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Abstract—By considering potential health problems that a
fully covering receiver may cause in vessel-like environments, the
implementation of a partially covering receiver is needed. To this
end, distribution of hitting location of messenger molecules (MM)
is analyzed within the context of molecular communication via
diffusion with the aim of channel modeling. The distribution of
these MMs for a fully covering receiver is analyzed in two parts:
angular and radial dimensions. For the angular distribution
analysis, the receiver is divided into 180 slices to analyze the
mean, standard deviation, and coefficient of variation of these
slices. For the axial distance distribution analysis, Kolmogorov-
Smirnov test is applied for different significance levels. Also,
two different implementations of the reflection from the vessel
surface (i.e., rollback and elastic reflection) are compared and
mathematical representation of elastic reflection is given. The
results show that MMs have tendency to spread uniformly beyond
a certain ratio of the distance to the vessel radius. By utilizing
the uniformity, we propose a channel model for the partially
covering receiver in vessel-like environments and validate the
proposed model by simulations.

Index Terms—Molecular communication, communication via
diffusion, vessel-like environments, nanonetworks, uniformity
analysis, partially covering receiver.

I. INTRODUCTION

Molecular communication via diffusion (MCvD) is one of
the promising molecular communication (MC) systems pro-
posed in the context of nanonetworking, especially for in vivo
applications. In contrast to the classical communication sys-
tems, MCvD utilizes molecules, messenger molecules (MMs)
as information carriers, mainly for high bio-compatibility
and energy efficiency. These molecules propagate in a fluid
environment (e.g., inter-cellular fluid) and follow Brownian
motion, which has vastly different features than the physical
layers of classical communication systems [1].

Most of the research conducted regarding MCvD assumes a
free diffusion environment in which the MMs can move in an
unconstrained manner. This free diffusion environment, while
being very suitable for developing mathematical channel,
noise, and interference models, has several shortcomings such
as limited range and limited applicability to in vivo environ-
ments. As shown in previous works [1]–[4], the performance
of the MCvD system sharply decreases as the distance between

the transmitting pair exceeds several tens of micrometers.
This limited range severely hinders the applicability of MCvD
in a free diffusion environment without any enhancements.
Also, in vivo environments inside complex living organisms
mainly consist of huge bodies of cells next to each other
or include vessel-like environments, which are different than
the unbounded and unconstrained free diffusion environments
used in the MCvD literature.

As an alternative to the free diffusion environment, a tunnel-
like environment which closely resembles the inside of a blood
vessel, has been proposed in several works in the literature [5]–
[9]. Unlike the free diffusion environment, in the vessel-like
environment the MMs are bounded by the walls of the vessel,
and upon impact to these walls they are either reflected back or
absorbed, depending on the environmental model. Since these
walls constraint the movement of the MMs, the effective range
of the system greatly increases.

In this work, we study the channel model of such a vessel-
like environment considering a receiver that partially covers
the cross-section of the vessel and vessel walls that reflect
the MMs upon contact. In our analysis, we choose a partially
covering receiver over a fully covering receiver for increased
bio-compatibility. We assume devices that are just utilizing
already existing tunnels for an artificial purpose (e.g., detecting
lipids, bio-markers, or blood clots inside blood-vessels).

The main contributions of the paper are summarized below:

• We describe and elaborate on two reflection strategies that
can be used to simulate Brownian motion in a vessel-
like environment, namely: elastic reflection strategy and
rollback strategy.

• Using simulations, we show that the molecular hitting
location distribution of MCvD to the cross-section of the
vessel follows uniform distributions in both angular and
distance-from-the-central-axis dimensions independently
beyond a certain ratio of the distance to the vessel radius.

• Based on the previous observation, we evaluate the hitting
rate of molecules to a partially covering receiver as
a function of the area of the receiver, the transmitter-
receiver distance, and the radius of the vessel.
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Fig. 1. Micro-fluidic communication channel model and reflection strategies for partially covering and fully reflective boundary surfaces

II. SYSTEM MODEL

Most of the prior work in the MC literature consider free
diffusion environment where the MMs can roam freely without
any boundaries in the environment. In contrast, we consider
cylindrical (i.e., vessel-like) environment in this work. This
vessel-like environment is more suitable to model significant
in vivo and in vitro applications, e.g., sensing applications in
blood vessels of a human body and micro-fluidic channels.

A. Diffusion Model

We consider a diffusion model consisting of a point trans-
mitter, a fully absorbing circular receiver, a single type of
information carrying MM, and a vessel-like environment. The
vessel-like environment is considered to be a perfect cylinder
with a fully reflecting surface as in Fig. 1.

In the diffusion model, the total displacement along the
x-axis (∆X) of an MM in ∆t duration follows a Gaussian
distribution as

∆X ∼ N (0, 2D∆t) (1)

where ∆t is the simulation time step, D is the diffusion
coefficient, and N (µ, σ2) is the Gaussian random variable
with mean µ and variance σ2. Considering the movement in
all three axes, the total displacement in a single time step is
calculated as

−→r = (∆X,∆Y,∆Z) (2)

where ∆Y and ∆Z correspond to the displacement in the y-
and the z-axes, respectively, both of which follow a Gaussian
distribution with the same µ and σ2 values in (1).

B. Simulating Diffusion near Reflective Vessel Surface

There are two common simulation implementations for the
fully reflective vessel surface in the MC literature, namely roll-
back and elastic reflection strategies. The most commonly used
one is the rollback strategy. In this approach, the molecules
that hit a surface roll back as the name suggests (Fig. 1(a)).
It is easier to implement and faster run times can be achieved
when the reflection strategy is chosen as rollback. However,
there is a trade off between complexity and accuracy. It is less

realistic to implement a cell or vessel reflection strategy as
rollback.

The second approach is to implement reflection strategy as
elastic reflection. Molecules that hit a reflective surface make
perfectly elastic collision in elastic reflection strategy. Due to
its accuracy, we utilize elastic reflection in our simulations.
In the rest of this section, mathematical representation of the
elastic reflection implementation is described.

In our topology, there are two intersection points between
the path of a molecule (represented as a line) and a cylinder.
Since net displacement in the z-axis is the same after reflec-
tion, we can ignore the movement in the z-axis. Therefore, the
equation of the cylinder can be written as

(x− x3)2 + (y − y3)2 = r2v (3)

where rv is the radius of the vessel (cylinder), (x, y) is the
intersection point, and (x3, y3) is the center of the cylinder.
The line that passes through the intersection points follows the
line equation

x = x1 + (x2 − x1)t

y = y1 + (y2 − y1)t
(4)

where (x1, y1) is the location of the molecules at time m∆t,
and (x2, y2) is the location of the molecules at time (m+1)∆t
if vessel had no boundaries. When the x and y equations are
placed in the cylinder equation, we obtain

at2 + bt+ c = 0 (5)

where a, b, and c are

a = (x2 − x1)2 + (y2 − y1)2

b = 2[(x2 − x1)(x1 − x3) + (y2 − y1)(y1 − y3)]

c = x3
2 + y3

2 + x1
2 + y1

2 − (x3x1 + y3y1)− r2v .
(6)

Then, the solution for t can be evaluated by finding the
roots of (5). The intersection points can be calculated by
substituting t in (4) by finding the roots of t. Since there
are two intersection points, the one closer to the last position
of the molecule should be selected as the actual intersection



point. After finding the intersection point, the position of the
molecule after collision can be found as

xf = 2x− x2
yf = 2y − y2
zf = z2

(7)

where (xf , yf , zf ) is the location of the molecule after reflec-
tion occurred, and z2 is the location of the molecule’s z-axis
at time (m+ 1)∆t if vessel had no boundaries.

All in all, perfectly elastic collision is realized in this
work due to its rationality despite the complexity and longer
simulation time. Note that this work only considers single
collision. In other words, ∆t should be small enough and
rv should be large enough to avoid multiple bounces in a
single step. Yet, simulation using excessively large ∆t causes
unreliable results even for the no boundaries case. Also,
putting nanomachines into extra slim vessels (at least 10 times
thinner than capillaries in terms of radius [10]) may cause
vascular occlusion. Therefore, accuracy of the simulation has
much troubled problems in such case.

III. DISTRIBUTION ANALYSIS OF HITTING LOCATION

The results presented in this section are obtained from the
custom-made simulator that keeps track of the location of the
molecules and stores the molecules that arrive at the destina-
tion. By utilizing the simulation output, we evaluate the overall
distribution of the location of the received molecules under
different environmental conditions with the goal of simplifying
the channel model via homogeneity of the molecule hitting
locations. We consider MCvD in a vessel-like environment
as depicted in Fig. 1(b) with fully covering receiver and the
system parameters are given in Table I.

TABLE I
SIMULATION PARAMETERS

Parameter Value
Radius of vessel (rv) 2 ∼ 5µm

Distance between Tx and Rx (d) 3.4 ∼ 10µm

Diffusion coefficient (D) {100, 200, 400}µm2/s

Simulation time step (∆t) 0.1 ms

Number of released molecules (NTx) 1.5 million

When the circular receiver fully covers the vessel in two-
dimensions, an MM hits the receiver and the hitting point has
a certain distance and an angle according to the center of the
receiver. In order to show the tendency of the molecules to
be distributed uniformly in the 3D environment, we analyze
the distribution in terms of both the angle and the distance
of the molecules with respect to the center of the receiver.
There are three dimensions while analyzing the hitting location
distribution:

• Distribution in x and y axis: These two distributions can
be packed into an angular distribution.

• Distribution in the radius: After the distribution in the
angle is analyzed, the remaining parameter is the distance

between the hitting molecules and the center of the
receiver (i.e., axial distance). The distribution of axial
distances should be uniform between 0 and rv.

By considering these three distributions in two parts, we
consider the overall distribution.

A. Uniformity in Angle

Since the receiver is expected to be a circle in the vessel-like
environments, angular distribution becomes an important fac-
tor while analyzing the distribution of the received molecules.
While analyzing uniformity in angle, parameters in Table I
are used. In order to analyze the distribution of the received
molecules in angle, we additionally define three different
environmental conditions by altering D inspired by [2], d
and rv inspired by the thinnest part of the capillaries [10].
The environments defined as good, moderate, and harsh by
different parameter values are presented in Table II.

TABLE II
ENVIRONMENT PARAMETERS FOR DISTRIBUTION ANALYSIS

Environments D(µm2/s) d(µm) rv(µm)

Good 400 7 5
Moderate 200 8 4

Harsh 100 9 3

Since the number of received molecules are very high,
circular receiver is sliced into 180 parts as in Fig. 2, and
the hitting frequencies of these slices are analyzed. Since the
molecules move similarly in each direction, the concentration
of the slices are expected to be uniform. In that sense, mean,
standard deviation, and coefficient of variation of the slices
for three different environmental conditions (good, moderate,
and harsh) are calculated and given in Table III. As seen,
the coefficient of variation values are excessively low, which
means that the deviations from the mean value are negligible,
i.e., the molecules have tendency to spread uniformly with
respect to angle. Also, it is shown that the angular distribution
is independent from the environmental conditions.

TABLE III
METRICS OF ANGULAR DISTRIBUTION (180 SLICES)

Time Good
Environment

Moderate
Environment

Harsh
Environment

Mean 5.56× 10−3 5.56× 10−3 5.56× 10−3

Standard deviation 6.44× 10−5 7.72× 10−5 6.99× 10−5

Coeff. of variation 1.16× 10−2 1.39× 10−2 1.26× 10−2

B. Uniformity in Radius

Even if the angular distribution is uniform, we also need
to consider the uniformity in the axial distance dimension.
There may be a case where the slices in angular dimension
have uniform structure but the hitting molecules are mostly
close to the center. Therefore, considering all the dimensions
is crucial for our modeling purposes.
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Fig. 2. Angular distributions of the received molecules under different environmental conditions. Blue lines represents the density of the total number of
hitting molecules in that particular slice whereas red lines represent the mean densities. Note that the numbers outside and within the circle represent the
degrees and the density of the slices, respectively. Also, for the sake of uniformity in angle, note that the coefficient of variations (Table III) are very small.

TABLE IV
K-S TEST RESULTS

Symbol duration 1% significance level 5% significance level

1-peak time d/rv ≥2.00 d/rv ≥2.40
2-peak time d/rv ≥1.92 d/rv ≥2.00
3-peak time d/rv ≥1.88 d/rv ≥1.98

5-peak time and over d/rv ≥1.82 d/rv ≥1.90

The ratio of the hitting molecules whose axial distances are
less than an arbitrary radius ra to all hitting molecules within
a limited time is denoted by HR(ra|t), and

HR(ra|t) = NRx(ra|t)/NRx(rv|t) (8)

where NRx(r|t) is the total number of hitting molecules whose
axial distances are less than r. Note that for the perfect
uniformity, we expect that the molecules hit at each point on
the surface with equal probability, i.e., HR(ra|t) = (ra/rv)2.

In order to find out whether the received molecules are
spread uniformly or not, one sample Kolmogorov-Smirnov
(K-S) test is applied by comparing the perfect uniformity
case with the empirical distribution function from simulations.
For the significance levels of the K-S test, 5% and 1% are
used. Moreover, in order to make a fair comparison between
environments with different diffusion coefficients, multiples
of peak times (tp) are used as the time parameter where
tp = d2

6D [11].
As the result of the simulations under three different dif-

fusion coefficients, five different radii of the vessel, and 15
different distances, we find that all the test scenarios pass the
K-S test when d/rv is greater than a specific value (Table IV).

IV. PARTIALLY COVERING RECEIVER

In the literature, the receiver cells are mostly consid-
ered to fully cover the vessel in two dimensions (excluding
the dimension that MMs propagate) in vessel-like environ-
ments [9]. Therefore, the communication channel reduces to
1D channel. However, we believe that designing the receiver
cell as partially covering rather than designing it as fully
covering has two important advantages: preventing potential
health problems and realizing relay nodes in the conventional
communication systems.

While building a nanomachine for blood vessels, the risk of
vascular occlusion should be considered and minimized in the
deployment process independent from the application. Even
a small inattentiveness may cause serious health problems.
Vascular occlusion is a common and extremely important
cause of clinical illness which is the reason of serious amount
of deaths in the world [12]. To this end, partially covering
receiver should be used to avoid causing vascular occlusion
and consequently serious health problems.

The other reason for considering the partially covering
receiver is to use the relay node concept in MCvD. Since
the maximum amount of distance to propagate through the
vessel in MCvD is limited, relay nodes can be used to
amplify the signal. By doing so, MCvD can be used in order
to communicate with much higher distances, which is not
possible without using relay nodes. It is also biologically
friendly since the receiver cell (also the transmitter cell for
the next link) has a partially covering structure.

Due to both extending the communication range and pre-
venting the health problems, considering and modeling the
partially covering receiver is at a great importance. Therefore,
we propose an approximation for the channel model of MCvD
in vessel-like environments by considering the scenarios where
the received molecules are dispersed homogeneously on the
cross-section of the vessel.



0 0.05 0.1 0.15 0.2 0.25 0.3
Time (s)

0

100

200

300

400

500

600

700

800

N
um

be
r 

of
 R

ec
ei

ve
d 

M
ol

ec
ul

es

Fully Covering Receiver (simulation)
Fully Covering Receiver (analytical)
Half Covering Receiver (simulation)
Half Covering Receiver (analytical)

(a) D = 200, rv = 3, d = 9

0 0.05 0.1 0.15 0.2 0.25 0.3
Time (s)

0

200

400

600

800

1000

1200

1400

1600

N
um

be
r 

of
 R

ec
ei

ve
d 

M
ol

ec
ul

es

Fully Covering Receiver (simulation)
Fully Covering Receiver (analytical)
Half Covering Receiver (simulation)
Half Covering Receiver (analytical)

(b) D = 200, rv = 3, d = 6

0 0.05 0.1 0.15 0.2 0.25 0.3
Time (s)

0

100

200

300

400

500

600

700

800

900

N
um

be
r 

of
 R

ec
ei

ve
d 

M
ol

ec
ul

es

Fully Covering Receiver (simulation)
Fully Covering Receiver (analytical)
Half Covering Receiver (simulation)
Half Covering Receiver (analytical)

(c) D = 100, rv = 3, d = 6

Fig. 3. Time versus number of received molecules for both fully and partially covering receivers

As shown in Table IV, when we have d/rv greater than a
specific value, the hitting molecules are distributed uniformly.
Therefore, in our proposed channel model, we scale the 1D
formulation by the ratio of the partially covering receiver area
to the whole cross-sectional area as follows:

Fhit(t) = NTx Φ(Ω) erfc(
d√
4Dt

)

Φ(Ω) =
A(Ω)

πr2v

(9)

where A(Ω) represents the area of the partially covering re-
ceiver Ω. In order to validate (9), three different environmental
conditions (that passed K-S test) are considered. As can be
seen in Fig. 3, tp (which is equal to d2

6D ) increases with the
increasing d or decreasing D and vice versa. Also, simulation
results of both fully and partially receivers perfectly follow
the formula stated in (9), which is the channel modeling goal
of this study.

V. CONCLUSION AND FUTURE WORK

In this paper, we have analyzed hitting location distribution
of MMs in vessel-like environments. Also, potential applica-
tion and importance of partially covering receiver is empha-
sized. Moreover, an approximation for the channel model is
given for the cases with sufficiently high d/rv values, i.e.,
uniformly distributed molecule locations.

Two dimensional distribution of hitting molecules are an-
alyzed in two parts, namely angular and radial distributions.
While analyzing distribution of MM in radius, radial distri-
bution of MMs are analyzed using K-S test for two different
significance level, namely 1% and 5%. In order to increase the
reliability of the results, More than 100 different environmental
conditions are analyzed. All in all, it is shown that molecules
that have tendency to spread uniformly in the receiver area
beyond certain ratio of d/rv. Using these results, we proposed
a channel model for partially covering receiver in vessel-
like environments and we verified the channel model by
simulations.

As a future work, we plan to find the formula that gives the
exact distribution of the hitting molecules that eliminates the
necessity of having a constraint on d/rv.
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