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Abstract—The novel concept of Internet of Nano Things (IoNT)
brings even larger groups of nano-machines collaborating to achieve
more complex tasks in the military, medical, and security fields.
Moreover, Internet of Bio-Nano Things (IoBNT) is an emerging
technology defining the seamless connection of nano-machines
and biological entities with each other where they can access the
traditional wireless communication networks to provide novel IoT
applications such as health monitoring, health-care, and targeted
therapy. The exchange of information between biological cells is
based on the synthesis, transformation, emission, propagation,
and reception of molecules. This information exchange is recently
classified in telecommunications as molecular communication
which is a biologically-inspired technique to communicate in very
small dimension networks. In nano-networks, high number of
nano-things will operate in the same medium and they interfere
with each other. Multi-user interference will create significant
limits. Hence, we introduce to use the direction of releasing
molecules as a new property to convey information. Releasing the
molecules to the specific directions enhances the performance of
molecular communication systems due to multi-users interference
mitigation. Hence, adjacent transmitters can convey information
in different directions, simultaneously. Then, we propose the
binary direction shift keying (BDSK) modulation scheme where
the transmitter pumps molecules in two different directions.
Next, we obtain the error probability and achievable bit rate of
BDSK modulation. Finally, we evaluate the performance of BDSK
modulation by numerical results. The result of this paper can be
useful for molecular communication relay systems where relay
nodes convey information to the different destinations.

Index Terms— Internet of Nano Things, molecular communication,
binary direction shift keying, achievable rate.

I. INTRODUCTION

Recently, the concept of Internet of Things (IoT) [2] has
been revised in light of novel research advances made in the
field of nano-technology and communication engineering, which
enable the development of nano-networks. The novel concept of
Internet of Nano Things (IoNT) brings even larger groups of
nano-machines collaborating to achieve more complex tasks [3],
[4]. They can perform complex tasks such as health monitoring,
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environment monitoring and nano-medicine via cooperation and
sharing information [5]]. Various novel works aimed at the
implementation of nano-technologies, especially biological nano-
sensors to help in various disease diagnosis and treatment,
forming the Internet of Bio-Nano Things (IoBNT) [4], [6]]. To
enable the IoBNT and its groundbreaking applications, such
as continuous health monitoring and smart drug delivery, it is
imperative to devise artificial communication techniques at nano-
scale and bio-cyber interfaces to connect bio-nano-things with
the macro-scale networks.

Information transmission between a pair of transmitter and
receiver has been a challenge over decades. Exploiting electro-
magnetic communication methods is the conventional solution.
However, in very small dimensions such as nano-networks,
these methods are inapplicable. Molecular communication is a
biologically-inspired technique to communicate in very small
dimension networks. Based on the IEEE P1906.1 definition,
nano-networking is referred to as communication between two
nano-scale components where at least one of them is controlled
by humans. Molecular communication systems have numerous
advantages such as energy efficient propagation [7]], reliable
propagation in challenging environments [8]], [9], and informa-
tion storage capacity [10]. In spite of these advantages, their
performance has significant drawbacks such as high latency, low
capacity, and sensitivity to environmental parameters [[11]].

Different molecular communication systems were introduced
in the literature. Pheromone signaling, calcium signaling, and
diffusion-based molecular communication are examples of pro-
posed molecular communication systems [5]. Among them,
diffusion-based molecular communication is the most simple,
and energy-efficient communication system which does not
need any infrastructure. Many different modulation schemes
for diffusion-based molecular communication systems were pro-
posed in the literature based on specific properties of the
molecules.

e Concentration of molecules: Concentration Shift Keying
(CSK) scheme was proposed in [12]] where information was
encoded in the concentration of released particles. When the
concentration of released molecules is very low, the number
of molecules can be exploited instead of the concentration
of particles.

e Type of molecules: the information is encoded in the type
of the released molecules. For example, in Molecular Shift
Keying (MoSK) [12], two different types of molecules were
employed to encode one bit of information. In addition,
complex structures such as the DNA can be used to encode
more information.

e Structure of molecules: the information is encoded as the
ratio of molecules in the structure of the released particles.
Isomer-based Ratio Shift Keying (IRSK) [13], Isomer-
based Concentration Shift Keying (ICSK), and Isomer-
based Molecule Shift Keying (IMoSK) [14]] schemes are
examples of this category.

o Time of Release: the massage is encoded in the releasing
time of molecules. One example of timing based schemes
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Fig. 1: Multi-users interference in a molecular communication network

is Pulse Position Modulation (PPM) [15]]. This modulation
is similar to PPM in optical communication where a large
number of molecules are released by the transmitter at a
specific time to generate a pulse. In this case, the exact
time synchronization between the transmitter and receiver
is required, which is beyond the capabilities of nano-
machines.

Therefore, in the mentioned modulation schemes, information
is encoded in terms of the concentration, type, ratio, and releas-
ing time of molecules.

In nano-networks, high number of nano things will operate in
the same medium and they interfere with each other when they
use one type of molecule and work based on the concentration of
molecules. Multi-user interference will create significant limits
in the communication network. The first solution to tackle the
interference problem is utilizing different types of molecules
or different structures of molecules for different transmitter-
receiver pairs. This strategy is impractical in the large networks
since there are many nano-things working at the same volume.
On the other hand, using the releasing time for information
transmission needs the exact time synchronization between the
transmitter and receiver which is beyond the capabilities of
nano-machines. Hence, in this paper, we suggest the direction
of releasing molecules as a new property of molecules to
convey information in molecular communication systems which
is beneficial for multi-users interference mitigation in the large
molecular communication networks. For example, in Fig.[I] there
are three transmitter-receiver pairs. When one of the transmitters,
i.e., nodes A, C, and E, releases molecules in all of directions,
the other nodes cannot convey information due to multi-users
interference. However, when the transmitters release molecules
to the specific directions, they can release molecules without
any interference, simultaneously. Hence, nodes A, C, and E, can
convey information to nodes B, D, and F, respectively.

One of the challenges in molecular communication is that
the propagation time increases with the square of the distance.
If an intended receiver is far away from the transmitter, then
using a single transmitter may be impractical. One approach in
conventional wireless communications that can be adopted for
molecular communication is the use of intermediate transceivers
acting as relays to aid the communication with distant receivers.
Such relays can potentially improve the reliability and per-
formance of a communication link [16]. Hence, relay-assisted
diffusion-based molecular communication systems can improve
the error probability of data transmission through reducing
the distance between transmitter-receiver pairs. Moreover, as
shown in Fig. 2] the relay nodes can convey information to the
different destinations, simultaneously by releasing molecules in
the specific directions. If we do not use different directions, the
relay node (R) needs more time to transmit information to the
different receivers. If the relay node releases molecules to all
of directions, it needs four time slots to transmit information to
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Fig. 2: A simple molecular communication relay-based network

different receivers in the assumed scenario. Hence, releasing the
molecules to the specific directions enhances the performance of
diffusion-based molecular communication relay systems due to
multi-users interference mitigation.

The main contributions of this paper can be summarized as
follows:

o We introduce the direction of releasing of molecules as a
new degree of freedom to convey information with the goal
of interference mitigation for diffusion-based molecular
communication applications in IoNT and IoBNT. We derive
the concentration of molecules in the 3-D diffusion envi-
ronment when the transmitter employs different directions
to transmit information. To the best of our knowledge,
this is the first analytical work in the literature to analyze
the molecular communication systems when the transmitter
releases molecules in a specific direction.

e Then, we propose BDSK modulation as a simple scenario
where the transmitter nano-machine uses two different
directions to release molecules. We present the optimum
decision rule for the receiver through counting the number
of absorbed molecules by different sectors of the receiver.
The presented analysis for BDSK modulation can be gener-
alized for more complex modulations through changing the
definition of sectors on the receiver surface and the number
of directions of releasing molecules.

o Next, we obtain the error probability and achievable rate
of BDSK modulation when there exist inter-symbol inter-
ference, inter-link interference molecules, and the signal
dependent noise. Due to the acceptable error probability and
achievable rate, releasing molecules in the specific direc-
tions can be useful for molecular communication systems
where different nodes can release molecules at the same
time to convey information to the different destinations.

« Finally, we analyze the channel impulse response in differ-
ent simulation scenarios and use particle-based simulations
to verify analytical results. Moreover, we study the error
probability and achievable rate of BDSK modulation for
different values of symbol duration and different distances
between the receiver and transmitter through employing
numerical results.

This paper is organized as follows. In Section II, we present
the works related to the molecular communication. In Section
III, we present our system model. Then, in Section IV, we derive
the concentration of molecules in the 3-D diffusion environment
when the transmitter releases molecules in a specific direction.
We propose BDSK modulation scheme in Section V. Next,
we obtain the error probability and achievable rate of BDSK
modulation in this section. We present numerical results in
Section VI. Finally, we conclude this paper in Section VII.
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II. RELATED WORKS

Diffusion-based molecular communication was extensively
investigated from different facets over the last decade. Some
research works proposed different modulation schemes for
diffusion-based molecular communication systems based on spe-
cific properties of the molecules. CSK scheme was proposed
in [12]] where information was encoded in the concentration of
released particles. In MoSK [[12]], different types of molecules
were employed to encode information. In IRSK [[13]], ICSK, and
IMoSK [14] schemes, the information is encoded as the ratio
of molecules in the structure of the released particles. In PPM
[15], the massage is encoded in the releasing time of molecules.
Moreover, some modulation schemes have been proposed which
employ more than one of these preceding techniques [17], [18].
The authors of [17] proposed Molecular Concentration Shift
Keying (MoCSK). MoCSK brings MoSK idea to the CSK. The
study in [18] combined time-based and molecule type-based
modulation schemes. In [[19], molecular type permutation shift
keying modulation was proposed for multiple-input multiple
output (MIMO) molecular communication systems to improve
the bit error probability performance.

Some papers in the existing literature proposed theoretical
models for molecular communication applications and the im-
plementation of molecular communication systems such as com-
munication through calcium ion exchange in [20]. The authors
of [21] introduced a molecular motor communication system.
The authors of [22] studied a molecular communication system
exploited for future health-care applications. An autonomous
molecular propagation system was proposed in [23]]. The authors
of [24] designed a molecular communication game in which
nano-machines choose to cooperate or confront. They investi-
gated the performances of anarchic and cooperative transmitters
in Internet of Molecular Things (IoMT). The authors of [25]]
studied the theoretical limits on multi-users molecular commu-
nication in IoBNT. The authors of [26]] proposed a resource allo-
cation scheme for multi-users molecular communication systems
oriented to the Internet of Medical Things (IoMT).

Some other papers in the literature developed information
theoretical models for molecular communication channels and
analyzed the capacity of molecular communication channels. The
capacity bounds of molecular communication channel with con-
sidering a Brownian motion model without drift were derived in
[27]. In [28], the capacity of molecular communication channel
was obtained by simulation with adding a positive drift to the
Brownian motion. In [29]], an amplify-and-forward molecular
communication relay scheme for optimizing channel capacity
was proposed. The authors of [29] evaluated the performance
of different detection methods and they obtained the optimal
signal detection threshold when the MAP detection method was
used. The authors of [30] proposed a scheme to detect relative
location of the silent absorbing target in a three-node molecular
communication system including a point source transmitter, a
passive receiver and a silent absorbing target and then analyzed
the performance of this scheme. The authors of [31] and [32]
derived the mutual information for simple on-off keying models.
The authors of [33] analyzed the performance of depleted
molecule shift keying (D-MoSK) modulation. The capacity of
multiple-input multiple output (MIMO) molecular communica-
tion systems was derived in [34)]. The mutual information of
multi-users molecular communication channels was analyzed in
[35]].
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Fig. 3: Network architecture for the IoNT and IoBNT [36]

III. SYSTEM MODEL

In this section, first we present the network architecture of
IoNT and IoBNT. Then, we introduce the assumed system
model for molecular communication between two nano-sensors
or nano-machines in IoBNT.

A. Network Architecture for the IoNT and IoBNT

The nano-machines, nano-biosensors and engineered bacteria
are connected with each other in IoNT and IoBNT, respectively,
which can access the traditional wireless communication net-
works to provide novel IoT applications such as environment
monitoring, health monitoring, health-care, and targeted therapy.
Fig. [3| shows a schematic of network architecture for the IoNT
and IoBNT. Biological nano-sensor nodes inside the human body
and nano-machines are nano-nodes of these networks. They
transmit their information to nano-routers. Nano-routers have
larger computational resources than nano-nodes and they are
suitable for aggregating information. Then, nano-micro interface
devices aggregate the information coming from nano-routers.
The transmitted messages from the nano-micro interface are
received by the gateway. The gateway enables the remote control
of the entire system over the Internet. The gateway can be an
advanced smart-phone.

The development of IoNT and [oBNT lays the foundation for
future research and development of nano-scale Internet and nano-
communication technology. Molecular communication is a bio-
inspired communication technology to enable communication in
a nano-micro scale, which has stimulated a great deal of interest
in both academic and medical domains.

B. Molecular Communication Model

The molecular communication system under consideration in
this paper includes a pair of transmitter and receiver nano-
machines in a 3-D environment which is extended to infinity
in all dimensions. Fig. |4| represents the schematic of this sys-
tem. This communication system is represented by a spherical
coordinate space. The center of the receiver is located at the
distance ry from the center of the transmitter. The radius of the
transmitter and receiver are denoted as 7 and r, respectively,
where 7 = 7 similar to the assumed scenarios in [37]] and
[38]]. In this system, the pair of transmitter and receiver are
fixed and they do not rotate during the data transmission process.
We consider that releasing points are uniformly distributed with
respect to the azimuth angle on the surface of the transmitter and
receiver similar to the considered receivers in [39] and [40]. The
transmitter emits only one type of molecule, e.g., pheromones or
hormones for information transmission. We consider a spherical
transmitter with reflective boundary and a spherical receiver
with fully absorbing boundaries [41]], [42]]. The receiver absorbs
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molecules to detect the information bit. This means that each
molecule is absorbed and eliminated from the diffusion envi-
ronment when it collides with the surface of receiver. Thus, the
distance between each point in the diffusion environment and
the closest point on the surface of the receiver along the X
axis is denoted by r. We hypothesize that the receiver nano-
machine is sensitive to a specific type of information molecule
and it is capable of counting the number of absorbed molecules
in every time interval to decode information [43]. Furthermore,
we assume that the transmitter and receiver are synchronous as in
[44]. Therefore, time is divided into equal duration slots easily in
which a single symbol is sent. These time slots are called symbol
durations. In addition, we suppose that the diffusion environment
is fully filled with a fluid with a constant diffusion coefficient,
i.e., D. In this environment, molecules diffuse independently.
This means, the concentration of molecules is sufficiently low
as we can ignore the collisions between them [45]].

In the considered diffusion-based molecular communication
system, molecules have a random motion which is called Brow-
nian motion [45[]. Based on the described system model, in
this paper, we propose a new modulation scheme where the
transmitter nano-machine in Fig. ] pumps molecules in the
specific directions to encode information. In fact, an important
class of transport mechanisms are molecule pumps. Based on
the source of energy driving the molecule pumps, two main
types of molecule pumps are light driven pumps and adenosine
triphosphate (ATP) driven pumps [46]. Since light introduces
a high degree of spatial and temporal flexibility and control,
light driven pumps are highly attractive for implementing the
modulation process in nano-machines.

Pumping molecules in the specific directions has many advan-
tages in comparison to other modulation schemes. This strategy
works by using one type of molecules similar to the CSK and
timing-based schemes, while MoSK and Isomer-based modula-
tions need more types of molecules. Using different molecule
types complicates the hardware structure at both the transmitter
and the receiver, exponentially. Moreover, the proposed scheme
needs no synchronization unlike the timing-based modulation
schemes. In addition, the proposed scheme provides higher data
rate in comparison to the CSK and timing-based schemes since
its sensitivity to the inter symbol interference molecules is
lower than other schemes, and thus, it can work with using
shorter symbol durations. Hence, the main advantage of the
proposed scheme is reducing the effect of interfering molecules
due to pumping the molecules to a specific direction [46],
which enhances the performance of diffusion-based molecular
communication systems. For example, in Fig. [} the transmitter
employs directions ¢; and 9 to distinguish between bits 0 and
1. The released molecules in the directions of ¢; and o are
uniformly distributed with respect to the azimuth angle, i.e., 0,
in the interval of 6 € [0,n]. It is worth mentioning that the
proposed scheme is practical in the scenarios where the sizes of
transmitter and receiver are comparable with their distance such
as neuro-synaptic communication [47] where neuro-transmitter
molecules are used to convey information between neurons
through synapses [48]], [49]]. In the next section, we derive the
concentration of molecules in the diffusion environment when
the transmitter releases molecules in a specific direction.

IV. CONCENTRATION OF MOLECULES IN DIFFUSION
ENVIRONMENT

In this section, we derive the concentration of molecules in the
3-D diffusion environment when the transmitter employs DSK
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Fig. 4: System model for communication between two nano-machines

scheme to transmit information. The diffusion process in a 3-D
environment can be described by Fick’s second law [50] as

3T(T,97@,t‘R(<,01)7801) _ DV2T(T79,QO,1€|R(§01),Q01)7 (l)

ot
where V? is the Laplacian operator, R(¢) = 7gcos(p) —
r2, —r2sin®(p) is the distance between the boundary

of the transmitter at ¢ and the center of receiver, and
Y(r,0,0,t|R(p1), 1) shows the concentration of molecules at
time ¢ and distance r when they are released from a source at
the initial distance R(¢7) in the direction of ¢ = 1, and D is
the diffusion coefficient which depends on the viscosity of the
fluid and temperature. In this paper, unlike the previous works
that only considered the effect of radius on the concentration of
molecules, we investigate the variation of the concentration of
molecules with respect to the azimuth and elevation angles, i.e.,
0 and . Hence, in this situation, solving the Fick’s second law
problem is different since the Laplacian operator and the initial
conditions are functions of the radius, azimuth and elevation an-
gles, simultaneously. To solve the Fick’s 3-D diffusion problem,
we need to specify the initial and boundary conditions. Hence,
we define the initial condition as

T(T,97 %0775 — O‘R(@l), 501) =
Na(’r‘_R(g)l))é((p—@l)79 € [0771-]7 (2)

where 0(.) is the Dirac delta function and N is the number
of released molecules. Since molecules are eliminated when
they are very far away from the receiver, we consider the first
boundary condition as [|50]]

TILHC}CT(T79’¢7t‘R(<p1),Lp1) =0. (3)

Since we have a receiver with fully absorbing boundaries, the
second boundary condition can be defined as [50]

Y (re, 0, 0,t|R(v1), 1) = 0. )

In addition, we have a transmitter with reflective boundary, and
thus, we define the third boundary condition [51] as
6T (T7 07 2 t|R(g01)a 901)
5r lr—R(p) = 0. )]
This boundary condition shows that the transmitter reflects all
of molecules to the diffusion environment when they collide the
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surface of transmitter. In spherical coordinates, Fick’s second law

can be rewritten as
10 (0
T 20y or
92Y

1or _
D ot
N 1 0 sin(6 )8T N 1
_ - Y (4n - Y-
r2sin(6) 00 00 r2sin (9)2 0p?’
where the solution of this equation, i.e., Y(r, 8, o, t|R(v1), ¢1),

is a general function of 7, 6, ¢ and t¢. Using the separation of
variables technique, Y(r, 6, p,t|R(¢1), p1) can be written as

T(T’ 6, P th(¢1)7 @1) =
A(r, t{R(p1), 01) B0, t|R(01), 1) (0, | R(p1), 1),  (7)

where  A(r,t|R(¢1),¢1) is independent of 6 and ¢,
B(0,t|R(¢1), 1) is independent of r and ¢, v(,t|R(¢1), 1)
is independent of r and 6. By inserting the expression in (7)
into (6), we have

aT('F, 97 ®, t|R(301)7 ()01) _

(6)

ot
0,t|R(¢1), JHR(p1), 0?
B( ‘ ((pl) 501):(90 | (501) Qpl)w(T‘)\(T,ﬂR(tpﬂﬂpl))
+D/\(7"7t|R(901)7ﬁl).v(w,th(@l),sm)
r2sin(6)
§ (. 8B(6,tR(),
2 <Sm(9) B( |6é@1) 901)>
L pA tR(01), 01)B(0, R (1), 1) Py(p, t|R(p1), 1)
r2sin?(0) Dp? '
¥
Moreover, using , we can write
8T<T7<P>t|R(<P1)a<P1) _
ot N
13D R
A HR1), 0080, R, 1) 2L 21
9p(6,t|R ,
PG R, 001 (5, 1R (1), ) 2O 1) 1)
0 R
FAC R, o0) (6, 1R (1), o) LEIT 2 21) )

Plugging the expression in (9) into (8) and comparing two
sides of the resulted equation, we can divide Fick’s second law
problem into the following problems as

r 1), ¥1 ?
AN( ,tlgiso ) ¢1) _ 1: 832 (r A(r, | R(¢1), 1)) 5

9p(0, tIR(sol)wm) _

(10)

D0 (28 9 R(1), 1) | an
r2sin(0) sin(#) 66 50 r=ctes
(qut|R(QP1) D 82

ot - 7"2811’129 8(}92 ’7(807 ‘R(wl)v@lﬂr:ct&

(12)
The first problem stated in is independent of # and ¢, the
second problem in is independent of ¢, and it is considered
for a constant r; and the third one is considered for a constant
r and 0. Using the separation of variables technique for the
expression in (2)), initial conditions can be partitioned as

)\(T,t—)O|R<Lp1),(p1) :N(S(T_R((Pl))v (13)
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(e, t = 0|R(p1), 1) = 6(¢ — ¥1). (15)

The initial conditions in (I3), (T4), (I3) are employed for solving
the problems in (I0), (T1), and (I2), respectively.

Proposition 1. The solution of the problem described in ([I0)
using the initial condition in (17_3’]), is obtained as

(r = R(¢1))’

A(T7t|R(§01)7901) = 4Dt )

0 Jexp(—
r 477Dt[ P

R(Wl) ) ex (2TT$R(<)01) ) exp(_i

—e(=— 4Dt TTITN
N [exp(_(’r—R(@l))Q) _ 2Dt+R(50)2 _R( )R(Sol)
rvAx Dt 4Dt R(p)* + 2Dt
2 2
< exp <_ R(p1) —ﬁ@)R(w)) o) o)

Proof: The proof is given in Appendix A.
Proposition 2. The solution of the problem described in (1))
with using the initial condition in (I4), is obtained as

B(0,t|R(¢1), 1) = 1.

Proof: The proof is given in Appendix B.
Proposition 3. The solution of the problem described in
with using the initial condition in (I3)), is obtained as

rsiné r2sin?0(p — 1)°
exp [ — :
4Dt

4D
Proof: The proof is given in Appendix C.
Finally, inserting the results of Proposition 1, 2, and 3, into
, the molecules concentration in the diffusion environment,
ie., Y(r,0,p,t|R(v1),p1) can be derived.

V. BDSK MODULATION FOR COMMUNICATION BETWEEN
TWO NANO-MACHINES

A7)

(e, t|R(p1), 1) =
(18)

In this paper, we propose BDSK modulation which conveys
information according to the direction of releasing molecules
by transmitter. Generally, in different modulations, the number
of possible code words with length of k is I, = [¥ when the
transmission alphabet contains [ different symbols. For BDSK
modulation, we have | = 2, and thus, the alphabet includes
two symbols, i.e., {0,1}. It is worth noting that the presented
analysis for [ = 2 can be generalized to any values of [/, and
the only differences are the definition of sectors on the receiver
surface and the directions of releasing molecules. Fig. f] shows
the schematic of using BDSK modulation in a scenario where we
hypothesize that the transmitter releases molecules in ¢ = ¢
direction to convey bit 1 and releases molecules in ¢ = o
direction to convey bit 0. On the receiver side, we consider a 3-D
spherical receiver with fully absorbing boundaries. The receiver
is capable of distinguishing the absorbed molecules by different
spherical sectors which are distinguished in terms of azimuth
angle. The first sector, i.e., €)1, is defined in %h < p < g
range and the second one, i.e., {29, is defined in —Z < © < ¢n
range, where @y, is the boundary between the deﬁned sectors on
the receiver surface. The receiver counts the number of absorbed
molecules by each sector in every symbol duration to detect
information. It detects bit 1, when the number of absorbed
molecules by the first sector is more than that of the second one.
On the other hand, the receiver detects bit 0 when the number
of absorbed molecules by the second sector is more than that of
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the first sector. We described the concentration of molecules in
the diffusion environment in (7). According to the expression in
, the hitting rate of molecules to the first sector of receiver,
i.e., ,1 is defined as

it (1, | R(@1), 1) =

/2 / D aT(T797S05t|R(S01)3S01)T2 Sin9d9d<p|r=m, (19)
® 0

or

th

where 7 is the radius of receiver. Similarly, the hitting rate of
molecules to the second sector, i.e., €),o is obtained as

it (2, | R(p1), 2) =

Pth U
/ / D 8T(T797§05t|R(g01)3§02)r2 Sin9d0d§0|7»:m. (20)
-5 J0

or

At the end of each symbol duration, some of molecules remain
in the diffusion medium and affect the detection process of
next symbols. This phenomenon is denoted as Inter Symbol
Interference (ISI). In this paper, we consider a memory for the
channel denoted by L as the number of former symbol durations
which affect the detection process. Moreover, in the diffusion
process, the released molecules towards a special sector can
affect the other sector. These molecules are denoted as Inter
Link Interference (ILI). According to the expression in (7), the
hitting rate of ILI molecules to the first sector, i.e., the molecules
which are released in the direction of ¢ = (o, while they are
absorbed by the first sector of receiver, is obtained as follows:

i (1, t|R(p1), 2) =

/2 / D 8T(r797§0ﬂt|R(¢1)3¢2)T2 Sin9d9d<p|r:m, (21)
om Y0

or

and the hitting rate of ILI molecules to the second sector, i.e., the
molecules which are released in the direction of ¢ = ¢, while
they are absorbed by the second sector of receiver, is derived as

it (2, t|R(91), 1) =

Pth U
/ / D8T(’"’9"p’;m(‘“)’Q"l)ﬂsmedod@n:m. 22)
—= Jo T

2

A. Decision Regions

In the BDSK modulation, the optimum receiver partitions the
output space into two regions to separate bits 1 and 0 according
to the number of received molecules. The number of information
molecules absorbed until time ¢ by each spherical sector, i.e.,
Nie (i, t|R(p1), i), for @ = 1,2 is obtained by integrating
e (i, | R(p1), i) as

¢
Nhit(QriaﬂR(SOl)a‘pi):/ it (Qriy | R(1), i)dt’ . (23)
0

In a similar way, the number of ILI molecules absorbed until
time ¢ by each spherical sector, i.e., Ny (i, t|R(p1), ;) for
i # j is obtained by integrating nj; (i, t|R(41), ¢;) as

t
Ni/n't(QTi?t‘R((pl)?SDj):/o n;zit(QTht/‘R(‘pl%@j)dt/' (24)

By applying the Bayes criterion, the likelihood ratio for distin-
guishing bits 1 and 0 is defined as

L,(p) = Niit (Qrm, T|R(#1), om)
’ Nhit (Q'r"rrL’7 T|R(<P1)7 4,0;”) '

For the binary decision, the region §2,.,,, consists of the value of ¢
that L., (¢) > 1. Thus, the decision rule for the optimum detector

(25)
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according to the number of received molecules is described as
m
Do = {pm € (0,45 ) : Nut(@em, TIR(21), )

Z Nhit(QrmUT‘R((pl)v 90;71)7m 7é m/}7

where 7' denotes the symbol duration of the considered commu-
nication system and D,, is the decision region of message m.
This expression means the number of absorbed molecules by the
Q,., region when the molecules are released in the direction of
©m should be more than the number of absorbed molecules by
the €2,.,,,v region when the molecules are released in the direction
of ¢, where ¢, € (0,+7%).

(26)

B. Error Probability and Achievable Rate of BDSK Modulation

In this section, we evaluate the performance of BDSK mod-
ulation through analysis of the error probability. Moreover, we
obtain the achievable rate of BDSK modulation to investigate
its efficiency. The expected number of received information
molecules by the first spherical sector of receiver at time ¢ when
the molecules are released at ¢ = ¢ is given by

hi1(t) = Nhit (1, t{R(1), 1) — Nait (21, T |R(1), 1),
(27
where T' denotes the symbol duration. In addition, the expected
number of ILI molecules which are received by the first spherical
sector at time ¢ when the information molecules are released at
t =T by the second transmitter, is obtained as

i1 (t) = Npit (1, t{R(91), 02) = Nipap (1, 0T | R(91), 02)-
(28)
In a similar way, the expected number of received information
molecules by the second spherical sector at time ¢ when the
molecules are released at t = ¢7" is given by

hia(t) = Npit(Qr2, t|R(@1), 92) — Npit (2, iT|R(1), @2)-
(29)
Furthermore, the expected number of ILI molecules which are
received by the second spherical sector at time ¢ when the
information molecules are released at ¢ = 47 by the first
transmitter, is obtained as

hia(t) = Nyt (2, t|R(1), 1) — Niiy(Qra, iT|R(01), 1)-
(30)
We assume that y; (¢) represents the number of molecules sensed
by the first receiver at time ¢ as

L L
Y1 (t) = Z hi1 (t + ZT).%‘l + Z h/ﬂ (t + ’LT) (1 — l‘l) 4+ nq (t),

=0 =0 (31)
where z; denotes the information bit transmitted in ¢-th symbol
duration and L is the system memory. The expression in (31)
can be rewritten as

L L
y1(t) = hor(zo+ Y hir(t+iT)a+ Y W (t+iT) (1 — ;)
i=1 i=0

+ ny (t) = h()l(t)l‘o + Il (t) + I{ (t) —+ Tll(t)7 (32)

where ho1(t)z is the absorbed information molecules from the
first transmitter in this symbol duration, I;(¢) shows the ISI
molecules from the last L symbol durations and ] (t) represents
the ILI molecules from the last L + 1 symbol durations, respec-
tively. We hypothesize that the ISI and ILI molecules resulted
from L former symbols have a comparable effect in confusing
the signal detection. The n; () is a signal dependent noise sensed
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TABLE I: Simulation parameters

Parameter Symbol | Value

Radius of receiver Tix 5 pm
Simulation Time Step At 1035

Number of Molecules N 100

Initial velocity Vo 5 pum

Potential of strongest attractive point € 1

Minimum distance without interaction o 2.5nm
Random acceleration o 1 pm?

by the first receiver. The noise component is assumed to follow a
Gaussian distribution represented as 11 (t) ~ N (1 (t), 02, (t)),
associated with p,1(t) = 0, o2,(t) = W, 152]
where Vgrx1 is the volume of the first sector of the spherical
receiver. When we have ¢y = 0, we conclude Vgrx1 = %71'7‘3(,
where 7 is the radius of the receiver nano-machine. Similarly,
y2(t) represents the number of molecules sensed by the second
receiver at time ¢ as

L L
yg(t) = Zhi2(t + ZT) (1 — 331') + Z h/iz(t + ZT).l‘l + ng(t),

i=0 =0

(33)

where z; denotes the information bit transmitted in ¢-th symbol
duration. The expression in (33) can be rewritten as

L
yg(t) = hog(t) (1 — 330) =+ Z hig(t + ’LT) (1 — 1‘1)
) =
+ Z R io(t +iT)x; 4+ na(t)
=0

= ho2(t) (1 — zo) + I2(t) + I5(t) + na(t),

where hga(t) (1 — xp) is the absorbed information molecules
from the second transmitter in this symbol duration, I5(¢) shows
the ISI molecules from the last L symbol durations and I}(t)
depicts the ILI molecules from the last L + 1 symbol durations,
respectively. The ny(t) is a signal dependent noise sensed by
the second receiver. The noise component is considered as a

(34)

Gaussian distribution represented as na(t) ~ N (jina(t), 024(t)),
. . o 2 " hoa (D) (A —z0)+ 1o (t)
associated with fin2(t) =0, o5,(t) = =252 [52]

where Vgxo is the volume of the second sector of spherical
receiver nano-machine. When we have ¢y = 0, it is concluded
that Vrxo = %m‘f;, where 1. 18 the radius of the receiver
nano-machine. According to the expressions in (32) and (34),
the number of received molecules by the m-th sector of receiver
at the end of i-th symbol duration is defined as ¥’ = y,, (iT).
Thus, the error probability of the optimum receiver to detect the
i-th symbol through employing the described decision rule in
(23) is derived as

P = P.(z; = 0) Pr(yéT < yiT‘xl =0)

+ Pr(z; = 1) Po(ys" > yi" |z = 1). 35)

To analyze the achievable bit rate of the proposed scheme,

we use the Shannon’s classical channel capacity formula, i.e.,

C = N{ax) I(X,Y). Since the diffusion-based molecular com-
P(X

munication channel is not a memory less channel, we need to
employ the general formulation for the mutual information rate
as
1
I(X,)Y)= lim —I(Xy,...,Xp;Y1,...

n—oo N

Y. (36)
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Fig. 6: Analytical and simulation results for the CIR, when ro = 20um,
p1 =0 and 6 = 45°.

However, there is no closed-form solution for (36) in the
diffusion-based molecular communication systems. Fortunately,
this quantity can be computed numerically. The mutual informa-
tion rate can be derived as I(X;Y) = H(Y) — H(Y|X). The
second term, i.e., H(Y|X) can be easily calculated, whereas
H(Y) cannot. The Shannon-McMillan-Breiman theorem states
that the sample entropy rate lﬁIn(Y) converges to the true entropy
rate H(Y") with probability 1 for stationary ergodic random pro-
cesses [53|]. Since the diffusion-based molecular communication
channel is ergodic [54], we can estimate H(Y') numerically by
generating a long sequence of the output bits. The achievable
information rate of the ergodic finite state ISI channels was
studied in [S53]. We use the proposed recursive calculations in
[53] to derive the value of ﬁn(Y)

A molecular communication channel is a finite state channel
which can be defined by its discrete input alphabet X, its
discrete output alphabet Y, and its finite set of states (). We
use the definition ay(q) = Pr (Qk = q\y’f‘l) [53]], where
v¥ = {Yr,Ykt1,---,yr}» and we have the following forward
recursion:

ar1(q) = Y ar(d) Pr(Quir = q|Qk = ¢’ yr).
q'eQ
In the expression in , the identity Pr (Qk-s-l\Qm yf) =
Pr (Qk+1|Qk, y) is used due to the conditional independence of
yF~" and Q41 given Q. Finally, the entropy H,(Y) is defined
as

(37

Eoo» 1 R
- "5 —— _AH
P k(y) + k()

Hk+1(y) k+1
where AHj 1(y) =

(38)

—log > ary1(q) Pr(ye+1|Qrs1 = q)-
q€Q
Hence, the mutual information can be estimated as I(X;Y) =

H,(Y)—H(Y|X). The achievable rate per transmission provides
the capacity of successfully transmission in a symbol duration.
Hence, the data rate of BDSK modulation in bits per second is
derived as R = %

VI. NUMERICAL RESULTS

In this section, we present particle based simulation to ap-
praise the performance of BDSK modulation. We clarify more
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about particle based simulation in Appendix D. The numerical
computations are carried out by using MatLab software.

A. Channel Impulse Response

In this section, we investigate how the concentration of
molecules in the diffusion environment fluctuates through nu-
merical results. We consider a scenario based on the presented
system model in Section II. The parameters of simulated scenario
are listed in Table Il We use channel impulse response (CIR)
which is defined as the expected number of molecules counted
at the receiver at time ¢ after the instantaneous release of a known
number of molecules by the transmitter at time ¢t = 0 [55]]. The
CIR can be determined as

(t) = / T(r,0, 0,8 R(1)s 1)V, (39)
Vi

where V,. is the receiver volume and Y (7,8, p,t|R(p1), p1) is
the concentration of molecules at time ¢. Fig. [6] and Fig. 5] depict
the CIR when the distance between the transmitter and receiver
pair is 19 = 15um and rg = 20pum, respectively. As can be
observed, the simulation results justify the analytical results. The
peaks of figures occur at the same time, and the values of peaks
are close to each other. The CIR is increasing over time in the
beginning, and then it is decreasing over time. In fact, after
a period of time, i.e., 0.2 — 0.3 s in the simulated scenarios,
the maximum value of the concentration of molecules moves to
the receiver side. It is worth mentioning that minor differences
between simulation and analytical results are because of the
initial velocity selection and the random acceleration selection
in the simulation scenarios.

B. BDSK Modulation Analysis

In this section, we present the numerical results to analyze
the performance of BDSK modulation scheme. We study the
error probability and the achievable rate which are obtained in
Section V, respectively. Furthermore, we investigate the impact
of symbol duration, the distance between transmitter and receiver
nano-machines and the value of diffusion coefficient on the
error probability and achievable rate of BDSK modulation. In
our analysis, the symbol duration is selected from the range
(0.2 — 6) ms. To evaluate the theoretical results, we simulate
a scenario where the BDSK scheme is employed to transmit
information according to the parameters values in Table [, when
we hypothesize that 1 = § and 2 = —%.

Fig. [/| shows the simulation and theoretical error probability
of BDSK modulation versus different values of symbol duration
for diverse distances between the receiver and transmitter nano-
machines. First of all, the simulation and theoretical values match
each other well. As can be observed, the error probability is
decreased for longer symbol durations since the number of inter
symbol interference molecules is reduced. Moreover, it is appar-
ent that the error probability of BDSK modulation is increased
when transmitter and receiver nano-machines are farther away
due to the dispersion of molecules. Hence, we can conclude that
a larger symbol duration is required for error-free communication
in longer distances. Fig. [§] shows the simulation and theoretical
achievable rate of BDSK modulation versus different values
of symbol duration for diverse distances between the receiver
and transmitter nano-machines. As can be seen, the achievable
rate has a peak in a specific value of symbol duration. This
value is the optimum symbol duration for designing a molecular
communication system with employing BDSK modulation. In
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fact, achievable rate according to the expressions in Section V
is a function of P. and 7. When T is reduced, the bit rate is
enhanced since 7T is in the denominator of the bit rate. However,
for symbol durations shorter than the optimum value, the bit rate
is decreased since according to Fig. |7} P. goes up. The optimum
symbol duration is increased for longer distances.

Fig. O] shows the simulation and theoretical error probability
of BDSK modulation versus different values of symbol duration
for diverse diffusion coefficients. It is apparent that the error
probability of BDSK modulation is increased for lower values
of D since the diffusion process of molecules takes more
time. Hence, we can conclude that a larger symbol duration
is required for error-free communication in the environments
with lower diffusion coefficients. Fig. [I0] depicts the achievable
rate of BDSK modulation versus different values of symbol
duration for diverse diffusion coefficients. Similar to Fig. [§]
the achievable rate has a peak in a specific value of symbol
duration. This peak is the optimum value of symbol duration for
designing a molecular communication system with employing
BDSK modulation. The optimum symbol duration is increased
when the diffusion coefficient is reduced.

VII. CONCLUSION

Existing molecular communication modulation schemes en-
code information in terms of the concentration, type, ratio or
releasing time of molecules. In this paper, we proposed the
BDSK modulation scheme which used the direction of releasing
molecules to convey information which reduces multi-users
interference in the molecular communication relay systems in
IoNT. We obtained the concentration of molecules in the 3-D
diffusion environment. To the best of our knowledge, this paper
is the first analytical work in the literature on the concentration of
molecules when the transmitter releases molecules in a specific
direction. Then, we analyzed BDSK modulation. In this modula-
tion, we assumed that the transmitter releases molecules in two
different directions and we considered a spherical receiver which
is composed two sectors. We investigated the hitting probability
and the number of molecules absorbed by each spherical sector
and we designed an optimum receiver for BDSK modulation
according to the number of absorbed molecules. Finally, we
studied the error probability and achievable rate of BDSK
modulation for different values of symbol duration and different
distances between the receiver and transmitter nano-machines
through employing theoretical and simulation results. It was
observed that BDSK modulation outperforms other modulation
schemes in terms of the achievable data rate. Moreover, the
achievable rate of BDSK scheme had a peak in a specific value
of symbol duration. The optimum value of symbol duration was
increased for longer distances.

The result of this paper can be useful for multi-users interfer-
ence mitigation in the new generation of molecular communi-
cation relay systems where relay nodes are located in different
directions to convey information.

APPENDIX A
PROOF OF PROPOSITION 1
Multiplying by r, the expression in (I0) becomes

D (rA(r, R 0’
(r (T,ﬂat(@l),s@l)) :Dw(w\(ﬂﬂR(%’l)#ﬂl))a (A.1)

where A(r,t|R(¢1),p1) is spherically symmetric and depends
on r and ¢. Then, we describe A(r,t|R(y1), 1) as the sum of
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Fig. 7: Error probability of BDSK modulation versus different values
of symbol duration for diverse distances between the transmitter and
receiver when D = 80 um?.
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Fig. 8: Achievable rate of BDSK modulation versus different values
of symbol duration for diverse distances between the transmitter and
receiver when D = 80 um?.

two terms, i.e., {(r, t|R(1), p1) and x(r, t|{R(¢1), ¢1) as
A(r t|R(p1), 1) = &(r, TR (1), 1) + X (r, t[R(1), ¢1).
(A.2)
These terms individually obey the expression in (A.I) and
together obey the initial condition in (I3). Thus, the function
&(r,t|R(p1), 1) is obtained by solving the following problem:

2
0 (Tg(r’ﬂgt(@l)’ #1)) = D% (r&(r t|R(p1), p1)), (A3)

with considering the initial condition

ré(r,t = 0[R(p1), p1) = No(r — R(p1)).
On the other hand, the function x(r,¢|R(¢1), 1) should satisfy

9 (rx(r,t|R(p1), ¥1)) 0

ot = DW (TX(T7t|R(<P1)a @1)) ) (AS)
using the following initial condition rx(r,t — O|R(y1), 1) =
0. To solve the problem in (AJ3), we partition function

§(r, t|R(p1), 1) into 1 (r|R(p1), 1) and E2(t|R(p1), 1) as

(A4)

E(r,t[R(p1), 1) = &(r[R(p1), 1) &2(tR(01), 1),  (A.6)
where & (r|R(p1),¢1) is only a function of r and
& (t|R(p1), 1) is only a function of ¢. Inserting (A.6)
into (A3), it results

062 (| R(1),
& (rIR (), ) S22
82
D &(tR(#1), 1) 2 (r&u(r[R(e1), ¢1)) - (A7)
Dividing the expression in (A.7) by
D& (r|R(p1), 1) &2(t|R(p1), 1) 7, we have
1 06 (HR(p1), 1) _
D &(t|R(e1), ¢1) ot
1 0?
53 (r&(rlR(e1), ¢1)) - (A8)

r&1(r|R(p1), 1) Or?
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Fig. 9: Error probability of BDSK modulation versus different values of
symbol duration for diverse diffusion coefficients, i.e., D, when rg =
15 pm.
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Fig. 10: Achievable rate of BDSK modulation versus different values of
symbol duration for diverse diffusion coefficients, i.e., D, when 7o =
15 pm.

The left hand side of the expression in (A-8) is only a function
of t, and the right hand side of this expression is only a function
of r. Therefore, each side of this equation must be equal to a
constant value. We denote this constant value as — Dk?2. Hence,
considering the left hand side of the expression in (A.8), we
obtain

&(t1R(¢1), 1) = exp(—DEt).

Next, we denote the Fourier transform of & (r|R(p1), 1) as
E1(k|R(¢1), p1) which satisfies

(A9)

—+o0
ra(iRGe). o) =5 [ kR ek

°° (A.10)
Plugging the expression in into the right hand side of
the expression in (A.8)), we conclude that =, (k|R(p1),¢1) =
K¢, where K, is a time-independent coefficient. Deriving the
Fourier transform of the expression in (A.6) in respect to r and
inserting and Z1 (k|R(¢1), ¢1) into the resulted expression,
we obtain

E(k,t|R(p1), p1) = K¢ exp(—DE?t). (A.11)

Note that K¢ can be determined by using the initial condition
in (A.4). When ¢ = 0, we have Z(k,0|R(¢1),¢1) = K¢. The
Fourier transform of the initial condition in (A4) is given by
K¢ = Nexp(—jkR(¢1)). Inserting K into , we obtain

7"5(7‘,15|R(<,01), p1) =

N [t
o exp(—Dtk?) exp (—jk (R(p1) — ) dk.  (A.12)
T J_co
The expression in (A:12) is simplified to
N (r = R(p1))”
AR(p1), 1) = e exp | P
A S /T ( iDi
(A.13)
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Then, for solving the problem in (A3)), we employ Laplace
transform. Hence, we can write
62
o2 (rX(r, S|R(¢1), 1)),

S
o " X1 SIR(p1), 1) = (A.14)

where X(r, S|R(¢1),¢1) 1is the Laplace transform of
X(r,t|R(¢1),1). Solving the differential equation in (A.14)
results in

X(r, S|R(p1), 1) = Ky exp (@r) , (A.15)

where K, is a constant value and it can be calculated through
the second boundary condition in (@). Considering (A.2) and
employing the Laplace transform, we obtain

rA(r, S|R(p1), 1) =
rZ(r, S|R(¢1),p1) + r X(r, S|R(¢1), 1)-

Moreover, the Laplace transform of r&(r, t|R(¢1
E(r, S|R(¢1), 1) is derived as [50]

b (—\/Ev—mm).

(A.17)
Inserting the expressions in (A.15) and (A.17) into (A.16), we

conclude that
A(r, S|R(¢1),01) =

exp< \fw Rl >+K exp< f)

(A.18)
Due to the operator of absolute value, i.e., |-|, in , for
obtaining the value of K, we divide the Values of r 1nto two
domains, i.e., r < R(p1) and 7 > R(p1). For the first domain,
ie., 7 < R(p1), we can write

rAy(r, S|R(e1), 1) =

\/i\l[)is P <_\/§(R(@l) - T)> + Ky exp <—\/§r

(A.16)

) 1), de.,

E(TaS|R(801)7<P1) =

rv/4DS

(A.19)
Using inverse Laplace transform, we obtain
A (r | R(p1), 1) =
N (r—R(p1))*\ Ky r?
—_— —_—— ——). (A20
rarDi ¥ < 4Dt el gpy) (A20)

According the second boundary condition in (@) and the expres-
sion in (A:20), we can conclude that

K, =— N exp | — i exp <2Ter((pl))
X Var Dt 4Dt
(A.21)

Inserting the expression in (A.21)) into (A:20), we derive

Al(rvﬂR(wl)v@l) = %[GXP (Oﬂ_f;g;pl))>
Blp)”

2 27, R 2

For the second domain, i.e., > R(y), according to (A.18) we
have

R(@l)
4Dt

rAs(r, S|R(¢1), 1) =
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N S S

exp|—/=(r—R + Kyexp | —\/ =T

D5 p( 5 ( (%))) X p( Vo

(A.23)
Using inverse Laplace transform, we obtain
Ao (7, t{R(p1), 1) =
N (r—R(g1))?\ | Ky 72

T exp ( Dt + —= exp( 4Dt) (A.24)

According to the third boundary in @) and the expression in
(A-24), we can conclude that

_ N 2Dt+ R(¢)” — R(¢)R(1)
X 4n Dt R(p)? + 2Dt
R(p1)” — 2R(¢)R(¢1)
X exp ( D1 ) . (A.25)

Inserting the expression in (A.23)) into (A:24), we derive

. 2
)\2(rvt|R(¢1)7901) = #[GXP <_(T4R;§fl))>
2Dt + R(p)* = R(9)R(p1)
R(p)? +2Dt
2 2
< oxp (_ R(p1) —425(90)3(@1)) eXp(_ﬁ)}_ (A.26)

The molecules are reflected when they collide the surface of
transmitter and return to the diffusion environment. Merging the
expressions in (A.22)) and (A.26), the concentration of molecules
in the diffusion environment is derived as

Ap(r t[R(01),01) = M(r, t|R(p1), 1) + A2 (r, t{R(e1), 01)-
(A.27)
APPENDIX B
PROOF OF PROPOSITION 2

We consider the second part of the diffusion problem in (TT])

* BB, tIR(¢1), 1) _
ot B
T em(9) 56 (sm (6) 50 ) . (B.1)

For solving the problem in (B:I), we partition the function
B(0,t|R(1), 1) into B1(0|R(p1), 1) and B2(t|R(¢1), 1) as

B(0,t|R(p1), 1) = B1(O|R(p1), p1)B2(t|R(p1), 1), (B.2)

where 51(0|R(¢1), 1) is only a function of # and
B2(t|R(¢1), p1) is only a function of ¢. Plugging the expression
in into (B:I), we obtain
72 sin(0)
D

B2 (t|R(¢1), ¢1)

B1(0|R(¢1), ¢1) 5t =

1) 051 (0|R
Baltl (o) o) g (s o) PLEAE2)).
Dividing the expression in (B2) by
sin(0) 51 (8| R(1), p1)B2(t|R(¢1), 1), we derive
r? 1 B2 (t|R(¢1), 1) _
D Ba(t|R(¢1), ¢1) ot
1 1 K3 (sin(@) 551(9|R(801)7901))
sin(6) B1(0|R(p1), ¢1) 660 56 '
(B.4)

(B.3)
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The left hand side of the expression in (B.4) is only a function
of ¢ and the right hand side is only a function of §. Hence, each
side of this equation should be equal to a constant value which
is denoted by A. Thus, considering the left hand side of the

expression in (B.4), we have
r? 1 9B2(t|R(¢1), ¢1)
D Ba(t|R(¢1), ¢1) ot

and considering the right hand side of the expression in (B.4),
we have

— A, (B.5)

1 1 (cos(®) dB1(0|R(p1), o1)
sin(0) B1(0|R(¢1), 1) 90

9?B1(0|R(1), ¢1)

+ sin(0) 502 | =A. (B.6)
The expression in (B:6) can be simplified as
0?B1(0|R(1), 1) 0B1(0|R(01),01)
202 + cot(6) 50 =
AP (0| R(1), ¢1)- (B.7)

The solution of the differential equation in (B.7) is obtained as
Br(O|R(p1), 1) = C1P%(\/m_1) (cos(6))

+ CQQ%(mil) (cos(6)), (B.8)

where P,(z) and Qp(z) are the first and the second
kind of Legendre functions. They are defined as P,(x) =

s (17 =1)", and Qu(x) = Pa(2)Qo(x) + Qu-1(a),
where Qo(z) = 4In(12£). Insertion Q,(z) into ti
B1(0|R(p1), 1) is simplified as

Br(0|R(¢1), p1) = P%(\/mq) (cos(9))
X (c1 + c2Qo (cos(0))) + czQ%(m_l)_l (cos(d)). (B.9)

In the expression in (B.9), the term ¢; +c2Qp (cos(6)) is defined
as

1 1 0
c1 + c2Qo (cos(0)) = e + 022Ln1+222203.
When 6 = 0 and § = 7, the second term of the expression in
(B-10) will be infinite. Thus, co should be zero. Hence, (B9) is
simplified as

(B.10)

Bi(0|R(¢1), 1) = C1P%(m_1) (cos(0)). (B.11)

Since the term S (0|R(¢1), 1) should be more than zero, the
term P% (VITTA-1) (cos(6)) should be always positive or always

negative. Therefore, we can conclude that /1 —44—-1=0—
A =0, since Py (cos(x)) is the only Legendre function which
can satisfy the mention condition. Thus, the expression in (B:ITT)
can be rewritten as /31 (0| R(¢1), 1) = c1Pp (cos(d)), where
Py (cos(f)) = 1, and thus, §; = c;. Hence, according to the
expressions in (B3) and A = 0, we have

2 1 t
r Ba(t|R(p1), ¢1) ~0, (B.12)
D Ba(t|R(p1), 1) ot

and thus, we can conclude that W = 0.

Hence [2(t|R(¢1),1) = cte. Finally, according to the
expressions 57 = c¢; and B2 = cte, we conclude that
B(O,t|R(p1), 1) = cte. Since B(0,t = 0|R(p1), 1) = 1, we
have 3(0,t|R(¢1), 1) = 1.
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APPENDIX C

~ PROOF OF PROPOSITION 3 .
Next, we consider the third part of the diffusion problem in

(I2). For solving the problem in (I2)) for a constant r, we define
B = ﬁ, where B > 0 since D > (. Hence, the expression
in (I2) is converted to
(e, t|R 9?
V(e tiR(p1) 1) _ y
ot Op?
Moreover, we consider the initial condition in @ for solving
this problem. We define v(p,t|R(®1),p1) as the sum of two

terms, i'e" U(@vt‘R@Pl), @1) and U(@,th(@l), 901), as

V(s tR(e1), 1) = n(e, R (1), 1) + v(p, 1 R(p1), 01)-
(C.2)
These terms individually obey the expression in (I2) and to-
gether obey the initial condition in (T3)). Therefore, the function
n(p, t|R(p1), ¢1) should satisfy

(o, tIR(p1), 1) (C.1)

(e, t|R(¢1), p1) 0°
=B— t C3
8t 8()02/’7(¢’ ‘R(‘pl)»901)7 ( )
when we consider the initial condition
n(p,t — 0| R(¢1), 1) = d(¢ — v1). (C4)

On the other hand, the function v(g,t|R(p1),¢1) is derived
through solving the following problem:

Ov(e, t|R(¢1), ¢1) 0
=B— t|R CS5
ot &pQU(('D’ | (901)5901)7 ( )
with considering the following initial condition:
v(p,t —= 0|R(p1),01) =0. (C.6)

For solving the problem in (C3), we partition the function
n(p, t|R(¢1), ¢1) into m1 (| R(e1), 1) and na(t|R(p1), p1) as

n(e, tIR(e1), p1) = m(@|R(e1), o1) m2(t|R(¢1), 1), (C.7)

where 71(p|R(¢1),1) is only a function of ¢ and
12(t|R(p1), ¢1) is only a function of ¢. Plugging the expression

in (C7) into (C3), we obtain

mplR(en), or) 22T 21)

0? 7]1(<P|R(<P1)7 <P1)
Dp? '

= Bna(t|R(p1), ¢1) (C.8)

Dividing the expression in €3) by
Bm(elR(p1), p1) m2(t|R(¢1), 1), we derive
1 I (t|R(p1), 1)
Bna(t|R(p1), ¢1) ot
1 Pm(elR(e1), ¢1)

. (C.9)

m(elR(e1), 1) dp?
For a constant r, the left hand side of the expression in @) is
only a function of ¢ and the right hand side is only a function
of ¢. Hence, each side of this equation should be equal to a
constant value which is denoted by —Bg?. Thus, considering
the left hand side of the expression in (C.9), we have

n2(t|R(1), p1) = exp(—Bg*t).

We denote the Fourier transform of 71(¢|R(¢1),¢1) as
Hi(q|R(p1), p1) which satisfies

(C.10)

1 [T
MR o) = 5= [ ilalR(er)p0) expliae)da.
- (C.11)



This article has been accepted for publication in IEEE Internet of Things Journal. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/J10T.2022.3168658

Inserting the expression in (C.II) into the right hand side of
, we derive Hi(¢q|R(¢1),¢1) = K,), where K, is a time-
independent coefficient. Deriving the Fourier transform of the
expression in (C.7) in respect to ¢, i.e., H(q,t|R(®1), ¢1) and
inserting d Hi(q|R(¢1), 1) = K, into the resulted
expression, we obtain

H(Qv t‘R(¢1)7 Qol) -

Note that K, is determined through exploiting the initial
condition in (C4). When ¢ = 0, it is concluded that
H(q,0|R(¢1), 1) = K,. Thus, using Fourier transform of the
initial condition in (C.4), we obtain K, = exp(—jgp1). Using
inverse Fourier transform, the expression in (C.12) is converted
to

K, exp(—Bg*t). (C.12)

n(e, t|R(p1), 1) =
1 [t

7 exp (—Btq®) exp(—jq(p1 — ¢))dq. (C.13)

After deriving the integral, the expression in (C.I3) yields

1 2
T O (—W) . (C.14)

Next, for solving the problem in (C.3)), we use Laplace transform.
Hence, from (C.3)), we obtain

n(e, tIR(p1), 1) =

S 2
5 N(@, SIR(¢p1), 01) = 55 N(w, S|R(e1), 01),

where N(p, S|R(¢1),1) is the Laplace transform of
v(p, t|R(¢1), 1) Solving the differential equation in (C.15)

yields
S
N(g, S|R(¢1), 1) = Ky exp (—\/290) , (C.16)

where K, is a constant value. Deriving the Laplace transform
of the expression in (C.2)), we have

L(p, S|R(¢1), 1) = H(p, S|R(e1), 1) + N(p, S|R(1), 1)-
(C.17)
Furthermore, the Laplace transform of n(y, t|R(¢1),¢1), i€

H(yp, S|R(p1), v1) according to (C.14) is [56]

(o)

(C.18)
Plugging the expressions in (C.16) and (C.18) into (C.17), we

(C.15)

H((p, S‘R(QOI)? ‘pl) =

derive
L(p, SIR(¢1), 1) =
S
|</> ©1]) + K, exp . (C.19)
Using the inverse Laplace transform, we  obtain
Y(e, t|R(p1), ¢1) as
rsinf
7tR ) =
V(e tR(pr), 1) = ——s
r2sin?6(p — 1)’ © r2sin?0¢?
— K,*—- - .
X<eXp< 4tD + teXp( 4D )

(C.20)
According to the presented system model in Section II, the
transmitter nano-machine releases molecules in the direction of
@ = 1. Thus, v(p, t|R(¢1), p1) takes its maximum value when
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o = (1 for different radiuses. Therefore, we conclude that
0
a5 /P HE(@1) o1)lp=g, = 0. (€c2n

The derivative of v(p,t|R(¢1), 1) is derived as

0
%v(wvth(%)?@l) =

—1  r3sin®0(p — 1) ox _rQSinzﬁ(cp —)?
ixDi 2Dt P atD
4T sin 6 K, exp ( r sin2€go2>
VAnDt? 4tD
1 r3sin®0p? r2sin?f¢?
— K, - . C.22
JirDt 202D P ( 4D ) (€22)

For satisfying the described condition in (C.2I), we obtain
K, = 0. Inserting the value of K, into (C.20), this expression
is simplified as (T8).

Imtialization (Posttions, Initial velocities, Initial directions)

L 2

Add random acceleration

S 2

Calculate new positions

b

Loop Calculate forces

=

Calculate velocities

£ e

F

Fig. 11: Flowchart of particle based simulation process.

APPENDIX D
PARTICLE BASED SIMULATION

In this paper, we employ a classical molecular dynamic sim-
ulator which works based on Newton’s equation of motion [57].
The forces between molecules are modeled as the derivatives of
the potential function, where LJ Van der Waals potential is con-
sidered in this case [58]. L] potential is a simple mathematical
model of Van der Waals interactions among particles which is

obtained as " .
w2 (2],

where o is the minimum distance between two molecules that
there is no interaction between them. ¢ is the potential at
the strongest attractive interaction point. Initial velocities of
molecules are selected based on the pumping direction. Since
the molecules have the same initial velocities, we consider a
random acceleration in addition to the forces between molecules.
We assume a random acceleration with a Gaussian distribution
function [59].

Fig. [[1] shows a flowchart of the particle based simulation
process. First, the initial positions, directions and velocities of
molecules are determined. Then, the simulation runs in a small

(D.1)
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time step to predict future positions, velocities, and forces with
considering the random acceleration. Thus, the velocities and
positions update are obtained as

ri(t+At) = rl(t)—i-vl(t)At—i—% (ar(t) +af (t)) A%l € {z,y, 2}

(D.2)

ui(t+ At) = v(t) + 5 (au(t) + af () At
+ % (@t + Ab) +al(t+ AD) AL L€ {2,y,2} (D)
aj(t) ~ N(0,6%°),1 € {z,y,2}, (D.4)

which are derived by Taylor expansion of the position and
velocity at time ¢t based on Newton’s equation of motion.
Moreover, a*(t) is the random acceleration.
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