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Abstract—We consider a confined space molecular com- the particles propagate until they arrive at an engineelierbm
munication system, where molecules or information carryiy  or nano-sized receiver. The receiver then detects and decod
particles are used to transfer information on a microfluidic the information encoded in these particles. For exampke, th

chip. Considering that information-carrying particles can follow . . .
two main propagation schemes: passive transport, and acti information can be conveyed from the transmitter to the

transport, it is not clear which achieves a better informaton r€ceiver by encoding messages into the timing, identities,
transmission rate. Motivated by this problem, we compare ad number or concentration of particles.

analyze both propagation schemes by deriving a set of analgtl There are two different propagation schemes in molecular
and mathematical tools to measure the achievable informabin communication: passive transport and active transportlf2]

rates of the on-chip molecular communication systems empying ive t t the inf fi . ticl
passive to active transport. We also use this toolbox to optiize passive transport, the intormation carrying particlesparo

design parameters such as the shape of the transmission areadate from the transmitter to the receiver by diffusing in the
to increase the information rate. Furthermore, the effect & mircofluidic medium without using external energy. In aetiv
separation distance between the transmitter and the rece@r on transport, information carrying particles are transpibrisy
information rate is examined under both propagation schems, 5, external means such as molecular motors or an external
and a guidepost to .deS|gn an optimal molecular communicatio device such as a syringe pump. Inside cells, molecular motor
setup and protocol is presented. - - : - ’ -
such as kinesin use external energy in the form of adenosine
triphosphate (ATP) to move over a track made of microtubules
. INTRODUCTION while carrying cargoes, similar to a cargo train. However,
Over the past decade there has been considerable @gically in molecular communication, as proposed in [4], a
vancement in the fields of nanotechnology, biotechnologyicrotubule filament moves over a track of molecular motors
and microrobotics, wherenicro- or nano-scale deviceare while carrying a cargo of information particles.
designed and engineered to perform specific tasks such @s drun biology, molecular communication can be employed
delivery. Because of their small scales, a single micro-amon  over short-range (nm scale) communication, mid-ranga (
device typically performs a very simple and specific task; ito cm scale) communication, or long-range (cm to m scale)
order to fulfill more complex tasks, micro- or nano-scale communication [5], [6]. For example, neurotransmitters us
networkcalled nanonetworl{1] must be formed, where eachpassive transport (free diffusion) to communicate overtsho
node in the network is a micro- or nano-machine. Therefongnge; inside cells motor proteins are used to activelysfrart
communication between multiple micro- or nano-scale desiiccargoes over the mid-range; and hormones are transported
is essential. over the long-range using active transport with externagro
In this paper, we focus on molecular communication [2], isource (flow of blood from the heart). In this work, we
a confined microfluidic channel on a chip device, and studynsider the mid-range molecular communication because it
different molecular propagation schemes from an inforamati is the range of interest for lab-on-chip devices with nurmero
theoretical perspective. Although molecular commun@ais potential applications such as diagnostic chips for healt
present in nature and is used by micro-organisms such aJhere is an emerging body of literature examining molecular
microbes to communicate and detect other micro-organismsemmunication from an engineering perspective. One aspect
it was only recently that engineering a molecular commundf this literature explores the various nanotechnologarad
cation system has been proposed as means of communicabiahogical techniques that can be exploited in order toterea
in nanonetworks [3]. In this scheme, an engineered microemmunication system, such as intercellular calcium pgapa
or nano-sized transmitter releases small particles such tia® through gap junctions [7], [8] and molecular propagati
molecules or lipid vesicles into a microfluidic medium, wlermediated by molecular motors [9], [10]. (The reader is didc
o _ _ to [2] for a thorough survey of molecular communication
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Emission/Release Control

molecular communication includes design of molecularesert
and rectifiers [21], [22], a simple mathematical transpartled
for active transport propagation [19], optimization of the et e ittt .
transmission zone and vesicular encapsulation [20], asigide
and optimization of the channel [23].

In this paper we continue our work from [17]-[19], m’ é
and study the achievable information transmission rates, i
confined microfluidic channels, under different propagatio -
schemes namely, passive transport or Brownian motionjeacti Lo e Moo oo "

transport using molecular motors, and active transponngiF_ 1 T lecul icati ¢ deoicti
an external device such as a syringe pump. We assume %Ilw% - WO molecular communication systems depicting
the transmitters, receivers, the confined microfluidic clehn

transmitter and the receiver are perfect (i.e. the trarisnmand : ; )
receiver send and detect particles perfectly without anyrgy (dashed Ilnes),_and different propagatlon_ scherﬂié_}R Pas- .
ve transport is employed, where the information carrying

and only focus on the theoretical achievable mformaﬂoﬂ lecules diff in th fined microfluidi . i
rate of each propagation scheme. In other words, we st ecules diliuse n the confined microfiuidic environmen
follow a Brownian motion path from the transmitter

\éV:rI\(t:rri]bziicz)%ang:fg: ?gﬁx\z:can transmit at a higher rate. to the receiverBOTTOM Active transport using stationary
molecular motors attached to a glass substrate and micro-
« We obtain achievable information rates for moleculdtbules is employed to carry the information particles from
communication over a confined microfluidic channdhe transmitter to the receiver.
based on different propagation schemes, namely Brow-
nian motion and molecular motor based active transport.

Active Transport

To improve the achievable information rate of simple
Brownian motion, we propose the introduction of flow
into the microchannel. However, introducing flow would
require an external device such as a syringe pump, and
therefore passive transport of simple Brownian motion is
converted into active transport using an external device.
We provide a design and analysis tool to improve the
information transmission rate of molecular motor based
active transport. We use this tool to optimize the design
of the transmission area for molecular motor based active
transport. We conclude that this optimal transmission area
is along the walls of the microchannel since microtubules
mostly move along the walls. We also propose further
improvements through increasing the number of micro-

tubules. T

As time per channel use increases, although there will
be more information particles delivered to the receiver,
the channel capacity in bits per second also chang

also show that for smaller values of time per channel use
and smaller separation distances between the transmitter
and the receiver, Brownian motion with flow achieves
a higher information rate. Moreover we show that for
larger values of time per channel use and larger chan-
nel dimensions, optimal molecular motor based active
transport achieves a higher information rate. However,
introducing flow would require an external device such
as a syringe pump and is not as straightforward as molec-
ular motor based active transport. Therefore, despite the
slight improvement in channel capacity, we conclude
that molecular motor based active transport are a more
suitable propagation scheme for lab-on-chip applications

. MOLECULAR COMMUNICATION AND ACHIEVABLE

INFORMATION RATES

& Overview of Molecular Communication

regardless of the propagation scheme. We show that foin molecular communication as proposed in [2], [3], a
a given microchannel and propagation scheme there exi@nsmitter generates information carrying particleshsas

an optimal time per channel use which can be estimatatblecules or lipid vesicles, and then releases them fosi{ran
using our analysis toolbox. mission to the receiver, over an aqueous environment. There

« We study the effects of channel size (the separatidore, the transmitter consists of a particle generation uted

distance between the transmitter and the receiver) on tiveere the information particles are generated, and a eleas
information rate under different propagation schemes. Weechanism which oversee the timing, the number, and the
conclude that both molecular motor based active transporpe of the particles released. Together particle gerwratnd
and Brownian motion with flow (active transport using amelease modules can encode information into the informatio
external device) achieve higher information rates concarrying particles. For example, the information can be en-
pared to simple Brownian motion (passive transport). Wepded in the release time, type, number, or the concentratio



of the particles released. Using this scheme, the partickge.

generation and release mechanisms can be treated as separat this work, we study the channel capacity (maximum

problems. Similarly, at the receiver the information pdets achievable information rate) of different propagationesties.

are captured by a reception module and then decoded usinBezause of the layered approach presented in Figure 1, we can

decoder module in a layered approach. focus on the propagation scheme regardless of the traesmitt
In this layered approach, the particles propagate insideand the receiver design. In the rest of this paper, we assume

confined microfluidic channel, between the transmitters réhe transmitter and the receiver are perfect and can encode,

lease module and the receiver’s reception module, as showndlease, receive, and decode the information carryingcpest

Figure 1. There are three major propagation schemes: passiswlessly.

transport, active transport using molecular motors, arndec

transport using an external device such as a syringe pump.

When passive transport is employed, the particles diffase B. Information Theory and Achievable Information Rate

the fluidic environment and follow a random Brownian motion

until they arrive at the receiver. When active transporhgsi Previous work has considered molecular communication
y . : POTIOS! oiiper as atiming channelproblem (i.e., where information
molecular motors is employed, a molecular motor syste

- o ) . [0 encoded in the times when molecules are released) [11],
consisting of kinesin and microtubule filaments can be us

. . . ]; as aninscribed mattemproblem (i.e., where information
to transport the particles from the transmitter to the nesrei . - .
In active transport using an external device, a syringe pur encoded by transmitting custom-made particles, such as
P 9 ' yNnge PUMB cific strands of DNA) [25]; or as mass transfeproblem

is used to create a flow that would assist the simple Brownlﬁ k. a message is transmitted by moving a number of pesticl
motion of the information particles. In this paper we someﬁ'or'r’] the transmitter to the receiver) [16]-[18]

times refer to this type of active transportBi®wnian motion . . . . o
In this paper, we consider information transmission as a

with flow. . . .
. . . mass transfer problem. In the simplest possible conception
In active transport using a molecular motors, a loading and, ;> . . .
of this scheme, the particles themselves are not informatio

an unloading mechanism for picking up information parisicleIoearin and a message is conveved inrthmberof particles
from the transmitter and dropping off the particles at the 9, 9 y P

receiver is necessary. In [4], [24], single stranded deie)Xyreleased by the transmitter. For example, if a maximum of

bonucleic acids (ssDNA) and the corresponding hybridirati three particles may be used, from a traditional commurooati
bonds between complementary ssDNA pairs is proposed félrStem perspective, we may form messages two bits long (i.e.
0g, 4): “00” for O particle, “01” for 1 particle, “10” for 2

the loading and the unloading mechanisms. Microtubulearticles and “11 for 3 particles. However. this message
moving over a kinesin covered glass substrate are covetad W) ' P ’ Y . ag
15 bas?e ssDNAs, and the inforr%ation articles are also edvemlght not be perfectly conveyed to the receiver: given a time

. ' S b rimit T for the communication session, it is possible that some
with 23 base SSDNAs which is complementary to that of thef the particles will not arrive at the receiver aftér has
microtubules’ ssDNAs. When the microtubule glides close 2

an information particle, the two ssDNA sequences hybridi%%apsed' we refgr to time limil" as t|m_e per char_mel use
. . . . : ... In other words, time per channel use is a predefined amount
and the microtubule carries the information particle uittil

gets close to the receiver. The receptor module at the r@ceief time representing the time duration for a single message

is covered with 23 base ssDNAs, which are complementaryt{c% T:(T;IS(; '%grﬁzsj;]?gétg;dsltszrﬁne of the parameters of the
that of the information particles. When a loaded microteburnL L X = £0.1.2 y b .th ¢ of ible t
filament glides close to the receptor module, it will unload . ett = {b’ I’ e ’bxm‘ﬁ”} €theseto EOSSIf N rgrrs-
the information particle through hybridization bound witte MISSION SyMBolSmaz | e the maX|rr]num lnum e);od F;?rEC es
complementary 23 base ssDNA at the receptor module. siffg transm|tter.can release per channel use, an el.

23 base hybridization bound is stronger than the 15 base € number of !nforma'uon par_tl_cles released |_nto_the u
bridization bound between the particles and the microtm-:bulIO the t_ransmltter. In a tradmon_al communication ?yS‘e”?'
the particles are unloaded at the receiver. the received symbols at the receiver are corrupted withenois

Although these propagation schemes are stochastic, itfrlgm the environment, while in the molecular communication

not clear which performs better and can achieve a high%\fStem’ the received symbols are corrupted because of the

information transmission rate. Brownian motion is moren“ra random propagz?mon of partlclgs. I.‘M €& r.epresent the
dom” than the microtubule’s motion over a kinesin covere'aumber that arrive at the destination after time per channel
glass substrate. However in Brownian motion, informatiolﬁseT' From_ the cr_lannels perspep_ﬂvﬁ, €disa ghscrete
particles start propagating as soon as they are releasethit random variable given by prqbab|||ty mass func.t|0n (P.MF)
fluidic channel by the release control module at the trariemit fx(z), andY € ¥ is also a discrete random variable given

while in molecular motor based active transport they remalﬂ%’ PMFfY,(y)’ , L
at the release control module until they are picked up byThe maximum rate at which any communication system can

the microtubules. Furthermore, it is unclear how the shdpe giably transmit informatiorover a noisy channel is bounded
the transmitter, receiver, and the confined microfluidionziea  PY @ limit calledchannel capacity26]. The channel capacity

effects the information rate. Moreover, if the shape of ¢he§an e calculated as,
components effects the information rate, it is not cleahére - )
exists an optimal shape that would maximize the information ©= P () 1Y), )



whereI(X;Y) is the mutual information betweek andY'. ° o
Mutual information is defined as '.
g 20 pm
I(X;Y) = FE |log, fyix(ylz) ’ (2) ;' — 40 [l —
> fyix (yle) fx (@) S s pm 60 um i

- . o
where, fy| x (y|z) represents the probability of receiving sym- o -
bol y at the destination, given that symholwas transmitted hd

by the sourcefx (z) represents the probability of transmitting 40 pm/60 pm/80 pm
symbolz; and E[-] represents expectation. _ o _ _ _ o

Clearly, there exists some PMfy| x (y|z) of the number of Fig. 2: Deplct|0_n of the ;lmulan_on environment. Ir_1 th|s fngu
arrived particles given the number of transmitted parsicle dots represent information particles. The transmissiarezs
this PMF is known, we can calculate mutual information fopn the left (darker dashed strip), and the receiver is onije r
any fx (). However, in order to calculate the channel capacigghter dashed strip). The width of the channel is consgint
we need to find the PMFfx(z) that maximizes mutual 20um. The height of the channel, not shown here, is also
information. We can use the Blahut-Arimoto algorithm [27]cOnstant at 10m. The distance between the transmission area
[28] to find the PMFfx (z) such that, giverfy,| x (y|z), mutual anq the receiver area and hence the length of the channel is
information is maximized. Therefore, if PMFy | x (y[z) is Vvariable.
known, we can calculate the channel capacity of the molecula
communication system in a straightforward manner. ] ) ) ]

Finding the PMF fy|x (y|z) is non-trivial because of the A Simulating Brownian Motion
shape and the geometry of the molecular communicationBrownian motion refers to the random motion of a particle
channels, which generally rule out closed-form solutidfe. as it collides with other molecules in its vicinity. Througihs
example, mathematically it is well known that Brownian morandom motion the information carrying particles propagat
tion can be described by stochastic differential equatiang from the transmission zone to the receiver zone. Following
properties of the motion (such as first arrival time disttis)  [29], we performMonte Carlosimulations on particles in order
can be derived from solutions of these equations. Howevts, obtain the needed properties of the motion. In partigular
in confined spaces, solutions are generally not available it¢ perform a three-dimensional discrete-time simulatién o
closed form. To overcome this issue, the PMF can be estimatgtbrmation carrying particles, for\t time intervals. Given
using Monte Carlo simulations. In order to do this, we firssome initial position(zo, yo, z0) at timet = 0, for any integer
create a computer simulation environment where the actdal> 0, the motion of the particles is given by the sequence
random motion of the particles, for both Brownian motion anaf coordinategz;, y;, z;) for i = 1,2,..., k. Each coordinate
molecular motor based active transport, is modelled. Thven, (z:,y:, 2;) represents the position of the particle at the end of
simulate this propagation from a hypothetical transmittea time ¢ = iAt, where
hypothetical receiver many times until a good estimate ef th

. . - . ;= x;—1 + Arcosb; cos @; 3
PMF fyx (y|z) can be obtained. Using this estimate, we then i Ti1F TC.OS i 08 i, (3)
calculate the channel capacity and therefore, the maximum Yi = Yi—1+ Arsind;cosd, (4)
achievable information rate. In the next section, we dbscri zi = zi—1+ Arsing;, (5)

this simulation environment. . S L
whereAr is the particle’s displacement over each time interval

of At, and bothd; and ¢; define the angle of displacement in
[1l. SIMULATION ENVIRONMENT AND MODELLING 3-dimensional space over the time intervsd. Furthermore,
PROPAGATION Over each time interval ol\t, the particle’s displacementr

Our molecular communication setup shown in Figure 2 is'S 9Ven by
rectangular propagation environment (with negligiblymded Ar = VADAL, (6)

corners to help make our simulation software faster), repighere D is the free diffusion coefficient. For a given particle

senting a channel on a microfluidic chip, with a fixed widthyng fluid propagation environmen®, is given by
and height of 20m and 1Q:m, consisting of aransmission b
B

zoneon the left and areceiver zoneon the right. Please D= , (7)
note, Figure 2 is the top view of the simulation environment G6mn R

and does not show the height of the channel. Regardlessadferekp = 1.38 - 10~2% J/K is the Boltzman constant; is

the propagation model, message-bearing vesicles orgaat the temperature (in K); is the dynamic viscosity of the fluid,
the transmission zone, and propagate until they arrive et thnd Ry is the hydraulic radius of the molecule. We assume
receiver zone. The separation between the transmissiom ztimat D is the same throughout the medium, and that collisions
and the receiver zone and hence the length of the environmetth the boundaries are elastic. Moreover, we assume fegtic
is variable with different separation values of 20, 40um do not get stuck to the walls. In [29], values Bfranging from
and 6Qum. In the rest of this paper, we consider this particuldr-10 zm?/s were considered realistic for signalling molecules.
setup and use it as the basis for our simulation and comparisénally the angleg; is an independent, identically distributed
of different propagation schemes. (iid) random variable for all, uniformly distributed or0, 27),




3D plot particles we must simulate the motion of the microtubules
moving over kinesin covered substrate.

The motion of the microtubule is largely regular, although
B : = Lo the _effects of Brownian moti_on cause random fluctuations.
Vaxis 8 7 ‘ 0 20  Naxis Again we use Monte Carlo simulations to obtain the needed
properties of the motion, using the schemes from [21] and
[22]. However, since the microtubules move only in they
directions, and do not move in thedirection (along the height
of the channel), we consider a two-dimensional simulatibn o
microtubules forAt time intervals. Given some initial position
(zo,y0) at timet = 0, for any integerk > 0, the motion
of the microtubule is given by the sequence of coordinates
Fig. 3: A sample Brownian movement of a single particlé%i: i) fori =1,2,..., k. Each coordinater;, y;) represents

in three dimensions, from the transmitter area to the receifh€ Position of the microtubule’s head at the end of the time
area. t = iAt, where

[N
o

z axis
L))

x-y plane plot

60

0 .40
X axis

r; = Xi—1 + Arcosé;, (9)

and the anglep; is also an iid random variable, uniformly Vi = Yi1+ Arsing;. (10)

distributed on[—m /2, 7/2). In this case, the step sizer at each step is an iid Gaussian
In our simulation we assume that the particles initiallyrtstarandom variable with mean and variance

propagating randomly and uniformly on the, y) plane of the

transmission zone, butis set to the maximum vertical height E[A7T] = wagAt, (11)

(i.e., the particles are “dropped” onto the microchannehat Var[Ar] = 2DAt, (12)

transmission zone). Furthermore, the particles start ngpvi

as soon as they are released into the microchannel by YHerevay, is the average velocity of the microtubule, abd

transmitter. The propagation halts as soon as the partilfethe microtubule’s diffusion coefficient. The anglgis no

arrives at the receiver zone. The receiver zone is on tlger independent from step to step: instead, for some step

bottom right side and it is a box with a small height of 23nrP-step angular chang&é, we have that

representing th_e helgh'F of the _23 base ssDNAs that are used 0, = NG+ 6;_,. (13)

to capture the information particles.
Using these equations, to calculate the P{irx (y[z), we  Now, for each stepAd is an iid Gaussian-distributed random

simulate the Brownian motion of a single particle from th@ariable with mean and variance

transmitter to the receiver as shown in Figure 3. By repgatin

these simulation trials we can calculate the probabiligt th E[A0] = 0, (14)

single particle arrives at the destinationZihseconds. Letting Var[A§] — Vavg At (15)

pa represent this probability, the PMFy | x(y|z) has the L, ’

binomial distribution, given by whereL, is the persistence length of the microtubule’s trajec-

(””)pg(l —pa)" Y, 0<y<uz tory. In [21], these values were given ag,, = 0.85 pum/s,
frix(ylz) = { Y 0 8 D =20-10"3 um?s, andL, = 111 um. Following [21],
’ in case of a collision with a boundary, we assume that the
Thus, p, is found by simulating many trials of a singlemicrotubuledoes not reflect off the boundams in an elastic
particle’s motion overI’ seconds, and counting the fractiorcollision, but instead set#; so as tofollow the boundary
that arrive. Note that different simulations are neces$ary  The starting location of the microtubule is assumed to be
different values off". Furthermore, because the motion of eackandom and uniformly distributed across the entire propiaga
particle is independent of the other particles releasednBy tarea. Moreover, the initial directional angly is selected
transmitter,fy | x (y[z) has a binomial distribution. uniformly at random from the range, 2x], and microtubules
are assumed to be initially unloaded (without any cargoes).
We also assume, as proposed in [4], DNA hybridization bond
is used to anchor the information particles to the transorss
When active transport using molecular motors is employeakea. Similarly, sSSDNAs on the surface of the microtubules
as in Section II-A, we assume that the microchannel is lindg/bridize with the ssDNAs on the surface of the information
with static kinesin motors, which cause microtubule filatsenparticles when a microtubule passes in close proximitygtine
to propagate along their surface, carrying informatioaslrgy loading the particles onto the microtubule. From experitaken
particles from the transmitter to the receiver. We also m&su observations it is evident that microtubules can load pigti
that the particles are anchored to the transmission arel uimformation particles [4]. Therefore, the loading of a paet
they are picked up by the microtubules for delivery to thkappens only if a microtubule with available cargo spotsess
destination. Therefore, instead of simulating the motidn @ close proximity of a particle.

otherwise

B. Simulating Molecular Motor Based Active Transport



Therefore, if we assume that; are independent of each other,
the probability that an information particle is placed ie tkh
square is given by

p(Xi=1) =2, (16)

Ho - u n

H | | . . . .

~# AN / where particles are distributed uniformly among squaredeN
that the independence assumption here is an approximation

Fig. 41 A sample trajectory of active transport. The micropecause it does not satisfy the constraint
tubule initially starts to the right of the receiver zonerist

on the right side of the microchannel), and moves down X — ZXi- (17)
1=1

and then left (Lighter thinner line). It passes through the

transmission zone (grid with empty and particle-bearites}i ) ) )
loads a particle at which point the line turns darker anckiic ~ L€t Vi be a Bernoulli random variable representing the
indicating a loaded mictorubule. Then the microtubule passevent that theith square is visited by the microtubule in a
through again, loading another particle (maximum load aingle trip from the receiver zone, to the transmission zone
assumed to be 5). The loaded microtubule then travels tow&Rf back. Thereforep(V; = 1) represents the probability

the receiver zone, where it delivers the two particles amed tfhat theith square is visited ang(V; = 0) the probability
trajectory terminates. that it is not visited. This probability distribution canigkly

be calculated using simple Monte Carlo simulations for any
molecular communication channel. For example, the top part

In order to capture this loading effect in our simulation$f the Figure 5 shows this probability distribution for seem
we divide the transmission zone into a square grid, where t@ksize Jum covering the left side of the microchannel. From
length of each square in the grid is the same as the diameteH¥§ probability distribution, it can be seen that the sgsiare
the information particle. We then distribute particlesdamly ~close to the walls are visited the most, which is a property of
and uniformly among the squares in the grid. If a microtubutée motion of the microtubules.
enters a square which is occupied by a particle, and it has a-€t K be another random variable representing the number
empty cargo slot available, we assume the microtubule logefsmicrotubule trips between the transmission and the vecei
that particle. In general, we assume that the microtubldes zone in time duratior". The probability distribution for is
load multiple particles and the maximum number of particl&ven in [17], and can be quickly calculated for any molecula
a microtubule can load is given by half of its length divide§ommunication channel using simple Monte Carlo simula-
by the diameter of the particles. This assumption is based @ens. Let V¥ be a Bernoulli random variable representing
experimental observations. For unloading at the receiver, the event that théth square is visited at least once by the
assume all the loaded particles are dropped off as soon agigrotubule duringk trips. Therefore,
loaded microtubule enters the receiver zone. Figure 4 slaows k) ok
sample trajectory with the loading and unloading mechanism p(V;im =1 =1-(1-p(Vi=1))", (18)

] represents the corresponding probability distribution.
To calculate the PMFfy x (y|z), for a given number of | et Dk pe a Bernoulli random variable representing the
particles released by the transmitter),(the motion of & eyent that a particle from théth square is delivered to the

microtubule is simulated foi” seconds and the number Ofyestination afteé trips. Then, the probability distribution of
particles delivered to the receivey)(is measured at the end of ik g given by

T seconds. By repeating this process the P (y|=) can

be estimated for the time duratidh . The whole simulation p(Dg’“) =1)= p(‘/i(k) =1p(X; =1), (19)
process can be repeated for different values:.oBince for _ *) _
each value of: and T a set of simulations is necessary, thi@ssumingp(V;™ = 1) and p(X; = 1) are independent.

process can be inefficient. Therefore, in the next subsewt® This independence assumption is not accurate siiée =

present a mathematical model based on simpler simulations. changes depending on the number of particles already
delivered in previous trips. In general this assumptiorobses

C. Mathematical Model of Molecular Motor Based ActivéeSS accurate as the number of tripsncreases or in other
Transport words the channel time duratidh increases. Let (*) be the

total number of particles delivered to the receiver zonendur

Assume that our grid transmission zone contairsquares . trips. Then,Y'®) is given by
(i.e. the maximum number of particles that can be anchored '
to the transmission zone is). As explained before, lek < (k) N
n be the number of particles at the transmission zone in Y® = min(y_ DY, X), (20)

the beginning, and let” < X be the number of particles =t

delivered to the receiver zone after time duratibnLet X; for any given X. Since Y., D¥ represents a Poisson-
be a Bernoulli random variable representing the event whdé@omial distribution, its corresponding probability ttibu-
a particle is placed in théth square fori = 1,2,---,n. tion can be calculated using [30]. Finally, we can calculate



PMF fyx(Y|X) as . L
:;I::uesitt:: sfquares
Frix(Y1X)=> p(y® | X)p(k) (21) M
keK

wherep(Y(®) | X) is the probability mass function df (*)
given in Equation (20), ang(k) is the probability mass , I
function of K, the number of trips between the transmitter Pal
and receiver during the time durati@n <<
The benefits of this model is twofold. First, it can be
employed to quickly estimate the information rate of any
molecular communication system, and although it relies on
simulations for calculating the probability distributef V; S
and K, these simulations are very simple and can be performegtimar Ioadlng area
on an average computer quickly compared to the Monte Carfhite sauares)
simulation presented in the previous section. Second, LJseca
of the model's simplicity, various design problems can be
solved, for example, in the next section we use this modseci
to generate an optimal transmission zone. The only drawba(@
of this model is that the resulting PMI?Y‘X(Y|X is not
as accurate as the one derived using Monte Carlo S|mulat|on
scheme used in [18].

“! Molecul munication
, “channel with strip loading |
... zone (non-optimal)

Fig. 5: (Top) Probability distribution ofp(V; = 1) for
uares of size jim to the left side of the transmission
ea.(Middle): Strip transmission area for = 100 squares
ottom) Projection of the probability distributiop(V; = 1)

top. The 100 highest values pfV; = 1) are shown in

s white squares and they represent the optimal transmissio
area.

IV. IMPROVING INFORMATION RATE

In the previous section, we described a simple molecul@ 'MProving Molecular Motor Based Active Transport

communication system employing either active transparngis  Again, we can improve channel capacity if we transfer in-
molecular motors or passive transport using Brownian motioformation particles from the transmitter to the receiveicker
We also presented simulation schemes for calculating the average. We propose two possible schemes: increasing the
channel capacity based on each propagation technique.nlimber of microtubules and optimizing the transmissiorezon
this SeCtion, we propose a number of methods for further|n the first scheme, by increasing the number of micro-
improving the channel capacity. tubules, more information particles could be picked up and
transported to the receiver area during time durafiorfrrom
experimental results, it is evident that microtubules gelhe
move independently of each other, and therefore we make the
In general, we can improve the channel capacity if we transame assumption in our simulations, when employing maltipl
fer information particles from the transmitter to the reeei microtubules.
quicker on average. In Brownian motion, one way to achieve|n the second scheme, we use our mathematical model
this task is by introducing flow in the direction of transreitt presented in Section I1I-C, and the fact that the microtesul
to the receiver. However, Brownian motion with flow requiregmostly move along the walls of the molecular communication
an external device such as a syringe pump to produce the fleannel, to optimize the transmission area. Consider the to
Therefore, by introducing flow the passive transport of $énppart of Figure 5, illustrating thai(V; = 1) (probability that a
Brownian motion is converted into active transport using asguare is visited in one microtubule trip) is higher for sgsa
external device. Compared to active transport using médecuclose to the walls of the molecular communication channel.
motors, introducing flow at small scales is not easy and woulth information particle is picked up from the transmission
require a lot of energy with respect to the size of the systefrone, and delivered to the receiver zone, if the correspondi
In its simplest form, introducing flow will change Equationsquare is visited. Therefore, we want to find squares with

A. Brownian Motion with Flow

(3)-(5) into, maximump(V; = 1), which are squares that have the highest
probability of being visited during one trip. If informatio
r; = xi—1+vp,At+ Arcosb;cos ¢, (22) particles are placed there, they have the highest probabili
Yi = Yi—1+vr,At+ Arsind; cos ¢, (23) of being loaded and therefore of being delivered. In the top
% = 21 +vp At+ Arsing;, (24) partof Figure 5, we plot the probability distribution of &le

squares of length ;Am to the left of transmission area (the
wherevr, , vr,, andvr, are flow velocities in ther, y, andz  bar plot). In the middle part, our original strip transmissi
directions [29]. In this work, the flow velocities are assahte area (Figure 4) with 100 squares is presented. The bottot plo
be constant throughout the molecular communication cHanrghows the projection of the probability distribution fuioct of
Although this assumption is not realistic, it provides arad p(V; = 1). The first 100 squares with highest probabilities are
of the possible gains. shown as white squares, and the rest of the squares are shown



in black. In this projection, the minimum distance betweeA. Brownian Motion Versus Molecular Motor Based Active
the transmission area and the receiver area is similar to tiansport

of the strip transmission area and we have not moved the_. . . . .
transmission and receiver physically closer. Finally,cading First, we compare simple Brownian motion (passive trans-

to our mathematical model, this white area is the optimQPrt)’ Brownian motion with flow (active transport using an

transmission zone that will give us the highest informatio??(ternal device), and molecular motor based active trabspo

rate because probability of visiting and picking up paeticis over a constant channel dimensions. For Fhls set of simu-
highest. lations we use a channel length of (86 which results in

. . . . a 4Qum separation between the transmitter and the receiver.
Unlike the improvement technique proposed for Brmealgor Brownian motion with flow, flow values of 0.2 and 0.3

motion (i.e. flow), these improvements are internal to the / idered. while tive t t usi v
molecular communication system and do not require aﬁ){msare considered, whi'e 1or active transport Using maegcu
) . otors, 1 and 15 microtubules as well as the strip and optimal
external device or extensive use of energy. i .
transmission area are considered.
Figure 6a, shows the channel capacity in bits versus the
maximum possible number of transmission particles ),
V. RESULTS for the time duration of 1000 seconds per single channel
use. The value of 1000 seconds is presented since the plots
In this section we present our simulation results, for thgre easily distinguishable for this time duration. From the
molecular communication system proposed in Section Itlhiwigraph we can see that as we increase the transmission symbol
variable separation distance between the transmitter la@d &et, the channel capacity increases for all proration sesem
receiver, employing different propagation schemes. Also Brownian motion with flow achieves a much higher
When Brownian motion is used for propagation, we usaformation rate than simple Brownian motion without flow,
the following simulation parameters: simulation time stefh and the optimal molecular motor based active transport with
AT = 0.1 seconds, and the free diffusion coefficignt= 1 15 microtubules and optimal transmission zone has a much
um?/s. Therefore, from Equation 6, at each simulated time stejgher channel capacity compared to the non-optimal one (a
the information particles move&r = /0.4 um in a random single microtubule and strip loading area).
directions. The same values are also used when BrowniarFrom Figure 6a we can see that simple Brownian motion has
motion with flow is considered. The flow is assumed to bge lowest channel capacity even slightly lower than mdbacu
always in the direction from the transmitter to the receivenotor based active transport using a single microtubule and
(i.e. the flow velocities in the and » direction are zero and strip transmission area. Molecular motor based activesprari
positive in thex direction.) with the optimal transmission area and multiple microteisul
For simulating the motion of the microtubule, when molea@chieves the highest channel capacity. Furthermore, fldweva
ular motor based active transport is employed, we use the0.2um/s achieves a higher channel capacity compared to
following parameters: simulation time steps &ff' = 0.1 flow value of 0.3:im/s since the receiver area iz away
seconds, microtubule diffusion coefficiei = 2.0 - 10~3 from the back wall as shown in Figure 2. Therefore, because
pum?/s, average speed of the microtubulg, = 0.5 um/s, we assume the transmission area is on top and the receieer are
and persistence length of the microtubules trajecfgyy= 111 is on the bottom, the higher flow values cause the information
um. We also assume the size of the information particles figurticles to pass over the receiver zone and be pined against
1um, the average length of the microtubules isuf) and the back wall. As the result it would take the information
each microtubule can load up to 5 information particles iparticles longer to arrive at the receiver.
one trip from the transmission zone to the receiver zones&he The channel capacity in bits per seconds versus the value of
parameters are all selected based on experimental olisessattime per single channel use is presented in Figure 6b. Rifter
of ssSDNA covered microtubules moving over a kinesin covera@lues of time duration per single channel use are considere

substrate. ranging from 50 seconds to 2000 seconds. The transmission
We assume the set of possible transmission symbols &nbol set is fixed att = {0,1,2,---,40}. The channel
X =1{0,1,2,-+ , Zymasz }, for some value ofr,,.., where a capacity in bits per seconds is then calculated by dividing

transmission symbaK € X is represented by release &f the capacity in bits with the corresponding time duration pe
information particles into the medium. In the case of activ@ingle channel use]’. As we can see from the graph the
transport using molecular motors, all the released pegicichannel capacity initially increases as fhiéncreases, reaches
will be randomly distributed and will remain stationary a@ peak, and then start to decrease. This peak value reesent
the transmission zone until they are picked up for deliveitpe optimal value of time per single channel use

by a microtubule. By simulating the motion of the particles Again we can see that simple Brownian motion has the
or the motion of the microtubules many times, we estimatewest channel capacity (i.e peak value), even lower thapun
the PMF fy | x (y|x) under each propagation scheme. We theimized molecular motor based active transport using alesing
use Blahut-Arimoto algorithm [27], [28] to find the PMFmicrotubule. However, Brownian motion with.3um/s flow
fx(z), that would maximize the mutual information, andachieves the highest channel capacity. Similarly, in theeca
hence calculate the channel capacity for each propagat@fithe molecular motor based active transport, increadieg t
scheme. number of microtubules, and using the optimal transmission



area, will increase the peak values and shifts the peakidocat
to lower T" values.

Simulation duration of 16.67 minutes

B. Effects of Separation Distance 6

In these simulations we change the separation betwee

—&— BM No Flow

. ” —&— BM Flow 0.20um/s

the transmitter and the receiver to see the effects on eas —+— BM Flow 0.30um/s
H H H —©—StripMT 1

propagan_on scheme._ Since we hav_e shown that Brovx_/nla 5 Suip MT 15

motion with flow (active transport using an external device) —+— Optimal MT 15

and molecular motor based active transport using multipls
microtubules with optimal transmission area achieve bette
information rates, we only consider these schemes in oL
comparison.

In Figure 7a, the channel capacity versys,., is considered
for separation distances of 201 (red plots), 4@m (blue plots)
and 6Qum (green plots). The time per channel use is fixed ag
750 seconds since the plots are more easily distinguishab ©
at this duration. We can see that regardless of the separati
distance molecular motor based active transport with opti
mal transmission zone and 15 microtubules achieves highi
channel capacity. Also for a given propagation scheme, es tt
separation distance increases channel capacity decreases

The channel capacity in bits per seconds versus time ps

nel Capacity (b

! !

single channel use is presented in Figure 7b. Differenteslu % 5

from 50 seconds to 2000 seconds. The transmission symbol
set is fixed atX = {0,1,2,---,40}. In general, we see
that regardless of the propagation scheme, as the separati

1 1
10 15 20 25 30 35 40

« (maximum number of possible transmission particles)

of time duration per single channel use are consideredjngng “ma

(@

Simulation results for x__ =40 particles
max

. . . . 0.01
distance increases the information rate decreases. Wesman a

see that for separation distance of@0(red plots), Brownian 0,009
motion with flow reaches a higher peak than molecular moto
based active transport. However as the separation distance o.00s-
increased to 60m (green plots), the difference between the
peaks lessens with active transport using molecular motor %%’
achieves a slightly higher information rate.

Although we conclude that Brownian motion with flow is
slightly better at smaller separation distances, whilénoiged £ 000sf
molecular motor based active transport is slightly better a$
larger distances, introducing flow would require an externa g o.oos
device such as a syringe pump and is not as straightforward 5
molecular motor based active transport. Therefore, wesbeli 0.003
that molecular motor based active transport are a moretdaita
choice for lab-on-chip applications.

0.006 [

acity (bits/s)

0.002 -

0.0011
VI. DiscussioN CONCLUSION, AND FUTURE WORK j

AP

T T
—&— BM No Flow
—&— BM Flow 0.20pm/s
—+— BM Flow 0.30pum/s |
—&— Strip MT 1
—8— Strip MT 15
—+— Optimal MT 15

In this work, we considered a confined space molecula 0oL
communication system employing different propagationtmet
ods. In particular we considered Brownian motion (passive
transport), Brownian motion with flow (active transportngi

L L L L L L L L
400 600 800 1000 1200 1400 1600 1800 2000
Time per single channel use (s)

(b)

an external device), and molecular motor based activegahs Fig. 6: (a) Channel capacity in bits versus the maximum
propagation schemes. We also proposed an encoding schem@ber of possible transmission particles for Brownianiamt
based on the number of information particles released by tfveith and without flow) and molecular motor based active
transmitter, and discussed the calculation of the chanael transport. Time per channel use is 1000 s. (b) Channel dgpaci
pacity under the proposed propagations. Since this cdienla in bits per seconds versus time per channel use for Brownian
is nontrivial, a simulation toolbox for estimation of chahn motion (with and without flow) and molecular motor based
capacity based on Monte Carlo techniques is developed. active transport.amax = 40).

Various techniques for improving the channel capacity of
simple Brownian motion and molecular motor based propa-
gation scheme are discussed. Introducing flow is proposed as
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means of improving channel capacity of Brownian motion.
o , _ Although Brownian motion itself is considered to be passive
Simulation duration of 12.50 minutes . . . . .
7 : : : : : : transport, Brownian motion with flow is considered to be
—5— Opti MT 15 Sep. 20um active transport using an external device. To improve the
—6&— BM Flow 0.20pm/s Sep. 20um . .
—— BM Flow 0.30um/s Sep. 20um channel capacity of molecular motor based active transport
8[| —=— Opti MT 15 Sep. 40um we proposed increasing the number of microtubules as well as
igm E:ga gggmi zzg j‘&m optimizing the shape of the transmission area using a pespos
& Opti MT 15 Sep. 60um mathematical model.
~©— BM Flow 0.20um/s Sep. 60um Based on the obtained results, we showed that the suggested
—_*— BM Flow 0.30um’s Sep. 60um improvements increase the channel capacity of each prepaga
tion scheme significantly. We also showed that there is an
optimal time duration per channel use for each propagation
scheme, where information rate is maximized. Finally, we
compared all propagation schemes under different separati
distances between the transmitter and the receiver andeshow
that for the molecular communication system considered,
Brownian motion with flow achieves higher information rate
for smaller separation and smaller values of time per cHanne
use, while the optimal molecular motor based active trarispo
achieves higher rates over larger separation and lageevalu
of time per channel use.
% 5 0 15 20 25 30 3 40 In this paper, the number of information particles consid-
Xmax (Maximum number of possible transmission particies) ered was relatively small (the maximum number of particles
(@ considered was 40), because the computational complekity o
our molecular motor based simulation environment increase
Simulation results for x, . =40 particles significantly as the number of information particles inG®a
e opti NIT 15 Sep. 20um However, because the channel is 3-dimensional for Brow-
—©— BM Flow 0.20um/s Sep. 20um nian motion and 2-dimensional for molecular motor based
oA e P 2HM 1 propagation, theoretically there could be a larger number
—©— BM Flow 0.20um/s Sep. 40um of information particles released by the transmitter when
o 15 S o Brownian motion or Brownian motion with flow is employed.
& BM Flow 0.20um/s Sep. 60um This would result in a much higher achievable information
—*— BM Flow 0.30ymis Sep. 60um rate for Brownian motions. However, as shown in [20], [24],
it is possible to use vesicular encapsulation to incorgogat
large number of information particles inside a single Vesic
and mitigate this discrepancy between the Brownian motion
and molecular motor based propagation schemes.

Although Brownian motion with flow seems to be slightly
better than the optimized molecular motor based activestran
port over smaller distances, introducing flow would reqaine
-3 external device such as a syringe pump. Moreover, incrgasin
the number of microtubules is very easy and can be used to

increase the information rates even further. Howevergeiasy
ooa-;‘iééo e a1 0 1o 1o 10 7000 ing flow is not as straightforward. Th_erefore, base(_j on these
Time per single channel use (s) results we generally believe that active transport is aebett
(b) propagation scheme for on-chip molecular communication
systems, which have lots of potential applications such as
Fig. 7: (a) Channel capacity in bits versus the maximumgtiagnostic chips for healthcare.
number of possible transmission particles for Brownianiomt  In this paper, only rectangular channels are considered. In
with flow and molecular motor based active transport. Tinthe future we would like to consider other shapes such as
per channel use is 750 seconds and different separations desircular, elliptical and ring shaped channels. Furtheeno
tween the transmitter and receiver are considered. (b) @hanwe would like to provide design guidelines such as optimal
capacity in bits per seconds versus time per channel use ébannel dimensions for each shape. Another direction tleat w
Brownian motion with flow and molecular motor based activeould like to extend our work is optimization of our simutati
transport. {max = 40). Different separations between theenvironment. The number of information particles consder
transmitter and receiver are considered. in this work was relatively small, because of the computetio
constraints of our simulation environment. Improving our
simulation algorithm could help in increasing the number of
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information particles.
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