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Abstract—Nanoscale communication based on Forster Reso-
nance Energy Transfer (FRET) is a promising paradigm that
allows future molecular-size machines to communicate with each
other over distances up to 10 nm using the excited state energies
of fluorescent molecules. In this study, we propose a novel
nanoscale communication method based on multi-step FRET us-
ing 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 in-
vestigate 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 3-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.

Index Terms—Multi-step FRET, nanoscale communications,
fluorophores, nanonetworks, zeolite L, channel capacity, achiev-
able rate, drug delivery, cancer treatment, nanosensor networks.

I. INTRODUCTION

ECENT 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 limited coverage and func-
tionalities of nanomachines can be improved significantly with
the development of intra- and inter-communication systems
for these tiny machines. A group of nanomachines coopera-
tively exchanging some sort of information is envisioned as
nanonetwork. The coordination of nanomachines with various
capabilities in nanonetworks is envisaged to enable cutting-
edge applications including healthcare monitoring, in-body
drug delivery and nuclear defence [1].
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Many research efforts have been directed toward the devel-
opment of a communication system between nanomachines.
While some of the studies concentrate on the adaptation of
traditional communication systems to nanoscale, e.g., electro-
magnetic [2], acoustic [3] communications, some of them are
inspired by nature and imitate the biological communication
systems for their models. Examples of biologically inspired
models include the systems based on gap junction channels
[4], as well as pollens and spores [5]. The majority of the
efforts have been devoted to the molecular communications
that use the molecules to encode and transfer the information
[6]. Recently, we have proposed a novel and radically different
molecular communication method based on a well-studied
phenomenon FRET [7], [8].

FRET is the non-radiative transfer of excited state ener-
gies between two fluorescent molecules, i.e., fluorophores,
such as fluorescent proteins, organic dyes, and semiconductor
nanoparticles, e.g., Quantum Dots (QD) [9]. It is a quantum
mechanical phenomenon based on the dipole-dipole interac-
tions of the flurophores [10], and observed in some biolog-
ical systems, such as photosynthesis [11]. It is a pairwise
energy transfer between an excited donor fluorophore and a
ground-state acceptor fluorophore. Basically, FRET requires
three conditions to be satisfied: (i) spectral similarity of the
fluorophores, i.e., the emission spectrum of the donor and the
absorption spectrum of the acceptor must sufficiently overlap;
(ii) proximity of the fluorophores, i.e., the donor and the
acceptor must be in close proximity such as 0-10 nm; (iii) non-
orthogonality of the transition dipole moments of the donor
and the acceptor. If these conditions are satisfied, the donor
transfers its excited state energy to a nearby acceptor when it
is excited by a stimulus.

In [8], we have modeled the FRET-based communication
channel between a single Transmitter-Receiver Nanomachine
(TN-RN) pair and analyzed its information theoretical capac-
ity. In that study, utilizing binary On-Off Keying (OOK) modu-
lation, 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. In that study, 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 study, we propose a novel method for FRET commu-



nication 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 transmission rate of the communication.
We investigate two deployment scenarios for the relay fluo-
rophores: 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 communi-
cating 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 pro-
posed channels following a realistic algorithm based on the
competitive behavior of the multiple excitons and concerning
many sources of randomness intrinsic to the phenomenon. Fol-
lowing a Monte Carlo approach, 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
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 paper is organized as follows. In
Section II, we explain the basic principles of multi-step
FRET-based nanocommunications and excitonic processes.
In Section III and IV, 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 V. In Section VI and VII, we discuss
the networking capabilities and possible applications of FRET-
based nanocommunications. Finally, the concluding remarks
are given in Section VIIL.

II. MULTI-STEP FRET-BASED COMMUNICATIONS

Multi-step FRET defines the sequential transfer of exci-
tons, i.e., excited state of fluorophores, 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 studied
extensively in order to improve the spatial range of FRET over
10 nm [12]. Based on the multi-step FRET, we have recently
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 [8]. 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 Ty.
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 model employing multiple identical
fluorophores as relay nodes between TN and RN, and utilizing
multi-exciton transmission with ns-duration pulses.

A. Communication System Model

The multi-step FRET-based nanoscale communication sys-
tem 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:

o Information Source: The main information source of the
system can be an external excitation source such as com-
mercial 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 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},;5.-duration at the beginning of a
bit interval T} in order to represent bit-1, and keeps TN
silent during 7} to represent bit-0.

o Transmitter Nanomachine: The transmitter with molec-
ular sizes includes a donor molecule that receives the
excitation pulses from IS and generates excitons. The
emission spectrum of the donor molecule is assumed
to overlap with the absorption spectra of the relay flu-
orophores, 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 fluo-
rophores 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 chan-
nel, we investigate two basic cases. For the first case,
the relay fluorophores are located on prescribed locations
with prescribed orientations throughout a zeolite L back-
bone. 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.

o Receiver Nanomachine: The receiver includes an accep-
tor fluorophore that is the final destination of the excitons.
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Fig. 1. Representation of bit-1 and bit-0 by IS, and sequential generation of
N excitons on Donor (D) with random inter-generation times.

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 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
Ty, 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 characteris-
tics, the design of the transmitter and receiver nanomachines
is out of the scope of this paper.

B. Principles of Exciton Activity

During the transmission of bit-1, the generated excitons oc-
cupy fluorophores for a random time, then they are transferred
to another fluorophore via FRET or removed from the system
via fluorescence. These processes are detailed as follows:

o Exciton generation: When IS sends an excitation pulse to
TN, the donor is immediately 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}5c
is large enough, after the first relaxation, the donor
is expected to undergo many excitation and relaxation
cycles during T, sc, i.6., we expect more than one
exciton to be generated by one pulse as demonstrated
in Fig. 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.

o Exciton 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 ¢th exciton
can be expressed in terms of the process rates:

k
pr, = (kr + Y _krji)~" (1)
j=1

where kr;; is the FRET rate between the excited flu-
orophore and the jth proximal fluorophore for the ith
exciton. kp is the intrinsic fluorescence rate of the excited
fluorophore. k7 ;; depends on intrinsic and environmen-
tal parameters [9] and can be expressed by:
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where m?z 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 occupied fluorophore and the jth
proximal fluorophore for the occupation time of the ith
exciton.

o Exciton transfer: After a random occupation time, the
exciton leaves the fluorophore by either fluorescence
or FRET to another proximal fluorophore. The exciton
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

krji
kr + Y0y kraa

o Exciton removal: An exciton is removed from the system
by exciton recombination, i.e., the recombination of elec-
tron and hole. The prevalent recombination mechanism
among dyes and fluorescent proteins is radiative recom-
bination that results in radiation of a photon. The exci-
tonic 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

3)

PrreT )i =

kr
kr + Zf:l k.1

The excitons generated on TN are expected to move follow-
ing 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

4)
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Fig. 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.

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.

III. MULTI-STEP FRET-BASED COMMUNICATION
CHANNEL WITH ORDERED RELAYS

Here, we investigate two FRET-based long-range commu-
nication 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. 2(a). The free diameter inside the channels is 0.71 nm
and the length of the channels ranges from 30 nm up to
10 pm [13]. Also the center-to-center distance between two
parallel channels is 1.84 nm [13]. 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 [14]. 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, [13],
[15]. 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. 2(b). The transition dipole moments of each fluorophore
are assumed to be parallel to the common axis. Therefore,
the relative orientation factor is maximized, i.e., k2 = 4,
which significantly increases the probability of FRET through
relay fluorophores. In this communication scheme, TN and
RN are assumed to be immobile connected to different ends
of the zeolite L channel as in Fig. 2(b). The connection can be
established mechanically or 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 arrangement as the host for fluo-
rophores. A donor molecule is located at one end of the chan-
nel in the middle, and seven acceptor molecules are located
at the other end of seven channels as shown in Fig. 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, therefore, 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 electrical 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 0 is the angle
between the channel axis and the virtual axis that connects the
center of both fluorophores [9]. 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.

IV. MULTI-STEP FRET-BASED COMMUNICATION
CHANNEL WITH DISORDERED RELAYS

We consider another multi-step FRET based communication
case comprising identical fluorophores located randomly in a
3-dimensional aqueous environment as seen in Fig. 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 [16]
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Fig. 3. Two dimensional demonstration of randomly deployed relays
throughout the lattice surrounding TN and RN. The excitons released by TN
undergo random jumps through the relay nodes, and some of them reach RN.
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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 paper is not concerned with the design of transmitter and
receiver nanomachines, therefore, we assume that, a single
donor functions as TN 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 flu-
orophore. Therefore, there are only two processes that an
exciton can undergo: fluorescence and FRET to a nearby
fluorophore.

V. INFORMATION THEORETICAL ANALYSIS

In this section, we analyze the information theoretical
capacity of the aforementioned channels. 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 Tj-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 7.

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.

Since the transmission of bit-1 is problematic and the trans-
mission of bit-0 is always successful, information theoretically
the channels show Z-channel characteristics [17]. Considering
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(Pl 'pl) — P1 . H(l _pl)- 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(X;Y).

1

A. Simulation Algorithm

We conduct simulations for the transmission of bit-1 on each
channel based on the algorithm demonstrated in Fig. 4. The
channel parameters used in the simulations for ordered and
disordered cases are given in Table I-II. Here, the Forster ra-
dius is the intermolecular distance when the FRET probability
is 0.5, i.e., when the FRET rate is equal to the fluorescence 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 [9].

TABLE 1
SIMULATION PARAMETERS (ORDERED RELAYS)

Forster radius (Rg) 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

(k. ks k) 5 X 10° 1is
Molecular radius () 1.2 nm

Transfer range 2 X Rp = 8 nm

TABLE II
SIMULATION PARAMETERS (DISORDERED RELAYS)

3 — 7 nm

10, 50, 100, 500 ns

400 x 400 x 400 nm

(100, 100, 100) nm

(103,100, 100) — (301, 100, 100) nm
480, 960, 1920 mol/m>

Forster radius (Ry)
Pulse length (T}uise)
Lattice size

TN location

RN location

Relay concentration (M)
Fluorescence rates

8
(kp, kr, ka) b 1071k
Molecular radius (r) 1.2 nm
Transfer range 2 X Ro

The fluorescence rate is another key parameter for fluo-
rophores. It is the reciprocal of the mean lifetime of fluo-
rophores when there is no proximal acceptor and quencher.
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Fig. 4. Monte Carlo algorithm for the simulation of bit-1 transmission
through the channels with (a) ordered and (b) disordered relays.

The mean lifetime ranges from picoseconds to tens of nanosec-
onds for common fluorophores [9]. 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 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 ¢ on the donor, P (i) is
set to 1. If the ¢th 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 re-
moved from the system. If there remains no active exci-
ton, 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 Tpy .

4) If the active times of all the excitons become greater
than 7,5, 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) ¢ is set to the index of the exciton with the minimum
active time.

6) The algorithm checks whether the ith exciton has been
generated before.

7) Exciton ¢ is generated, i.e., activated. The number of
generated excitons, i.e., N.,, 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. p, is calculated using (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
1 and for the excitons which 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.

A new pathway for the exciton 7 is selected randomly

according to the p.m.f.

If exciton ¢ 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.

If exciton 7 occupies a relay molecule through FRET,

the process rates are calculated checking the available

molecules at time T(i). u, is calculated accordingly.

The exciton ¢ stays at the relay molecule for a time

7; which is determined randomly from the exponential

distribution with mean .. The simulation continues

with Step 2.

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

-, regardless of the available molecules in the range.

The simulation ends with the successful transmission of

bit-1.

10)

1)

12)

13)

B. 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.

1) Single Zeolite L Channel Case: Fig. 5(a) demonstrates
the information theoretical capacity of the communication
channel constructed on a single zeolite L channel for different
values of T},,,. with varying channel length L.j,. For the
capacity analysis, we assume that the bit interval 7j is suf-
ficiently large to neglect ISI. We investigate the ISI situation
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Fig. 6. Results of performance analysis for ordered channel with seven zeolite L channels.

in the next analysis. As is seen from Fig. 5(a), increasing the
pulse length significantly improves the channel capacity, since
as we increase Tjyse, 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 to
decrease. The critical channel length is larger for greater T},
values. Compared to the single-pair single-exciton FRET-
based communication channel [8], 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
Ty, and arrive to the receiver at a greater time than 7. 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 T}, only changes the mean
removal time in proportion to 7},,s., 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
Thuise to a constant value of 50 ns, and Ty = Tpyise + Toyy,

and varying L., and T, ;. From the results demonstrated in
Fig. 5(b), we conclude that setting T}, = T}y, + 60 ns results
in negligible ISI for the typical channel lengths.

The maximum achievable rates are given by R, = C/T}.
Setting T,y = 60 ns for all T),;.. values, R, with varying
channel length is demonstrated in Fig. 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.

2) Seven Zeolite L Channel Case: The analyzes are re-
peated 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(a). As seen from the figure, the spa-
tial 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 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}, = Tpy15e +Tosy
and T}, = 50 ns, the probability of ISI for varying channel
length is plotted in Fig. 6(b). Here, we see that as compared

to the single channel case, smaller offset value is sufficient to
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Fig. 7.

get negligible ISI. Setting T, sy = 20 ns and neglecting ISI,
the achievable rates are derived for different 7},,;sc, and the
results are plotted in Fig. 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.

C. 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. 4, and using the parame-
ters given in Table II. The simulations are repeated until
p1 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 27, 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 ran-
domly selected according to the distribution given in (5) for
each exciton occupation in order to imitate the isotropic and
unrestricted rotations of fluorophores. Using the converged
value of pq, 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 7},,;sc = 50 ns to represent bit-1, the information
theoretical capacity of the channel is plotted in Fig. 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 communi-
cate reliably over distances larger than 150 nm even with a
comparatively low value of Tjse.

1920 mol/m3, (b) Capacity for M = 1920 mol/m3, Ry = (c) Capacity for Tpysc = 1000 mol/m3,
6 nm, and varying Ty sc-

Ry = 6 nm, and varying M.

Information theoretical capacity of disordered channel for different channel parameters with varying TN-RN distance R.

The effect of the pulse length on the capacity is demon-
strated in Fig. 7(b). Here, we set the molar concentration as
M = 1920 mol/m?3, and use fluorophores with Ry = 6 nm.
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. 7(c), the capacity is plotted
for three typical concentration values with varying distance
between TN and RN. As is seen, increasing the molecular
concentration improves the communication range. For rela-
tively 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 simula-
tion many times, and recording the removal times of exci-
tons that lastly arrive to RN. Setting 7,5 = 10 ns and
Ty = Thuise + Toyy, we plot the IST probability for different
time offsets with varying R and molecular concentration in
Fig. 8(a). From the results, we conclude that adding a time
offset of 2 ns to T},,,;s¢ 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.

Setting T, ;y = 2 ns and neglecting ISI, in Fig. 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.

VI. FRET-BASED NANONETWORKS

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
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Fig. 8. Results of ISI and achievable rate analysis for disordered channel.

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 commu-
nication 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 employ
more channels in the same medium, fluorophores with narrow
spectral widths, e.g., fluorescent dyes, must be preferred.

In [18], it is demonstrated that employing a semiconductor
donor, e.g., QD or Quantum Rods (QR), TN can tune the emis-
sion 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.

VII. APPLICATIONS

In this section, we discuss some prospective applications
of FRET-based long-range communication. We do not go
into detail about their physical realizations, 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
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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 [19]. For example, photoactive
nanovalves and nanoimpellers that are activated with the
excitation of functional fluorophores have been designed [20].
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 [21]. FRET-based communication promises a nanonet-
work 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 communication is
the simplest and realizable option to connect these primitive
molecular devices without additional complexity.

Another example about the cancer treatment is photody-
namic 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 [22]. The 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].

We show that FRET-based communication provides high
data transfer rates compared to other short-range commu-
nication 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 nanoprocessors. Furthermore, exploiting the quantum
coherence behavior of the energy transfer, FRET-based com-
munication can find applications in quantum computers.

VIII. CONCLUSION

We propose a novel nanoscale communication method
based on multi-step FRET employing multiple excitons as
the information carrier, and investigate different scenarios for
immobile and mobile nanomachines considering that they
communicate through the channels with ordered and disor-
dered relay fluorophores, respectively. The simulation results
of both scenarios demonstrate that with multi-step FRET-based
communication, significantly high data transmission rates are
achievable over extended 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 FRET-based
communication for mobile applications such as nanosensor
networks for health monitoring and in-body drug delivery.
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