability in Section V-B.

4.5 Information Theoretical Analysis

In this section, we investigate the performance of FRET-based point-to-point and broadcast
communications in terms of information theoretical capacity and ISI probability for varying

System parameters.
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Figure 4.2: Monte Carlo algorithm for the simulation of the transmission of bit-1 through
the point-to-point communication channel.

4.5.1 Analysis of FRET-Based Point-to-Point Communications with Multi- Exciton Trans-

mission

The degree of randomness over the transmission probability of bit-1 makes it hard to find an

analytical expression for the information theoretical capacity of the channel. Therefore, we

simulate the channel model for the transmission of bit-1 following a Monte Carlo approach.

Simulation Algorithm

Fig. 4.2 demonstrates the algorithm used in the simulations operating through the following

steps:
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1. The pulse length T},,;5. and the internodal distance R between TN and RN are set.

The simulation time 7' is set to its initial value 0.
2. The algorithm checks whether simulation time reaches at T}sc.

3. If Tpyse is not reached, a new exciton is generated on donor, i.e., TN, with the index
¢ at time T = Ty ;. If T' > T4, then the simulation ends with the failure of the

transmission of bit-1.

4. For the time that the new exciton is created, the relative orientation of the isotropi-
cally free molecules is determined randomly according to the distribution (2.7). The
Forster radius Rp; between the donor and the acceptor for the ith exciton is calculated

accordingly.

5. FRET rate kr; is determined using Ry ;. The algorithm checks the availability of the
acceptor at 1" = T} ;, and calculates mean lifetime p, accordingly. The lifetime 7p4 is
determined randomly from the exponential distribution with mean p.-. The simulation
time T is proceeded as Tpa4, i.e., T'= T, ;, since it is not possible for another exciton

to be generated until the donor relaxes.

6. At time T' = T, ;, the algorithm checks the availability of the acceptor, and calculates
PrrET,; using the relation (4.7). A probability mass function (p.m.f.) for the possible
pathways is constructed. The pathway that will be followed by the exciton ¢ is selected

randomly according to the constructed p.m.f.

7. In the case that the exciton undergoes fluorescence, the donor is relaxed through
fluorescence at T' = T;.;, and the exciton ¢ is removed from the system. The simulation

continues at Step 2.

8. In the case that the exciton is transferred to RN through FRET, the donor is relaxed,
and the acceptor is excited at time T" = T, ;. Therefore, the simulation ends with the

successful transmission of bit-1.
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The simulation is carried out for two hypothetical molecules with the typical parameters;
Tp =2 ns, 74 = 2 ns and Ry = 5 nm for the mean orientation factor [51], and with varying
Tpuise and R. pp is calculated as the number of the successful transmissions divided by the
total number of the simulation runs. Note that the simulation is repeated until p; converges

to a finite value.

Channel Capacity

The channel capacity C' is derived information theoretically from the obtained value of pq,
given that pg = 1 in all of the cases. Since the transmission of bit-0 is always successful
and the transmission of bit-1 is problematic, the channel information theoretically shows
Z-channel characteristics [19]. The channel capacity of Z-channel for each parameter is
derived as the maximum mutual information between input and output alphabets over all
input distributions. By omitting the calculations, the results are demonstrated in Fig. 4.3.
As expected, the capacity significantly decreases with increasing R after a critical distance
due to the sixth power dependence of the Prrer on R. For low values of T}, the critical
distance is approximately equal to Ro. However, as T, increases, the number of exci-
tons employed in the transmission of bit-1 increases, therefore, the capacity is considerably

improved over internodal distances larger than Ry.

ISI and Achievable Rates

If the bit period T is not set carefully, the resultant communication might be ambiguous,
such that, the excitons created during 7, might arrive the RN at a time greater than T,
i.e., in the next bit interval. Since the governing time parameters are exponential random
variables, it is not possible to completely remove ISI, however, the ISI probability might be
reduced to negligible values by setting 7T} over some threshold value. In order to determine
the ISI probabilities for varying T, we observe the maximum removal times of the excitons
that reaches to RN conducting the Monte Carlo simulations and recording the time data for
the last-arrive excitons. The histograms of the obtained data are demonstrated in Fig. 4.4 for
four different typical combinations of T},,;s. and R with Gaussian fits. According to the data,
we conclude that, for the same R, varying T),,s. only changes the mean of the distribution

of the removal times in proportion, and the variance of the removal times is not affected
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Figure 4.3: Channel capacity with varying T,;se and R.

considerably. However, for constant 7T}, varying R results in a significant variation of
the distribution of the removal times. This is due the fact that the variation in T}
has no effect on the excited state lifetimes of the employed molecules, i.e., the occupation
times of the excitons on the molecules, however, the variation in R alters the process rates
significantly, and finally results in the variation of the time parameters. Therefore, ISI
probabilities are analyzed for a constant T},,;s. and varying R. Setting T},se = 10 ns and
Ty = Thuise +Toff, the resultant ISI probabilities for varying 2 are demonstrated in Fig. 4.5.
ISI considerably decreases with increasing R for different values of T,;r, and setting T}, as
greater than T),,;sc + 20 ns results in negligible ISI for all R values.

The upper bound for reliable communication rate can be expressed by Rya: = C/Ty.
Neglecting ISI by setting Tpsy = 20 ns, the achievable rate for different pulse lengths over
varying internodal distances is shown in Fig. 4.6. We conclude that nanomachines can
reliably communicate at a rate up to 33 Mbps over 5-nm distance, and at a rate up to 300
kbps over 35-nm distance. Note that, for short-range communication, using shorter pulses
results in higher data rates, however, over longer distances, we can get higher data rates

with long-width pulses. With these results, we can certainly conclude that FRET-based
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Figure 4.4: Distribution of removal times with Gaussian fit for different T},,;5. and R.

communication strongly outperforms other molecular communication methods by means of

communication rate.

4.5.2  Analysis of FRET-Based Broadcast Communications with Multi-Exciton Transmis-

sion

In this section, we analyze the information theoretical capacity and investigate the ISI prob-
lem for FRET-based broadcast communication channel of which principles are expressed in
Section ITI-B. The transmission of bit-1 from TN to the mth RN out of £ RNs through the
broadcast channel is simulated using the algorithm described in Fig. 4.7. The transmission
probability of bit-1 between TN and the mth RN, i.e., p1 ,, is obtained following a Monte
Carlo approach. The algorithm used for broadcast communication differs from the single
pair communication algorithm basically in Step 9 and Step 10, such that the simulation

does not end in success until the mth RN is excited. If jth RN with j # m is excited,
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Figure 4.5: ISI probability for several T, with varying R.

the simulation continues with Step 10, where the ¢th exciton on the jth RN is removed by
fluorescence after a random occupation time.

In the simulations, we assume all of the RNs have the same optical characteristics and
are at the same distance R from TN. We employ the same hypothetical molecules as in
Section III-A, with the typical values of the intrinsic parameters, such that, 7p = 2 ns,
74 = 2 ns and Ry = 5 nm for the mean relative orientation [51]. p1,, is calculated as the
proportion of the number of successful transmissions of bit-1 from TN to the mth RN over
the total number of simulation runs, and the simulation is repeated until p; ,,, converges. The
information theoretical capacity of the resultant Z-channel is determined as the maximum
mutual information between the input and output alphabets over all input distributions
[19]. The derived capacity of the channel between TN and mth RN gives the capacity of

the overall broadcast communication channel.

Channel Capacity

The obtained capacity values for typical k, R and T}, combinations are plotted in Fig. 4.8.
A remarkable result of the analysis is that the critical distance where the capacity begins
to significantly decrease does not alter notably with varying number of RNs if T}, is set

sufficiently large. Therefore, the capacity of point-to-point communication channel can be
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Figure 4.6: Achievable rates for several T},,;5. with varying R.

achieved in a broadcast network with appropriately selected pulse lengths. However, for low
values of T}yse, addition of extra RNs into the network reduces the capacity for the same
internodal distances, since the number of excitons generated with a short pulse might not
be sufficient to excite all of RNs. Furthermore, we observe that the slope of the capacity
decrease for distances greater than the critical distance is sharpened as k increases. This
is because as the number of RNs increases, the FRET processes that contribute to the
relaxation of the donor increases. As a result, the sixth power dependence of many FRET

processes combine improving the distance effect on the capacity expression.

ISI and Achievable Rates

The ISI probability is analyzed using the last exciton removal times on the acceptor, and we
conclude that the distribution of the removal times does not alter notably for varying Tjuise,
however, the variation of R significantly effects the characteristics of the distribution as in
the case of point-to-point communications. By setting T},,ise = 10 ns and T, = Tjyise +To g,
the result of the analysis is plotted for different combinations of k, R and T, in Fig. 4.9.
As is seen, the ISI probability decreases with increasing R and the increasing number of
RNs. Setting the offset time as T;,r; = 20 ns results in a negligible probability of ISI

as in the point-to-point communications. Therefore, the achievable rates for broadcast
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communication are approximately the same as that of the point-to-point communication

with sufficiently large T}yse.
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Chapter 5

INFORMATION ROUTING IN FRET-BASED NANONETWORKS

5.1 Introduction

The ability of controlling the route of the information flow in a nanonetwork comprising
many nanonodes with various sensing, computing and actuating capabilities brings the
advantage of making the nanonodes cooperatively perform several complex tasks. In this
chapter, we propose electrically and chemically active routing mechanisms to control the
information flow in an FRET-based nanonetwork exploiting the remarkable dependence of

FRET on spectral and spatial parameters of fluorophores.

5.2 Electrical Routing

Semiconductor nanoparticles are extensively used in fluorescence-based applications owing
to their exceptional properties which are mainly originated from the effect of quantum con-
finement, such as size-dependent tunable emission, high quantum yield and broad absorption
spectrum as well as narrowband emission [4]. Another distinctive property of semiconduc-
tor nanoparticles is Quantum Confined Stark Effect (QCSE) that defines the Stark Shift
in the emission spectrum of the particle with varying internal or external electric field [70]-
[42]. QCSE brings another dimension to the spectral tunability of the emission allowing
post-synthesis tuning of the optical characteristics.

In a quantitative sense, the shift of a semiconductor nanoparticle in terms of electric

field is approximated as a sum of linear and quadratic functions [26] as
L .2
AE:uf+§a§ +... (5.1)

where AFE is the shift in the energy spectrum; p is the projection of excited-state dipole; «
is the polarizability along the electric field, and £ is the magnitude of the applied electric
field.
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Figure 5.1: Demonstration of electrically controllable routing of the communication between
a single RtN and two RNs.

The tunability of the emission with an electric field is exploited as a control mechanism
over the FRET efficiency in [13]. Becker et al. investigate the FRET between CdSe/CdS
Quantum Rods (QR) and Cy5 derivative dye molecules exposed to an external electric
field, and the switch behavior of the mechanism over FRET is experimentally demonstrated
obtaining a typical 10 nm wavelength shift [13]. The idea is based on tuning the degree of the
spectral overlap between donor CdSe/CdS and acceptor Cy5 by altering the magnitude of
the applied electric field. As the electric field increases, the emission spectrum of CdSe/CdS
is red-shifted, however, the absorption spectrum of the dye molecule is not affected by the
electric field. Thus, the overlap either increases or decreases depending on the relative
positions of the emission and absorption spectra of CdSe/CdS and Cy5, respectively. As a
result, efficiency is tuned with electric field.

In this section, we further develop the idea introduced in [13] by approaching from the
communication perspective and exploiting QCSE in order to enable a nanoscale commu-
nication network which is capable of altering its state depending on the magnitude of the
applied electric field. Using a semiconductor nanoparticle as a network node brings the
selective routing capability to the node such that it becomes able to route the incoming in-
formation packets from IS or a preceding node, through one of the FRET channels making
the selection according to the magnitude of the applied electric field. Employing this type
of routing mechanism brings the advantage of directing the information flow at nanoscale
by controlling it at macroscale.

In the considered scenario, a single quantum rod CdSe/CdS as the Router Nanonode
(RtN) is the first destination of the information coming from an IS. Two spectrally distinct

acceptors as RNs with different absorption characteristics are located in the opposite sides
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Figure 5.2: Approximated emission spectrum of single CdSe/CdS and absorption spectra
of the hypothetical dye molecules at different spectral shifts (a) AXg =0, (b) A\; =5 nm,
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of RtN with a distance R to RtN as demonstrated in Fig. 5.1.

In order to investigate the performance of the routing mechanism in terms of commu-
nication capacity, we approximate the normalized emission of the router CdSe/CdS, i.e.,
fp(A), and the absorption spectra of the RN dye molecules, i.e., €4,(\) and €4,()), as

Gaussian distributions given as
FA) = exp (k(A = Ae)?) (5.2)

where A is the center wavelength at which emission or absorption is maximum, and k is
the fitting parameter which gives the measure of the spectral broadening about the mean
wavelength, i.e., linewidth of the spectrum. For a single CdSe/CdS, A. is 605 nm under zero
electric field condition and it is shifted in the red direction with the application of an electric
field, thus, A.case/cas is equal to 605 + AX nm, where A is the amount of the spectral
shift in nanometers. k is set according to the spectral linewidth 1.6 nm of CdSe/CdS at
50 K [13]. The absorption spectra of dye molecules A; and Ag are designed hypothetically

with A; 4, = 605 nm, A; 4, = 645 nm and linewidths equal to 7 nm and 9 nm, respectively.

The approximated emission spectrum of CdSe/CdS and the absorption spectra of hypo-
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thetical dye molecules for different spectral shifts are demonstrated in Fig. 5.2. Under zero
electric field condition, the spectral shift of CdSe/CdS is also zero and A; and CdSe/CdS
have a significant spectral overlap, however, the overlap of As and CdSe/CdS is negligi-
ble. As the spectral shift increases with increasing electric field, the spectral overlap of
CdSe/CdS and A; decreases with increasing spectral shift; conversely, the spectral overlap
of CdSe/CdS and Aj increases. The Forster radius is related to the spectral overlap as
follows

RS o /0 h Fp(\)ea(M)A'dA (5.3)

As a consequence, p; and spectral overlap vary proportionally. We analyze the resultant

deviation of the capacity for each channel with varying spectral shift in Section V-C.

5.3 Chemical Routing

Mimicking the macroscopic machine-like actuating capabilities on the molecular scale is
of great interest for nanotechnology. For this aim several artificial molecular machines
inspired by the nature, e.g., charge separation in photosynthesis or muscle movement, have
been designed [10], [11], [12], [17]. Mechanically interlocked molecules providing controllable
and reversible motion can be considered as the most simplest molecular machines with the
electrochemically or photochemically active components that undergo basic translational or
rotational movements [34]-[65]. Here, we focus on a specific kind of synthetic interlocked
molecules, namely [2]rotaxane, that can be employed for selective routing of information in
an FRET-based communication network.

[2|rotaxane is an interlocked supramolecule consisting of a macrocyclic ring trapped onto
a dumbbell component containing two separate recognition sites and two stopper molecules
at the both end of the dumbbell as seen in Fig. 5.3. The ring undergoes a reversible trans-
lational movement between two recognition sites on the dumbbell axes when [2|rotaxane
is induced by a chemical or optical signal [65], [6]. Therefore, the ring acts as a bistable
molecular shuttle between two stations. There are several studies which combine the ring
displacement in [2]rotaxane and the strong distance dependence of FRET in order to de-
velop a mechanical switch that outputs an optical signal. Some of the studies concerning
FRET and [2]rotaxane follow a way through replacing the [2|rotaxane components with

photoactive molecules [52], [78], and some of them covalently binding the fluorophores onto
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Figure 5.3: Demonstration of chemically controllable routing.

the ring and stopper components [62]. In both ways, the fluorescence intensity of the donor
molecule located at the end of the axis is altered when the ring acting as acceptor or bearing
an acceptor molecule is moving through the axis.

In our proposed model, two acceptor fluorophores of the same kind as the receiver
nanonodes are immobilized through covalent binding on the stoppers of a chemically active
[2]rotaxane, and a donor fluorophore as the routing node, i.e., RtN, is covalently bound to
the macrocycle DB24C6 [6] as demonstrated in Fig. 5.3. The length of the [2]rotaxane axis
is assumed to be 5 nm. The recognition sites consist of dialkylammonium center and 4,4’-
bipyridinium unit as in the configuration proposed in [6]. The recognition sites are assumed
to be located at 1 nm inside from the stopper molecules. The center of the transition dipole
moments of the donor and acceptor molecules are assumed to be aligned linearly on a second
axis parallel to the [2|rotaxane axis. The donor molecule on the ring is the first destination
of the information coming from IS. In the stable case, i.e., state 0, the macrocycle with
the donor molecule is expected to be located around the dialkylammonium center because
of the strong hydrogen bonding interactions between the cycle and the center. Upon the
protonation, the macrocycle moves from the ammonium station to the bipyridinium station
and is located around it, therefore, the whole system goes into state 1 [6]. The reversible

displacement of the macrocycle is based on an electrochemical stimuli such as acid/base
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treatment [6]. We do not go into detail about the chemical reactions, but analyze the effect
of the ring displacement on the communication capacity of the channels established among
three nodes located on the [2]rotaxane system in order to demonstrate the routing capability

in Section V-D.

5.4 Information Theoretical Analysis

In this section, we investigate the performance of FRET-based point-to-point and broad-
cast communications in terms of information theoretical capacity and ISI probability for
varying system parameters. Furthermore, we simulate the electrical and chemical routing
scenarios, and derive the channel capacity for each state of the routers in order to evaluate

the performance of each routing scheme.

5.4.1 Analysis of Electrical Routing in FRET-Based Communication

The performance of the electrical routing scheme for the nanonetwork demonstrated in
Fig. 5.1 is analyzed information theoretically in terms of communication capacity. We as-
sume that bit-1 is represented with a pulse of duration T}, and bit-0 is represented as
silence during a time slot of duration 7} which is assumed to be long enough to overcome ISI.
The distance of RtN to both RNs is set to Rg pa, which is the Forster radius of CdSe/CdS-
A pair when the electric field is zero. The molecules on the nanomachines are assumed to
be isotropically free, therefore orientation factor x? has the probability distribution defined
in (2.7) independently for each exciton. The configuration is similar to that of the broad-
cast communication investigated in Section III-B except that Ry changes also with varying
spectral shift. The transmission probability of bit-1 through the individual channels, i.e.,
channel RtN-RN; and RtN-RNjy, for varying spectral shift is obtained using the broadcast
simulation algorithm described in Fig. 4.7 and following a Monte Carlo approach. The
varying channel capacity is then derived using the obtained value of p; for both channels.
The resultant capacity for different pulse lengths and varying level of wavelength shift is
plotted in Fig. 5.4. As is seen for each value of T},;5, RtN-RN; channel capacity is maximum
under zero electric field condition and decreases to negligible values with increasing shift;
conversely, RtN-RNs channel capacity is negligible at zero electric field, however, it increases

to its maximum as shift increases to 10 nm. Therefore, around the zero electric field, the
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Figure 5.4: Channel capacity of individual channels, i.e., C; and C5 for varying spectral
shift A\.

information is transmitted only to RNj; conversely, RtN transmits only to RNs, when
the shift is around 10 nm. Additionally, we conclude that increasing 7). decreases the
wavelength shift required for full switching between two channels, therefore, larger T}

provides faster routing performance.

5.4.2  Analysis of Chemical Routing in FRET-Based Communication

In order to investigate the performance of the chemical routing method proposed in Section
IV-B, we analyze the deviation of the communication capacity of the channels RtN-RN; and
RtN-RNy with varying position of the ring. The transition probability of bit-1 through the
individual communication channels is simulated using the broadcast simulation algorithm
described in Fig. 4.7. Here, we assume the transition dipole moments of the molecules
are in-line with the secondary axis, the relative orientation factor is deterministic with
k? = 4. The Forster radius of the donor-acceptor pairs Ry is assumed to be 2 nm for in-line
orientation and constant during the transmission of the information bits. Although the
relative orientation factor is maximized, Ry is taken as relatively small in order to show
that one can pick the donor and acceptor pair from a large set of fluorophores which are
not required to have significant spectral similarity [51]. Bit-1 is represented with a Tjyse-

duration optical pulse coming from IS at the beginning of a time slot with duration 7} that
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Figure 5.5: Channel capacities of individual channels, i.e., C7 and C9, with varying dis-
placement of macrocycle.

is assumed to be enough for avoiding ISI, and bit-0 is represented as silence during the time
slot. We assume that the effective volume of the laser beam uniformly covers the whole
trajectory traveled by the donor molecule, such that, the donor is excited with the same
probability at each point that it is located. Following the assumptions, the transmission
probabilities of bit-1, i.e., p1, for the individual channels are calculated as the number of
successful transmissions divided by the total number of simulations.

Using the obtained p; values, and given pg = 1, the information theoretical capacities
of the individual channels are calculated for different locations of the donor, i.e., the ring.
The results are plotted for two different T}, values in Fig. 5.5. As is seen in the figure,
when the ring is at its initial position, i.e., Az = 0, RtN transmits the incoming information
only to RN; with the capacity C1 = 1 bit/use. At this position, the channel RtN-RNy is in
the closed state with Cy = 0, such that, RNy cannot receive any information from RtN. As
with the protonation, the macrocycle slightly moves in the direction of station 2, and Cs
increases while C'1 decreases with about sixth degree dependence on the displacement. If the
communication is established when the displacement of the macrocycle is around 1.5 nm,
both channels are in the transition states, and RtN broadcasts the incoming information
to both of the RNs in a relatively unreliable manner. When the macrocycle reaches at the

station 2, the channel 2 enters into open state with the communication capacity Co = 1
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bits/use, while channel 1 becomes closed. Note that for different 7)., the displacement
required for the transition between two states of the channels does not change significantly,
however, the capacity of the broadcast communication in the transition state, i.e., when Az

is around 1.5 nm, increases notably for large pulse lengths.
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Chapter 6

MULTI-STEP FRET-BASED LONG-RANGE
NANOSCALE COMMUNICATION CHANNEL

In this chapter, we propose a novel nanoscale communication method based on multi-step
FRET using identical fluorophores as relay nodes between communicating nanomachines,
and utilizing multi-exciton transmission scheme in order to improve the limited range of the
communication and achievable transmission rate over the nanoscale channel. We investigate
two communication scenarios: immobile nanomachines communicating through a channel in
a host material with linearly located relay nodes, and mobile nanomachines communicating
through a channel in a three dimensional aqueous environment with randomly deployed
relay nodes. We simulate the communication over these channels with realistic algorithms
considering the high degree of randomness intrinsic to FRET phenomenon. Using the
simulation results and following a Monte Carlo approach, we evaluate the performance of the
channels by means of information theoretical capacity and interference probability. We show
that multi-step FRET-based communication significantly outperforms the other biologically
inspired nanocommunication techniques proposed so far in terms of maximum achievable
data transmission rates. The results underline the compatibility and practicality of the
FRET-based communication for several applications ranging from molecular computers to

nanosensor networks.

6.1 Introduction

In Chapter 3, we have modeled the FRET-based nanocommunication channel between a
single Transmitter-Receiver Nanomachine (TN-RN) pair and analyzed its information the-
oretical capacity. In that chapter, utilizing binary On-Off Keying (OOK) modulation, the
information is encoded into two bits: bit-1 and bit-0. Bit-1 is represented by the transfer
of a single exciton from the excited donor on TN to the ground-state acceptor on RN that

is in the close proximity of TN, and bit-0 is represented as silence during a bit interval.



Chapter 6: Multi-Step FRET-Based Long-Range
Nanoscale Communication Channel 59

In the same chapter, we also investigate the effects of some environmental and intrinsic
parameters of fluorophores on the channel capacity, and underline the strong dependence
of the capacity on the distance between TN and RN. This dependence strongly reduces the
reliability of the communication for internodal distances over 10 nm, and thus confines its
practicality to very limited applications.

In this chapter, we propose a novel method for FRET communication based on multi-
step FRET employing identical relay fluorophores between TN and RN, and utilizing multi-
exciton transmission scheme in order to improve the spatial range and the achievable trans-
mission rate of the communication. We investigate two deployment scenarios for the relay
fluorophores: ordered relays in a host material with prescribed locations, and disordered,
i.e., randomly deployed, relays in a three dimensional aqueous medium. The channel with
ordered relays is considered for immobile nanomachines communicating through a wire-like
channel that can find practicality for several on-chip applications. The channel with ran-
domly deployed relays is considered for mobile nanomachines that can constitute mobile
ad-hoc nanonetworks and nanosensor networks. We simulate the communication through
the proposed channels following a realistic algorithm based on the competitive behavior
of the multiple excitons and concerning many sources of randomness intrinsic to the phe-
nomenon. Following a Monte Carlo approach, we evaluate the performance of the channels
by means of information theoretical capacity and interference probability between succes-
sive transmissions, then we derive the maximum achievable data transmission rates over
these channels. We infer from the results that using the channels with both ordered and
disordered relays, two nanomachines can communicate at a rate up to tens of Mbps through
distances over tens of nanometers. To the best of our knowledge, the achievable rates with
multi-step FRET-based communication over this range of distances are significantly higher
than that can be achieved by any biologically inspired communication method proposed so
far.

The remainder of this chapter is organized as follows. In Section 6.2, we explain the
basic principles of multi-step FRET-based nanocommunications and excitonic processes. In
Sections 6.3 and 6.4, we model the point-to-point multi-step FRET-based communication
channels with ordered and randomly deployed relay fluorophores. The proposed channels

are information theoretically analyzed, and the achievable rates are derived in Section 6.5.



Chapter 6: Multi-Step FRET-Based Long-Range
Nanoscale Communication Channel 60

In Section 6.6, we discuss the networking capabilities of multi-step FRET-based nanocom-

munications.

6.2 Principles of Multi-Step FRET-Based Communications

Multi-step FRET defines the sequential transfer of excitons, i.e., excited state of fluo-
rophores, through more than one fluorophore. The excitons generated on the donor and
transferred to the acceptor molecule might be transferred to another fluorophore that is
spectrally similar and spatially proximal to the acceptor. Multi-step FRET has been stud-
ied extensively in order to improve the spatial range of FRET over 10 nm [35]. Based on
the multi-step FRET, we modeled a communication channel for a TN-RN pair with a single
additional relay node (HN) located in the middle of them comprising a fluorophore which is
spectrally similar to both the donor on TN and the acceptor on RN in Chapter 3. In that
basic model, the nodes are located in a linear arrangement, and utilizing ON-OFF Keying
(OOK) modulation IS sends a picosecond-duration pulse to TN in order to represent bit-1.
We have shown that the channels TN-HN and HN-RN are independent with the proper
selection of the bit interval T. Therefore, the overall transition probabilities between TN
and RN are just the multiplication of the transition probabilities of each of the channel that
participates in the communication.

Here, we extend our basic model employing more than one identical fluorophore as the
relay nodes between TN and RN, and utilizing multi-exciton transmission with ns-duration

pulses.

6.2.1 Communication System Model

The multi-step FRET-based nanoscale communication system is composed of four main
parts similar to traditional communication systems: an Information Source (IS), a trans-

mitter nanomachine, a communication channel, and a receiver nanomachine:

e Information Source: The main information source of the system can be an external
excitation source such as commercial laser that aims to remotely control the operation
of a nanonetwork by sending optical pulses to TN. It might also be an electrical source

that is embedded onto TN in the case semiconductor nanomaterials are used on TN
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as donor molecules. Utilizing OOK modulation, the information is encoded into two
bits: bit-1 and bit-0. We assume that IS sends optical or electrical excitation pulses
to TN with T},,;s.-duration at the beginning of a bit interval T; in order to represent

bit-1, and keeps TN silent during 73 to represent bit-0.

e Transmitter Nanomachine: The transmitter with molecular sizes includes a donor
molecule that receives the excitation pulses sent from IS and generates excitons to the
system. The emission spectrum of the donor molecule is assumed to overlap with the
absorption spectra of the channel molecules, i.e, relay fluorophores, and the donor is
assumed to be in close proximity of the relays, such that, the transfer of the generated
excitons from the donor to the relay fluorophores is possible. On the contrary, we
neglect the back transfer of the excitons from the relay fluorophores to the donor
assuming the emission spectra of the relays and the absorption spectrum of the donor

do not overlap.

o Communication Channel: For the communication channel, we investigate two
basic cases. For the first case, the relay fluorophores are located on prescribed locations
with prescribed orientations throughout a zeolite L backbone. The communication
between TN and RN located on the different ends of zeolite L is realized through
the wire-like structure with sequential energy transfers. In the second case, the relay
fluorophores are randomly located and oriented in a three dimensional virtual lattice
over aqueous medium and assumed to undergo random movements following Brownian
statistics. In both cases, the excitons are transferred between the identical relay
fluorophores via homoFRET. The underlying mechanism of homoFRET is the same
as the one of FRET, except that it occurs between identical molecules, therefore, it
requires that the emission and absorption spectra of the employed molecules must

have a significant overlap.

e Receiver Nanomachine: The receiver includes an acceptor fluorophore that is the
final destination of the excitons. The absorption spectrum of the acceptor and the
emission spectra of the relays are assumed to overlap. However, the emission spectrum

of the acceptor and the absorption spectra of the relays do not overlap in order to
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Figure 6.1: Representation of bit-1 and bit-0 by IS, and sequential generation of NV excitons
on Donor (D) with random inter-generation times.

avoid back transfer from the acceptor to the relays. The receiver is assumed to be
synchronized with TN and continuously senses the state of the acceptor. We assume
that the detection is realized by an external or internal photon detector. When the
acceptor is excited via FRET during Tj, it releases a photon that is detected by the
photon detector, and RN decides bit-1. If the photon detector does not detect any
photon with a wavelength that is belong to the emission spectrum of the acceptor

during the bit interval, RN decides bit-0.

Since we focus on the communication channel characteristics, the design of the trans-

mitter and receiver nanomachines is out of the scope of this thesis.

6.2.2 Principles of Fxciton Activity

During the transmission of bit-1, the generated excitons occupy fluorophores for a random
time, then they are transferred to another fluorohpore via FRET or removed from the

system via fluorescence. These processes are detailed as follows:

e Exciton generation: When IS sends an excitation pulse to TN, the donor is imme-
diately excited, i.e., it generates an exciton, assuming the absorption coefficient of the
donor is 1. Once the exciton is generated, it stays on the donor for a random time,
then the donor relaxes through either fluorescence or FRET. In the case of FRET, the

generated exciton is transferred to a proximal fluorophore. If T}, is large enough,
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after the first relaxation, the donor is expected to undergo many excitation and relax-
ation cycles during Tpyse, i.€., we expect more than one exciton to be generated by one
pulse as demonstrated in Fig. 6.1. However, the number of generated excitons by a
single pulse is a random variable, since the inter-generation times, i.e., the occupation

times of generated excitons on donor, are random.

e FEzxciton occupation: An exciton occupies a fluorophore when it is generated on
or transferred to that molecule. An occupied fluorophore is not available for the
occupation of another exciton until it relaxes. The interval between the excitation
and the relaxation of a fluorophore 7 gives the occupation time of that exciton. 7 is
an exponential random variable with a mean p, which depends on the FRET rate
of the donor molecule to the proximal and available, i.e., ground-state, fluorophores,
and the intrinsic lifetime of the donor molecule. Assuming there are k fluorophores
available for energy transfer in the range of the donor, the mean occupation time of

the ith exciton can be expressed in terms of the process rates:
k
pir; = (kr + Z krji) " (6.1)
j=1

where kr ;; is the FRET rate between the excited fluorophore and the jth proximal
fluorophore for the ith exciton. kg is the intrinsic fluorescence rate of the excited
fluorophore. k7 ;; depends on intrinsic and environmental parameters [51] and can be

expressed by:
kr

kT,j,i = 8.8 X 1022:%?72-71_4{]]'(/\)76
Rj;

(6.2)

where /@?l is the orientation factor which is a measure of the relative orientation of the
transition dipole moments of the occupied and the jth proximal fluorophore during
the occupation of the ith exciton. J; is the degree of the spectral overlap between
the emission spectrum of the occupied fluorophore and the absorption spectrum of
the jth proximal fluorophore. R;; is the intermolecular distance between the occu-
pied fluorophore and the jth proximal fluorophore for the occupation time of the ith

exciton.

e Fzxciton transfer: After a random occupation time, the exciton leaves the fluo-

rophore by either fluorescence or FRET to another proximal fluorophore. The exciton
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randomly selects the next pathway from a set of possible pathways. Assuming that k
proximal fluorophores are available for the energy transfer, the probability of FRET
to a specific fluorophore can be expressed by

kr i

PrreT ji = (6.3)

e FExciton remowval: An exciton is removed from the system by exciton recombination,
i.e., the recombination of electron and hole. The prevalent recombination mechanism
among dyes and fluorescent proteins is radiative recombination that results in radia-
tion of a photon. The excitonic energy is converted to a photon with a wavelength
dependent on the emission spectrum of the occupied fluorophore. For an exciton
that occupies a fluorophore with k£ available neighbor fluorophores, the probability of

fluorescence is given as

kr
kr + Zf:l ki

PFluo,i = (64)

The excitons generated on TN are expected to move following random pathways through
the relay nodes that surround both TN and RN. The overall movement of the excitons can
be described as continuous-time correlated random walk with waiting times. Both the
probability mass function (pmf) of the next jump, i.e., transition probabilities, and the
waiting times on each node depend on the location, orientation and the availability of
the surrounding fluorophores. Therefore, the next jump of an exciton is independent of
the previous jumps, however, it depends on the trajectories of other excitons that might
simultaneously exist in the channel. The excitons that exist in the channel at the same time

compete with each other to occupy the available fluorophores.

6.3 Multi-Step FRET-Based Communication Channel with Ordered Relays

Here, we investigate two FRET-based long-range communication channels with identical
relay fluorophores placed in prescribed locations. For the immobility of the fluorophores,
we assume a host material zeolite L is employed.

Zeolite L has a porous molecular structure and is composed of strictly parallel channels
formed by the combination of these pores in a hexagonal arrangement as demonstrated in

Fig. 6.2(a). The free diameter inside the channels is 0.71 nm and the length of the channels
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Figure 6.2: (a) Hexagonal structure of zeolite L with seven channels. (b)-(c) 2-dimensional
demonstration of multi-step FRET-based communication with relay nodes placed through a
single zeolite L channel and seven zeolite L channel. (d) Detailed demonstration of a single
zeolite L channel filled up with donor (red), relay (gray) and acceptor (green) fluorophores.

ranges from 30 nm up to 10 pum [15]. Also the center-to-center distance between two parallel
channels is 1.84 nm [15]. The dimensions of the channels make it possible to fill these zeolite
L channels up with several well-oriented dye molecules. Zeolite L is an advantageous host
material for fluorescent dyes because of its negatively charged framework [68]. Unidirectional
energy transfer from an energy source to a reaction center through the zeolite L channels
filled up with guest molecules, e.g. fluorescent dyes, are extensively studied especially for
light harvesting applications, e.g. artificial antenna systems, [15], [64]. In most of the
studies, the same kind of dye molecules are employed between two ends of the channels as
relay nodes and the excited energy is transferred via homoFRET.

We focus on two basic models. In the first model, the relay fluorophores are placed in a
single zeolite L channel, such that they are arranged in a single axis as seen in Fig. 6.2(b).
The transition dipole moments of each fluorophore are assumed to be parallel to the com-
mon axis. Therefore, the relative orientation factor is maximized, i.e., k> = 4, which
significantly increases the probability of FRET through relay fluorophores. In this commu-
nication scheme, TN and RN are assumed to be immobile connected to different ends of

the zeolite L channel as in Fig. 6.2(b). The connection can be established mechanically or
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covalently through the connector molecules that are employed both on the nanomachines
and at the channel ends. We assume the intermolecular distance between the donor and
the first relay, as well as between the acceptor and the last relay, is 2 nm which is the
spacing between two neighboring pores. We also assume that none of the pores are empty,
therefore, the inter-relay distance is also 2 nm. The donor and the acceptor which are the
antennas of the nanomachines exchange the excited energy, i.e., excitons, with neighboring
relay fluorophores through the FRET mechanism.

For the second model, we utilize seven parallel zeolite L. channels in a hexagonal ar-
rangement as the host for fluorophores. A donor molecule is located at one end of the
channel in the middle, and seven acceptor molecules are located at the other end of seven
channels as shown in Fig. 6.2(c). The rest of the channels are filled up with relay molecules
uniformly such that each of the unit cells in the channel is occupied by a relay, theregore,
the center-to-center distance between two adjacent fluorophores in the same channel is 2
nm. We assume that the donor molecule can be excited directly by an optical or electri-
cal pulse with the duration in the range of nanoseconds that is sent from an information
source that can be external or internally embedded onto TN. The excited donor is relaxed
through either fluorescence or FRET to one of the relay molecules in its range with different
probabilities. All of the molecules are oriented parallel to the channel axes. Considering
the fluorophores located in different parallel channels, the orientation factor for any pair of
fluorophores is expressed by 2 = (1 — 3cos? §)2, where 6 is the angle between the channel
axis and the virtual axis that connects the center of both fluorophores [51]. RN is assumed
to continuously observe all of the acceptors’ states such that if at least one of the acceptors
fluoresces in the bit interval, it decides that bit-1 is transmitted.

Since we employ identical relays throughout the channel for both models, it is possible
for an exciton occupied on a relay to be transferred in all of the directions: in the direction
of the donor end, or the acceptor end. Moreover, for the seven-channel model, excitons can
be exchanged between the fluorophores in the different parallel channels of zeolite L. We
assume that relay emission band and donor absorption band, as well as, acceptor emission
band and relay absorption band do not overlap, therefore, we neglect FRET from a relay

to the donor, and from an acceptor to a relay.
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Figure 6.3: Two dimensional demonstration of randomly deployed relays throughout the lat-
tice surrounding TN and RN. The excitons released by TN undergo random jumps through
the relay nodes, and some of them reach RN.

6.4 Multi-Step FRET-Based Communication Channel with Disordered Relays

We consider another multi-step FRET based communication case comprising identical fluo-
rophores located randomly in a 3-dimensional aqueous environment as seen in Fig. 6.3. The
fluorophores are expected to move uniformly in each direction following Brownian statistics,
therefore, at any time instant, the spatial distribution of the fluorophores is assumed to be
uniform throughout the environment. Assuming isotropic and unrestricted distributions for
all three angles, the individual relay fluorophores freely rotate. Following the assumption,

the orientation factor for each pair of the relays is subject to the given probability density

function [9]
ln(2+V3 0<k?><1
Pe2(k?) = 2V ( ) o (6.5)
L n(23_ ) 1<k2<4
2v/3K2 VE2+VE2-1 - -

The mean of the distribution is 2/3. If the transition dipole moments are parallel to each
other, the orientation factor is maximized, i.e., k? = 4, and in the case of perpendicular
orientations, it is minimized, i.e., k% = 0.

The donor, acceptor and relay fluorophores are considered as spherical molecules with

diameter of 1.2 nm. There are just one donor and one acceptor in the considered lattice. The
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paper is not concerned with the design of transmitter and receiver nanomachines, therefore,
we assume that, a single donor functions as TIN which receives the information from a
remote IS, and a single acceptor functions as RN which sends the received information to
another remote observer through fluorescence. TN and RN are assumed to be mobile with
controllable movements, therefore, they are not subject to Brownian statistics.

We assume that there is no collisional quencher which removes the excitons when it
collides with an excited fluorophore. Therefore, there are only two processes that an exciton
can undergo: fluorescence and FRET to a nearby fluorophore.

If the density of the environment is not too low, an individual fluorophore is expected
to have many available fluorophores in its spherical proximity. As a result, the probability

of excitons to fluorescence on relay molecules is relatively low for dense environments.

6.5 Information Theoretical Analysis

In this section, we analyze the information theoretical capacity of the aforementioned chan-
nels. Additionally, we investigate the interference between successively transmitted bits,
and derive the maximum achievable data transmission rates for each channel in the case of
OOK modulation.

For each communication system, we utilize the most basic modulation technique: binary
OOK modulation with two bits available, bit-1 and bit-0. IS sends a T},,;s.-duration optical
or electrical pulse to TN at the beginning of a Tp-duration time slot in order for TN to
transmit bit-1. For bit-0, IS does not send any pulse and keeps TN silent during 73. Bit-1
is successfully transmitted if the acceptor on RN is excited in the relevant time slot. Bit-0
is transmitted successfully if the acceptor stays in ground-state during T5.

Assuming there is no excitation-source except from IS, the transmission of bit-0 is always
successful, i.e., pg = 1, if we neglect a probable ISI situation. However, the transmission of
bit-1 is ambiguous because of the high degree of randomness and the correlated behavior in
the motion of excitons. It is very difficult to derive an analytical solution for the successful
transmission probability of bit-1, i.e., p;. For that reason, we simulate the transmission of
bit-1 in Matlab using a common algorithm for all the channel models. Following a Monte
Carlo approach, we derive the successful transmission and ISI probabilities for different

channel parameters.
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Since the transmission of bit-1 is problematic and the transmission of bit-0 is always
successful, information theoretically the channels show Z-channel characteristics [19]. Con-
sidering an input alphabet X = {0,1} which is transmitted by TN and an output alphabet
Y = {0,1} which constitutes the set of received bits, and assuming that IS sends a pulse
with probability P; and no-pulse with probability 1 — P;, the mutual information between
the transmitted and received bits is expressed by I(X;Y) = H(Py -p1) — P1 - H(1 — p1).
Here, H(.) is the binary entropy function. The capacity of the channel C' is the maximum

mutual information over all input distribution, i.e., C' = max I(X5Y).
1

6.5.1 Simulation Algorithm

We conduct simulations for the transmission of bit-1 on each channel based on the algorithm
demonstrated in Fig. 6.4. The channel parameters used in the simulations for ordered and
disordered cases are given in Table 6.1-6.2. Here, the Forster radius is the intermolecular
distance when the FRET probability is 0.5, i.e., when the FRET rate is equal to the fluores-
cence rate for single pair of fluorophores. It is a measure of the spatial range of FRET, such
that, for intermolecular distances greater than 2Ry, the probability of FRET is negligible
because of the sixth power dependence on distance. That is why we set the transfer range of
the excitons to 2Ry. The exciton transfer over distances greater than the transfer range is
neglected in the simulations. Depending on the environmental parameters, Ry ranges from

2 nm to 7 nm for common fluorophores [51].

Table 6.1: Simulation Parameters (Ordered Relays)

Forster radius (Ro) 4 nm
Pulse length (Tpuise) 10, 50, 100, 500 ns
Channel length (L.}) 30 — 134 nm

Number of zeolite L channels | 1,7

Fluorescence rates

5x 108 1/s
(kp,kr,ka)
Molecular radius (r) 1.2 nm
Transfer range 2x Ry =8 nm

The fluorescence rate is another key parameter for fluorophores. It is the reciprocal of
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Figure 6.4: Monte Carlo algorithm for the simulation of bit-1 transmission through the
channels with (a) ordered and (b) disordered relays.

the mean lifetime of fluorophores when there is no proximal acceptor and quencher. The
mean lifetime ranges from picoseconds to tens of nanoseconds for common fluorophores
[51]. We use a typical value of 2 ns for fluorescent dyes. Therefore, the fluorescence rate is
assumed to be 5 x 108 1/s.

The algorithm used in each channel simulation is based on the competitive behavior of

the excitons, and operates through the following steps:

1. The channel parameters are set. A time matrix T holding the last active time of

each exciton in each row according to the indices of the excitons, and a state matrix
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Table 6.2: Simulation Parameters (Disordered Relays)

Férster radius (Ro) 3—7nm

Pulse length (Tpuise) 10, 50, 100, 500 ns

Lattice size 400 x 400 x 400 nm

TN location (100,100, 100) nm

RN location (103,100, 100) — (301, 100, 100) nm

Relay concentration (M) | 480,960,1920 mol/m?

Fluorescence rates

5% 10% 1/s
(kp,kr,ka)
Molecular radius (r) 1.2 nm
Transfer range 2 x Ry

P holding the state of each exciton are generated with K rows. K is set arbitrarily
concerning that it has to be greater than the possible number of the excitons created
in one transmission cycle. All of the rows of both matrices are set to 0 prior to the
transmission. Once the exciton is created with index i on the donor, P(i) is set to 1.

If the ith exciton is removed from the system, T(i) is set to an infinite value, i.e., Inf.

2. The algorithm checks whether all the excitons are removed from the system. If there

remains no active exciton, simulation ends with failure, otherwise it continues at Step

3.

3. The algorithm checks whether there is an exciton with the active time is less than

Tpulse .

4. If the active times of all the excitons become greater than 7T},,se, it means that the
pulse ends, and no more excitons can be generated on the donor. Therefore, all of the
inactive excitons are removed from the system by setting the time entries to Inf. The

simulation continues at Step 5 playing the already-activated excitons.

5. 4 1s set to the index of the exciton with the minimum active time.

6. The algorithm checks whether the ith exciton has been generated before.
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Figure 6.5: Results of performance analysis for ordered channel with single zeolite L channel.

7. Exciton i is generated, i.e., activated. The number of generated excitons, i.e., Neg, is

incremented by 1.

8. The FRET rates kp between the donor and each relay or acceptor molecules in the
range of the donor are calculated considering the intermolecular distance and the
relative orientations. pu, is calculated using (6.1). The excited state lifetime 7; is
determined randomly from the exponential distribution with mean p,. Exciton ¢ stays

at the donor for a time 7;. The time entries for the exciton ¢ and for the excitons which
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Figure 6.6: Results of performance analysis for ordered channel with seven zeolite L chan-
nels.

have not been generated yet are incremented by 7;, since the donor is not available
until this time for the new excitons to be generated. The simulation continues at Step

2.

9. If the exciton ¢ is already activated, the algorithm checks the available molecules for
FRET at time T(i) and creates p.m.f. for the next pathway calculating the process

rates.
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10. A new pathway for the exciton i is selected randomly according to the p.m.f.

11. If exciton i results in fluorescence at time T(i), it is removed from the system by
setting T(i) = Inf. The occupied molecule is relaxed and becomes available for the

new excitons. The simulation continues at Step 2.

12. If exciton i occupies a relay molecule through FRET, the process rates are calculated
checking the available molecules at time T(i). pu, is calculated accordingly. The
exciton 7 stays at the relay molecule for a time 7; which is determined randomly from

the exponential distribution with mean p,. The simulation continues with Step 2.

13. If exciton 7 is transferred to an acceptor molecule at time T(i), receiver detects bit-1
when the acceptor fluoresces at time T(i)+7a. Since, the only way for the acceptors to
relax is to fluorescence, 74 is determined randomly from the exponential distribution
with mean g, regardless of the available molecules in the range. The simulation ends

with the successful transmission of bit-1.

6.5.2  Analysis of Channels with Ordered Relays

The simulation of the transmission of bit-1 for the zeolite L channel models is run many times
for different parameters. The success probability of bit-1 transmission p; is obtained as the
number of successful transmissions divided by the total number of runs. The simulations
are repeated until the obtained value of p; converges to a finite value, then, the channel

capacity is derived information theoretically.

Single Zeolite L Channel Case

Fig. 6.5(a) demonstrates the information theoretical capacity of the communication channel
constructed on a single zeolite L channel for different values of 7,15 with varying channel
length L.,. For the capacity analysis, we assume that the bit interval T} is sufficiently
large to neglect ISI. We investigate the ISI situation in the next analysis. As is seen from
Fig. 6.5(a), increasing the pulse length significantly improves the channel capacity, since
as we increase T, s, more excitons are generated and the probability of error for bit-1

transmission decreases. At some critical channel length, the capacity of the channel starts
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to decrease. The critical channel length is larger for greater Tj,s. values. Compared to the
single-pair single-exciton FRET-based communication channel [45], the capacity and the
range of the communication are significantly improved.

The main reason of InterSymbol Interference (ISI) is the excitons that are generated
during a bit interval with duration 7Ty, and arrive to the receiver at a greater time than Tj.
ISI makes ambiguous the detection of bit-0 in the case of a preceding bit-1 transmission. Due
to the stochastic behavior of the exciton motion, it is not possible to completely avoid ISI,
however, one can set a threshold for the bit interval in order to bring the ISI probability
down to negligible values. The time-based characteristics of the channels related to ISI
are investigated recording the removal times of the last excitons which are able to reach
the receiver. The simulation results show that the variation in 7, only changes the
mean removal time in proportion to Tp,se, and has negligible effect on the variance of
the distribution. This is due to the fact that only the lastly generated excitons contribute
to the late arrivals, therefore, the distribution of last arrival times is independent of the
pulse length. Besides, altering the channel length L., substantially effects both mean and
variance of the distribution. Therefore, we conduct ISI probability analysis by setting T}z
to a constant value of 50 ns, and T, = Tpyse + Tofy, and varying L.y and T, ¢. From the
results demonstrated in Fig. 6.5(b), we conclude that setting T} = T)yise + 60 ns results in
negligible ISI for the typical channel lengths.

The maximum achievable rates are given by R, = C/T;. Setting T,r¢ = 60 ns for all
Tpuise values, R, with varying channel length is demonstrated in Fig. 6.5(c). We conclude
that, two nanomachines can communicate reliably at a rate over 12 Mbps through a distance

up to 30 nm, and over 2 Mbps through distances larger than 80 nm.

Seven Zeolite L Channel Case

The analyzes are repeated for the communication channel which includes seven parallel
zeolite L channels as the host for fluorophores. The variation of the channel capacity for
varying pulse and channel length is shown in Fig. 6.6(a). As seen from the figure, the spatial
range of the communication is increased as approximately 40 nm compared to the channel
composed of one zeolite L channel, i.e., the same capacity can be obtained at a distance

40 nm larger as compared to the single channel case. One of the reasons of this significant
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Figure 6.7: Information theoretical capacity of disordered channel for different channel
parameters with varying TN-RN distance R.

increase is that seven acceptor fluorophores are employed at RN. Locating more acceptors
at RN, we increase the probability of exciton reception. The other reason is the increased
number of proximal fluorophores for each fluorophore which reduces the fluorescence, i.e.,
removal, probability of excitons during the transmission.

The ISI case for seven zeolite L channel is investigated as in the case of one zeolite L
channel. Setting T}, = Tpuise + Topp and Tpyse = 50 ns, the probability of ISI for varying
channel length is plotted in Fig. 6.6(b). Here, we see that as compared to the single channel
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case, smaller offset value is sufficient to get negligible ISI. Setting T,,; y = 20 ns and neglecting
ISI, the achievable rates are derived for different 7},s¢, and the results are plotted in
Fig. 6.6(c). Here, we conclude that with a channel composed of seven zeolite L channels
with ordered relays, nanomachines can reliably communicate at a rate up to 30 Mbps over a
distance up to 80 nm, and at a rate over 2 Mbps through a distance up to 130 nm. Compared

to the single zeolite L channel case, the achievable rates are significantly improved.

6.5.3 Analysis of Channel with Disordered Relays

Here, we investigate the capacity of the disordered channel. The transmission probability
of bit-1 is simulated following the algorithm described in Fig. 6.4, and using the parameters
given in Table 6.2. The simulations are repeated until p; converges to a finite value. Note
that, for each run of the simulation, the relay fluorophores are deployed again in random
locations following a uniform distribution. In the deployment stage, the algorithm takes
the molecular sizes into account, such that, the Euclidean distance between the centers of
two fluorophores cannot be smaller than 2r, i.e., 2.4 nm. Although the relay molecules
undergo Brownian motion, the displacement of the molecules during the transfer does not
damage the homogeneity of the spatial distribution, since the relays uniformly move in each
direction. Additionally, the relative orientation of each pair of fluorophores is randomly
selected according to the distribution given in (6.5) for each exciton occupation in order to
imitate the isotropic and unrestricted rotations of fluorophores. Using the converged value
of p1, the capacity is derived as the maximum mutual information between the transmitted
and received bits over all input distributions.

Setting the molar concentration of relay fluorophores in the environment as 1920 mol /m?,
and using excitation pulses with duration T},;s. = 50 ns to represent bit-1, the information
theoretical capacity of the channel is plotted in Fig. 6.7(a) for different values of Forster
distance and varying TN-RN distance R. The results show that Ry has great effect on the
spatial range of the communication, such that, using fluorophores with Ry = 7 nm, TN and
RN can communicate reliably over distances larger than 150 nm even with a comparatively
low value of T} se-

The effect of the pulse length on the capacity is demonstrated in Fig. 6.7(b). Here, we

set the molar concentration as M = 1920 mol/m3, and use fluorophores with Ry = 6 nm.
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Figure 6.8: Results of ISI and achievable rate analysis for disordered channel.

As expected, increasing the pulse length, the capacity of the channel increases significantly.

Lastly, we investigate the effect of the relay concentration on the channel capacity. In
Fig. 6.7(c), the capacity is plotted for three typical concentration values with varying dis-
tance between TN and RN. As is seen, increasing the molecular concentration improves the
communication range. For relatively denser concentrations, an individual relay fluorophore
has many available fluorophores in its proximity. As a result, the removal probability of
excitons is comparatively low which increases the probability of exciton transmission from
TN to RN for bit-1 case.

We investigate the ISI situation by running the simulation many times, and recording
the removal times of excitons that lastly arrive to RN. Setting T,,;se = 10 ns and T; =
Tyuise + Tofp, we plot the ISI probability for different time offsets with varying R and
molecular concentration in Fig. 6.8(a). From the results, we conclude that adding a time
offset of 2 ns to T}y reduces the ISI probability to negligible values. The required time
offset for negligible ISI is very low compared to that of zeolite L based channels. Since, a
relay fluorophore is surrounded by many available fluorophores in brownian channel, the
mean occupation time of excitons on relay fluorophores decreases to very low values, e.g.,
1-10 ps for very dense environments. As a result, the transit time of excitons from TN to RN
is also reduced. The decrease in the ISI probability with increasing molecular concentration

also justifies this reasoning.



Chapter 6: Multi-Step FRET-Based Long-Range
Nanoscale Communication Channel 79

Setting T,r¢ = 2 ns and neglecting ISI, in Fig. 6.8(b), we plot the achievable rates with
varying R. It is demonstrated that mobile TN and RN can communicate at a rate over
80 Mbps if they are in approximately 70 nm-proximity of each other, and with 200-nm

proximity, the reliable communication can be realized at a rate over 1 Mbps.

6.6 FRET-Based Nanonetworks

Here, we discuss the networking capabilities of multi-step FRET-based nanocommunication
technique.

Excitons are randomly radiated to a relatively large area through sequential transfers.
Therefore, there might be more than one RN in the range of TN, and we expect that all
of RNs with the spectrally appropriate acceptor can receive information from TN with a
probability of error that is directly dependent on the Euclidian distance between TN and
RN. The system is similar to traditional broadcast communication where a transmitter
radiates electromagnetic signals in all directions without any knowledge about receivers. In
electromagnetic case, receiver antenna has to be tuned to the carrier frequency to receive
information from transmitter. Similarly, in FRET-based case, for RN to receive exciton
signals, absorption spectrum of RN acceptor must overlap with the emission spectra of
relay fluorophores, i.e., carrier fluorophores. Furthermore, the emission spectrum of TN
donor must overlap with the absorption spectra of relays for the transfer of excitons into
the channel.

Different TN-RN pairs can communicate through the same physical medium if a multiple-
access method is utilized. For this aim, wavelength division multiplexing can be applied if
another sort of relay fluorophore which spectrally does not overlap with the other relay is
available in the medium. Accordingly, different donor and acceptor that overlap with the
new relay must be employed on the second TN-RN pair, respectively, so that the second
pair can communicate through the new relay fluorophores. The interference between these
two channels depends on the separation of the optical spectra of the employed fluorophores.
The spectral range of common fluorescent molecules is limited, therefore, in order to em-
ploy more channels in the same medium, fluorophores with narrow spectral widths, e.g.,
fluorescent dyes, must be preferred.

In [46], it is demonstrated that employing a semiconductor donor, e.g., QD or Quantum
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Rods (QR), TN can tune the emission spectrum of the donor electrically. Tuning the
spectrum of the donor, TN can select the receiver nodes to communicate with if there are

more than one sort of relay fluorophores in the channel as in the case of multiple-access.
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Chapter 7

FRET-BASED MOBILE MOLECULAR NANONETWORKS

Nanonetworks refer to a group of nano-sized machines with very basic operational ca-
pabilities communicating to each other in order to accomplish more complex tasks such
as in-body drug delivery, or chemical defense. Realizing reliable and high-rate communi-
cation between these nanomachines is a fundamental problem for the practicality of these
nanonetworks. Recently, we have proposed a molecular communication method based on
Férster resonance energy transfer (FRET) which is a nonradiative excited state energy
transfer phenomenon observed among fluorescent molecules, i.e., fluorophores. We have
modeled the FRET-based communication channel considering the fluorophores as single-
molecular immobile nanomachines, and shown its reliability at high rates, and practicality
at the current stage of nanotechnology. In this chapter, we focus on network of mobile
nanomachines communicating through FRET. We introduce two novel mobile molecular
nanonetworks: FRET-based mobile molecular sensor/actor nanonetwork (FRET-MSAN)
which is a distributed system of mobile fluorophores acting as sensor or actor node; and
FRET-based mobile ad hoc molecular nanonetwork (FRET-MAMNET) which consists of
fluorophore-based nanotransmitter, nanoreceivers and nanorelays. We model the single
message propagation exploiting the SIR model of epidemics. We derive closed form expres-
sions for the probability of the actor nodes to detect a message generated on the sensor
nodes in FRET-MSAN, and for the average detection time of the transmitted message by
the nanoreceivers in FRET-MAMNET. We numerically evaluate the performance of these
networks in terms of reliability and transmission delay for varying number of nanonodes

and varying size of nanomachines, as well as, for several FRET-related parameters.

7.1 Introduction

Based on FRET, we proposed a nanocommunication method between fluorophore-based

nanomachines using excitons as information carriers in Chapter 3. Employing a donor fluo-
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rophore as the nanotransmitter, and an acceptor fluorophore as the nanoreceiver, and using
on-off keying (OOK) modulation scheme by encoding 1-bit information into the presence
or absence of a single exciton, we information theoretically analyzed the capacity of the
channel between them. We also investigated the pulsed excitation scheme in which the
information is encoded into an excitonic ns-duration pulse to increase the reliability of the
channel in Chapter 4. Lastly, with a Monte Carlo approach, we simulated the information
transmission through point-to-point channel in a three dimensional aqueous medium com-
prising a varying concentration of relay fluorophores, and showed that information can be
reliably transmitted through 200 nm distance at a rate over 10 Mbps Chapter 6. However,
due to the high degree of randomness, we were not able to give an analytical expression for
the probability of successful transmission of information. Furthermore, in the simulations,
we assumed that the fluorophores are stationary, and orientation of the fluorophores are
constant during the excited state lifetime to ease the computation, therefore, we applied
the classical Forster theory which is not valid for diffusing fluorophores with relatively long
lifetimes.

In case the fluorophores with sufficiently long excited state lifetimes are used, a donor
and acceptor pair with long intermolecular distance at the time of excitation can get into
proximity during the lifetime of the donor molecule. Therefore, the probability for an
excited donor to get into proximity with more ground-state acceptors during its lifetime
increases. As a result of such conditions, the classical Forster theory fails to express the
FRET probability for an excited state fluorophore. Fortunately, Stryer et al. derived an
expression for the transfer rate of the fluorophores with long lifetimes diffusing in a three
dimensional environment [75].

In this chapter, using the expressions derived in [75], [76], we investigate the perfor-
mance of FRET-based communication between mobile nanonodes for two network scenar-
ios: i) FRET-based mobile molecular sensor/actor network (FRET-MSAN); and i1) FRET-
based mobile ad hoc molecular network (FRET-MAMNET). In FRET-MSAN, biolumines-
cent molecules which are special kind of fluorophores that are excited upon binding a target
molecule are considered as the sensor nodes. There are also actuators in the network that
can realize a specific task upon receiving an exciton. This deployment can be used for

autonomous sensing and actuating tasks at the molecular level. FRET-MAMNET consists
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of transmitter, relay and receiver nanonodes which are also fluorophores. The single nan-
otransmitter in the network receives a pulsed excitation signal from an information source
and sequentially transmits the excitons to the relay nodes or directly to the nanoreceivers
in a probabilistic manner.

In order to model the single message propagation in both networks, we benefit from the
SIR model of epidemics [61] which is widely used in modeling mobile ad hoc networks [40]-
[32]. In the SIR model, a node can be in three states: susceptible state which corresponds
to the ground-state of the nanonodes in FRET-based networks; infected state which is
analogous to the excited state of nanonodes; and recovered state which we adapt to our
model as the ground-state that comes after the transfer of exciton, i.e., infection, to an
actuator or receiver. Similar to the SIR model, we construct the Markov Chain models of
both networks. We derive closed form expressions for the probability of a single message to
be successfully transferred from the sensor nodes to the actuator nodes in FRET-MSAN, and
for the detection time of a single message by one of the nanoreceivers in FRET-MAMNET.

The remainder of this chapter is organized as follows. In Section 7.2, we present the
mathematical models for single message propagation in FRET-MSAN and FRET MAM-
NET. The results of the numerical analysis for performance evaluation are given in Section

7.3.

7.2 DMathematical Model of FRET-Based Mobile Molecular Nanonetworks

In this section, we model the single message propagation both in FRET-MSAN and FRET-
MAMNET. We derive closed form expressions for the successful detection probability of
a single message in FRET-MSAN, and for the average message detection time in FRET-
MAMNET assuming the mobile network nodes, i.e., fluorophores, satisfy the rapid diffusion
condition.

We exploit the model of basic epidemic disease spreading to model the information
propagation in both networks. In the SIR model of epidemics, there are three possible
states for a network node: ) suspicious state in which the node is susceptible to the illness;
i1) infected state in which the node has the illness; and 4ii) recovered state in which the
node is recovered from the illness. Similarly, in FRET-based networks, the nodes except

the actors and the receivers can be in the same three states. The susceptible nodes are
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Figure 7.1: Information flow in FRET-MSAN.

the molecules that have been never excited or have transferred their exciton to one of the
sensor nodes (or relay nodes in FRET-MAMNET), and become susceptible to be excited.
The infected nodes are the molecules that have been excited, i.e., infected by an exciton,
and cannot be re-excited until they return to the ground state. The recovered nodes are the
molecules that have transferred their exciton to one of the actor nodes (or receiver nodes
in FRET-MAMNET). The recovered nodes are also susceptible to the infection, however,
they do not lead to any ambiguity in the model, because, we model the signal propagation
until the first excitation of any actor or receiver nodes. Therefore, the model is valid until
one of the network nodes are recovered.

Note that, excited fluorescent molecules can randomly return to the ground state by
releasing a photon without transferring the exciton to another molecule at the natural fluo-
rescence rate, i.e., self-relaxation rate [51]. Therefore, in our model, all of the infected nodes
are assumed to randomly return to the susceptible state at this rate. Another fundamental
difference between our model and the SIR model resulting from the characteristics of FRET
is that an infected node gets rid of the infection and returns to the susceptible state when

it transfers the infection to another node.
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7.2.1 Mathematical Model of FRET-MSAN

Bioluminescent molecules define a class of fluorescent molecules which are excited upon
binding a target molecule [51]. Since they do not need a remote excitation source, e.g.,
optical laser, they are extensively used in biotechnological research as biomolecular sensors
optically indicating the presence of a certain kind of molecule [18]. For example, aequorin,
a bioluminescent protein, reacts with calcium ions, and relaxes through releasing a photon,
thus, it is extensively used to measure C'a2+ concentration [5].

Fluorescent molecules also find applications in photodynamic therapy (PDT) of cancer
as actuators. In QD-based PDT, QDs are excited by optical energy from a remote source
and then transfer its exciton to the conjugated photosensitizing agent which synthesizes a
reactive singlet oxygen via energy transfer [71]. The produced singlet oxygen initiates the
apoptosis of nearby cancer cells. However, the reactive singlet oxygen is also harmful for
normal cells, therefore, the spatial precision of the activation of singlet oxygen is crucial.

Here, we focus on a molecular sensor and actor network, namely FRET-MSAN, com-
posed of mobile bioluminescent sensors and fluorophore-based actors that can collect the
information from the sensors and perform an appropriate action upon the environment. The
investigated scenario in this section can pave the way for designing autonomous networks of
nanomachines which are able to collaboratively sense the presence of tumor cells, and act
precisely for the apoptosis of them. The information flow in FRET-MSAN is demonstrated
in Fig. 7.1.

Adapting the STR model of epidemic disease spreading, we model the signal propagation
in FRET-MSAN starting from the generation of excitons on the sensors to the detection
by an actor node. We derive a closed form expression for the probability of successful
transmission of a one-bit detection message generated on bioluminescent sensors to one of

the actor nodes. The model is based on the following assumptions:

e Initially Vg number of sensors are in the infected state, i.e., excited state.

e No additional exciton is generated during the message propagation.

e The number of sensor nodes, Ny, and the number of actor nodes, IN,, are constant.

e An infected sensor node gets rid of the infection and returns to the susceptible state

without transfer of infection at a rate of ky. Note that, this is the natural fluorescence
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Figure 7.2: Markov chain model of FRET-MSAN.

rate of the bioluminescent fluorophores used as molecular sensors.

e An infected sensor node transfers the infection to a susceptible sensor node making it
infected while returning to the susceptible state with a rate of £ .

e An infected sensor node transfers the infection to an actor, and get recovered with a
rate of ki sq.

e The transfer of infection is pairwise, i.e., an infected nanonode can transfer its infection

to only a single nanonode.

The information transfer rate from an infected sensor node to the susceptible, i.e., avail-
able, sensor nodes in the environment is given by

47‘(’]{,’0R8758

k ss — ksstc = Nsc 7.1
b 3Vazs (7.1)

where kg is the transfer rate between a single pair of infected and susceptible sensor nodes,
N is the number of susceptible sensor nodes, Ry s is the Forster radius between two sensor
nodes, and ass is the intermolecular distance of closest approach of two sensor nodes. We
assume that the bioluminescent sensors are spherical with radius rs, therefore, ass = 2rs.
Similarly, the rate of the information transfer from an infected sensor node to an actor node
is given by

47rl<:0R8
kt,sa = ksaNa = 7,;35(1 a

Asqa

(7.2)

where kg, is the transfer rate between an infected sensor node and an actor node, N, is the
number of actor nodes in the environment, Ry s, is the Forster radius between a sensor node
and an actor node, and ag, is the intermolecular distance of closest approach of a sensor
node with an actor node. Assuming that the actor nodes are also spherical with radius 7,
Gsqg =Ts + Ta.

Based on the listed assumptions, and following a similar way with the SIR model, we

construct the Markov chain model of the single message propagation as demonstrated in
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Fig. 7.2. Here, S(t), I(t), R(t) denote the number of susceptible, infected and recovered
sensor nodes at time t, respectively. From the model we infer that until the first time
offloading of the message, the number of infected sensor nodes is governed by the following

differential equation:

dl
g = ks S@I(8) = (kol(t) + kssS(E)1(1)) = —kol(t) (7.3)
Assuming that Ny number of nanosensors are initially infected, i.e., I(0) = Ny, (7.3) can

be solved as

I(t) = Nge kot (7.4)

The cumulative distribution function (CDF) of the delay between the generation of a
message on the nanosensor and its transmission to an actor node can be derived from (7.4).
Assuming Pr(event in [0,t)) is independent of Pr(event in [t,t + €)), we can follow the

same derivation in [32], and write the differential equation for F(t) as

% = kit sal () (1 — F(£)) = keaNaI(2) (1 — F(t)) (7.5)

Assuming that an exciton is transferred with a probability of 1, when an infected sensor
node and an actor node make contact, an initial condition for the differential equation (7.5)

can be given by
4 ((T‘a + 2rg)3 — 1“2)
3V

Fy = N,N, (7.6)

Note that, F'(0) is the probability that an initially infected sensor node is adherent with an
actor node. Using F'(0), (7.6) can be solved as

ksaNaNg (efkot_l)

Fit)=1—(1—Fye %o (7.7)

Using (7.7), the probability of successful transmission of information from bioluminescent
sensors to one of the actor nodes can be given by

_ ksaNaNg

Pr(success) = lim F(t)=1—(1—Fyle %o (7.8)

t——+o00
7.2.2  Mathematical Model of FRET-MAMNET

In FRET-MAMNET, there are three kinds of fluorophore-based nanonodes randomly dis-

persed in the same environment: 7) nanotransmitter; i) nanorelays; and 7i) nanoreceivers.
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Figure 7.3: Information flow in FRET-MAMNET.

The single nanotransmitter in the network is continuously excited by an information source,
e.g., a remote optical source or a nearby electrical source, with a pulse of duration 7},. The
excited transmitter node generates excitons randomly during 7). The relay nodes are not
directly excited by an information source. The excitons generated on the nanotransmitter
follow random hopping with sequential transfers through the relay nodes, and carry the
message from the nanotransmitter to the nanoreceivers. The nanoreceivers are assumed to
realize a specific task, e.g., singlet oxygen sensitization, when they receive an exciton. This
configuration is similar to the scenario simulated in [47], however, here we assume that the
characteristics of the network nodes satisfy the rapid-diffusion limit, therefore, we are able
to derive closed form expression for the average detection time of a single message, Ty. The
information flow in FRET-MAMNET is demonstrated in Fig. 7.3.

We model the single message propagation from the nanotransmitter to a nanoreceiver
until an exciton is first received by an receiver node. We again benefit from the SIR model.

The model is based on the following assumptions:

e Transmitter and relay nodes are of same type of fluorophores, i.e., they have the same
fluorescence rate (ko), Forster radius (Rp pp) and molecular radius (7).

e There is only a single nanotransmitter that can receive excitation signal from the
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Figure 7.4: Markov chain model of FRET-MAMNET.

information source.

e An infected nanonode gets rid of the infection and returns to the susceptible state
without transfer of infection at a rate of k.

e An infected nanonode transfers the infection to a susceptible nanonode with a rate of
kit hh-

e An infected nanonode transfers the infection to a receiver with a rate of k p,.

e During the pulse, infection is generated on the transmitter node with a rate of k.

e Pulse is applied until the message is detected by one of the nanoreceivers, i.e., (T, =
Ty).

e The total number of transmitter and relay nodes, Ny, and the number of receiver

nodes, N,., are constant.

On the nanotransmitter, when an infection is removed either by self relaxation, i.e.,
fluorescence, or by transfer to another node, another infection is generated immediately.

Therefore, the infection generation rate on the nanotransmitter is given by
kg(t) = ko + kt’hh(t) = ko + knpS(t) (7.9)

Note that, S(t) is the number of susceptible nodes, i.e., nodes available for energy transfer,
at time t. kpj, is the transfer rate between a single transmitter-relay (or relay-relay) pair,
that can be expressed as in (2.8).

The Markov chain model of the single message propagation is given in Fig. 7.4. In the

Markov model, the differential equation for the number of infected nanonodes in the system
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at time t is expressed by

% = ko + knnS(t) + knnS(OI() — (koI () + knnS(8)I (1))

= ko + kpn (N — I(t)) — koI(2)

= ko + kpp N — (k(] + khh)I(t) (7.10)

Considering only a single node, i.e., the transmitter node, is initially infected, the initial

condition for (7.10) is 7(0) = 1. The solution of (7.10) can be given by
I(t) = K + (1 — K)e~ (kotknn)t (7.11)

where K = (ko + kpnIN) / (ko + knn)-

Following the same derivation in the first network scenario, the differential equation for
the CDF of the average message detection time is expressed as in (7.5). The initial condition
for the CDF, i.e., Fy can be given as in (7.6) with Ny = 1. Using the initial condition, the

solution of (7.5) is given by

bpeNe(=K) e Nt

F(t) = 1 — Ceto+kppyelottnn)t (7.12)

" (ko+knn)

Using (7.12), the average detection time of the message can be expressed by

with C' = (1 — F(0)) exp (khTN MN_%)

E|Ty] = /OOO (1-F(t) dt (7.13)

which can be numerically computed.

7.3 Performance Analysis of FRET-Based Mobile Molecular Nanonetworks

In this section, we numerically evaluate the performance of the two network scenario de-
scribed in Section III. We use the derived expressions of successful detection probability
of a single message in FRET-MSAN, and the average detection time in FRET-MAMNET
with varying network and node parameters to understand the effect of each parameter on
the network performance and gain insight on the feasibility of the FRET-based mobile

nanonetworks.
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Figure 7.5: Results of numerical analysis for detection probability of single message i
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7.8.1 Performance Analysis of FRET-MSAN

In this section, we present the numerical analysis for the reliability performance of FRET-

MSAN using the closed form expression of Pr(success) derived in Section III. We analyze

the single-message transmission probability for varying number of nanoactors and initially

infected nanosensors, varying Forster radius between nanosensors and nanoactor, and vary-

ing size of nanomachines. Note that, the number of initially susceptible nanosensors, the

Forster radius of nanosensor-nanosensor pair, and the fluorescence rate of the nanonodes do

not affect the detection probability. The default values of parameters used in the numerical

simulations are presented in Table 7.1.
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Table 7.1: Simulation Parameters

Molecular radii (rs, rq, h, 7r) 0.25 (nm)
Natural fluorescence rate of molecules (ko) 106 (sec™)
Volume (V) 1 (um?)
Forster radii (R ss, Ro,sa: Rohhs Rohr) 8 (nm)
Number of initially excited sensor nodes in

FRET-MSAN (Np) ’

Total number of sensor nodes in FRET-MSAN 100

(Ns)
Number of actor nodes in FRET-MSAN (N,) 100

Total number of transmitter and relay nodes in
FRET-MAMNET (N)

Number of receiver nodes in FRET-MAMNET
(N7)

100

100

Effect of Number of Actor Nodes

The probability of detection with varying number of nanoactors, N,, for different values of
Forster radius of nanosensor-nanoactor pair, Ry sq, is shown in Fig. 8.4(a). We observe that
the detection probability significantly increases with increasing number of actors, since the
chance for an infected nanosensor to be in the communication range of an actor node at

any time increases.

Effect of Number of Initially Infected Nanosensors

The effect of the number of initially infected nanosensors on the detection probability is
shown in Fig. 8.4(b) with varying number of nanoreceivers. Since we assume that no other
external infection occurs, and the infection is only transferred between the network nodes,
the number of infected nanosensors is a decreasing function of time. Therefore, the initial
number of infection is an important parameter for the detection performance. It is observed
that the detection probability significantly increases even with a small increase in the number

of initially infected nanosensors.
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Effect of Forster Radius

In Fig. 8.4(c), Pr(success) with varying Ry s, for different number of receiver nodes is pre-
sented. It is shown that as Ry, increases, the probability of detection is significantly
enhanced. In fact, Forster radius is analogous of the communication range of a network
node in traditional networks. Therefore, with a large communication range of a nanosensor,
more nanoactors as acceptors become available for the energy transfer. As a result, the
transfer probability of excitons on each node increases with a decrease in the removal prob-
ability of excitons by fluorescence. We also observe that for small values of Rg 4, a large
number of nanoreceivers are required to successfully detect the message of nanosensors.
However, by employing nanosensor-nanoactor pairs with relatively large R g4, less than 50

receiver nodes will be enough for successful detection.

Effect of Size of Nanomachines

The size of nanomachines also significantly affects the successful detection probability, since
the extent of the distance of closest approach has a direct effect on the energy transfer
rate between nanonodes. The detection probability for varying radii of nanosensors and
nanoactors is shown in Fig. 7.5(d). The selected values for radii are in the range of size
of common fluorophores, e.g., fluorescent dyes. We observe that, using small-size nodes

significantly increases the detection probability.

7.8.2  Performance Analysis of FRET-MAMNET

In this section, we present the results of numerical simulations to investigate the performance
of FRET-MAMNET in terms of average transmission time of a single message, i.e., Ty. We
evaluate the effect of varying number network nodes, varying Forster radii of different pairs,
varying lifetime of the nanosensors, and varying size of nanonodes. Note that, different from
FRET-MSAN, the number of nanosensors and the excited state lifetime of nanosensors have
effect on the performance of FRET-MAMNET. The default values of system parameters

used in the simulations are given in Table 7.1.
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Figure 7.6: Results of numerical analysis for average detection time of single message in
FRET-MAMNET.
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Effect of Number of Receiver Nodes

The number of nanoreceivers significantly affects the detection time as shown in Fig 7.6(a).
This is because, as there are more receiver nodes, the chance for an infected nanonode to
enter the proximity of a receiver during the lifetime of its infection increases. Considering
point-to-point communication channel with a single nanotransmitter-nanoreceiver pair, i.e.,
the case of N, = 1, the detection time is over 25 us, even when employing fluorophores with

large Forster radius.

Effect of Number of Relay Nodes

Fig. 7.6(b) demonstrates the effect of total number of transmitter and relay nodes on the
detection time of a single message with varying Ry 5. Note that, there is only a single
nanotransmitter, therefore, the number of relay nodes is equal to N; — 1. It is clearly
shown that the detection time significantly decreases with increasing number of nanorelays.
Increasing the concentration of the relay nodes increases the number of susceptible nodes
in the range of an infected node, thus, increases the transfer rate for each of the nanonode.
Therefore, the probability of removal of excitons, i.e., infections, with fluorescence, i.e.,
self-relaxation, is decreased. Keeping the number of infected nanorelays high increases the
probability for a receiver to encounter an infected nanonode in its range, and thus decreases

the detection time.

Effect of Forster Radius

The detection time significantly decreases with increasing Forster radii of the nanotrans-
mitter, nanorelays and the nanoreceivers as shown in Fig. 7.6(c). As the Forster radius
increases, the effective communication range of a nanonode is improved. Therefore, the
number of nodes available for energy transfer in the range of an infected nanonode in-
creases. As a result, the transfer rate for a nanonode increases, as well. This causes the

decrease in the detection time.

Effect of Size of Nanonodes

The effect of radii of nanonodes is shown in Fig. 7.6(d). As the radii of nanonodes decrease,

the center of nanonodes can get closer, i.e., the distance of closest approach decreases.
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Therefore, the maximum possible transfer rate between any two nodes increases. Overall,
the total exciton transfer rate for each nanonode increases. Higher transfer rates result in
lower probability for an exciton to be removed from the network. As a result, the number
of excitons randomly hopping through the nanonodes at time t increase, thus, the time

required for a receiver to detect an exciton decreases.

Effect of Excited State Lifetime of Nanonodes

The effect of excited state lifetime of the nanonodes, 79, is shown in Fig. 7.6(e) for different
Ry pn- It is shown that increasing the lifetime linearly increases the detection time. The
lifetime has a significant effect on the transmitter side, such that, it directly affects the
exciton generation rate. Lifetime gives a measure of average occupation time of an exciton
on a nanonode. When the lifetime is short, the excitons are generated more frequently on
the nanotransmitter, therefore, the number of infected nanonodes on the network at time ¢

increases, and the time required for a receiver to encounter an infected nanonode decreases.
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Chapter 8

EXPERIMENT

8.1 Introduction

Despite the considerable literature on the development of nanocommunication techniques
and derivation of analytical models for nanocommunication networks, very little attention
has been paid to the experimental validation of the feasibility of the proposed nanocom-
munication methods and the validity of the derived analytical models. In this chapter,
we present the results of the first attempt to realize an FRET-based nanocommunication
system. This is, at the same time, the first successful demonstration of information trans-
mission at nanoscale.

Besides its extensive theory, FRET is also a well-experimented phenomenon. However,
the empirical studies about FRET are mostly directed towards the derivation of the transfer
efficiency for intermolecular distance calculations. There is no investigation in the literature
about the FRET-based information transmission characteristics from the communication
theoretical perspective.

For the demonstration of FRET-based nanocommunications, we implement a system
that can optically send a pseudorandom binary digital information sequence to a molecular
sample at a tunable rate, and, at the same time, detect and analyze the succeeding optical
signal released from the sample to decode the transmitted information. Through the optical
excitation of the dye sample and the optical observation of the transmitted information,
this experiment is also an implementation of a macro/nano interface between a computer
network in macroscale and an FRET-based nanonetwork.

We use a common pair of fluorescent dyes, Fluorescein and Rhodamine B, as the donor
and acceptor samples, respectively, and prepare a bulk solution of donor and acceptor in
ethanol for the FRET sample. The FRET sample consists of many donors and many accep-
tors randomly dispersed in the solvent. Therefore, with a laser excitation, many donors, as

well as acceptors, can be simultaneously excited, and fluorescence of many acceptors can be
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Figure 8.1: Normalized absorption and emission spectra of Fluorescein and Rhodamine B.

sensitized through FRET for a single pulse excitation. For this reason, the FRET sample
represents a multi source multicast network topology from the communication theoretical
perspective. Although we have not derive an analytical model for FRET-based multi source
multicast networks to be validated by the results of this experiment, we demonstrate the
feasibility of FRET-based nanocommunications with the experiment, and investigate its
performance in terms of error rate at different information transmission rates.

In FRET experiments, there is a probability that the acceptors can be directly excited
by the laser source, and the donor molecules can directly fluorescence without FRET. This
undesirable contribution of donor and acceptor fluorescence in the FRET channel is named
spectral bleedthrough. In this experiment, in order to remove the spectral bleedthrough
resultant from the large spectral overlap between the donor and acceptor molecules, we

apply the 3-cube method which is widely-used to reveal the noiseless FRET signal [80].

8.2 Methodology and Experimental Setup

In this experiment, we use a dye pair of Fluorescein and Rhodamine B which are commonly
used in FRET studies due to their relatively high Forster radius and quantum yields. The
emission and absorption spectra of Fluorescein and Rhodamine B in ethanol are demon-
strated in Fig. 8.1. The high spectral overlap between the emission spectrum of Fluorescein
and the absorption spectrum of Rhodamine B results in a Forster radius of 5.7 nm with the

assumption of free rotation of molecules [43].
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Figure 8.2: Experimental Setup.

The experimental setup which is illustrated in Fig. 8.2, consists of nine main parts. An
argon-ion laser is the optical source of the system. The wavelength of the laser is 488 nm,
and close to the wavelength where the absorption of Fluorescein, i.e., the donor, is at its

maximum. A pseudorandom binary sequence with a length of 29

bits is generated and
stored in a laboratory system-design platform called LabVIEW. The sequence is converted
to a 0-5 V TTL control signal by a Data Acquisition Card (DAQ) and transferred to the
modulation instruments at different rates. The pseudorandom TTL signal is amplified and
transmitted to the Electro-Optic Modulator (EOM) which electrically modulates the optical
beam of the laser. The modulated optical signal is forwarded to the molecular sample at the
microscope. The fluorescence of the signal is collected by the microscope and transferred to
the optical filters. The optical filter set is composed of all-pass and band-pass optical filters
which concentrate and pass the optical signals with wavelengths in the desired wavelength
range. The passed optical signal is converted to the electrical signal through a photodetector,
and the electrical signal is amplified by a low-noise amplifier. The recorded output of the
amplifier is transmitted to the computer through the analog input of the DAQ and recorded
for signal processing and decoding.

In FRET experiments, the donor-acceptor sample is exposed to a laser signal with a
wavelength belonging to the absorption spectra of the donor, and the resultant FRET
signal is detected through optical filters with range at the emission spectrum of the acceptor
molecule. Therefore, the spectral overlap between the donor and acceptor molecules always

results in contamination of resultant FRET signal by donor emission into the acceptor
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channel and by the excitation of acceptor molecules by the donor excitation wavelength
[25]. These contaminations are named Spectral Bleed-Through (SBT) signal into the FRET
channel. Specifically, the donor’s contribution in the FRET channel is termed Donor SBT
(DSBT), and the acceptor’s contribution is termed Acceptor SBT (ASBT). To remove the
SBT and obtain the noiseless FRET signal, a post signal processing is required. In the
literature, the 3-cube method is regarded as the most efficient solution for this problem. In
the 3-cube method, three solutions which contains only donor (Cp), only acceptor (C4) and
the mixture of donor and acceptor (Cjs) are excited by a laser with a wavelength near the
maximum absorption wavelength of the donor [80]. The resultant fluorescence signals are
then transmitted through two different optical pass-band filters. One of the pass-band filters
passes only the signals with the wavelengths near the maximum emission wavelength of the
donor (Donor Filter (DF)) and the other one passes the signals with the wavelengths close
to the maximum emission wavelength of acceptor (Acceptor Filter (AF)). The transmitted
signals are then detected by a photodetector and recorded for the post signal processing.
The formula to calculate the pure FRET signal using the data obtained from the three

cubes is as follows
Inipr
Ippr

)

SrrRET = SMm.AF — SA,AF — SD,AF (8.1)

where Syr ar, Sa,ar and Sp ar are the continuous signals received from Cys, C4 and Cp,
respectively, through the acceptor filter. Iy pr and Ip pr are the fluorescence intensities
of the mixture and donor samples, respectively, detected through the donor filter set.
Following the 3-cube method in our experiment, we prepare three separate solutions
containing 3 mM Fluorescein in ethanol for the donor only cube (Cp), 3 mM Rhodamine B
in ethanol for the acceptor only cube (Cy4), and 3 mM Fluorescein and 3 mM Rhodamine
B in ethanol for the mixture cube (Cps). The common pseudorandom sequence is trans-
mitted at the rates of 50, 150 and 250 kpbs through these three samples separately for
each filter, and the resultant fluorescence signals are detected by the photodetector. The
amplified photodetector outputs are sampled by the DAQ at the sampling rates of 400 kHz,
1.2 MHz and 2 MHz (8 samples per bit), respectively. Note that, at the specified molar
concentrations, the mean distance between the donor and acceptor molecules in the mixture
cube is 6.51 nm. The band-pass filters, DF and AF, are selected according to the emission

spectra of donor and acceptor samples, and their pass bands are 525/50 nm and 607/67
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nm, respectively.

The fluorescence intensity of a sample is proportional to the power of the detected
waveforms. The power of the detected waveforms can be calculated as the square of the
Root-Mean-Sqaure (RMS) amplitudes of the waveforms. The RMS values of the waveforms
for different rates are listed in Table 8.1. Using the RMS values, the efficiency of FRET is

calculated as follows

RMSM7DF 2

2
RMSD,DF (8 )

Errer =1—(

Table 8.1: RMS of the Received Signals

Sample and Filter | RMS Voltage (mV)
Corar 780

Cu.pF 130

Cp,AF 205

Cp.pr 715

Caar 480

Ca,pr 41

Using the detected RMS voltages, we calculate the FRET efficiency as 0.96. This contra-
dicts with the theoretical efficiency calculated as 0.31 using Ry and the mean intermolecular
distance. This enhancement of the efficiency can be attained to the diffusion of the molecules
and the non-uniformity of the sample which can result in a significantly different value for

the mean intermolecular distance [75], [76].

8.3 Results

In this section, based on the experimental results, we evaluate the performance of the multi
source multi-cast FRET-based nanocommunications for different information transmission
rates.

The performance of digital information transmission processes is best understood by

observing eye diagrams, i.e., eye patterns. Eye diagrams are plotted through the several



Chapter 8: Experiment 102

repetitions of the received signal traces with a specified trace length. For this experiment,
we plot eye diagrams for the fluorescence of the mixture sample, and the pure FRET signal
derived using (8.1). To increase the resolution of the eye diagrams, the sampling rate of the
observed signals is increased 32 times through lowpass interpolation in MATLAB.

The obtained eye diagrams which store 1000 traces of 4 bit-length for the observed signal
Suyrx and the calculated signal Sprpr are demonstrated in Fig. 8.3 and Fig. 8.4, respec-
tively, for different transmission rates. The results show that the signal quality significantly
decreases as the transmission rate increases.

We also obtain the optimum threshold values that minimize the erroneous decoding
of the signal Sprpr for each transmission rate. The Bit-Error-Rate (BER) is calculated
according to these thresholds for the numerical performance evaluation. The optimum
threshold voltages and the corresponding error rates are listed in Table 8.2. The BER for
50 kbps and 150 kbps are acceptable for a reliable communications but at the rate of 250

kbps, the error rate significantly increases and the decoding becomes very erroneous.

Table 8.2: Optimum Thresholds and Bit Error Rates

Received Signal and Transmission Rate (kbps) | Threshold (mV) | BER (bit™!)

SFRET,50 216 1.7166 x 107°
SFRET,150 202 5.7221 x 107°
SFRET250 167 3.0449 x 102

As the transmission rate decreases, the length of the excitation pulses increases which
also increases the probability of the donor molecules to be excited. The exponential decay
of the fluorescence of the acceptors also complicates the detection at the high transmission
rates. Nevertheless, the results of the experiment reveal that reliable communication is
possible for relatively high rates as 150 kpbs with using FRET as the nanocommunication

method.
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Figure 8.3: Eye diagrams for the fluorescence of mixture cube (C)y) at different information
transmission rates.
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Figure 8.4: Eye diagrams for the pure FRET signal at different information transmission
rates.
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Chapter 9

CONCLUSION AND FUTURE RESEARCH DIRECTIONS

In this thesis, we propose a nanoscale molecular communication method exploiting a
well-known phenomenon FRET, for the first time in the literature. First, we investigate
FRET-based point-to-point nanoscale communication channel from the information theo-
retical perspective employing ON/OFF Keying modulation with single-exciton transmission
scheme. Later, using multiple excitons as the information carrier, we simulate the informa-
tion transmission through FRET-based nanoscale point-to-point and broadcast channels and
analyze their performance for varying system parameters. Furthermore, we propose electri-
cally and chemically controllable information routing techniques for FRET-based nanonet-
works. In order to extend the communication range of the FRET-based communications, we
propose a long-range nanoscale communication channel based on multi-step FRET apply-
ing multi-exciton transmission scheme. Moreover, we analyze FRET-based mobile molecular
nanonetworks, and derive analytical expressions to analyze the performance of FRET-based
mobile molecular sensor and actor networks (FRET-MSAN) and FRET-based mobile ad
hoc molecular networks (FRET-MAMNET). Lastly, we conduct an experiment in which
we transmit data through a mixture of commonly used organic dyes, Fluorescein and Rho-
damine B, in order to validate the feasibility of FRET-based nanoscale communication. As
with the further advances in nanotechnology, we believe that FRET-based nanocommuni-
cation and nanonetworking concepts which are proposed in this thesis, will pave the way for
the design of efficient and reliable nanonetworks to be used for groundbreaking applications.

In the next sections, we provide the details of the contributions and point out future

issues regarding FRET-based nanoscale communications.

9.1 Contributions

In this section, we sum up the contributions of each chapter and underline the important

results.
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9.1.1 FRET-based Point-to-Point Nanoscale communication Channel with Single Ezxciton

Transmission

In this chapter, we propose a novel molecular communication technique exploiting a well-
known phenomenon FRET, for the first time in the literature. We define a realistic com-
munication channel model for a single transmitter-receiver pair (point-to-point) within the
scope of FRET theory. Succeeding that, the capacity of the newborn channel is formalized
information-theoretically and the variation in the communication channel capacity is ana-
lyzed for different environmental and intrinsic parameters. The result of analysis reveals
that the capacity of the channel can be increased significantly by appropriately choosing
the parameters in accordance with each other.

Throughout the paper, we show that with the relatively low dependency on the envi-
ronmental factors, high level controllability of the parameters and simplicity, FRET-based
molecular communication model stands as a promising solution to high rate nanoscale com-
munication between nanomachines. Furthermore, we show the potential of the model for

long range nanonetworks by serially connecting the channels using relay nanomachines.

9.1.2 FRET-based Point-to-Point and Broadcast Nanoscale Communication Channels with

Multi-exciton Transmission

In this chapter, FRET-based nanoscale communication is investigated for point-to-point
and broadcast cases utilizing multiple excitons as information carrier. We information the-
oretically analyze the performance of the channels by simulating information transmission
with realistic Monte Carlo algorithms for varying stimulation length, varying intermolecular
distance and varying number of receiver nanomachines for the broadcast case. The results
of the simulations demonstrate that the multi-exciton transmission brings a remarkable
performance improvement by means of channel reliability and coverage area, and makes
the broadcast communication realizable with notably high channel capacities over the same

coverage as in the point-to-point case.

9.1.8 Information Routing in FRET-Based Nanonetworks

In this chapter, we propose electrically and chemically controllable routing methods appli-

cable to the FRET-based nanonetworks. The electrical routing method exploits the de-
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pendence of FRET probability on the spectral similarity of donor and acceptor molecules.
Based on Quantum Confined Stark Effect (QCSE), the emission spectrum of semiconductor
donor molecule shifts with the varying magnitude of the applied electric field which also
changes the spectral overlap of the donor with absorption spectra of two different acceptors.
Therefore, the communication channels are switched on and off at different times based on
magnitude of the electric field. The proposed chemical routing method exploits the strong
dependence of FRET probability on the intermolecular distance and the nanoscale shuttle-
like movement of [2]rotaxane macrocycle between two nodes with acid/base treatment. The
information is transferred through one of two channels according to the location of [2|rotax-
ane macrocycle on the axis between two nanoreceiver nodes. The routing schemes proposed
in this chapter point out the possibility of controlling the route of the information flow in

FRET-based nanonetworks by electrical and chemical stimulations.

9.1.4 Multi-Step FRET-Based Long-Range Nanoscale Communication Channel

In this chapter, we propose a novel nanoscale communication method based on multi-step
FRET employing multiple excitons as the information carrier, and investigate different sce-
narios for immobile and mobile nanomachines considering that they communicate through
the channels with ordered and disordered relay fluorophores, respectively. The results of
the Monte Carlo simulations for both scenarios demonstrate that with multi-step FRET-
based communication, significantly high data transmission rates are achievable over ex-
tended distances up to tens of nanometers. Parallel to the advances in molecular logic gate
architectures, multi-step FRET-based communication is a promising solution for molecular
computers with its high transmission rates. Moreover, we underline the practicality of the
multi-step FRET-based communication for mobile applications such as nanosensor networks

for health monitoring and in-body drug delivery.

9.1.5 FRET-Based Mobile Molecular Nanonetworks

In this chapter, based on our previous studies, we introduce FRET-based mobile molecular
nanonetworks. We present mathematical models for FRET-based mobile molecular sensor
and actor networks (FRET-MSAN) and FRET-based mobile ad hoc molecular networks
(FRET-MAMNET) benefiting from the SIR models of epidemic disease spreading. We
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derive closed form expressions for the single message transmission probability in FRET-
MSAN, and for the average detection time of single message in FRET-MAMNET assuming
that the network nodes satisfy the rapid-diffusion criterion. Using these expressions, the
performance of the networks are evaluated in terms of reliability and delay with varying
network and FRET-related parameters. The numerical results reveal that it is possible to
achieve reliable communication at high-rates with FRET-based mobile molecular networks.

The deployment of bioluminescent sensor fluorophores and photoactive actor fluorophores
makes FRET-MSAN promise autonomous applications of target detection and acting at
nanoscale such as highly precise PDT applications with singlet oxygen sensitizer fluorophores
as actor nodes. FRET-MAMNET provides the opportunity of remotely controlling the op-
eration of nanonetworks by an optical information source. This optical link can be made
bidirectional if the fluorescence outputs of nanoreceivers are observed by photodetectors,
and therefore, it can provide a connection between nanonetworks and larger communication

networks, which is currently not possible for other molecular networks proposed so far.

9.1.6 Ezperiment

In this chapter, we present the results of one of the first attempts to realize a nanocommuni-
cation system. We carry out an experiment in which we succesfully transmit a binary digital
information through a fluorophore-based multi-source multicast nanonetwork using FRET.
We investigate the communication performance of the designed system in terms of bit error
rate. The experimental results prove that information can be transmitted reliably with the
transmission rates up to 150 kbps which is significantly higher than the communication
rates achievable with other molecular communication techniques.

This experiment is also an implementation of an interface between macro- and nanonet-
works. Using a laser as the excitation source, and observing the fluorescence of the acceptors
through a photodetector, we realize an interface between an FRET-based nanonetwork and

an optical communication network.

9.2 Applications

In this section, we discuss some prospective applications of FRET-based nanoscale commu-

nications proposed in this thesis. We do not go into detail about their physical realizations,
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but we relate our investigations as promising solutions to some open problems.

Nanomachines are expected to perform very basic tasks, such as simple logic operations,
sensing, or actuating. The most important promise of a nanonetwork is to coordinate the
nanomachines with different capabilities in order to perform more complex tasks and to
increase the effective range of the operation combining these tiny machines deployed in
relatively large area.

There is a large number of studies concerning the design of molecular machines some
of which exploit the excitons to realize their functionalities [12]. For example, photoac-
tive nanovalves and nanoimpellers that are activated with the excitation of functional fluo-
rophores have been designed [82]. There are also several nanosensors employing fluorophores
as functional unit in that the functional fluorophore becomes excited and then fluoresces
when a target molecule bounds to them [56]. FRET-based communication promises a
nanonetwork that combines the different functionalities of this kind of molecular machines
without a need for additional complex processing or energy conversion units. Since the
nanosensors output as excitons when they detect a target, and the molecular machines can
actuate when they are activated by excitons, the communication between all these different
nanomachines can be realized by the transfer of excitons, i.e., FRET-based communications.
For example, consider a drug delivery task that needs a precise control of the location where
the drugs are delivered. This need is important especially for cancer treatment, since the
delivered drug might be harmful for healthy cells, and must be delivered precisely to the
tumor cells. A nanonetwork composed of nanosensors that can detect the tumor cells, and
nanoactuators, e.g., a combination of nanopores and nanovalves, that can release the drug
molecules when it is activated by an exciton, might be a solution to this problem if the
communication of the nanosensor with the nanoactuators is realized. FRET-based commu-
nication is the simplest and realizable option to connect these primitive molecular devices
without additional complexity.

Another example about the cancer treatment is photodynamic therapy (PDT) that is
based on the apoptosis of tumor cells by reactive singlet oxygen species. The singlet oxygen
is generated when a photosensitizer agent is excited and transfers its excited energy to a
nearby oxygen molecule. It has been shown that the photosensitizer agent also can be excited

through FRET by designing a system with additional QD as the energy donor [71]. The
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system can be considered as the actuating unit in a nanonetwork composed of FRET-based
communicating nanosensors and other nanoactuators specialized in cancer treatment.

An FRET-based nano sensor network composed of many molecular sensors deployed in
a large area can be employed to gain a spatial diversity increasing the detection area. The
outputs of the molecular sensors can be gathered through FRET-based communication in
a processing unit that might have a more complex structure as compared to the sensors.
This kind of nanosensor network extends the resolution of molecular diagnostics to single-
molecule level in a coordinated manner, and can find applications in the areas like water-
quality control, nuclear defence [2].

In this thesis, we show that FRET-based communication provides high data transfer
rates compared to other short-range communication techniques especially when we have
the advantage of placing fluorophores at prescribed locations. Parallel to the advances
in the molecular logic gates and memories based on photochromic fluorophores, FRET is
a promising communication technique in nanoscale on-chip applications such as nanopro-
cessors. Furthermore, exploiting the quantum coherence behavior of the energy transfer,

FRET-based communication can find applications in quantum computers.

9.3 Future Research Directions

In the last phase of this thesis study, we have successfully experimented information trans-
mission through a solution of donor and acceptor fluorophores in ethanol. Although this
experiment clearly demonstrates the realizability of FRET-based nanocommunications, the
experimental results are not comparable to our theoretical findings, since we derive math-
ematical models at the single molecular level. Therefore, a throughout experimentation
of the proposed communication channels using single molecules as the nanocommunication
units to validate the mathematical models is an open issue.

Other open issues about FRET-based nanoscale communications include the develop-
ment of more reliable modulation schemes, design of interfaces with other molecular com-
munication methods, analysis of FRET-based multiple-access networks, and development
of biomedical, environmental and industrial applications based on FRET-based nanoscale

communications.
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