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ABSTRACT

Artificial intelligence (AI) has recently been used in nanomedical applications, in which implanted intelligent
nanosystems inside the human body were used to diagnose and treat a variety of ailments with the help of the
Internet of biological Nano Things (IoBNT). Biological circuit engineering or nanomaterial-based architectures
can be used to approach the nanosystem. In nanomedical applications, the blood vascular medium serves as a
communication channel, demonstrating a molecular communication system based on flow and diffusion. This
paper presents a performance study of the channel capacity for flow-based-diffusive molecular communication
nanosystems that takes into account the ligand-receptor binding mechanism. Unlike earlier studies, we take into
account the effects of biological physical characteristics such as blood pressure, blood viscosity, and vascular
diameter on channel capacity. Furthermore, in terms of drug transmission error probability, the inter-symbol
interference (ISI) phenomenon is applied to the proposed system. The numerical results show that the proposed
AI nanosystems-based IoBNT technology can be successfully implemented in future nanomedicine.
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1 Introduction

Nanotechnology has recently allowed scientists to view intra-body systems, allowing us to create a
synthetic nano-scale system that matches the natural cell system. This technique offers a wide range of
applications, particularly in the field of nanomedicine. The nanotransmitter nanomachine (TN) and
the nanoreceiver nanomachine (RN) are the two nanoscale machines that make up a nanosystem. Such
a system could be implanted into the human body and could be used for medical applications, such as
healthcare monitoring, disease detection and treatment, or advanced targeted drug delivery (ATDD)
systems. The biological system, as is well known, is made up of groupings of entities or organs (cellular
networks) that work together to fulfill a certain activity in the human body. The cellular network
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of body organs (brain, liver, heart, lung, kidney, etc.) must be recognized appropriately. Naturally,
each disease in the body is caused or exacerbated by a breakdown in the communication between the
organ’s cells. We investigate the occurrence of diseases as a result of failure/irregular communication
among biological entities in the human body to contextualize this engineering problem. Furthermore,
nanotechnology has suggested that the prospective molecular communications technology is the best
way to define the TN-RN connectivity framework [1]. Recently, significant efforts have been made to
integrate 6G and nanonetwork-based molecular communication for modeling targeted drug delivery
[2–4]. In reality, due to its biocompatibility, molecular communication (MC) is the preferred approach
for AI technology utilized in nanomedical applications, highlighting advanced targeted nanomedicine
(ATN) [5]. MC is founded on the idea of using biochemical signaling to understand the information
exchange between naturally occurring and/or artificially created nanosystems over short distances.
As a result, the MC is regarded as a communication engineering problem that delivers relevant
information for nanomedical applications, particularly in the healthcare industry (HCI) [6,7].

In the prospective ATN, AI technology can be used to manage medicine delivery to the desired
site. Furthermore, due to the Coronavirus disease (COVID 19), medical doctors can use the Internet of
biological Nano Things (IoBNT)-based AI technology to contact their patients remotely and therefore
avoid getting sick. Fig. 1 depicts an illustrative example of the ATN based on the IoBNT paradigm and
the intelligent nanosystem [5]. The IoBNT is based on the Internet of Things (IoT) in order to achieve
communication coordination between the AI nanosystems and external network such as Internet and
similar to the social networks based on Internet of Thing (IoT) which is based on the AT technology
[8,9]. The function of the biocyber interface, on the other hand, is to convert an electromagnetic
(EM) wave into a biological signal, as described in [10,11]. The intra-body area network (IBAN)-
based MC system is implemented using the following artificial intelligence nano-scale machines, as
shown in Fig. 1: nanotransmitter (TN) for drug information molecule emission, molecular channel
for propagation (i.e., vessel blood medium), and nanoreceiver (RN) for reception. Furthermore,
various nanosensors were used to capture the essential data and transfer it to a nanotransmitter or
nanoreceiver. Additionally, the nanosensor is actually a nanomachine, similar to a transceiver that can
send and receive molecular information from the bio-cyber interface. For example, it detects/collects
variations in the implanted nanonetwork environment (which represents the status of the diseased
cell), and then sends the information to the bio-cyber, delivered to medical personnel to make a
decision. We explore a scenario in which ATN-based IoBNT is used to diagnose and treat diseased
cells in any biological system, including the heart, respiratory, nervous, and circulatory systems. We
use AI nanosystem made up of TN and RN that is implanted near the diseased cell. In molecular
communication (MC), the drug information is conveyed from TN to RN via the propagation
property, while molecules transport the required information at the same time, according to cell-
cell communication. There are several propagation schemes for transporting information molecules,
including free diffusion [7], also known as Brownian motion; in this propagation scheme, the molecules
carry drug information from the TN to the RN while simultaneously receiving energy from naturally
occurring adenosine triphosphate (ATP). One of the most well-known propagation strategies in life
science is the flow diffusion approach, which simulates propagation in the bloodstream [12]. Another
nanomachine mobility-based propagation techniques, such as mobile MC systems [6,13,14], have been
proposed.
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Figure 1: An illustrative design of IoBNT-based AI nanosystem

In molecular communication systems, binary information can be transferred on a time slot-by-slot
basis, i.e., each time slot carries the appropriate information, as inspired by wireless communication
networks. Furthermore, many forms of binary modulation techniques for transferring molecular
information have been developed. To produce the appropriate signal, the transmitted binary bits
can be modulated in the form of molecular concentration [15,16], molecule type [17], or molecule
releasing time [18]. The detecting process at the RN, which is based on chemical reactions or the
ligand-receptor mechanism, ensures successful molecular transport. The RN can be either a passive
or an active receiver. The passive receiver employs passive reception methods and does not obstruct
signaling molecule movement. In the MC literature, this style of receiver is frequently used to good
effect [19]. Absorption by the active receiver may impact the mobility of signaling molecules. More
precisely, when the released molecules meet the receiver’s receptors, they are either absorbed instantly
[20] or chemically react with them (i.e., the output signal is generated by the reversible reaction of the
released molecules with the receptors at the receiver surface) [21].

2 Main Contributions and Motivation

The increased focus on nanotechnology and artificial intelligence has resulted in a wide range
of applications, particularly in the nanomedicine field. The challenging issue of the nanomedicine
framework is determining the patient’s status and controlling nanomedical processes such as diagnos-
tic, monitoring, and therapeutic using real-time information. Actually, ATN is based on information
exchange and communication between the human intra-body network and an external network
such as the Internet. Furthermore, molecular communications based on nanosystems can provide
interconnection between the nanosystem and the external network to acquire treatment course
and dose decisions. Exploring the benefits of nanomedicine necessitates the use of a diverse set of
techniques, such as artificial intelligence nanosystems and AI tools, to improve the efficacy of future
healthcare systems. However, in addition to these enablers, several challenges in the development of
nanosystems have been identified. In order to overcome such challenges, researchers are encouraged
to develop and implement solutions for the communication engineering complexity that occurs in
such artificial intelligence nanosystems. As a result, in this study, the ATN is viewed as a molecular
communication (MC) engineering problem based on the Internet of biological nanothings and AI
technology. For example, in order to determine the desired therapeutic drug concentration at the
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targeted diseased cell, we must consider the changing of channel conditions caused by noise and ISI,
as well as other physical parameters in the human body.

In this paper, we inspect the channel capacity of the proposed AI nanosystem in the presence of
noise and inter-symbol interference (ISI). Noise is caused by a chemical reaction within the blood
channel media, whereas ISI is caused by a concentration overlap between the current and previously
received molecules from a TN. As a result, we investigate the impact and influence of physical
characteristics in the human body, such as blood pressure, blood viscosity, and vascular size, on
channel capacity. Blood pressure readings are important predictors of therapeutic decisions, and they
are one of the most commonly measured clinical indicators. The thickness and stickiness of a person’s
blood is measured by blood viscosity. It is a measurement of the ability of blood to flow through blood
vessels.

The remainder of this paper is organized as follows. Section 3 introduces the related work. The
system model and design of the molecular communication system are provided in Section 4. Section 5
provides the performance of the proposed AI nanosystems in the presence of noise and ISI, while
Section 4 discusses the performance analysis of the channel capacity. Section 6 presents the numerical
results, while Section 7 contains the conclusions.

3 Related Works

The application of molecular communication in nanomedicine has gotten a lot of interest in
recent days. The channel capacity of molecular communication systems is an important problem
that should be thoroughly researched because the blood vessel serves as the channel medium. In [22],
a closed-form mathematical expression for diffusion-based molecular communication’s information
capacity is derived. Based on this, the authors investigated the effects of physical parameters such
as temperature, molecule number, transmitting power, and system bandwidth. The authors of [23]
presented a complete model of the MC system, from drug injection to drug delivery onto the targeted
cell via the vascular blood vessel in the human body. As a result, they developed a mathematical
expression for the capacity of particulate drug delivery systems under noise constraints. In [24], a
closed-form diffusion formula based on channel capacity was obtained by accounting for the effects
of channel memory and molecular noise, and the upper bound of the capacity was analytically derived.
The authors of [25] presented a deterministic capacity expression by assuming a single instantaneous
emission of molecules by introducing a more realistic channel model for molecular communication. In
[26], a discrete memory less approximation for the molecular channel-based diffusion is introduced,
in the context of which the MC capacity is computed based on a binary coding scheme. The authors
of [27] created a model for a molecular single-access channel and derived channel capacity expressions
by employing the multiple-access method, which allows multiple transmitters to communicate with a
single receiver. The capacity of the MC system in the case of a discrete noiseless system is examined in
[28] by taking the channel memory effect into account.

Furthermore, the diffusion with drift is taken into account in specific literature. The authors
of [29], for example, used a simulation program to determine the mutual information between the
transmitter and receiver. They also considered how nanomachines and emitted molecules move
through a fluid medium with Brownian motion and drift velocity. The authors have considered a
molecular communication, with molecules propagating to the receiver through a fluid medium, in
reference to [30]. They created a theoretical model for the additive inverse Gaussian noise channel
and investigated whether the proposed model is more appropriate for molecular communications
in fluid media with drift. The authors of [31] proposed a receiver scheme after modeling molecular



CMES, 2022, vol.133, no.1 115

communications inside blood vessels by considering mobile transmitters diffuse in the blood towards
fixed receivers attached to the vessel walls.

Although the preceding works used MC-based diffusion, they ignored the main property of
diffusion (slow velocity profile) as well as the physical parameters influencing the performance of
the MC system. In this study, we consider a more realistic intelligent nanosystem MC system based
on flow-based propagation found in the bloodstream, highlighting parameters such as temperature
and viscosity in the cardio vascular channel, blood flow/velocity profile, and the influence of chemical
reactions processed on propagating information molecules. Furthermore, we investigate the effect of
the inter-symbol interference phenomenon on the efficiency of the investigated system in conjunction
with the probability of error. In addition, we derive a closed-form expression for error probability.

4 System Model and Analysis

We consider an intelligent nanosystem paradigm that is implanted into the intra-body nanonet-
work close to the diseased cell. The phenomena which include releasing the intelligence nanosystem
onto the body, propagation through blood vessel network, physical design and the contact with
targeted vessel wall (diseased cell), are elaborately presented in [32]. As a result, the movement of
an intelligent nanosystem from its insertion into the intra-body nanonetwork to its final destination
can be classified as an engineering communication phenomenon. Fig. 2 depicts the components of
the proposed intelligent nanosystem. The intelligent nanosystem paradigm is made up of two fixed
nanomachines: the nanotransmitter nanomachine (TN) and the nanoreceiver nanomachine (RN).
The distance d between TN and RN, is illustrated in Fig. 2. The TN and RN communicate via a
flow diffusion–based advection mechanism [33], which mimics a cardiovascular channel. Following
that, information molecules (therapeutic drugs) are freely diffused in the cardiovascular channel due
to Brownian motion and advection phenomena [32]. Unlike the electromagnetic (EM) channel, the
cardiovascular channel has unique properties such as viscosity, distance factor, adhesion, reaction,
and absorption that are heavily influenced by physical parameters such as temperature and pH within
the intra-body nanonetwork. In summary, the following assumptions have been made for the proposed
nanosystem:

• As shown in Fig. 2, we consider a cross-sectional view of the cardiovascular system with length
L and radius R.

• TN is a point source that transports the same molecules as the cardiovascular channel (which
is considered as the propagation medium).

• We consider a binary transmission scheme based on a priori probability, a with ON/OFF keying,
a bit 1 for IM (Information molecule) transport and a bit 0 otherwise.

• Inspired by wireless networks, the cardiovascular channel is divided into T-second time slots
that carry the binary IM.

• TN and RN are considered perfectly synchronized by the proposed work in [34].

• According to the characteristics of the cardiovascular channel, the IM follows the advection
diffusion equation with positive drift due to the pressure of the bloodstream [35].

• The reception of a molecular signal in the proposed nanosystem is occurred by binding
mechanism, with binding reaction rate. The association and disassociation constant rates are
denoted as kf and kr, respectively.
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• The additive noise and inter-symbol interference (ISI) are taken into account because of the
chemical reaction with other nanoparticles (noise effect) in the blood vessel media and the
residual influence of all previous transmitted bits at RN (ISI effect).

As illustrated in the following subsections, the proposed molecular communications paradigm is
inspired by conventional communication systems and is described by three successive processes: a)
transmission, b) propagation, and c) reception.

T N
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Blood vessels
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R
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M
kr
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Figure 2: Illustration of the proposed nanosystem

4.1 Transmission Process
According to the proposed system model, we consider that the proposed nanosystem is settled

down close to the targeted cell, inside the intra-body area network highlighting the circulatory system.
As illustrated in Fig. 2, the TN and RN can communicate with each other via information molecules
(IM) which swim in the cardiovascular channel as signaling molecules. The TN is considered as the
point source, which releases molecules onto the fluid medium by using OOK scheme. Additionally,
when the TN is excited to emit the desired number of molecules or concentration, the molecules
transmitted in each time slot (T) are in a sequence number of n slots.

Based on biological science, certain cells can secrete a hormonal substance that spreads to the
targeted cell via a flow mechanism within the bloodstream. As a result, we assume that the proposed
method is a flow-based propagation with velocity v, to which the advection-diffusion model can be
applied. Obviously, the velocity of flow is affected not only by the distinct space between the TN
and the RN, but also by physical parameters found within the bloodstream, such as blood pressure,
blood viscosity, and vessel diameter. As a result, the flow velocity in the cardiovascular channel can
be expressed as [36]:

v = 1
4η

Δp
L

(
R2 − r2

)
(1)

Eq. (1) includes the physical parameters of the cardiovascular channel such as the blood viscosity,
η, the pressure, Δp drop along a vessel dimension, L, R and r is the longitudinal axis of the vessel, as
illustrated in Fig. 2.



CMES, 2022, vol.133, no.1 117

4.2 Propagation Process
Unlike propagation in a stationary medium or free diffusion medium, the proposed method takes

into account flow-based propagation with velocity v. Following that, depending on the propagation
speed, the concentration of IM, c can reach the RN in a slow or fast fashion. As a result, the advection-
diffusion equation is used in the following way [33]:
∂c
∂t

+ ∇. (vc) = D∇2c (2)

where D denotes the drug molecules’ (IM) coefficient of diffusion in the cardiovascular channel and
∇ denotes the gradient operator.

Eq. (2), in fact, depicts the transmission of particle drug information via two processes: advection
and diffusion. As a result, using flow-based molecular communication makes the propagation of IM
inside the cardiovascular channel more realistic. We consider a one-dimensional (1D) environment
inspired by transmission within a directed vessel network. As a result, Varshney et al. [33] provided
the solution to Eq. (2) is given in Eq. (3), in terms of the probability density function (PDF) for the
first passage time of the IM arriving at RN.

f (t) = d√
4πDt3

exp

(
−(d − vt)2

4Dt

)
, t > 0 (3)

Similar to a wireless communication system, a molecular signal degrades as a result of time and
distance. As a result, the concentration of IM that diffuses from TN to RN is always less than the
original concentration. The former statement was validated by plotting the concentration distribution
of f (t) against t for the proposed intelligent nanosystem with and without a flow-based mechanism.
We consider the following parameters: D = 30 μm2/s, d = 10 μm, and v = 10 μm/s. At first glance, we
can see from Figs. 3a and 3b that the concentration behaviour expresses about the channel impulse
response (CIR) of the proposed system, which changes over time. Furthermore, all concentration
plots begin to reside/reduce dramatically immediately after reaching their maximum (for example, at
t = 1 s). According to the results of the investigation, the intelligent nanosystem with flow-based
mechanism outperforms the non-flow-based method. As a result, it is critical to investigate the
parameters and outline the framework that influences the drug delivery mechanism to the targeted cell.

Figure 3: Concentration distribution in the proposed intelligence nanosystem-based flow
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4.3 Reception Process
We consider the ligand-receptor binding kinetic reaction in the proposed scenario, where the

emitted molecules are denoted by L and the receiving receptor is denoted by R, and thus the forward
and reverse reaction rates are kf and kr, respectively. The process of binding mechanism is depicted in
Fig. 4 based on the kinetic reaction.

L R+
kf

kr

LR

Figure 4: Kinetic reaction based-ligand-receptor binding mechanism

Given that the number of receptors on the RN’s surface is M, as shown in Fig. 2, the probability
of successful reception at the RN is equal to Mkf /kr [31]. As a result, we assume that the number of
slots is n and the slot duration is T . At the start of, T , the TN emits Q molecules in the cardiovascular
channel with a priori probability of bit 1, otherwise, the transmission of information symbol is 0 bit. As
a result, as shown in Fig. 5, the probability of a molecule transmitted in time slot j∈1, 2, . . . , n arriving
in time slot n, qn-j can be expressed as Eq. (4) [37]

qn−j = Mkf

kr

∫ (n−j+1)T

(n−j)T

∫ ∞

t

f (t) m (z) dt dz (4)

where m(z) denotes the molecule life expectancy over time, is expressed by an exponential distribution
function: m(z) = λe-zλ with average value 1/λ [37].

0 T kT jT(j-1)T

qj-1

qj-2 qj-k

qj-k-1 q0 (i-1)T iTT(k-1)

Drug molecules received
from others

Figure 5: Illustration of the probability occurrence, qn-j. Analysis of proposed intelligent nanosystem
approach in the presence of ISI

In this section, we present the bit error probability performance of the proposed intelligent
nanosystem approach based on flow mechanism in the presence of noise and inter symbol interference
(ISI). In fact, the purpose of this analysis is to investigate the performance of a cardiovascular
channel in the presence of noise and ISI distortion. According to the previously discussed transmission
mechanism, the required concentration is emitted in a sequence of time slots, and due to diffusion
dynamics, some molecules may arrive after their intended time slot, as shown in Fig. 6.

As a result, this type of noise is known as residual noise, and it is responsible for the ISI component
[38]. Fig. 7 depicts the proposed nanosystem’s block diagram in the presence of ISI and noise. The
receiver received the required concentration of drug molecules sent by the TN in the current time slot
as well as the concentration of drug molecules sent in the previous time slot.

The received concentration, Rs [j] at the RN during time slot [(j-1)T , jT ] can be expressed by
Eq. (5):

Rs [j] = S [j] + I [j] + CN [j] (5)
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S[j] denotes the number of molecules received in the current slot, I [j] denotes the ISI resulting
from transmission in the previous j-1 slots, and CN[j] denotes the counting error caused by received
noise at the RN.

Eq. (6) expresses the expected noise which assumed to be a Gaussian distribution with a zero mean
and signal variance, as used in [39]:

CN [j] ≈ N [0, y (t) /VR] (6)

where V R denotes the volume of the spherical reception space with radius R.

We can model the interference signal, I [j] in Eq. (7), similarly to a conventional communication
system:

I [j] = I [1] + I [2] + · · · + I [j − 1] (7)

The received drug molecules are detected by the RN by comparing the received number of
molecules Rs [j] with the threshold, ξ and the detected symbol is given by Eq. (8):

a =
{

1 if Rs [j] ≥ ζ

0 if Rs [j] < ζ
(8)
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As a result, when TN sends drug molecules, the total number of molecules, Rs[j], is given by Eq. (9):

Rs [j] = S [j] + I [1] + I [2] + · · · + I [j − 1] + CN [j] (9)

In the absence of drug transmission, however, the output number of drug molecules Rs[j] is given
by Eq. (10):

Rs [j] = I [1] + I [2] + I [2] + · · · + I [j − 1] + CN [j] (10)

Then the binary hypotheses are expressed by Eq. (11):

H0 : R0 [j] = I [1] + I [2] + · · · + I [j − 1] + CN [j]
H1 : R1 [j] = S [j] + I [1] + I [2] + · · · + I [j − 1] + CN [j] (11)

The binary hypotheses H0 and H1 correspond to the absence (sending 0) and presence (sending 1)
of drug, respectively. As a result, the RN’s expected error probabilities are given by Eq. (12):

P (1|0) = P (μ0 ≥ ζ |H0)

P (0|1) = P (μ1 < ζ |H1)
(12)

Accordingly, Eq. (12) can be expressed by Eqs. (13) and (14):

P (0|1) =
∫ ∞

ζ

1√
2πσ 2

0

exp
[− (u − μ0)

2

2σ 2
0

]
du = Q

(
ζ − μ0

σ0

)
(13)

P (1|0) =
∫ ζ

−∞

1√
2πσ 2

1

exp
[− (u − μ1)

2

2σ 2
1

]
du = 1 − Q

(
ζ − μ1

σ1

)
(14)

where μ0, μ1, σ 0, σ 1 are the mean and variances under the hypothesis H0 and H1, respectively.

Finally, the average probability of error, Pe for slots 1 to n at the RN is given by Eq. (15):

Pe =
n∑

j=1

1
n

(
α

[
Q

(
ζ − μ1 [j]

σ1 [j]

)]
+ (1 − α)

[
Q

(
ζ − μ0 [j]

σ0 [j]

)])
(15)

where Q (.) is the Q function defined as in [32].

5 Performance Analysis of Channel Capacity

The purpose of measuring the information channel capacity for the proposed nanosystem-based
flow diffusion mechanism is very important to know the concentration of the drug molecules inside the
targeted cell site (i.e., RN). According to Shannon information theory that formulates the engineering
context for information exchange among biological entities [30]. Without loss of generality, we assume
that the transmitted molecular information message (IM) from TN in slot time n is X n while the
received IM at RN in the same time slot is Y n. According to the flow based diffusion mechanism, we
mimics the block diagram of proposed nanosystem for mutual information communication between
TN and RN as illustrated in Fig. 8, the mutual information of the transmitted IM and the received
IM in time slot n can be expressed by I(X n; Y n).

For instance, the closed-form expression for channel capacity in the proposed nanosystem can be
expressed as the maximum value of mutual information I(X n; Y n) as illustrated in Eq. (16):

C = max {I (Xn; Yn)} (16)

where, I(X n; Y n) denotes the mutual information, in time slot n, it can be expressed by Eq. (17):

I (Xn; Yn) = H (Yn) − H (Yn|Xn) (17)
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where H(X n | Y n) is the entropy per time slot n of the transmitted IM, X given the received IM, Y .
H(Y n) is the entropy per time slot n of the received IM, Y . H( . ) is the binary entropy function
expressed by the two possibilities with probabilities β and 1-β as illustrated in Eq. (18):

H (.) = −β log β − (1 − β) log (1 − β) (18)

Molecular channel-
based flow diffusion

Drug

Vascular channel

Receptors

X Y

TN RN

Targted
cell

Figure 8: The mutual information in the proposed AI nanosystem

Using Eq. (4) and the derivation in [37], we develop a new expression of mutual information based
on ISI considerations. The sum of the mutual information between the TN and RN in time slot n
containing the received drug molecules is given by Eq. (19):

I (Xn; Yn) = H
(

(1 − α)
n−1∏
j=1

(
1 − α qj

) + α

(
1 − (1 − q0)

n−1∏
j=1

(
1 − α qj

)))

−
{
αH

(
1 − (1 − q0)

n−1∏
j=1

(1 − α qi) + (1 − α) H
(

n−1∏
j=1

(1 − α qi)

))} (19)

where q0 is the chance that a molecule will transmit in the first slot (i.e., n = 1). As a result of the
binary transmission scheme ON/OFF keying, the maximum mutual information from slot 1 to n can
be expressed by Eq. (20):

C =
(

n∑
j=1

max I
(
Xj; Yj

)
n

)
/T bits/sec (20)

6 Numerical Results

The numerical results of the proposed intelligent nanosystems are presented in this section. The
goal is to investigate the effect of flow on channel capacity and to observe changes in molecular channel
capacity as physical parameters such as the distance, r, between the intelligent TN and the RN change.
We also want to look into the effect of biological parameters in the human intra-body network on
channel capacity. The obtained results were computed numerically for a common set of parameters
listed in Table 1 and obtained from [33,40].

Table 1: Default parameters for simulation

Parameter Value

Diffusion coefficient, D 10–70 μm2/s
Distance between TN and RN, d 5–20 μm
Time slot duration, T 1 s
Vascular flow velocity, v {2, 5, 10} μm/s

(Continued)
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Table 1 (continued)

Parameter Value

Mean value of coefficient, λ 0.1
Release rate, kr 0.012 s–1

Binding constant rate, kf 1.5 × 10–8 m–1 s–1

Number of time slots, n 10
Number of receptors, M 200
Length of vessel section, L 30–120 mm
Vessel radius, R 10–30 μm
Distance from the longitudinal axis of the vessel,
r

1 μm

Pressure drop, �p 10–20 Pa
Blood viscosity, η {0.001, 0.002, 0.01} cP

6.1 Effect of the Flow Velocity
Fig. 9 depicts the capacity of the proposed intelligent nanosystem’s cardiovascular channel, C in

(bps), with varying a priori probability, for various flow velocities. We notice that the curve of C is
always a convex function (that is, it increases with and thus reaches its peak value before decreasing
until it reaches zero); this indicates that a priori probability is an effective parameter for determining
channel capacity. We also notice that is a critical parameter with a maximum value for capacity at a
value that is not close to 1 or 0. The figure depicts the effect of cardiovascular flow velocity on channel
capacity in the opposite direction. As expected, the capacity of the cardiovascular channel increases
as the flow velocity increases. Furthermore, we find that the capacity of the cardio vascular channel
without considering fluid flow is very low when compared to the proposed intelligent nanosystem.

Figure 9: Channel capacity against α for different v (T = 1 s, D = 30 μm2/s, d = 10 μm)



CMES, 2022, vol.133, no.1 123

Fig. 10 shows C in (bps) vs. for various values of the separation distance, d, between TN and RN
in the proposed nanosystem when v = 1 μm/s. The capacity of the cardio vascular channel is very
sensitive to distance, as shown in the figure, and as the distance between the TN and the RN increases,
the capacity of the cardio vascular channel decreases significantly. This is due to the fact that molecules
cannot move long distances using the diffusion property; if this occurs, the molecules are lost in the
cardio vascular channel and thus cannot reach the target cell.

Figure 10: Channel capacity against α for different d (T = 1 s, D = 30 μm2/s, v = 10 μm/s)

On the other hand, we show the effect of the time slot length (in sec) on the capacity of the
vascular channel, C in (bps), in Fig. 11. This information can assist medical personnel through IoBNT
paradigm in adjusting the required drug concentration to the target cell. As we can see, when the
transmitted time slot is long, the capacity increases. In other words, the higher the channel capacity,
the longer the time slots. Because of the longer time slot, RN receives more drug concentration.
Furthermore, this observation can be translated into the difficult issue of pharmacokinetics and bio-
distribution during the introduction of the proposed intelligent nanosystem into the IBAN (intra-body
area network).

6.2 Effect of the Physical Parameters
In this section, we look at how physical parameters of the human body affect channel capacity.

Actually, we are investigating the effect of blood viscosity on system capacity, which will aid medical
personnel in managing/controlling/tracking targeted drug delivery.

As shown in Fig. 12, as the plasma viscosity in a blood vessel increases from normal to hyper
viscosity, the channel capacity decreases, because high blood viscosity values indicate high resistance
to flow along the blood vessel. As a result, the proposed nanosystem’s efficiency suffers in such
environmental conditions. Blood pressure, on the other hand, is the pressure exerted by circulating
blood on the walls of the body’s blood vessels, and it is one of the critical parameters measured on
virtually every patient in every healthcare setting. Poiseuille’s Equation states that �p is the pressure
drop along a vessel section of length L; as �p increases, blood flow increases, and thus vascular channel
capacity improves, as shown in Fig. 13.
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Figure 11: Channel capacity against α for different time slot, T (D = 30 μm2/s, d = 10 μm,
v = 10 μm/s)

Figure 12: Impact of blood viscosity,η on channel capacity (at L = 30 mm, R = 30 μm, r = 1 μm, �p
= 10 Pa)

According to the type of vessel, the diameter of blood vessels may be changed throughout the
intra-body area network (IBAN). The increasing of the diameter means that there is less blood
contacting to the vessel wall, result in reducing the friction and thus low resistance, result in increasing
the flow velocity. Obviously, small increase in the diameter of vessel causes increasing in flow, and
then the capacity in the proposed nanosystem will be increased as depicted in Fig. 14. On the other
hand, the length of a vessel is inversely proportional to the blood flow, the longer the vessel is, and the
lower the flow velocity is. Therefore, when the length of a vessel increases, the proposed nanosystem
capacity will be decreased as shown in Fig. 15. This is because of increasing the length of vessel cause
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of dispersion of the molecules diffusion. Thereby the expected number of therapeutic drug molecules
that may be counted at the RN over time after the transmission process is decreased and thus the
channel capacity is decreased too.

Figure 13: Impact of pressure drops, �p on channel capacity (L = 30 mm, R = 30 μm, r = 1 μm, η =
0.001 cP)

Figure 14: Impact of diameter of blood vessel, R on channel capacity (L = 30 mm, r = 1 μm,
η = 0.001 cP)
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Figure 15: Impact of length of vessel, L on channel capacity (R = 30 μm, r = 1 μm, �p = 10 Pa,
η = 0.001 cP)

We can conclude from the results discussion that the proposed intelligent nanosystem-based
IoBNT paradigm is suitable for nanomedicine applications involving short distances, such as trans-
porting drug molecules from the extracellular to intracellular of diseased cells via the plasma
membrane. The proposed nanosystem, on the other hand, can be used for long-distance nanomedical
scenarios in which we could use nanomachines as relay nano-nodes (future scope). Furthermore, the
capacity of the vascular channel used for therapeutic drug transmission varies significantly with the
physical parameters of the intra-body area network (IBAN).

6.3 Performance of Error Probability in AI Nanosystem
We present the performance of error probability for transmission therapeutic drug using the

proposed nanosystem in this section. In fact, we investigate the performance of the proposed
nanosystem in the presence of noise and an ISI component. We adjusted the main parameters
of the proposed nanosystem before running the simulation campaign with the system parameters
D = 30 μm2/s, d = 20 μm and v = 5 μm/s.

The average error probability in the proposed nanosystem is plotted against the detection
threshold that can be used at RN in Fig. 16. As we can see, the minimum error probability occurs when
the detection threshold at the RN is set to the appropriate value. Furthermore, as expected, the error
probability of the proposed nanosystem-based flow diffusion outperforms that of the nanosystem
without flow-based because the velocity of blood flow is considered, and thus the probability of error
decreases. Clearly, we can see that the proposed nanosystem is capable of achieving the lowest error
probability, especially when the flow velocity is high.
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Figure 16: Probability of error against the detection threshold for different flow velocity

For a more detailed explanation of the results, we plot the error probability against the detection
threshold at the RN for different numbers of molecules, Q, which are transmitted on a slot-by-slot
basis, as shown in Fig. 17. Clearly, as the number of molecules released Q increases, the optimal value of
the threshold that achieves minimum, Pe, increases. Furthermore, in order to evaluate the performance
of the probability of error and the channel capacity for the proposed nanosystem with variations in the
diffusion coefficient, D, we can see in Figs. 18 and 19, respectively, which as D increases, the probability
of error decreases while the channel capacity increases.

Figure 17: Probability of error against detection threshold for different number of molecules

Based on the results, we can conclude that the proposed nanosystem-based flow diffusion is
superior. Furthermore, the diffusion of molecules with drift in the cardiovascular channel mimics the
turbulence (i.e., blood or pheromones) environment and thus delivers to the RN. Furthermore, we will



128 CMES, 2022, vol.133, no.1

be able to develop diagnostic, therapeutic, and monitoring capabilities in the intra-body area network
by implementing the proposed AI nanosystem. This section examines how physical parameters of the
human body influence channel capacity. Actually, we are looking into how blood viscosity affects
system capacity, which will help medical personnel manage/control/track targeted drug delivery.

Figure 18: Probability of error against D for different flow velocity

Figure 19: Channel capacity against D for different flow velocity
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7 Conclusions

The performance of channel capacity for nanosystem based on the artificial intelligent (AI) and
the Internet of biological nanothings is presented in this paper. A more realistic channel suitable for
nanomedical applications, as well as a receiver design structure resembling that of a living cell, were
considered. In addition, the analysis took into account the effect of channel parameters as well as
biological parameters. The numerical results show that increasing the channel capacity is possible
when the flow velocity in the cardiovascular channel is high and the blood viscosity is low. According
to the proposed channel capacity analysis, the proposed AI nanosystem can assist medical personnel in
transmitting the desired dose to the patient. Furthermore, the proposed AI nanosystems are thought
to be a promising tool for real-time diagnostics in healthcare technology.
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