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Abstract—The future of the Internet of Things (IoT) holds
great promise, particularly in the realm of healthcare, where
the concept of Bio-Internet of Things (B-IoT) has gained signif-
icant attention. B-IoT involves the coordination of monitoring
and treatment within the human body using bio-implants that
require communication. However, how to efficiently communicate
among bio-implants is seldom studied. Molecular communication
(MC), which uses molecules as information carriers, is a novel
communication method of nano-devices for its excellent bio-
compatibility and low energy consumption. In every part of the
body, there is a micro-circulation network (MCN) responsible
for substance exchange which can be utilized as a channel to
deliver information efficiently by Bio-implants. However, since
the structure of MCN is complicated and the characteristics of
blood flow vary, there is not yet a mature channel modeling
on MCN, making it impossible to design and evaluate the
performance of B-IoT. In this paper, we address the need for
efficient communication channels in B-IoT by exploring the
potential of micro-circulation networks (MCN) in MC. We have
fully analyzed the characteristics of MCN and blood flow and
derived the mathematical model of channel impulse response. We
also built a simple end-to-end communication model based on
MCN and analyzed its error probability and mutual information
from a communication perspective. The numerical results have
shown that MCN is an effective communication channel of MC
for B-IoT in the scale of µm and mm.

Index Terms—Molecular communication, Micro-circulation,
channel modeling, bio-implants

I. INTRODUCTION

In nano-medicine and healthcare, there is an envision of
Bio-internet of things (B-IoT) within the human body [1].
It comprises smart bio-implants and nanomachines as nodes
that can conduct certain tasks such as collecting, processing
and forwarding sensor information to help coordinate body
monitoring and treatment. There are already some metal or
organic implants like vascular stents being used in surgery to
treat diseases including atherosclerosis and aneurysm [2]-[6],
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however, these stents have the potential of being transformed
into intelligent nodes by integrating certain smart modules. So
far, there are some early realizations of biosensors. There are
synthetic biosensors that can collect and process information,
as discussed in [7]−[9]. Additionally, there are Lab-on-a-
Chip devices at the nano-scale that enable biological tests
[10][11], as well as nanomachines capable of swimming in
the bloodstream to perform tasks [12][13]. Anyhow, these
biosensors of B-IOT need to transmit and receive signals
just like that in wireless sensor network. However, electro-
magnetic communication is not suitable in nano-scale for
multiple reasons. First, it is very difficult to scale devices of
wireless communication such as antennas in the form to micro
and nano-meters [14][15]. Second, wireless signals cannot
propagate well in fluids. Third, electromagnetic wave with
high frequencies may cause harmful influences on human body
[17]. As an alternative, Molecular communication (MC) is
particularly suitable in micro-scale scenarios for its excellent
bio-compatibility and low-energy consumption [18]. It is very
significant to explore the potential of MC to meet the com-
munication needs of future B-IoT applications.

Molecular communication (MC) is a novel communica-
tion technology which uses molecules as information car-
riers [16]. Like any communication paradigm, MC system
involves transmitters, communication channel and receivers
[19]-[21]. The transmitters and receivers are nanomachines
or bio-implants, which are made of nano-material or gene-
edited cells and bacteria [22]. The communication channel is
usually assumed to be in a liquid environment, like body fluid
and blood. There are multiple modulation techniques in MC,
for example, the transmitted information can be modulated
in the concentration, type, time of release and possibly other
properties of the emitted molecules [23]. Nanonetwork is a
promising application of molecular communication [25]-[29].
The delivery of information requires molecule transfer in
the environment and the communication channel determines
how the information molecules move from transmitter to
receiver. So far, diffusion based channels have been the most
studied molecular communication channels since the released
molecules can passively diffuse to the destination without extra
energy supply, and are received and measured by the receiver
[31]-[33]. However, due to the randomness of Brownian
motion, some information molecules have to take a longer
time to arrive at the receiver which means these molecules
may arrive at the receiver in later time slots and cause inter-
symbol interference (ISI), especially in long distances [34]. ISI
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is an important problem of a diffusion based communication
system and is known to deteriorate the error performance for
higher data rates [35]. In order to achieve higher data rates
while maintaining a sufficiently low error performance, and to
extend the effective communication distance, it is important
to find alternatives other than diffusion based channel. One of
the alternatives is flow-based channel. Fluid flow is thought to
be faster and more reliable. In previous literature, the flow is
often simply introduced to an unbounded diffusion scenario,
making it simply a biased diffusion[36] and the diffusion
still dominates. Therefore, it is more important to turn to
bounded fluid channel[37], for example, the blood vessel.
Blood vessels are responsible for transportation of nutrition
and oxygen, making it a natural "high-way" in body [38]. In
addition, the group of molecules within the blood vessel are
transported by blood flow and confined by the blood vessel
wall, which means they are fast and perfectly directed and
will not diffuse everywhere. The properties of blood vessels
and flow can guarantee reliable molecule transportation even
in a long range, and avoid the shortcomings of diffusion based
channel. According to fluid mechanics, the blood flow in most
vessels belongs to laminar flow [32], which makes the analysis
easier, for the turbulent flow is way more complicated. The
blood vessel in the body consists of three parts, the artery,
the capillary and the vein. The bloodstream goes first to the
arteries, then to the capillaries and finally to the veins, and
back to the heart, completing a cycle, which is the process
of systemic circulation. Within each tissue, there are smaller
systemic circulations, called micro-circulations[39], made up
of arterioles, capillaries, and venules.

Since a lot of medic-scenarios focus on individual tissue, it
is important to build a communication model based on micro-
circulations.

In this paper, we have analyzed the characteristics of blood
vessel and blood flow and based on the physical model of
micro-circulation, the shunt and convergence of blood, and
the corresponding velocity changes are analyzed. We built
a molecular communication channel model based on micro-
circulation and obtained its channel impulse response (CIR).
The performance of communication is evaluated and demon-
strated by both theoretical derivation and simulation. The main
contributions of this paper are listed as follows:

1) We proposed a communication system based on micro-
circulation network, which can help transmit signals in
a long range.

2) The characteristics of every part of the communication
system are mathematically modeled.

3) The BER and Channel Capacity of the entire system
are evaluated and discussed from the perspective of
communication.

II. PRELIMINARIES

This section will introduce the bio-internet of things (B-
IoT), molecular communication (MC) and micro-circulation
which includes arteriole, capillary network and venule, respec-
tively.

A. Bio-Internet of things

The bio-internet of things is an envision that promises
to revolutionize medicine and healthcare in society [1]. By
harnessing the capabilities of biological cells within the bio-
chemical realm, B-IoT offers a transformative pathway for a
range of applications. These include intra-body sensing and
actuation networks, as well as the ability to effectively monitor
and mitigate the impact of toxic agents and pollution on
the environment. The basis of B-IoT is the communication
and interaction of Bio-implants and nanomachines derived
from engineered biological cells. The natural environment
serves as the main inspiration for studying communication
techniques such as molecular communication. Some literature
have proposed health monitoring molecular networks based
on B-IoT. [30][61], where bio-implants are stationary bio-
sensors mounted at certain critical locations within blood
vessels to collect and forward bio-information like important
blood routine indicators, such as blood lipids, uric acid, etc.
Fig. 1 shows a possible B-IoT scenario in which the data of
three nodes on the branches will be transferred to the sink
node in the form of information molecules through blood
vessels[30]. Just like Wireless Sensor Network (WSN), it
is divided into different clusters responsible for monitoring
different parts of the human body. Each cluster is composed
of multiple sub-sensors and a main-sensor as the cluster head.
The sub-sensor can collect the bio-information and forward
it to the main-sensor. The main-sensor is integrated with a
wireless communication module and can send information
to outside user-end such as cellphones. A key challenge to
realizing such a network is to guarantee that each sub-sensor
can smoothly use bloodstream to transmit information. Since
blood vessel network is a complicated flow-based channel, it
is very important to study its properties and conduct modeling
on it before utilizing it as a communication channel.

Fig. 1: Bio-internet of things [30]

B. Molecular Communication

From a communication perspective, molecular communi-
cation emerges as novel communication method driven by
emerging technologies such as nanotechnology. Scientists as-
pire to interconnect these nano-devices through information
exchange, forming nano-networks, to accomplish intricate
tasks in small-scale environments. Compared to electromag-
netic communication, MC systems deployed in small-scale
environments are not limited by the size of the transceiver
devices.

Currently, the entities of molecular communication which
are called bio-implants and nanomachines, are primarily de-
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signed and implemented using nano-material based or bio-
inspired approaches. The transmitter is to encode and mod-
ulate information while generating and releasing information
molecules. In the fluid channel, the released molecules will
reach the receiver by diffusion and advection. The receiver’s
task is to sense and demodulate the output of the channel, ex-
tracting the information carried by the information molecules.

There are multiple modulation techniques in MC system.
Information can be modulated in the concentration, type and
timing of molecules[68]. Concentration Shift Keying (CSK) is
the typical binary modulation technique in molecular commu-
nication realm. It is similar to ASK(Amplitude Shift Keying)
in electromagnetic communication. It uses the concentration
of received molecules as the amplitude of signal. In each time
slot, the transmitter releases a certain number of molecules
to indicate ’1’ and releases nothing to indicate ’0’. At the
receiver, if the received number of molecules exceeds the
threshold, the receiver will demodulate it as "1", otherwise
as "0".

Overall, compared to electromagnetic communication, MC
offers deployment advantages in micro-scale environments.
Moreover, the information carriers have the potential for
interaction with cells or tissues within the biological body,
making it more bio-compatible. Therefore, MC holds great
potential in constructing intra-body communication systems
and has vast applications in fields such as disease diagnosis
and treatment[46]−[48], drug delivery[49]−[52], and the es-
tablishment of artificial immune systems[54].

C. Micro circulation network

In organisms, the circulatory system can be divided into
overall level, organ level and organization level according to
its scale and function. The main function of the circulatory
system at the whole level and organ level is to transport fluid
to tissues that need oxygen and nutrients, while the micro-
circulation system at the tissue level is mainly involved in
functional physiological activities such as metabolism and
material exchange. The number of micro-circulatory vessels is
rich, and the vessel wall is thin, which is an important place for
material exchange between blood and tissue fluid. The model
of micro-circulation vascular network usually assumes that the
blood vessel is a rigid cylinder, and the blood flow is a stable
fluid, which is solved by Poiseuille’s law.

In molecular communication, fluid based channel is far more
efficient than diffusion channel, since the flow is directional
and fast, reducing the loss of molecules and guaranteeing the
reliability[17][37]. The MCNs in the body is inter-connected,
allowing information molecules to move from one point to
another through blood vessels rapidly[39]. There are already
literature studying the possibility of using vascular network for
molecular communication in human body for possible applica-
tions such as drug delivery[51]−[53] and disease detection[61].

Micro-circulation network is composed of arteriole, capil-
lary networks, and venule, and can be abstracted as a layered
model [55], as shown in Fig. 2. The blood first goes to
arteriole, then distribute into capillary networks and eventually
converges at the venule. The structure of MCN consists of

Fig. 2: Model of MCNs [55]

bifurcation and junction of blood vessels, which leads to the
divergence and convergence of blood flow. Fig. 3 shows how
blood flows during bifurcation and junction.

Since the blood is incompressible, the density is assumed a
constant and the mass of blood is proportional to the volume
of blood. The volume of blood is equivalent to the volume flow
rate. By the law of conservation of matter, the blood volume
flow rate should not change after bifurcation or junction as (1)
shows.

Fig. 3: Bifurcation and Junction

𝑄1 = 𝑄2 +𝑄3,
𝑄1 +𝑄2 = 𝑄3,

(1)

where 𝑄 is the volume flow rate.
According to Continuity equation, in bifurcation

𝑀1 = 𝑣1𝑆1𝜌,
𝑀2 = 𝑣2𝑆2𝜌,
𝑀3 = 𝑣3𝑆3𝜌,
𝑀1 = 𝑀2 + 𝑀3,

(2)

where 𝑀 is the flow mass, 𝑣 is the average velocity, 𝑆 is the
cross sectional area and 𝜌 is liquid density. Since 𝜌 is the
same, we can rearrange the formula as

𝑣1𝑆1 = 𝑣2𝑆2 + 𝑣3𝑆3. (3)

1) Arteriole: The main function of arteriole is to transport
blood and regulate flow rate. The diameter of arterioles is
regulated by vascular tension and can undergo significant
changes with changes in physiological environment. There-
fore, arterioles can play a role in regulating MCN blood
supply. The average radius of arteriole of lab rat is 90-120
µm [56], while that of pig heart is 80-100 µm[57].
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2) Capillary Network: Capillaries are mainly responsible
for the exchange of substances between blood and tissues.
Its structure is a monolayer of endothelial cells, surrounded
by a basement membrane on the outside. The diameter of
capillaries is similar to the diameter of red blood cells in
the stress free state of the same animal. The average inner
diameter of myocardial capillaries in dogs is 5.5µm (red blood
cell diameter 7.1 µm) [58], while the average inner diameter of
mesenteric capillaries in rats is 11µm (red blood cell diameter
6.8 µm) [59].

3) Venule: Venule transports blood back to the large veins,
ultimately returning to the heart. Its vascular wall structure is
similar to that of capillaries. However, its radius is 50-60%
larger than that of arteriole [60]. Due to the conservation of
flow rate, the blood flow velocity at the venule is significantly
lower than that at the arteriole, as the diameter of the same
grade Microveins is larger than that of the arteriole. As the
secondary blood vessels of capillaries, micro-vessels play a
role in maintaining capillary blood pressure levels to ensure
normal metabolic activity.

D. Blood flow Characteristics

Blood flow is the carrier of information molecules. We need
to analyze its physical properties to find out how molecules
are transported and distributed in the blood vessel.

1) Raynor number: In particular, when the variations in the
flow velocity, over space and/or time, are stochastic, e.g., due
to rough surfaces and high flow velocities [40], we refer to the
flow as turbulent. If the flow is not turbulent, it is referred to as
laminar. As a special fluid, blood contains various components
such as blood cells and colloidal substances and is not an ideal
fluid. It is important to determine if blood flow is laminar flow
or not. In fluid mechanics, Raynor number is a dimensionless
number, used as a criterion for determining if flow in a
bounded environment is laminar or turbulent and is given as
follows

𝑅𝑒 =
𝜌 · 𝑣 · 𝑑

𝜇
, (4)

where 𝜌 is the density of fluid, 𝑣 is average velocity, 𝑑 is the
diameter of the bounded pipe and 𝜇 is the kinematic viscosity
of the fluid. Normally, the kinematic viscosity of blood is
0.0035. Normally, blood is considered as a Newtonian fluid.

For example, for flow in a straight pipe with a circular cross
section of diameter 𝑑, the flow can be assumed to be laminar
and turbulent for Re < 2100 and Re > 2100, respectively. For
microfluidic settings, typically, Re < 10, and hence, laminar
flow can be assumed. For most blood vessels, Re < 500 holds,
and hence, the blood flow is typically laminar. Only in large
arteries such as the aorta (the largest artery in the human
body), the Reynolds number can be in the range [3400, 4500],
and thereby, blood flow exhibits turbulent behavior [41][42].
Luckily, in micro-circulation, it is safe to assume the blood is
laminar flow.

2) Poiseuille Flow: In the 19th century, Poiseuille de-
scribed the relationship between the flow rate 𝑄, pressure
difference at both ends of the pipe Δ𝑃, and flow resistance

𝑅 of an incompressible viscous fluid flowing laminar in a
cylindrical pipeline. The blood flow is also a Poiseuille flow
and follows Poiseuille Law. Until now, it is the fundamental of
steady blood flow theory [42]. The flow rate can be described
by the following formula

𝑄 =
𝜋𝑟4Δ𝑃
8𝜇𝐿

, (5)

where 𝑟 is the radius of circular cross section, 𝐿 is length of
the pipeline, and 𝜇 is fluid viscosity.

According to Poiseuille law, when pressure difference Δ𝑃,
length 𝐿 and fluid viscosity 𝜇 are fixed, the flow rate 𝑄
is determined by the radius of circular cross section 𝑟 , as
illustrated in Fig. 4. It shows that

𝑄1

𝑄2
= ( 𝑟1

𝑟2
)4. (6)

Fig. 4: Different flow rate

By combining (5) and Navier-Stokes equation, we can get
the velocity profile of Poiseuille flow

𝑣(𝑟) = 1
4𝜇

Δ𝑃
𝐿

(𝑅2 − 𝑟2), (7)

where 𝑣(𝑟) is the velocity profile, 𝐿 is the length of the pipe,
𝑅 is the radius of the vessel and 𝑟 is the distance from the
longitudinal axis of the vessel.

By rearranging (7), we can substitute 𝑣𝑚 for Δ𝑃 and obtain
a more straightforward formula

𝑣(𝑟) = 2𝑣𝑚 · (1 − ( 𝑟
𝑅
)2), (8)

where 𝑣𝑚 is the average velocity of the flow. We can see that
velocity reaches the maximum at the center of the pipe and
decreases as it approaches to the pipe wall (when 𝑟 = 𝑅, the
velocity is 0; when 𝑟 = 0, the velocity is 2𝑣𝑚.). The distribution
of velocity is shown in Fig. 5.

Fig. 5: Poiseuille Flow [6]

3) Peclet number: There is an important dimensionless
parameter named Peclet number that weighs the influence of
diffusion and flow [32]. The Peclet number, denoted by 𝑃𝑒,
is given in (9)
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𝑃𝑒 =
𝑑2/𝐷
𝑑/𝑣𝑚

=
𝑣𝑚 · 𝑑
𝐷

, (9)

where 𝑑 is the distance to be traveled, 𝐷 is the diffusion
coefficient and 𝑣𝑚 is the mean velocity of flow. If 𝑃𝑒 << 1
holds, diffusion dominates flow and the spreading of molecules
is almost isotropic despite a weak biased transport in the
direction of the flow. On the other hand, if 𝑃𝑒 >> 1 holds,
flow dominates and is the major cause of the transportation of
molecules and diffusion can be ignored.

Since we are focused on human body, it is important
to calculate the 𝑃𝑒 of human blood vessel. According to
literature, the 𝐷 of human bloodstream is 1.3 ± 0.18𝜇𝑚2/𝑚𝑠
[43], 𝑣𝑚 of blood in capillary is about 1.2±0.1𝑚𝑚/𝑠 [44] and
the average length of capillary is 0.1𝑐𝑚 [45]. It is calculated
that 𝑃𝑒 is about 9230 in human capillary. This result shows
that in human blood vessel, flow is the major cause of transport
of molecules and it is safe to ignore the effect of diffusion.
Since the average velocity and length of arteriole and venule
are greater than that of capillary, this conclusion holds in
arteriole, venule and the entire MCN and will guide us derive
the channel response of MCN in the next section.

III. SYSTEM MODEL AND PERFORMANCE EVALUATION

This section will introduce a communication model with a
MCN as the communication channel. The molecule receiving
ratio and channel impulse responses (CIR) of arteriole, capil-
lary, venule and MCN are analyzed and derived respectively.

During the communication, CSK(Concentration Shift Key-
ing) is chosen to be the modulation technique and bit error rate
(BER) and channel capacity (𝐶𝑚𝑎𝑥) are analyzed to evaluate
its performance.

A. System Model

The overview of MCN communication channel model is
given in Fig. 6. There is a transmitter implanted in the arteriole
with a distance 𝑑1 to the capillary and a receiver implanted in
the venule with a distance 𝑑3 from the capillary. The trans-
mitter and receiver are assumed to be perfectly synchronized
and the information molecules are released uniformly at every
time slot with a number of 𝑁𝑡 𝑥 .

Fig. 6: MCN Channel Model

1) Blood Flow Distribution: Suppose there are 𝑛 capillar-
ies connected to the arteriole, 𝑄𝑖𝑛 indicates the inlet from
arteriole, 𝑄𝑜𝑢𝑡 indicates the outlet of venule and 𝑄𝑖 indicates
the flow rate in the 𝑖𝑡ℎ capillary. According to the law of
conservation of flow, the relationship of 𝑄𝑖𝑛, 𝑄𝑖 and 𝑄𝑜𝑢𝑡 are
given in (11).

𝑄𝑖𝑛 =
𝑛∑
𝑖=1

𝑄𝑖 = 𝑄𝑜𝑢𝑡 . (10)

To find out the flow distribution in the capillary network,
we need to calculate for the relationship between 𝑄𝑖 and 𝑄𝑖𝑛.

According to (5), the ratio of 𝑄1 and 𝑄𝑖 (𝑖 ≠ 1) is given as
below, where 𝑄1 is chosen to be a reference flow rate.

𝑄1

𝑄𝑖
=

𝐿𝑖

𝐿1
( 𝑟1

𝑟𝑖
)2, (11)

where 𝐿 is the length and 𝑟 is the inner radius of the capillary.
Combining (10) and (11), we can derive the relationship of

𝑄1 and 𝑄𝑖𝑛

𝑄1 = 𝑄𝑖𝑛

𝑟4
1
𝐿1

1∑𝑛
𝑖=1

𝑟𝑖
𝐿𝑖

. (12)

Since the relationship of reference flow rate 𝑄1 and 𝑄𝑖 (𝑖 ≠
1) is determined in (11), we can easily get the flow rate 𝑄𝑖

and average velocity 𝑣𝑖 in each capillary.

𝑄𝑖 = 𝑄1 (
𝑟𝑛
𝑟1
)4 𝐿1

𝐿𝑖
, (13)

𝑣𝑖 =
𝑄𝑖

𝜋𝑟2
𝑖

, (14)

2) Channel Impulse Response: Assume the transmitter and
receiver are passive, ring-shaped structures with a thickness of
𝑅𝑡 𝑥 and 𝑅𝑟 𝑥 respectively, and are attached to the wall of venule
with a radius of 𝑅 as shown in Fig. 7. In the receiving process,
it is worth noting that only molecules that pass through the
receiver will be counted, which means the receiving ratio is
directly proportional to the size of the receiver 𝑅𝑟 𝑥 .

Let 𝛼 indicate the receiver size factor

𝛼 =
𝑅𝑟 𝑥

𝑅
. (15)

Fig. 7: Transmitter and Receiver Diagram

The derivation of h(t) is given as follows. In MC, molecules
are used as the information carrier which means we need
to study the motion of molecules. In the fluid environment,
molecule is the subject to both diffusion and advection. The
molecule distribution can be described by a time-varying
spacial probability density function (P.D.F) 𝑐(𝑡, d), which
gives a normalized concentration at time 𝑡 and location d.
Assume there is a differential volume 𝑑𝑉 and the concentration
within 𝑑𝑉 is 𝑑𝑉 · 𝑐(𝑡, d). To solve for the P.D.F 𝑐(𝑡, d), it is
necessary to solve the advection-diffusion equation which is
given below:

𝜕𝑐(d, 𝑡)
𝜕𝑡

= 𝐷∇2𝑐(d, 𝑡) − ∇v(d, 𝑡)𝑐(d, 𝑡), (16)
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where 𝑐( ®𝑑, 𝑡) is the concentration, 𝐷 is the diffusion coeffi-
cient, ∇2 is the Nabla operator and v is the velocity at d. For a
pair of given initial condition IC and boundary condition BC,

IC :𝑐(d0, 𝑡 → 𝑡0) = 𝑁𝛿(d − d0)
BC :𝑐(‖d‖ → ∞, 𝑡) = 0 (17)

(16) has the following solution :

𝑐(d, 𝑡) = 1
𝜋𝑟2 · 1

√
4𝜋𝐷𝑡

𝑒−
(𝑥−𝑣𝑡 )2

4𝐷𝑡 , (18)

where 𝑟 is the radius of the blood vessel and 1
𝜋𝑟2 means a

uniform cross-sectional release of molecules at the transmitter.
In our case, molecules start from the transmitter in the

arteriole, passing through the artery and capillary network,
and finally reaching the receiver.

By integrating (18) on the receiver volume,

ℎ(d, 𝑡) =
∫
𝑉𝑅𝑋

𝑐(d, 𝑡)𝑑𝑉𝑅𝑋, (19)

The molecules in the blood vessel flow forward in a uniform
parabolic distribution as Fig. 5 shows, at each point of the
parabolic surface, the concentration is given in (18). At the
end of arteriole and capillary, there are no receivers. However,
all molecules will eventually pass through them and it can be
assumed that there are receivers with 𝛼=1. The velocity of
molecules along the radius is determined in (8), so the time
required to pass through is

𝑡 =
𝑑

𝑣(𝑟) . (20)

Substitute (8) into (20) and we can get

𝑡 =
𝑑

2𝑣𝑚 (1 − 𝑟2

𝑅2 )
. (21)

As the parabola trajectory firstly hit the receiver, it must be
the molecules at the center of blood vessel (𝑟=0), the shortest
time 𝑡𝑚𝑖𝑛=𝑑/𝑣(0). As 𝑡 > 𝑡𝑚𝑖𝑛, the passage ratio is 𝑟

𝑅 , when
𝛼 = 1. If 𝛼 is not 1, when in the venule, the molecules at
the hollow center will not be received, so the corresponding
hollow radius (𝑅−𝑅𝑟 𝑥) needs to be subtracted, and the passage
ratio becomes

𝑟 − (𝑅 − 𝑅𝑟 𝑥)
𝑅

. (22)

Therefore, we need solve for 𝑟 to get the passage ratio. (21)
can be rearranged to become

𝑟2 = 𝑅2 − 𝑑𝑅2

2𝑣𝑚𝑡
, (23)

and after taking the square root of (23), and substitute (22)
into it, we can get

ℎ =

√
1 − 𝑑

2𝑣𝑚𝑡
− (1 − 𝛼), 𝑟 > 𝑅 − 𝑅𝑟 𝑥 (24)

The channel impulse responses of arteriole ℎ𝑎, capillary ℎ𝑐
and venule ℎ𝑣 are as follows, respectively,

ℎ𝑎 (𝑑𝑎, 𝑡) =
{

0, 𝑡 < 𝑡1,√
1 − 𝑑𝑎

2𝑣𝑖𝑛𝑡 , 𝑡 ≥ 𝑡1,
(25)

ℎ𝑐 (𝑑𝑐, 𝑡) =
{

0, 𝑡1 < 𝑡 < 𝑡𝑖 ,√
1 − 𝑑𝑐

2𝑣𝑖 𝑡 , 𝑡 ≥ 𝑡𝑖 ,
(26)

ℎ𝑣 (𝑑𝑣 , 𝑡) =
{

0, 𝑡𝑖 < 𝑡 < 𝑡3,√
1 − 𝑑𝑣

2𝑣𝑣 (𝑡−𝑡𝑖−𝑡1 ) − (1 − 𝛼), 𝑡 ≥ 𝑡3 and 𝑟 > 𝑅 − 𝑅𝑟 𝑥

(27)

The CIR of MCN with the 𝑖𝑡ℎ capillary is the product of
ℎ𝑎 (𝑑𝑎, 𝑡), ℎ𝑐 (𝑑𝑐, 𝑡) and ℎ𝑣 (𝑑𝑣 , 𝑡). Since there are 𝑛 capillaries,
the total CIR of MCN with all capillaries is obtained by
summing them together, which is given in (28).

ℎ(𝑡) =
𝑛∑
𝑖=1

√
(1 − 𝑑𝑖

2𝑣𝑖 (𝑡 − 𝑡1)
) (1 − 𝑑𝑎

2𝑣𝑖𝑛 (𝑡 − 𝑡1)
)

·
(√

1 − 𝑑𝑣
2𝑣𝑣 (𝑡 − 𝑡1 − 𝑡𝑖)

− (1 − 𝛼)
)
,

(28)

where 𝑣𝑖𝑛 is the mean velocity of blood flow in arteriole; 𝑑𝑎
and 𝑑𝑣 are the length of arteriole and venule, respectively; 𝑡1 =
𝑑𝑎/2𝑣𝑖𝑛 and 𝑡𝑖 = 𝑑𝑖/2𝑣𝑖 are the time that the first molecule
takes to hit end of arteriole and the 𝑖𝑡ℎ capillary, respectively;
𝑑𝑖 and 𝑣𝑖 are the length and mean velocity of blood flow of
the 𝑖𝑡ℎ capillary, respectively; 𝑣𝑣 is the mean velocity of blood
flow of venule; 𝛼 is the receiver size factor. 𝑣𝑖 is determined
in

To visualize the differences between arteriole, capillary,
venule, and the overall network, Fig. 8 illustrates the respective
passage ratio of molecules, where the parameters are given in
Table II.

Fig. 8: Ratio of received molecules through a single capillary
in MCN

B. Performance Analysis

The performance analysis includes BER and channel capac-
ity. Assume the transmitter is a binary information source and
CSK modulation [23] is utilized, which means it only sends
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’1’ and ’0’ with equal probability. To solve for the BER, it is
necessary to analyze the inter-symbol interference [24].

1) Inter-Symbol Interference: The number of molecules 𝑁𝑟

received by the receiver in a given time slot 𝑡𝑠 is related to
the number of molecules n transmitted by the transmitter, and
it follows binomial distribution as

𝑁𝑟 ∼ B(𝑛, 𝑝(𝑡𝑠)), (29)

where 𝑝(𝑡𝑠) is the probability of arrival within time slot 𝑡𝑠 .
Since the molecules are independent and identically dis-

tributed, according to central limit theorem, when the number
𝑛 is large enough and p is not close to one or zero, a
binomial distribution B(𝑛, 𝑝(𝑡𝑠)) can be approximated with
a Normal distribution N(𝑛𝑝, 𝑛𝑝(1− 𝑝)). As a result, (29) can
be approximated as a Normal distribution [62][63].

𝑁𝑟 ∼ N(𝑛𝑝(𝑡𝑠), 𝑛𝑝(𝑡𝑠)(1 − 𝑝(𝑡𝑠))), (30)

where N is Normal Distribution.
Let 𝑁𝐼𝑆𝐼𝑖 indicate the number of received molecules by

the receiver at current time slot but were released 𝑖 time slots
before. According to [64], 𝑁𝐼𝑆𝐼𝑖 is a Gaussian random variable
[65] and is shown in (31).

𝑁𝐼𝑆𝐼𝑖 ∼
1
2
N(𝑛𝑝 ((𝑖 + 1)𝑡𝑠), 𝑛𝑝((𝑖 + 1)𝑡𝑠)(1 − 𝑝((𝑖 + 1)𝑡𝑠)))

−1
2
N(𝑛𝑝 (𝑖𝑡𝑠), 𝑛𝑝(𝑖𝑡𝑠) (1 − 𝑝(𝑖𝑡𝑠))),

(31)

where the factor 1
2 means equal probability of transmission

of bit ’0’ or ’1’. The first term indicates the total number of
molecules that are emitted at that time slot and absorbed by the
receiver within all subsequent i+1 time slots and the second
term indicates those molecules that were absorbed within the
subsequent i time slots. Then the number of ISI molecules
received by the current time slot can be expressed as

𝑁𝐼𝑆𝐼 =
∞∑
𝑖=1

𝑁𝐼𝑆𝐼𝑖 . (32)

Let 𝑁𝐴 indicate all molecules received by the receiver at
current time slot and let 𝑁𝐶 indicate molecules released by
the transmitter and received by the receiver at current time slot.
𝑁𝐴 consists two parts which are molecules from previous time
slots,𝑁𝐼𝑆𝐼 , and from current time slot 𝑁𝐶 . 𝑁𝐶 is the same as
(30)

𝑁𝐴 = 𝑁𝐶 + 𝑁𝐼𝑆𝐼 . (33)

Let 𝑁0 indicates the received molecule number when trans-
mitter sends "0", while 𝑁1 indicates the received molecule
number when transmitter sends "1":

𝑁0 =𝑁𝐼𝑆𝐼 ∼ N(𝜇0, 𝜎
2
0 ),

𝑁1 =𝑁𝐶 + 𝑁𝐼𝑆𝐼 ∼ N(𝜇1, 𝜎
2
1 ).

(34)

2) Bit Error Rate Analysis: Bit error rate (BER) is an
important factor to evaluate a communication model. In this
model, the reason why the system generates error bit is not

only because of ISI , but also because of the selection of
receiver threshold. The detection of molecules by the receiver
is mainly based on the comparison between the number
of molecules received in the time slot and the threshold.
Therefore, the selection of receiver threshold is critical to
reduce the system bit error rate [66]. There is a detection
method called MAP detection, which can minimize the impact
of receiver threshold on bit error. Let Z denote the number of
molecules observed. Then, the two detection hypotheses are:

𝐻0 : 𝑍 = N0 ∼ (𝜇0, 𝜎
2
0 ),

𝐻1 : 𝑍 = N1 ∼ (𝜇1, 𝜎
2
1 ).

(35)

The MAP detection is to obtain the point estimation of
the quantity that is difficult to observe based on empirical
data. Similar to the MLE, the MAP incorporates the prior
distribution of the quantity to be estimated. Therefore, the
MAP can be regarded as the regularized MLE. Applying MAP,
the formula can be derived as follows:

𝑃 (𝐻0 | 𝑍)
𝑃 (𝐻1 | 𝑍) =

𝑃 (𝐻0) 𝑃 (𝑍 | 𝑃0)
𝑃 (𝐻1) 𝑃 (𝑍 | 𝑃1)

=
𝜎2

1

𝜎2
0

exp

{
(𝑍 − 𝜇1)2

2𝜎2
1

− (𝑍 − 𝜇0)2

2𝜎2
0

}
.

(36)

By taking logarithm and setting it to zero, the optimal
decision threshold 𝝉 becomes:

𝜏 =
−𝐵 +

√
𝐵2 − 4𝐴𝐶
2𝐴

, (37)

where

𝐴 = −1
2

(
1
𝜎2

1
− 1
𝜎2

0

)
,

𝐵 =
𝜇1

𝜎2
1
− 𝜇0

𝜎2
0
,

𝐶 = ln
(
𝜎0

𝜎1

)
− 1

2

(
𝜇2

1

𝜎2
1
−

𝜇2
0

𝜎2
0

)
.

(38)

The BER formula can be written as

𝑃𝑒 =
1
2
(𝑝(1|0) + 𝑝(0|1))

=
1
2
(𝑝 (𝑁0 > 𝜏) + 𝑝 (𝑁1 < 𝜏))

=
1
2

(
𝑄

(
𝜏 − 𝜇0

𝜎0

)
+ 1 −𝑄

(
𝜏 − 𝜇1

𝜎1

))
.

(39)

3) Channel Capacity Analysis: Channel capacity is the
maximum amount of information that can be transmitted per
second or per symbol. The unit of information is bit. To
obtain the channel capacity, we need to solve for the maximum
mutual information between the transmitter and receiver.

The definition of mutual information 𝐼 (𝑋;𝑌 ) is as follows

𝐼 (𝑋;𝑌 ) = 𝐼 (𝑌 ; 𝑋) = 𝐻 (𝑋) −𝐻 (𝑋 |𝑌 ) = 𝐻 (𝑌 ) −𝐻 (𝑌 |𝑋), (40)
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where 𝐻 (·) is the entropy and 𝐻 (·|·) is the conditional entropy.
The maximum of mutual information is the channel capacity

𝐶 = 𝑚𝑎𝑥𝐼 (𝑋;𝑌 ) = 𝑚𝑎𝑥𝐼 (𝑌 ; 𝑋) = 𝑚𝑎𝑥 [𝐻 (𝑌 ) − 𝐻 (𝑌 |𝑋)] .
(41)

Assume that the source symbols are 𝑎𝑖 (𝑖 = 1, 2, 3...)and the
received symbols are 𝑏 𝑗 ( 𝑗 = 1, 2, 3...). Since X it is a binary
information source, there are in total two symbols, 𝑎1 and 𝑎2,
being transmitted, and the received symbols are 𝑏1 and 𝑏2.

Assume that the probability that X sends 𝑎1 is 𝑝1 and the
probability of sending 𝑎2 is 𝑝2 = 1 − 𝑝1, the source entropy
𝐻 (𝑋) is given as follows:

𝐻 (𝑋) = −(𝑝1 log2 𝑝1 + 𝑝2 log2 𝑝2). (42)

The binary channel can be described by a channel transfer
matrix.

TABLE I: Channel transfer matrix

Symbol 𝑏1 𝑏2
𝑎1 𝑝(𝑏1 |𝑎1) 𝑝(𝑏2 |𝑎1)
𝑎2 𝑝(𝑏1 |𝑎2) 𝑝(𝑏2 |𝑎2)

Assume that 𝑝(𝑏1 |𝑎1) = 𝑝 and 𝑝(𝑏2 |𝑎2) = 𝑞, and the
transition matrix becomes:

Symbol 𝑏1 𝑏2
𝑎1 𝑝 1 − 𝑝
𝑎2 1 − 𝑞 𝑞

In previous part, we have given the error decision proba-
bility of 𝑝(𝑁0 > 𝜏) and 𝑝(𝑁1 < 𝜏), which are equivalent to
𝑝(𝑏2 |𝑎1) = 1 − 𝑝 and 𝑝(𝑏1 |𝑎2) = 1 − 𝑞.

To obtain the maximum of 𝐼 (𝑌 ; 𝑋), we need to find 𝐻 (𝑌 |𝑋)
first.

𝐻 (𝑌 |𝑋) = −
2∑
𝑗=1

2∑
𝑖=1

𝑝(𝑎𝑖𝑏 𝑗 ) log2 𝑝(𝑏 𝑗 |𝑎𝑖)

= −[𝑝(𝑎1𝑏1)𝑙𝑜𝑔2𝑝 + 𝑝(𝑎1𝑏2)𝑙𝑜𝑔2 (1 − 𝑝)
+ 𝑝(𝑎2𝑏1)𝑙𝑜𝑔2 (1 − 𝑞) + 𝑝(𝑎2𝑏2)𝑙𝑜𝑔2𝑞] .

(43)

Note that the joint probability and conditional probability
has relationship in (44).

𝑝(𝑎𝑖𝑏 𝑗 ) = 𝑝(𝑎𝑖)𝑝(𝑏 𝑗 |𝑎𝑖)
= 𝑝(𝑏 𝑗 )𝑝(𝑎𝑖 |𝑏 𝑗 ).

(44)

Combining (43) and (44) together, (43) becomes:

𝐻 (𝑌 |𝑋) = − [𝑝2 (𝑞𝑙𝑜𝑔2𝑞 + (1 − 𝑞)𝑙𝑜𝑔2 (1 − 𝑞))
+ 𝑝1 (𝑝𝑙𝑜𝑔2𝑝 + (1 − 𝑝)𝑙𝑜𝑔2 (1 − 𝑝))] .

(45)

Next step is to find the information destination entropy 𝐻 (𝑌 ).

𝐻 (𝑌 ) = −
2∑
𝑗=1

𝑝(𝑏 𝑗 )𝑙𝑜𝑔2𝑝(𝑏 𝑗 )

= −[𝑝(𝑏1)𝑙𝑜𝑔2𝑝(𝑏1) + 𝑝(𝑏2)𝑙𝑜𝑔2𝑝(𝑏2)] .
(46)

To solve for (46), the marginal probability 𝑝(𝑏 𝑗 ) is needed.

𝑝(𝑏 𝑗 ) =
2∑
𝑖=1

𝑝(𝑎𝑖)𝑝(𝑏 𝑗 |𝑎𝑖)

= 𝑝(𝑎1𝑏 𝑗 ) + 𝑝(𝑎2𝑏 𝑗 ).
(47)

Combining (46) and (47), (46) becomes

𝐻 (𝑌 ) = − [(𝑝1𝑝 + 𝑝2 (1 − 𝑞))𝑙𝑜𝑔2 (𝑝1𝑝 + 𝑝2 (1 − 𝑞))
+ (𝑝1 (1 − 𝑝) + 𝑝2𝑞)𝑙𝑜𝑔2 (𝑝1 (1 − 𝑝) + 𝑝2𝑞)] .

(48)

Therefore, (41) becomes

𝐶 = 𝑚𝑎𝑥𝐼 (𝑌 ; 𝑋) = 𝑚𝑎𝑥 [𝐻 (𝑌 ) − 𝐻 (𝑌 |𝑋)]
= 𝑚𝑎𝑥 [−(𝑝1𝑝 + 𝑝2 (1 − 𝑞))𝑙𝑜𝑔2 (𝑝1𝑝 + 𝑝2 (1 − 𝑞))

− (𝑝1 (1 − 𝑝) + 𝑝2𝑞)𝑙𝑜𝑔2 (𝑝1 (1 − 𝑝) + 𝑝2𝑞)
+ 𝑝2 (𝑞𝑙𝑜𝑔2𝑞 + (1 − 𝑞)𝑙𝑜𝑔2 (1 − 𝑞))
+ 𝑝1 (𝑝𝑙𝑜𝑔2𝑝 + (1 − 𝑝)𝑙𝑜𝑔2 (1 − 𝑝))] .

(49)

IV. NUMERICAL RESULTS

In this section, we will use molecule-based simulation to
validate our proposed analytical MCN model employing the
default parameters in Table. II. In addition, the BER and
channel capacity performance are analyzed under conditions of
different numbers of capillaries, time slot length, receiver size,
decision threshold, inlet flow velocity and number of released
molecules.

TABLE II: Simulation Parameters

Default Parameter Value Unit
Blood Viscosity 0.0035 [40] 𝑃𝑎 · 𝑠
Blood Velocity 10 [40] 𝑚𝑚/𝑠
Diffusion Coefficient 1300 [62] 𝜇𝑚2/𝑠
Arteriole length 800 [57] 𝜇𝑚
Arteriole Radius 35 [57] 𝜇𝑚
Number of Capillaries 100 -
Capillary Length 600-1200 [40] 𝜇𝑚
Capillary Radius 8-12 [40] 𝜇𝑚
Venule length 1500 [60] 𝜇𝑚
Venule Radius 53 [60] 𝜇𝑚
Time slot 5 𝑠
receiver size ratio 𝛼 0.5 -
Released Molecules 10000 -

In Fig. 9, under the default parameters, the results obtained
from particle simulation show that the received molecules and
concentration curve of MCN through a single capillary are
close to the derived mathematical model in (25)-(28). The
simulation curve differs a little from the theoretical one, and
this is because of the fluctuation caused by the delay of some
molecules. Fig. 10 shows the CIR of MCN with different num-
bers of capillaries ranging from 10 to 300. It is worth noting
that as the number of capillaries increases, the curve becomes
less steep and the maximum amplitude decreases significantly.
When the number is greater than 100, the curve becomes like
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Fig. 9: Concentration of Received Molecules through a single
capillary in MCN

Fig. 10: CIR of MCN with different numbers of capillaries

a flat line, making the signal almost not detectable. This is
because the number of released molecules is fixed, and as the
number of capillaries increases, the information molecules are
distributed in more capillaries, resulting in fewer information
molecules in each capillary. In addition, since the length of
capillaries varies, the time that molecule takes to pass through
more capillaries will cause the time of arrival to spread over
a large period of time, resulting in a very flat signal curve. To
address this problem, the transmitter can send a larger number
of molecules or simply increase the time slot length. We will
show the results in the following figures.

Fig. 11 compared the impact of different sizes of receiver.
The receiver is assumed to be passive and only molecules that
pass through it are counted. A larger receiver means a stronger
CIR signal. It shows that when the receiver size ratio 𝛼= 0.1,
the BER is much higher than 𝛼= 0.2, and when 𝛼 increases,
the BER significantly decreases. It means the size of receiver
can be a decisive factor in MCN communication channel. A
larger receiver can help achieve a low BER with a shorter time

Fig. 11: BER verses Receiver Size

Fig. 12: BER verses decision threshold for different numbers
of capillaries

slot length, which can improve its bit rate of the system.
In Fig. 12, we compared the BER of MCN with different

number of capillaries. The released molecule number is 10000,
and we set the threshold from 0 to 8000. We found out that the
best threshold that helps achieve a minimum BER is the same
as (37). The enlarged part in the figure shows that when the
number of capillaries exceeds 100, the BER is already very
poor, which means adjusting threshold is no longer enough to
mitigate the BER.

Fig. 13 to Fig. 15 compared the impact of released molecule
number 𝑁𝑡 𝑥 , time slot length and inlet velocity on BER. Fig.
13 shows that increasing the number of molecules can to some
extent improve the BER performance when capillary number
is greater than 100. With the capillary number is 300, even
when number of released molecules is 6 × 106, the BER is
still very poor. However, Fig. 14 shows that increasing time
slot length is very effective. By increasing time slot length
to 15s, the BER performance is acceptable even when the
capillary number is high. However, it takes the cost of bit
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Fig. 13: BER verses Released Molecules for different numbers
of capillaries

Fig. 14: BER verses Time slot for different numbers of
capillaries

rate. In different MCN, the inlet velocity may vary, however,
it has a moderate impact on BER, shown in Fig. 15. When
the inlet velocity is 20mm/s, the BER is still very poor when
the capillary number is high.

However, the cost of efficiency can not be ignored. As time
slot length continues to increase, the bit rate will first reach
an apex and then drop after the channel capacity reaches its
maximum as shown in Fig. 17.

In the channel capacity parts, we have analyzed the influ-
ence of different time slot lengths and receiver size. The results
are similar to that of BER. Fig. 16 shows that when time slot
length increases, the bit per symbol increase as well, which
proves that a larger time slot length can help improve the
communication in MCN with a high number of capillaries.

At last we compared the impact of receiver size 𝛼. In Fig.18,
when 𝛼 is 0.1, the capacity is nearly 5% of that when 𝛼 is 0.4.
It still shows that receiver size is a decisive factor in MCN
system.

Fig. 15: BER verses inlet velocity for different numbers of
capillaries

Fig. 16: Relationship of Channel Capacity and Time slot length
with numbers of capillaries

V. CONCLUSION

In this paper, we have analyzed the physical model of
blood flow and micro-circulation and proposed a communi-
cation channel modeling based on it. We derived the channel
impulse response of arteriole, capillary network and venule,
respectively. We used both Bit error rate and channel capacity
to evaluate its communication performance based on CSK
modulation and summarized the factors that have the greatest
impact on MCN communication.

It shows that the blood vessel channel has a much faster
bit rate than that of a diffusion based channel and it enables
the communication in the order of mm with a relatively high
bit rate. In the micro-circulation, the main interference comes
from massive capillary network. However the interference
can be mitigated by increasing time slot length and released
number of molecules. It can be concluded that MCN has the
potential of supporting internet of things within human body
with a moderate bit rate. In the future, we will consider design
an effective coding and modulation method to combat the
interference.
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Fig. 17: Relationship of Bit Rate and and Time slot length
with different numbers of capillaries

Fig. 18: Relationship of Channel Capacity and symbol proba-
bility with different Receiver Size
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