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On-Chip Molecular Communication:
Analysis and Design

Nariman Farsad , Andrew W. Eckford, Satoshi Hiyama, and Yuki Moritani

Abstract—We consider a confined space molecular communica-
tion system, where molecules or information carrying particles are
used to transfer information on a microfluidic chip. Considering
that information-carrying particles can follow two main propa-
gation schemes: passive transport, and active transport, it is not
clear which achieves a better information transmission rate. Mo-
tivated by this problem, we compare and analyze both propaga-
tion schemes by deriving a set of analytical and mathematical tools
to measure the achievable information rates of the on-chip molec-
ular communication systems employing passive to active transport.
We also use this toolbox to optimize design parameters such as the
shape of the transmission area, to increase the information rate.
Furthermore, the effect of separation distance between the trans-
mitter and the receiver on information rate is examined under both
propagation schemes, and a guidepost to design an optimal molec-
ular communication setup and protocol is presented.

Index Terms—Biological information theory, channel capacity,
mathematical model, molecular communication.

I. INTRODUCTION

O VER THE PAST decade there has been considerable
advancement in the fields of nanotechnology, biotech-

nology, and microrobotics, where micro- or nanoscale devices
are designed and engineered to perform specific tasks such as
drug delivery. Because of their small scales, a single micro- or
nanodevice typically performs a very simple and specific task;
in order to fulfill more complex tasks, a micro- or nanoscale
network called nanonetwork [1] must be formed, where each
node in the network is a micro- or nanomachine. Therefore,
communication between multiple micro- or nanoscale devices
is essential.
In this paper, we focus on molecular communication [2], in

a confined microfluidic channel on a chip device, and study
different molecular propagation schemes from an information
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theoretical perspective. Although molecular communication is
present in nature and is used by microorganisms such as mi-
crobes to communicate and detect other micro-organisms, it
was only recently that engineering a molecular communica-
tion system has been proposed as means of communication in
nanonetworks [3]. In this scheme, an engineeredmicro- or nano-
sized transmitter releases small particles such as molecules or
lipid vesicles into a microfluidic medium, where the particles
propagate until they arrive at an engineered micro- or nanosized
receiver. The receiver then detects and decodes the information
encoded in these particles. For example, the information can
be conveyed from the transmitter to the receiver by encoding
messages into the timing, identities, number or concentration of
particles.
There are two different propagation schemes in molecular

communication: passive transport and active transport [2]. In
passive transport, the information carrying particles propagate
from the transmitter to the receiver by diffusing in the mircoflu-
idic medium without using external energy. In active transport,
information carrying particles are transported by an external
means such as molecular motors or an external device such as a
syringe pump. Inside cells, molecular motors such as kinesin use
external energy in the form of adenosine triphosphate (ATP) to
move over a track made of microtubules while carrying cargoes,
similar to a cargo train. However, typically in molecular com-
munication, as proposed in [4], a microtubule filament moves
over a track of molecular motors while carrying a cargo of in-
formation particles.
In biology, molecular communication can be employed over

short-range (nm scale) communication, mid-range ( to cm
scale) communication, or long-range (cm to m scale) commu-
nication [5], [6]. For example, neurotransmitters use passive
transport (free diffusion) to communicate over short-range; in-
side cells motor proteins are used to actively transport cargoes
over themid-range; and hormones are transported over the long-
range using active transport with external power source (flow of
blood from the heart). In this work, we consider the mid-range
molecular communication because it is the range of interest for
lab-on-chip devices with numerous potential applications such
as diagnostic chips for healthcare.
There is an emerging body of literature examining molecular

communication from an engineering perspective. One aspect of
this literature explores the various nanotechnological and bio-
logical techniques that can be exploited in order to create a com-
munication system, such as intercellular calcium propagation
through gap junctions [7], [8] and molecular propagation medi-
ated by molecular motors [9], [10]. (The reader is directed to [2]
for a thorough survey of molecular communication techniques.)

1536-1241/$31.00 © 2012 IEEE
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Another aspect of the literature explores molecular com-
munication as a communication system, i.e., from a com-
munication-theoretic and information-theoretic perspective.
Notable works in this direction include a general formulation of
molecular communication as a timing channel under Brownian
motion [11], [12], an analysis of information transfer rates using
molecular motors[13], [14], mathematical channel models for
continuous diffusion [15], binary concentration-encoded
molecular communication [16], and comparison of achievable
information rates under different propagation schemes [17],
[18], mathematical modelling of achievable information rates
[19], and optimization of the transmission zone and vesicular
encapsulation [20]. Notable works concerning molecular motor
based active transport molecular communication includes
design of molecular sorters and rectifiers [21], [22], a simple
mathematical transport model for active transport propagation
[19], optimization of the transmission zone and vesicular en-
capsulation [20], and design and optimization of the channel
[23].
In this paper we continue our work from [17]–[19], and study

the achievable information transmission rates, in confined mi-
crofluidic channels, under different propagation schemes
namely, passive transport or Brownian motion, active transport
using molecular motors, and active transport using an external
device such as a syringe pump. We assume the transmitter and
the receiver are perfect (i.e., the transmitter and receiver send
and detect particles perfectly without any errors) and only focus
on the theoretical achievable information rate of each propa-
gation scheme. In other words, we study which propagation
scheme can transmit at a higher rate. Our contributions are as
follows:
• We obtain achievable information rates for molecular com-
munication over a confined microfluidic channel based on
different propagation schemes, namely Brownian motion
and molecular motor based 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.

• 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 changes, regard-
less of the propagation scheme. We show that for a given
microchannel and propagation scheme there exits an op-
timal time per channel use which can be estimated using
our analysis toolbox.

• We study the effects of channel size (the separation dis-
tance between the transmitter and the receiver) on the infor-
mation rate under different propagation schemes. We con-
clude that both molecular motor based active transport and
Brownian motion with flow (active transport using an ex-
ternal device) achieve higher information rates compared
to simple Brownian motion (passive transport). We 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 channel dimensions, op-
timal 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 molecular motor based ac-
tive 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.

II. MOLECULAR COMMUNICATION AND ACHIEVABLE
INFORMATION RATES

A. Overview of Molecular Communication

In molecular communication as proposed in [2], [3], a
transmitter generates information carrying particles such as
molecules or lipid vesicles, and then releases them for transmis-
sion to the receiver, over an aqueous environment. Therefore,
the transmitter consists of a particle generation module where
the information particles are generated, and a release mecha-
nism which oversee the timing, the number, and the type of
the particles released. Together particle generation and release
modules can encode information into the information carrying
particles. For example, the information can be encoded in the
release time, type, number, or the concentration of the particles
released. Using this scheme, the particle generation and release
mechanisms can be treated as separate problems. Similarly,
at the receiver the information particles are captured by a
reception module and then decoded using a decoder module in
a layered approach.
In this layered approach, the particles propagate inside a

confined microfluidic channel, between the transmitter’s re-
lease module and the receiver’s reception module, as shown
in Fig. 1. There are three major propagation schemes: passive
transport, active transport using molecular motors, and active
transport using an external device such as a syringe pump.
When passive transport is employed, the particles diffuse in
the fluidic environment and follow a random Brownian motion
until they arrive at the receiver. When active transport using
molecular motors is employed, a molecular motor system
consisting of kinesin and microtubule filaments can be used
to transport the particles from the transmitter to the receiver.
In active transport using an external device, a syringe pump
is used to create a flow that would assist the simple Brownian
motion of the information particles. In this paper we sometimes
refer to this type of active transport as Brownian motion with
flow.
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Fig. 1. Two molecular communication systems depicting the transmitters, re-
ceivers, the confined microfluidic channel (dashed lines), and different prop-
agation schemes. TOP: Passive transport is employed, where the information
carrying molecules diffuse in the confined microfluidic environment and follow
a Brownian motion path from the transmitter to the receiver. BOTTOM: Active
transport using stationary molecular motors attached to a glass substrate and mi-
crotubules is employed to carry the information particles from the transmitter
to the receiver.

In active transport using a molecular motors, a loading and an
unloading mechanism for picking up information particles from
the transmitter and dropping off the particles at the receiver is
necessary. In [4], [24], single stranded deoxyribonucleic acids
(ssDNA) and the corresponding hybridization bonds between
complementary ssDNA pairs is proposed for the loading and
the unloading mechanisms.Microtubules moving over a kinesin
covered glass substrate are covered with 15 base ssDNAs, and
the information particles are also covered with 23 base ssDNAs
which is complementary to that of the microtubules’ ssDNAs.
When the microtubule glides close to an information particle,
the two ssDNA sequences hybridize and the microtubule car-
ries the information particle until it gets close to the receiver.
The receptor module at the receiver is covered with 23 base ss-
DNAs, which are complementary to that of the information par-
ticles. When a loaded microtubule filament glides close to the
receptor module, it will unload the information particle through
hybridization bound with the complementary 23 base ssDNA
at the receptor module. Since 23 base hybridization bound is
stronger than the 15 base hybridization bound between the par-
ticles and the microtubules, the particles are unloaded at the
receiver.
Although these propagation schemes are stochastic, it is not

clear which performs better and can achieve a higher informa-
tion transmission rate. Brownian motion is more “random” than
the microtubule’s motion over a kinesin covered glass substrate.
However in Brownian motion, information particles start prop-
agating as soon as they are released into the fluidic channel by
the release control module at the transmitter, while in molecular
motor based active transport they remain at the release control
module until they are picked up by the microtubules. Further-
more, it is unclear how the shape of the transmitter, receiver,
and the confined microfluidic channel effects the information

rate. Moreover, if the shape of these components effects the in-
formation rate, it is not clear if there exists an optimal shape that
would maximize the information rate.
In this work, we study the channel capacity (maximum

achievable information rate) of different propagation schemes.
Because of the layered approach presented in Fig. 1, we can
focus on the propagation scheme regardless of the transmitter
and the receiver design. In the rest of this paper, we assume
the transmitter and the receiver are perfect and can encode,
release, receive, and decode the information carrying particles
flawlessly.

B. Information Theory and Achievable Information Rate

Previous work has considered molecular communication ei-
ther as a timing channel problem (i.e., where information is en-
coded in the times when molecules are released) [11], [13]; as
an inscribed matter problem (i.e., where information is encoded
by transmitting custom-made particles, such as specific strands
of DNA) [25]; or as a mass transfer problem (i.e., a message
is transmitted by moving a number of particles from the trans-
mitter to the receiver) [16]–[18].
In this paper, we consider information transmission as a mass

transfer problem. In the simplest possible conception of this
scheme, the particles themselves are not information-bearing,
and a message is conveyed in the number of particles released
by the transmitter. For example, if a maximum of three particles
may be used, from a traditional communication system perspec-
tive, we may form messages two bits long (i.e., ): “00”
for 0 particle, “01” for 1 particle, “10” for 2 particles, and “11”
for 3 particles. However, this message might not be perfectly
conveyed to the receiver: given a time limit for the commu-
nication session, it is possible that some of the particles will not
arrive at the receiver after has elapsed. We refer to time limit
as time per channel use. In other words, time per channel use

is a predefined amount of time representing the time duration
for a single message transmission session, and it is one of the
parameters of the molecular communication system.
Let be the set of possible transmis-

sion symbols, be the maximum number of particles the
transmitter can release per channel use, and be the
number of information particles released into the medium by
the transmitter. In a traditional communication system, the re-
ceived symbols at the receiver are corrupted with noise from the
environment, while in themolecular communication system, the
received symbols are corrupted because of the random propaga-
tion of particles. Let represent the number that arrive at
the destination after time per channel use . From the channel’s
perspective, is a discrete random variable given by prob-
ability mass function (PMF) , and is also a dis-
crete random variable given by PMF ,
The maximum rate at which any communication system can

reliably transmit information over a noisy channel is bounded
by a limit called channel capacity [26]. The channel capacity
can be calculated as

(1)
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where is the mutual information between and .
Mutual information is defined as

(2)

where represents the probability of receiving symbol
at the destination, given that symbol was transmitted by the
source; represents the probability of transmitting symbol
; and represents expectation.
Clearly, there exists some PMF of the number of

arrived particles given the number of transmitted particles. If
this PMF is known, we can calculate mutual information for any

. However, in order to calculate the channel capacity we
need to find the PMF that maximizesmutual information.
We can use the Blahut-Arimoto algorithm [27], [28] to find the
PMF such that, given , mutual information
is maximized. Therefore, if PMF is known, we can
calculate the channel capacity of the molecular communication
system in a straightforward manner.
Finding the PMF is non-trivial because of the

shape and the geometry of the molecular communication
channels, which generally rule out closed-form solutions. For
example, mathematically it is well known that Brownian mo-
tion can be described by stochastic differential equations, and
properties of the motion (such as first arrival time distributions)
can be derived from solutions of these equations. However,
in confined spaces, solutions are generally not available in
closed form. To overcome this issue, the PMF can be estimated
using Monte Carlo simulations. In order to do this, we first
create a computer simulation environment where the actual
random motion of the particles, for both Brownian motion and
molecular motor based active transport, is modelled. Then, we
simulate this propagation from a hypothetical transmitter to a
hypothetical receiver many times until a good estimate of the
PMF can be obtained. Using this estimate, we then
calculate the channel capacity and therefore, the maximum
achievable information rate. In the next section, we describe
this simulation environment.

III. SIMULATION ENVIRONMENT AND MODELLING
PROPAGATION

Our molecular communication setup shown in Fig. 2 is a rect-
angular propagation environment (with negligibly rounded cor-
ners to help make our simulation software faster), representing
a channel on a microfluidic chip, with a fixed width and height
of 20 and 10 , consisting of a transmission zone on
the left and a receiver zone on the right. Please note, Fig. 2 is
the top view of the simulation environment and does not show
the height of the channel. Regardless of the propagation model,
message-bearing vesicles originate at the transmission zone, and
propagate until they arrive at the receiver zone. The separation
between the transmission zone and the receiver zone and hence
the length of the environment is variable with different separa-
tion values of 20 , 40 and 60 . In the rest of this paper,
we consider this particular setup and use it as the basis for our
simulation and comparison of different propagation schemes.

Fig. 2. Depiction of the simulation environment. In this figure, dots represent
information particles. The transmission zone is on the left (darker dashed strip),
and the receiver is on the right (lighter dashed strip). The width of the channel is
constant at 20 . The height of the channel, not shown here, is also constant
at 10 . The distance between the transmission area and the receiver area and
hence the length of the channel is variable.

A. Simulating Brownian Motion

Brownian motion refers to the random motion of a particle
as it collides with other molecules in its vicinity. Through this
random motion the information carrying particles propagate
from the transmission zone to the receiver zone. Following
[29], we performMonte Carlo simulations on particles in order
to obtain the needed properties of the motion. In particular,
we perform a three-dimensional discrete-time simulation of
information carrying particles, for time intervals. Given
some initial position at time , for any integer

, the motion of the particles is given by the sequence
of coordinates for . Each coordinate

represents the position of the particle at the end of
time , where

(3)

(4)

(5)

where is the particle’s displacement over each time interval
of , and both and define the angle of displacement in
three-dimensional space over the time interval . Furthermore,
Over each time interval of , the particle’s displacement
is given by

(6)

where is the free diffusion coefficient. For a given particle
and fluid propagation environment, is given by

(7)

where is the Boltzman constant, is
the temperature (in K), is the dynamic viscosity of the fluid,
and is the hydraulic radius of the molecule. We assume that
is the same throughout the medium, and that collisions with

the boundaries are elastic. Moreover, we assume particles do
not get stuck to the walls. In [29], values of ranging from
1–10 were considered realistic for signalling molecules.
Finally the angle, is an independent, identically distributed
(iid) random variable for all , uniformly distributed on ,
and the angle is also an iid random variable, uniformly dis-
tributed on .
In our simulation we assume that the particles initially start

propagating randomly and uniformly on the plane of the
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Fig. 3. A sample Brownian movement of a single particle in three dimensions,
from the transmitter area to the receiver area.

transmission zone, but is set to the maximum vertical height
(i.e., the particles are “dropped” onto the microchannel at the
transmission zone). Furthermore, the particles start moving as
soon as they are released into the microchannel by the trans-
mitter. The propagation halts as soon as the particle arrives at
the receiver zone. The receiver zone is on the bottom right side
and it is a box with a small height of 23 nm representing the
height of the 23 base ssDNAs that are used to capture the infor-
mation particles.
Using these equations, to calculate the PMF , we

simulate the Brownianmotion of a single particle from the trans-
mitter to the receiver as shown in Fig. 3. By repeating these sim-
ulation trials we can calculate the probability that a single par-
ticle arrives at the destination in seconds. Letting represent
this probability, the PMF has the binomial distribu-
tion, given by

otherwise
(8)

Thus, is found by simulating many trials of a single par-
ticle’s motion over seconds, and counting the fraction that ar-
rive. Note that different simulations are necessary for different
values of . Furthermore, because the motion of each particle
is independent of the other particles released by the transmitter,

has a binomial distribution.

B. Simulating Molecular Motor Based Active Transport

When active transport using molecular motors is employed,
as in Section II-A, we assume that the microchannel is lined
with static kinesin motors, which cause microtubule filaments
to propagate along their surface, carrying information-bearing
particles from the transmitter to the receiver. We also assume
that the particles are anchored to the transmission area until they
are picked up by the microtubules for delivery to the destination.
Therefore, instead of simulating the motion of particles we must
simulate the motion of the microtubules moving over kinesin
covered substrate.
The motion of the microtubule is largely regular, although the

effects of Brownian motion cause random fluctuations. 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 the – directions, and do
not move in the direction (along the height of the channel), we
consider a two-dimensional simulation of microtubules for

time intervals. Given some initial position at time
, for any integer , the motion of the microtubule is given
by the sequence of coordinates for . Each
coordinate represents the position of the microtubule’s
head at the end of the time , where

(9)

(10)

In this case, the step size at each step is an iid Gaussian
random variable with mean and variance

(11)

(12)

where is the average velocity of the microtubule, and is
the microtubule’s diffusion coefficient. The angle is no longer
independent from step to step: instead, for some step-to-step
angular change , we have that

(13)

Now, for each step, is an iid Gaussian-distributed random
variable with mean and variance

(14)

(15)

where is the persistence length of the microtubule’s trajec-
tory. In [21], these values were given as ,

, and . Following [21], in
case of a collision with a boundary, we assume that the micro-
tubule does not reflect off the boundary, as in an elastic collision,
but instead sets so as to follow the boundary.
The starting location of the microtubule is assumed to be

random and uniformly distributed across the entire propagation
area. Moreover, the initial directional angle is selected uni-
formly at random from the range , 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 transmission area. Simi-
larly, ssDNAs on the surface of the microtubules hybridize with
the ssDNAs on the surface of the information particles when a
microtubule passes in close proximity, thereby loading the par-
ticles onto the microtubule. From experimental observations it
is evident that microtubules can load multiple information par-
ticles [4]. Therefore, the loading of a particle happens only if
a microtubule with available cargo spots passes in close prox-
imity of a particle.
In order to capture this loading effect in our simulations, we

divide the transmission zone into a square grid, where the length
of each square in the grid is the same as the diameter of the infor-
mation particle. We then distribute particles randomly and uni-
formly among the squares in the grid. If a microtubule enters a
square which is occupied by a particle, and it has an empty cargo
slot available, we assume the microtubule loads that particle. In
general, we assume that the microtubules can load multiple par-
ticles and the maximum number of particles a microtubule can
load is given by half of its length divided by the diameter of
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Fig. 4. A sample trajectory of active transport. The microtubule initially starts
to the right of the receiver zone (strip on the right side of the microchannel), and
moves down and then left (Lighter thinner line). It passes through the transmis-
sion zone (grid with empty and particle-bearing tiles) loads a particle at which
point the line turns darker and thicker indicating a loaded mictorubule. Then the
microtubule passes through again, loading another particle (maximum load is
assumed to be 5). The loaded microtubule then travels toward the receiver zone,
where it delivers the two particles and the trajectory terminates.

the particles. This assumption is based on experimental obser-
vations. For unloading at the receiver, we assume all the loaded
particles are dropped off as soon as a loaded microtubule en-
ters the receiver zone. Fig. 4 shows a sample trajectory with the
loading and unloading mechanism.
To calculate the PMF , for a given number of parti-

cles released by the transmitter ( ), the motion of a microtubule
is simulated for seconds and the number of particles delivered
to the receiver ( ) is measured at the end of seconds. By re-
peating this process the PMF can be estimated for the
time duration . The whole simulation process can be repeated
for different values of . Since for each value of and a set of
simulations is necessary, this process can be inefficient. There-
fore, in the next subsection we present a mathematical model
based on simpler simulations.

C. Mathematical Model of Molecular Motor Based Active
Transport

Assume that our grid transmission zone contains squares
(i.e., the maximum number of particles that can be anchored to
the transmission zone is ). As explained before, let
be the number of particles at the transmission zone in the be-
ginning, and let be the number of particles deliv-
ered to the receiver zone after time duration . Let be a
Bernoulli random variable representing the event where a par-
ticle is placed in the th square for . Therefore,
if we assume that are independent of each other, the proba-
bility that an information particle is placed in the th square is
given by

(16)

where particles are distributed uniformly among squares. Note
that the independence assumption here is an approximation be-
cause it does not satisfy the constraint

(17)

Let be a Bernoulli random variable representing the event
that the th square is visited by the microtubule in a single trip
from the receiver zone, to the transmission zone, and back.
Therefore, represents the probability that the th

Fig. 5. (Top): Probability distribution of for squares of size 1
to the left side of the transmission area. (Middle): Strip transmission area for

. (Bottom): Projection of the probability distribution
on top. The 100 highest values of are shown in as white squares

and they represent the optimal transmission area.

square is visited and the probability that it is not
visited. This probability distribution can quickly be calculated
using simple Monte Carlo simulations for any molecular com-
munication channel. For example, the top part of the Fig. 5
shows this probability distribution for squares of size 1
covering the left side of the microchannel. From the probability
distribution, it can be seen that the squares close to the walls
are visited the most, which is a property of the motion of the
microtubules.
Let be another random variable representing the number

of microtubule trips between the transmission and the receiver
zone in time duration . The probability distribution for is
given in [17], and can be quickly calculated for any molecular
communication channel using simple Monte Carlo simulations.
Let be a Bernoulli random variable representing the event
that the th square is visited at least once by the microtubule
during trips. Therefore,

(18)

represents the corresponding probability distribution.
Let be a Bernoulli random variable representing the event

that a particle from the th square is delivered to the destination
after trips. Then, the probability distribution of is given by

(19)

assuming and are independent. This
independence assumption is not accurate since
changes depending on the number of particles already deliv-
ered in previous trips. In general this assumption becomes less
accurate as the number of trips increases or in other words
the channel time duration increases. Let be the total
number of particles delivered to the receiver zone during
trips. Then, is given by

(20)
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for any given . Since represents a Poisson-Bi-
nomial distribution, its corresponding probability distribution
can be calculated using [30]. Finally, we can calculate PMF

as

(21)

where is the probability mass function of
given in (20), and is the probability mass function of ,
the number of trips between the transmitter and receiver during
the time duration .
The benefits of this model is twofold. First, it can be em-

ployed to quickly estimate the information rate of any molec-
ular communication system, and although it relies on simula-
tions for calculating the probability distributions of and ,
these simulations are very simple and can be performed on an
average computer quickly compared to the Monte Carlo simu-
lation presented in the previous section. Second, because of the
model’s simplicity, various design problems can be solved, for
example, in the next section we use this model to generate an
optimal transmission zone. The only drawback of this model is
that the resulting PMF, , is not as accurate as the one
derived using Monte Carlo simulation scheme used in [18].

IV. IMPROVING INFORMATION RATE

In the previous section, we described a simple molecular
communication system employing either active transport using
molecular motors or passive transport using Brownian motion.
We also presented simulation schemes for calculating the
channel capacity based on each propagation technique. In this
section, we propose a number of methods for further improving
the channel capacity.

A. Brownian Motion With Flow

In general, we can improve the channel capacity if we
transfer information particles from the transmitter to the re-
ceiver quicker on average. In Brownian motion, one way to
achieve this task is by introducing flow in the direction of trans-
mitter to the receiver. However, Brownian motion with flow
requires an external device such as a syringe pump to produce
the flow. Therefore, by introducing flow the passive transport
of simple Brownian motion is converted into active transport
using an external device. Compared to active transport using
molecular motors, introducing flow at small scales is not easy
and would require a lot of energy with respect to the size of the
system.
In its simplest form, introducing flowwill change (3)–(5) into

(22)

(23)

(24)

where , , and are flow velocities in the , , and
directions [29]. In this work, the flow velocities are assumed to
be constant throughout the molecular communication channel.
Although this assumption is not realistic, it provides an idea of
the possible gains.

B. Improving Molecular Motor Based Active Transport

Again, we can improve channel capacity if we transfer in-
formation particles from the transmitter to the receiver quicker
on average. We propose two possible schemes: increasing the
number of microtubules and optimizing the transmission zone.
In the first scheme, by increasing the number of microtubules,

more information particles could be picked up and transported
to the receiver area during time duration . From experimental
results, it is evident that microtubules generally move indepen-
dently of each other, and therefore we make the same assump-
tion in our simulations, when employing multiple microtubules.
In the second scheme, we use our mathematical model pre-

sented in Section III-C, and the fact that the microtubules mostly
move along the walls of the molecular communication channel,
to optimize the transmission area. Consider the top part of Fig. 5,
illustrating that (probability that a square is visited in
one microtubule trip) is higher for squares close to the walls of
the molecular communication channel. An information particle
is picked up from the transmission zone, and delivered to the
receiver zone, if the corresponding square is visited. Therefore,
we want to find squares with maximum , which are
squares that have the highest probability of being visited during
one trip. If information particles are placed there, they have the
highest probability of being loaded and therefore of being deliv-
ered. In the top part of Fig. 5, we plot the probability distribu-
tion of all the squares of length 1 to the left of transmission
area (the bar plot). In the middle part, our original strip transmis-
sion area (Fig. 4) with 100 squares is presented. The bottom plot
shows the projection of the probability distribution function of

. The first 100 squares with highest probabilities are
shown as white squares, and the rest of the squares are shown
in black. In this projection, the minimum distance between the
transmission area and the receiver area is similar to that of the
strip transmission area and we have not moved the transmission
and receiver physically closer. Finally, according to our mathe-
matical model, this white area is the optimal transmission zone
that will give us the highest information rate because probability
of visiting and picking up particles is highest.
Unlike the improvement technique proposed for Brownian

motion (i.e., flow), these improvements are internal to the
molecular communication system and do not require any
external device or extensive use of energy.

V. RESULTS

In this section we present our simulation results, for the
molecular communication system proposed in Section III, with
variable separation distance between the transmitter and the
receiver, employing different propagation schemes.
When Brownian motion is used for propagation, we use

the following simulation parameters: simulation time steps of
, and the free diffusion coefficient .

Therefore, from (6), at each simulated time step the information
particles moves in a random directions. The
same values are also used when Brownian motion with flow is
considered. The flow is assumed to be always in the direction
from the transmitter to the receiver (i.e., the flow velocities in
the and direction are zero and positive in the direction.)
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For simulating the motion of the microtubule, when molec-
ular motor based active transport is employed, we use the fol-
lowing parameters: simulation time steps of , mi-
crotubule diffusion coefficient , average
speed of the microtubule , and persistence
length of the microtubule’s trajectory . We also
assume the size of the information particles is 1 , the average
length of the microtubules is 10 , and each microtubule can
load up to 5 information particles in one trip from the transmis-
sion zone to the receiver zone. These parameters are all selected
based on experimental observations of ssDNA covered micro-
tubules moving over a kinesin covered substrate.
We assume the set of possible transmission symbols are

, for some value of , where a transmis-
sion symbol is represented by release of informa-
tion particles into the medium. In the case of active transport
using molecular motors, all the released particles will be ran-
domly distributed and will remain stationary at the transmission
zone until they are picked up for delivery by a microtubule. By
simulating the motion of the particles or the motion of the mi-
crotubules many times, we estimate the PMF under
each propagation scheme. We then use Blahut-Arimoto algo-
rithm [27], [28] to find the PMF , that wouldmaximize the
mutual information, and hence calculate the channel capacity
for each propagation scheme.

A. Brownian Motion Versus Molecular Motor Based Active
Transport

First, we compare simple Brownian motion (passive trans-
port), Brownian motion with flow (active transport using an ex-
ternal device), and molecular motor based active transport over
a constant channel dimensions. For this set of simulations we
use a channel length of 60 which results in a 40 sepa-
ration between the transmitter and the receiver. For Brownian
motion with flow, flow values of 0.2 and 0.3 are consid-
ered, while for active transport using molecular motors, 1 and
15 microtubules as well as the strip and optimal transmission
area are considered.
Fig. 6(a), shows the channel capacity in bits versus the max-

imum possible number of transmission particles ( ), for
the time duration of 1000 s per single channel use. The value
of 1000 s is presented since the plots are easily distinguishable
for this time duration. From the graph we can see that as we
increase the transmission symbol set, the channel capacity
increases for all proration schemes. Also Brownian motion
with flow achieves a much higher information rate than simple
Brownian motion without flow, and the optimal molecular
motor based active transport with 15 microtubules and optimal
transmission zone has a much higher channel capacity com-
pared to the non-optimal one (a single microtubule and strip
loading area).
From Fig. 6(a) we can see that simple Brownian motion has

the lowest channel capacity even slightly lower than molec-
ular motor based active transport using a single microtubule and
strip transmission area. Molecular motor based active transport
with the optimal transmission area and multiple microtubules
achieves the highest channel capacity. Furthermore, flow value

Fig. 6. (a) Channel capacity in bits versus the maximum number of possible
transmission particles for Brownian motion (with and without flow) and molec-
ular motor based active transport. Time per channel use is 1000 s. (b) Channel
capacity in bits per seconds versus time per channel use for Brownian motion
(with and without flow) and molecular motor based active transport. (
).

of 0.2 achieves a higher channel capacity compared to
flow value of 0.3 since the receiver area is 5 away
from the back wall as shown in Fig. 2. Therefore, because we
assume the transmission area is on top and the receiver area is on
the bottom, the higher flow values cause the information parti-
cles to pass over the receiver zone and be pined against the back
wall. As the result it would take the information particles longer
to arrive at the receiver.
The channel capacity in bits per seconds versus the value of

time per single channel use is presented in Fig. 6(b). Different
values of time duration per single channel use are considered,
ranging from 50 to 2000 s. The transmission symbol set is fixed
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at . The channel capacity in bits per sec-
onds is then calculated by dividing the capacity in bits with the
corresponding time duration per single channel use, . As we
can see from the graph the channel capacity initially increases
as the increases, reaches a peak, and then start to decrease.
This peak value represents the optimal value of time per single
channel use .
Again we can see that simple Brownian motion has the

lowest channel capacity (i.e peak value), even lower than
unoptimized molecular motor based active transport using a
single microtubule. However, Brownian motion with 0.3
flow achieves the highest channel capacity. Similarly, in the
case of the molecular motor based active transport, increasing
the number of microtubules, and using the optimal transmission
area, will increase the peak values and shifts the peak location
to lower values.

B. Effects of Separation Distance

In these simulations we change the separation between the
transmitter and the receiver to see the effects on each propaga-
tion scheme. Since we have shown that Brownian motion with
flow (active transport using an external device) and molecular
motor based active transport using multiple microtubules with
optimal transmission area achieve better information rates, we
only consider these schemes in our comparison.
In Fig. 7(a), the channel capacity versus is considered

for separation distances of 20 (red plots), 40 (blue
plots) and 60 (green plots). The time per channel use is
fixed at 750 s since the plots are more easily distinguishable
at this duration. We can see that regardless of the separation
distance molecular motor based active transport with optimal
transmission zone and 15 microtubules achieves higher channel
capacity. Also for a given propagation scheme, as the separa-
tion distance increases channel capacity decreases.
The channel capacity in bits per seconds versus time per

single channel use is presented in Fig. 7(b). Different values of
time duration per single channel use are considered, ranging
from 50 to 2000 s. The transmission symbol set is fixed at

. In general, we see that regardless of
the propagation scheme, as the separation distance increases
the information rate decreases. We can also see that for sep-
aration distance of 20 (red plots), Brownian motion with
flow reaches a higher peak than molecular motor based active
transport. However as the separation distance is increased to 60

(green plots), the difference between the peaks lessens with
active transport using molecular motors achieves a slightly
higher information rate.
Although we conclude that Brownian motion with flow is

slightly better at smaller separation distances, while optimized
molecular motor based active transport is slightly better at
larger distances, introducing flow would require an external
device such as a syringe pump and is not as straightforward as
molecular motor based active transport. Therefore, we believe
that molecular motor based active transport are a more suitable
choice for lab-on-chip applications.

Fig. 7. (a) Channel capacity in bits versus the maximum number of possible
transmission particles for Brownian motion with flow and molecular motor
based active transport. Time per channel use is 750 s and different separations
between the transmitter and receiver are considered. (b) Channel capacity in
bits per seconds versus time per channel use for Brownian motion with flow and
molecular motor based active transport. ( ). Different separations
between the transmitter and receiver are considered.

VI. DISCUSSION, CONCLUSION, AND FUTURE WORK

In this work, we considered a confined space molecular com-
munication system employing different propagation methods.
In particular we considered Brownian motion (passive trans-
port), Brownian motion with flow (active transport using an ex-
ternal device), and molecular motor based active transport prop-
agation schemes. We also proposed an encoding scheme based
on the number of information particles released by the trans-
mitter, and discussed the calculation of the channel capacity
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under the proposed propagations. Since this calculation is non-
trivial, a simulation toolbox for estimation of channel capacity
based on Monte Carlo techniques is developed.
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
means of improving channel capacity of Brownian motion.
Although Brownian motion itself is considered to be passive
transport, Brownian motion with flow is considered to be active
transport using an external device. To improve the channel ca-
pacity of molecular motor based active transport, we proposed
increasing the number of microtubules as well as optimizing the
shape of the transmission area using a proposed mathematical
model.
Based on the obtained results, we showed that the suggested

improvements increase the channel capacity of each propa-
gation 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 separation
distances between the transmitter and the receiver and showed
that for the molecular communication system considered,
Brownian motion with flow achieves higher information rate
for smaller separation and smaller values of time per channel
use, while the optimal molecular motor based active transport
achieves higher rates over larger separation and lager values of
time per channel use.
In this paper, the number of information particles considered

was relatively small (the maximum number of particles con-
sidered was 40), because the computational complexity of our
molecular motor based simulation environment increases sig-
nificantly as the number of information particles increase. How-
ever, because the channel is three-dimensional for Brownian
motion and two-dimensional for molecular motor based propa-
gation, theoretically there could be a larger number of informa-
tion particles released by the transmitter when Brownian mo-
tion or Brownian motion with flow is employed. This would re-
sult in a much higher achievable information rate for Brownian
motions. However, as shown in [20], [24], it is possible to use
vesicular encapsulation to incorporate a large number of infor-
mation particles inside a single vesicle and mitigate this discrep-
ancy 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 active trans-
port over smaller distances, introducing flow would require an
external device such as a syringe pump. Moreover, increasing
the number of microtubules is very easy and can be used to in-
crease the information rates even further. However, increasing
flow is not as straightforward. Therefore, based on these results
we generally believe that active transport is a better propagation
scheme for on-chip molecular communication systems, which
have lots of potential applications such as diagnostic chips for
healthcare.
In this paper, only rectangular channels are considered. In

the future we would like to consider other shapes such as a
circular, elliptical and ring shaped channels. Furthermore, we
would like to provide design guidelines such as optimal channel

dimensions for each shape. Another direction that we would like
to extend our work is optimization of our simulation environ-
ment. The number of information particles considered in this
work was relatively small, because of the computational con-
straints of our simulation environment. Improving our simula-
tion algorithm could help in increasing the number of informa-
tion particles.
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