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Abstract: With the emergence of the COVID-19 pandemic, the World Health
Organization (WHO) has urged scientists and industrialists to explore modern
information and communication technology (ICT) as a means to reduce or
even eliminate it. The World Health Organization recently reported that the
virus may infect the organism through any organ in the living body, such as
the respiratory, the immunity, the nervous, the digestive, or the cardiovas-
cular system. Targeting the abovementioned goal, we envision an implanted
nanosystem embedded in the intra living-body network. The main function
of the nanosystem is either to perform diagnosis and mitigation of infectious
diseases or to implement a targeted drug delivery system (i.e., delivery of the
therapeutic drug to the diseased tissue or targeted cell). The communication
among the nanomachines is accomplished via communication-based molecu-
lar diffusion. The control/interconnection of the nanosystem is accomplished
through the utilization of Internet of bio-nano things (IoBNT). The proposed
nanosystem is designed to employ a coded relay nanomachine disciplined
by the decode and forward (DF) principle to ensure reliable drug delivery
to the targeted cell. Notably, both the sensitivity of the drug dose and the
phenomenon of drug molecules loss before delivery to the target cell site in
long-distance due to the molecules diffusion process are taken into account.
In this paper, a coded relay NM with conventional coding techniques such
as RS and Turbo codes is selected to achieve minimum bit error rate (BER)
performance and high signal-to-noise ratio (SNR), while the detection process
is based on maximum likelihood (ML) probability and minimum error prob-
ability (MEP). The performance analysis of the proposed scheme is evaluated
in terms of channel capacity and bit error rate by varying system parameters
such as relay position, number of released molecules, relay and receiver
size. Analysis results are validated through simulation and demonstrate that
the proposed scheme can significantly improve delivery performance of the
desirable drugs in the molecular communication system.
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1 Introduction

Nanoscale communication is a new research area in communications engineering. It is consid-
ered a new communication network paradigm between macro, micro, and/or nanodevices (namely
nanomachines). Inherent to the communications scenario, the concept of nanomachines is introduced
in the communication world. The nanonetwork consists of interconnected nanomachines performing
the information exchange work. Nano-machines are capable of implementing simple functions like
computing, storage, and driving data. The concept of nanonetwork-based nanomachines has appeared
in medical applications, wherein nanomachines can be used to deliver drugs to cells through emission,
propagation, and reception of drug information molecules in the Advanced Targeted Nanomedicine
(ATN) system [1]. Additionally, they can perform more complex tasks such as encoding, decoding,
and error correction/detection according to cooperative property. Moreover, nanotechnology has
recommended that nanoscale communication can be performed by molecular communica-tions
technology. Molecular communication (MC) system utilizes molecules (bio-chemical signals over
multiple scales), to encode, transmit and receive molecular information among a group of macro,
micro, and nanodevices [2]. Thereby, it is bio-inspired communication that enables macro, micro,
and nanodevices to interconnect. The importance of the MC system aims to gain new insights into
modeling the biological systems as well as introducing the interface with the macro networks such as
the Internet. More importantly, targeting the development of techniques to control the nanodevices
performing specific functions. A very widely-used paradigm, which represents the network engineer-
ing, is the Internet of bio-nano things (IoBNT). This paradigm stems from the artificial biology and
nanotech¬nology tools that allows the engineering of biologically-embedded devices [3]. It can sustain
novel Internet of Things (IoT) applications, such as intra-body sensing, actuation networks, health
monitoring, health-care and targeted therapy [4]. The IoBNT also enables an interface to the electrical
domain of the Internet.

Molecular Communication via Diffusion (MCvD), is one of the most popular methods explored
in the literature. In MCvD, the molecules released by the transmitter nanomachine in a fluid medium,
randomly walk in all directions without any more infrastructure via diffusion. Therefore, a number
of molecules may reach the receiver nanomachine or not due to the nature of the random diffusion
process, particularly when the distance between the transmitter and the receiver is long. However, in
flow-based diffusion, the molecules are confined in the microfluidic channels such as blood vessels
[5]. On the other hand, the information can be conveyed from transmitter-based mobility to receiver
(such as proteins) by using active molecular communications. Consequently, MC experiences high
propagation delay as a proportion to the square of the distance between the transmitter and the receiver
nanomachines. Additionally, the molecular concentration is inversely proportional to the cubic power
of the distance between the transmitter and the receiver nanomachines. Such characte¬ristics result
in communication deterioration and unreliability between the transmitter and the receiver nanoma-
chines. Such challenges can be mitigated by adopting the relay capability in wireless communication.
Particularly the relay signaling can be found in biological systems such as the nervous system and
quorum sensing in bacteria [6].
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Some research efforts have been devoted to MC with relays. In [7], the authors use the relay node to
decode the incoming signal and forward it to the receiver. Different types of molecules are used and the
Maximum a Posteriori (MAP) detection method is employed at the receiver. The authors of [8] used
relay schemes in MCVD communication systems using different types of molecules twofold. In the
former case, the receiver uses only molecules which originate from the relay node and ignores molecules
from the transmitter. In the latter, the receiver considers both molecules received from the transmitter
and the relay node. An estimate and forward (EF) relaying scheme was adopted in [9] to enhance
the system performance between two hops under the influence of both residual and counting noise.
Quadruple Concentration Shift Keying (QCSK) modulation is employed. In this scheme, the signal
is encoded into the four-level concentrations of molecules emitted by nano-machines. Amplify and
forward relay scheme are investigated in [10], accompanied by performance analysis of signal detection
schemes, by mean square error detection, maximum posterior probability detection, and minimum
error probability (MEP) detection. In [11], another relay scheme was presented on the foundation
of the DF strategy to ensure a high transmission rate in addition to enhanced BER performance
by means of analytical equation. For the benefits of coding techniques, the coding protocols in
[12] have been adopted in diffusion-based MC systems with energy consumption constraints and a
relevant mathematical framework. Different Error correction codes were considered to improve the
transmission performance of molecular communications, An RS coding technique has been used
in [13] to improve the system BER performance and derive an analytical solution for the bit error
probability of the diffusion-based MC system with the full absorption receiver. In addition, the
Hamming code is exploited in [14] to enhance the MC system performance taking into account the
energy budget of error correction codes.

2 Motivation and Contribution

With the emergence of the COVID-19 pandemic, WHO has urged scientists and industrialists to
use modern information and ICT to find appropriate solutions that may help eliminate this epidemic.
The WHO recently reported that the virus may taint/enter any organ in the living body, such as the
respiratory system, immune system, nervous system, digestive system, and cardiovascular system.
On the grounds of the previous, we envision an implanted nanosystem inside the intra living-body
network. The main function of the nanosystem may be diagnosis and mitigation of infectious diseases
or targeted drug delivery (i.e., delivery of the therapeutic drug to the diseased tissue or targeted cell).
The nanosystem consists of a group of bio-nanomachines. The bio-nanomachine is able to perform
specific tasks such as sensing, storing, computing and encoding, error detection and correction. We
can employ a modern technology such as IoBNT to enable the interconnection among such bio-
nanomachines, and thus perform complex tasks. The illustration example of the IoBNT is given in
Fig. 1. Moreover, the IoBNT is able to perform the connectivity control among the nanomachines
inside the nanosystem as well as perform control for the therapeutic drug side effects. The intercon-
nection between the IoBNT and the nanosystems is accomplished by the promising MC technology.
On the other hand, the applications of targeted drug delivery and health monitoring require robust and
reliable communication channels. In order to improve the reliability of the transmitted data among the
nanomachines and over the biological network, coding techniques should be utilized within the MC
system. Additionally, the MC is only suitable for very short transmission ranges (in nanometer), as in
microtubule or via diffusion from the extracellular to intracellular through the cytosol of the cell.
Therefore, increasing the distance between the bio-nanomachines increases the propagation delay,
and thus deteriorates the performance of the proposed nanosystem. Additionally, the variations of
inter-arrival times of receiving molecules at the DX, cause ISI between the received bit information.
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Therefore, the IoBNT makes use of the relay theory to enable MC for medium to large transmission
ranges in (micrometer).

Figure 1: The illustration of internet of biological nano things-based nano-system

In this paper, unlike other papers, an embedded coded relay scheme with Turbo or RS code
is used for extending the communication distance in reliable diffusion-based MC. It is introduced
as a treatment method for effectively delivering drug molecules to diseased cells by using IoBNT
technology. This is accomplished by an embedded nanomachine network near the diseased cell to avoid
the distribution of drugs in the whole body. The main contributions of this paper are as follows:

• Establishing a channel model of diffusion-based DF relay scheme in MC systems with CSK
• Using an Error Correction Code (ECC) scheme to ensure reliable channel communication
• Considering the ISI from previous time slots and channel noise
• Deriving an analytical expression for BER with ML, and MEP for the diffusion-based DF relay

in MC systems
• Studying the effect of key factors, such as the number of released molecules, the receiving radius,

and the relay position on channel performance.

The remainder of this article is organized as follows. The system model is presented in Section
3. The proposed coded relay scheme is presented in Section 4. Detection schemes and corresponding
theoretical performance analysis are studied in Section 5. Numerical results are analyzed in Section 6
whereas in the final Section 7 conclusions are drawn.

3 System Model

We consider a nanosystem consisting of three bio-nanomachines, namely nanotransmitter (TX),
nanorelay (RX) and nanoreceiver (DX). It is implanted inside the living body close to the targeted
tissue (diseased cell) as shown in Fig. 1. We assumed that the TX is a point source, while the DX is a full
absorber sphere with radius rr. Additionally, we assume that the RX is an intermediate nanomachine
located between TX and DX in a three-dimensional (3D) medium. The structure of the proposed
nanosystem is illustrated in Fig. 2. TX releases the therapeutic drug molecules (information molecule),
IM, into the medium immediately after receiving a command from the IoBNT through the biocyber
interface. The IMs move according to the Brownian motion, and thus IMs diffuse randomly in the
medium. The noise coming from the variation of the Temperature (Tp) and PH inside the human
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body or from the chemical reactions, is taking into consideration. The IMs, represented by bit symbols,
are encoded by TX with different concentration levels, i.e., concentration shift keying (CSK) scheme.
According to the Brownian motion of IMs, the symbol may arrive in a delayed fashion, and thus may
cause incorrect symbol detection i.e., ISI issue. Also, we consider two levels of molecule concentration
represented in a binary form of 0’s and 1’s, and it is referred to as On-Off keying (OOK). Moreover,
we consider the RX includes an Error correction code (ECC) memory, and thus uses a Decode-and-
Forward (DF) discipline to reduce the bit error rate in the received signal over such a noisy and ISI
channel.

Decoding

Forward

Encoding
Modulation

Encoding

Transmitter molecular nanomachine Relay molecular nanomachine Destination molecular nanomachine

Decoding

Detection

RXTX DX

Molecular communication
channel

Molecular communication
channel

Signaling molecules
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Figure 2: Proposed nanosystem model-based relaying scheme

The drug molecules (i.e., IM) released from TX start to randomly diffuse inside a medium
according to Fick’s law of diffusion. After certain period of time, some drugs are absorbed by DX,
while others not. Therefore, we can express the concentration of drug molecules starting from the
origin at distance d and time t as follows [15]:

c(d, t) = 1

(4πDt)3/2 e−d2/4Dt (1)

where d represents the distance from the TX to the destination node. d is equal to d1 in the first hop
between TX and RX and d is equal to d2 in the next hop between RX and DX as shown in Fig. 2. In
addition, D is the diffusion coefficient equal to = kBTp

6π η rmol
, that depends on the molecular type, kB is

the Boltzmann constant, Tp is the medium temperature, η is the fluid viscosity, and rmol is the drug
molecule radius.

As soon as the IMs hit the RX, the molecule is received and removed from the medium. This
process is referred to as the hitting or capture process. The capture probability density function (PDF)
can be expressed as:

f (t) = rr

rr + d
d√

4πDt3
e− −d2

4Dt (2)

where rr is the receiver radius, which is equal to rR at the first hop between TX and RX nodes and
equal to rr at the second hop between RX and DX nodes. The cumulative distribution function (CDF)
of the capture probability is equal to the probability of successful arrival for a molecule transmitted
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within time slot T , and it can be obtained by integrating Eq. (2) as follows [16]:

Fcapt(T) = rr

rr + d
erfc

(
d√

4DT

)
(3)

where erfc (.) is the complementary error function.

In the following subsection, inspired by conventional communication systems, we present the
analysis of the proposed nanosystem model.

3.1 Modulation and Demodulation Scheme

As illustrated in Fig. 2, the TX transmits molecular information in the medium. It may be encoded
based on a specific structure of molecules, or on a specific composition of the information molecules
(e.g., DNA sequence), or on the concentration of information molecules. In the proposed model, we
consider that the molecular information (IM) is encoded according to the amount of concentration.
The TX adopts the On-Off Keying (OOK) modulation scheme to transmit molecular information
(therapeutic drugs), which represents the amplitude of the signal. We consider that the molecular
information, IM is sent by using a sequence of binary symbols noted by (k1, k2, k3, . . . kj )
that are spread over sequential time-slots jth with one symbol in each slot, T .

A binary concentration shift keying (BCSK), which is defined by the number of molecules per
unit volume NTx , is emitted by the TX at the beginning of each time slot for bit ‘1’, and bit ‘0’ in the
case of no emission. The DX captures the molecules during each time slot and hence demodulates
each symbol. The DX detects the intended symbol as ‘1’ if the number of arriving molecules at the DX
during each time slot exceeds a threshold value, otherwise; the symbol is detected as ‘0’ [17–18].

3.2 ISI and Noise Model

Due to the movement of drug molecules that follow a Brownian motion, the molecules move
randomly and some of them cannot be captured by the DX. Moreover, the received molecules in a time
slot may be captured in another one, which may cause ISI [19]. We consider that there is no equalizer to
mitigate ISI owning to the fact that the performance of the proposed nanosystem is influenced by the
number of received molecules. In consequence, the number of molecules that are sent at the previous
time slot but arrived at the current time slot which can be defined as the ISI which absorbed during
(T , 2T), is approximately modeled as the difference between two binomial distributions. Therefore,
the probability of the ISI molecules can be expressed as [20]:

Pj = Fcapt(d, jT) − Fcapt(d, (j − 1)T) j = 1, 2, . . . I (4)

where I is the ISI length and P1 corresponds to the probability that a molecule is absorbed by the DX in
its current symbol duration. However, Pj stands for the probability that a molecule is absorbed by the
receiver in the jth symbol duration starting from the slot in which it was released. Fcapt(d, T) is the first
hitting probability in the jth symbol duration. On the other hand, we consider noise as another issue
that degrades the performance of the proposed nanosystem. Noise sources may come from variations
of body’s Temp. or PH, or from molecular reaction and background molecules. In the literature, it is
assumed that the noise is Additive White Gaussian Noise (AWGN) and can be expressed by [21]:

NNnoise ∼ N(μN, σN
2) (5)

where the noise power is defined as the variance of the normal distribution σN
2 with zero mean μN.
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3.3 Encoding and Decoding Scheme

In the context of MC for transmission over a reliable channel, encoding techniques are very
important for protecting data as (drugs molecules) when performing a serious surgery for a sick
man through an advanced technology, which is called IoBNT, as we can envisage in our paper.
Coding techniques are generally based on the addition of redundant bits into the source coding
representations, followed by the transfer of these bits into the channel, where noise is present. At
the Rx, an appropriate decoding method is used whereby the redundant bits can be used to check
whether or not the information is corrupted. The use of coding and protocol techniques is still in
its infancy at the nano-scale with many outstanding challenges, especially in this crucial technology
as IoBNT. The BER can often be reduced and improved by choosing a slow and robust modulation
scheme or coding scheme or by using channel ECC schemes, which can be employed to detect and
possibly correct a certain number of errors that occur when information symbols are transmitted in
a communication system. The study of the coding techniques and their abilities for manufacturing is
still being researched.

Turbo coder and RS coder are used as ECC in the proposed relay scheme. The ECCs are used
as block codes or convolutional codes. Block codes are very simple codes. They produce n-bit code-
words by adding (n-k) extra bits to the k-bit message or information data [22]. Usually, these codes
are called (n, k) block codes (abbreviation from Reed & Solomon codes). On the other hand, in the
convolutional code as Turbo code, the whole data is converted onto a single code word. The encoding
data depends on the previously (past) used input bits and on the present (current) input data which is
called constraint length. So it is a memory coding technique.

4 Proposed Coded Relay Scheme

The proposed nanosystem is utilized to deliver the desired therapeutic drug molecules dose via
molecular communication-based diffusion to the targeted cell with the control from the IoBNT
technology. However, the molecular communications suffer from severe attenuation of molecular
concentration results with high errors at the DX, especially when it is far away from the TX.
Consequently, the communication principles and the approaches in conventional communication
systems such as relay discipline, information theory and coding techniques, can be employed to
enhance the performance of the proposed nanosystem. Inspired by the biological system, the notion of
the relay can be traced back in the nervous system, wherein there are various types of neurons such as
motor, sensory and relay neurons. In such a system, the relay neuron is intermediated between motor
and sensory neuron, used to relay the electrical impulse from sensory to the motor neuron. Moreover,
due to the sensitivity of the transmission of the therapeutic drug over the IoBNT, a coding method
must be employed to accomplish the data integrity/protection and thus achieve the complex goal of
reliability over the molecular channel. Therefore, in the proposed nanosystem, not only do we employ
a relay discipline but also a coding technique. We develop an intermediate DF nanorelay (RX) between
TX and DX as illustrated in Fig. 3. It is able to ensure delivery of drugs effectively and thus improve
the performance of the nanosystem to attain a minimum bit error rate. Also, we provide solutions for
the position of the nanorelay, which can be served. Additionally, we use a widely experimented coding
technique such as an RS coder and a Turbo coder to improve the performance of transmission over
the proposed nanosystem.
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Figure 3: Proposed molecular communication model

The developed DF scheme demonstrated in Fig. 3 works as follows:

• The TX releases a type of drug molecule using a CSK modulation scheme. The modulation
scheme is adopted to encode the input signal, which represents the binary signals ‘1’ and ‘0’ at
the start of each bit interval. If the current bit is encoded as ‘1’, N tx molecules are emitted from
the transmitter at a distance d1 from the center of the RX. Otherwise, the transmitter emits no
molecules to transmit bit 0.

• Due to the ISI source, which comes from the arrival of molecules in a time slot, it may be
captured in another one.

• In addition, noise sources as mentioned before may degrade the channel reliability.

So, the coding techniques must be utilized within our relaying scheme, especially when we deal
with the life of the man through advanced technology such as IoBNT. The RX decodes the signal
received from the TX.

• The DF relay is able to deduce and select the best transmission signal in the first hop between
TX and RX nodes by calculating the BER metric and then, re-encode and re-transmit it again
by RS or Turbo coder.

• At the RX or DX, detection of the signal can be carried out by assuming that the receiver
nodes are able to count the net number of drug molecules that are captured by the receiver at
any sampling period interval.

• The RX decodes the received signal by comparing it with the detection threshold values.
Then, it selects the received signal with minimum bit error rate, and after, re-encoding and re-
transmitting again along a diffusion channel between the RX and DX, which is attained by
re-transmitting from the RX at a distance d2 from the center of the DX.
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The proposed MC system-based coded nano-relay procedures are represented in the following
Algorithm 1

Algorithm 1: MC System based on coded nano-relay
Require: NTX , d, r, D, Ts, Nth

1: procedure Initialization
2: Generate random bit sequence k1, k2, . . . kj

3: Determine Simulation End Time
4: For all Simulation Time Steps do
5: input encoder requirements for RS (255, 239) and for Turbo Encoder whose constraint length is 4

and whose generator polynomials are 13 and 15
6: If at start of jth bit interval and kj = “1”
7: TX released NTx molecules
8: else
9: TX is silent
10: RX records the net number of captured molecules in each jth

11: Demodulate by comparing Nj
RX by Nth (1: NTx)

12: The RX decodes the received signal and calculates BER by NNZ (received signal at RX-transmitted
signal).

13: Then choose received signal with minimum BER and resend it again at a certain threshold
14: Repeat procedure from 1:15 between RX and RX
15: Calculate the net BER for the overall system by NNZ (received signal at DX-transmitted signal).
16: end

5 Detection Process

The RX detects the received (rs) signal in any examined time slot ‘j’ Nj
RX as bit ‘1’ if Nj

RX ≥ Nth,
and as bit ‘0’ otherwise and Nth is the threshold (1: NTx). This index selects the received signal at
a certain threshold, which assures a received signal with minimum BER. Fig. 4 shows the diffusion
process. Afterwards, that is re-transmitted again along a diffusion channel between the RX and DX.
This process can be summarized as follows:

Figure 4: Representation of the diffusion channel

The total number of molecules absorbed by the relay node or receiver node at the jth time slot is
denoted by Nj

RX or DX which are affected by the current and previous emissions. This process consists
of three parts. The first term is CC(j), which accounts for the number of molecules that are sent and
received in the current time slot. The second term is CP(j), which represents the ISI term. The last term
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is CN(j), which dimensions the noise term. Hence, the number of molecules received by the relay Nj
RX

or receiver Nj
DX node can be written as follows:

Nj
RX or DX = CC(j) + CP(j) + CN(j) (6)

The arrival of molecules Nj
RX orDX follows the binomial distribution by considering the capture

probability as the success probability of each molecule. Each term obeys a certain distribution as
follows:

CC(j) ∼ Binomial(NTxx(j), Fcapt(d, jT)) (7)

where x(j) represents the information bit 1 or 0. The ISI molecules can be considered as:

CP(j) ∼ Binomial(NTxx(j), pj) (8)

The last term adheres to the pattern of a normal distribution, expressed in Eq. (5). With large
NTx and small Fcapt(d, T), the net number of captured molecules received in the jth bit interval can be
approximated as a normal distribution:

Nj
RX or DX ∼ N

(
NTxx(j)Fcapt, NTxx(j)Fcapt(1 − Fcapt) +

I∑
i=1

N(NTxx(j − i)pj−i+1,
j∑

i=1

NTxx(j − i)pj−i+1

+ (1 − pj−i+1)

)
N(μN, σN

2) (9)

where Nj
RX or DX follows the normal distribution as

Pr(Nj
RX or DX | x(j) = 0) ∼ N(μ0rs , σ0,rs

2) (10)

Pr(Nj
RX or DX |x(j) = 1) ∼ N(μ1,rs , σ1,rs

2) (11)

where the mean and variance are derived as follows:

μ0,rs = p1NTx

I∑
i

pj−i+1 + μN (12)

μ1rs = μ0,rs + NTxFcapt (13)

σ0,rs
2 = p1NTx +

I∑
i

pj−i+1(1 − pj−i+1) + p1p0NTx
2 +

I∑
i

pj−i+1
2 + σN

2 (14)

σ1,rs
2 = σ0,rs

2 + NTxFcapt(1 − Fcapt) (15)

The RX decodes the received signal and chooses the signal with the minimum BER to re-transmit
again by one of the detection methods: ML or MEP as explained in the next section. The signal will
undergo the same attenuation process as the transmitter to the relay node. A similar calculation can
be applied to the next-hop between RX and DX at (j + 1)th time slot.

After receiving molecules, the receiver RX or DX is able to decode the signal by a suitable
decoder as in our model by MATLAB code simulation as RS (255, 239) or Turbo decoder, whose
constraint length is 4 and generator polynomials are 13 and 15. There are several algorithms that exist
for decoding convolutional codes such as sequential decoding, Viterbi decoding, and majority logic
decoding. Threshold decoding is a simple solution to the decoding problem based on a special subset
of parity checks as maximum likelihood detector or minimum error probability.



CMC, 2022, vol.72, no.2 2739

5.1 Maximum Likelihood Detector

The receiver uses the ML detection scheme to detect signal which means that 1 and 0 are equal
probability transmission events Pr(x(j) = 1) = p1 and Pr(x(j) = 0) = p0 = 0.5

Therefore, the decoded relay satisfies:

Nj
rs
(j) =

{
1, Nj

s(j) ≥ Nth

0, Nj
s(j) < Nth

}
(16)

The BER is deduced as:

Pe(j)=Pr(x (j)= 1) ∗ Pr(Nj
rr
(j) = 0| x(j)= 1)+ Pr (x (j) = 0) ∗ Pr(Nj

rr
(j) = 1| x(j) = 0) (17)

From Fig. 4, the bit transition probability is formulated as P(y|x):

P(0|0) = 1 − Q
(

Nth − μ0,rs

σ0,rs

)
(18)

P(1|0) = Q
(

Nth − μ0,rs

σ0,rs

)
(19)

P(0|1) = 1 − Q
(

Nth − μ1,s

σ1,s

)
(20)

P(1|1) = Q
(

Nth − μ1,rs

σ1,rs

)
(21)

So, the BER probability can be reevaluated as:

peRX or DX
(j) = 0.5 + 0.5Q

(
Nth − μ0,rs

σ0,rs

)
− 0.5 Q

(
Nth − μ1,rs

σ1,rs

)
(22)

The deviation of ML decoding compared to other schemes is that it permits use of the statistical
information regarding the received bits available at the receiver in contrast to purely algebraic decoding
techniques.

5.2 Minimum Error Probability (MEP)

A detection method based on the MEP is proposed in this subsection. The threshold can be
adjusted adaptively, accor-ding to the number of released molecules to yield to/converge on the optimal
reception, as long as the detection criteria are satisfied:

Nj
rs
(j)

1
>

<

0

σ1,rs +σ0,rs
2

μ1,rs − μ0,rs

ln
(

p1

p0

)
+ 0.5(μ1,rs + μ0,rs) ≡ Nth (23)

Receiver detection can adjust adaptively the detection threshold according to the mean value and
variance. The number of released molecules is different and the corresponding detection threshold is
directly determined, based on the former.
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Also, from Fig. 4, we can obtain:

pMRX or DX
Q =

⎛
⎝μ1,rs − Nth√

σ1,rs +σ0,rs
2

⎞
⎠ (24)

pFRX or DX
= Q

⎛
⎝Nth − μ0,rs√

σ1,rs +σ0,rs
2

⎞
⎠ (25)

The corresponding channel bit error probability from TX to RX or RX to DX is calculated by:

peRX or DX
= p1pMRX or DX

+ p0pFRX or DX
(26)

According to the above description, we can deduce that the bit error probability of the whole
channel can be expressed as:

pet = peRX
(1 − peDX

) + peDX
(1 − peRX

) (27)

5.3 Channel Capacity Analysis

From the information theory, mutual channel information can be obtained as:

I(X; Y) = H(Y) − H(Y|X) (28)

where H (Y ) is considered as the amount of minimum information that should be received at the
receiver and H (Y|X ) accounts for the actual amount of information received by the receiver.

H(Y) = −
1∑

i=0

Py(i) ∗ log2Py(i) (29)

H(Y|X) = −
1∑

j=0

1∑
i=0

P(x = i, y = j) ∗ log2P(x = i|y = j) (30)

Thereafter, the channel capacity can be expressed as:

C = maxI(X; Y)bits/slot (31)

According to the channel capacity and each time slot length, the channel information transmission
rate can be obtained as:

R = C/T (32)

6 Numerical Results

In this section, we study the performance of the proposed coded relay scheme by using simulation
and empirical results to evaluate the channel performance of the proposed diffusion MC system based
on the coded nano relay scheme. We have conducted specific simulations using MATLAB. All our
simulation results are provided using parameters summarized in Tab. 1. We present the procedures for
simulating the MC system based on coded nano relay system in Algorithm 1. We study the performance
of the proposed scheme by evaluating certain important metrics such as BER, SNR, and channel
capacity. Also, the influence of receiver, relay radius, diffusion coefficient, and a number of transmitted
molecules are explored. Comparison results and analysis with previous work are further explored. For



CMC, 2022, vol.72, no.2 2741

each figure, ‘Anal’ and ‘Sim’ are used to abbreviate ‘Analytical’ and ‘Simulation’, respectively. Also, the
units for all parameters are as denoted in Tab. 1.

Table 1: Values and ranges of the system parameters

Parameters Variables Values

Distance between transmitter and receiver d 2, 4, 6 μm
Diffusion coefficient D 100 μm2/s
Symbol duration T 0.2 s
Released molecules NTx 100–500
The relay & RX radius rR, rr 0.25, 0.5, 1 μm
The ISI length I 25

6.1 Influence of the Proposed Coded Relay

Exploring human body, entails ensuring the reliability of delivering drugs to the affected cell. In
that context, BER metric should be taken into account in IoBNT, which is often employed to assess
the performance of communication system as in Fig. 5.

Figure 5: Error probability of coded relay scheme as a function of detection threshold at d = 6 μm,
NTx = 200

Fig. 5 depicts the BER performance of the proposed nanonetwork-based relay nanomachine vs.
detection threshold for different values d1 and d2 as represented in Fig. 2 to determine the best position
of relay between TX and DX. Revealed in Fig. 5, as the RX becomes closer to the TX, the system
achieves better performance than those at other positions. This is due the ability of the RX to measure
and select the best signal with minimum error rate and resend it again, which entails decreasing the
BER, thus improving the overall system performance. Also, the far distance between RX and DX
nano-machine, which represents the targeted tumor cell, decreases the probability of provoking any
tumor cells.

Figs. 6 and 7 represents the coded relay system performance. These figures illustrate matching
between the analytical (ML-MEP) and simulation results. From those results, the ability of decoded
relay scheme to extend the distance between TX and DX is justified This in contrast to other papers
which provide the optimal position of the relay in the middle between TX and DX.
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Figure 6: Error probability of coded RS relay scheme as a function of detection threshold at d = 6 μm
NTx = 200

Figure 7: Error probability of coded turbo relay scheme as a function of detection threshold at d = 6 μm
NTx = 200

Fig. 8 demonstrates the efficiency of the DF relay scheme (BER) vs. the detection threshold.
We have validated the statement that by using the DF strategy with a relay scheme can significantly
improve the BER of the system concerning the direct transmission (un-coded) with the same trans-
mission distance. Also, it can be noted that the Turbo coder system with a relay scheme can provide
better performance than the RS due to a better processing strategy that utilizes the past and present
data (due to the fact that it is a memory coding scheme which attains to minimize the bit error rate). In
comparison, Turbo code takes a long time for processing and more truncation period than RS code.

On the other hand, SNR is defined as the ratio between the average received signal power and the
average noise power [5]. The transmission power is defined as the average number of drug molecules
sent by the transmitter and the noise power is the variance of the noise. Fig. 9 depicts BER, where
SNR varies from −5 to 15 dB. There is a clear improvement in channel performance with coded relay
schemes. Also, the Turbo coder provides good performance at a low signal to noise ratio and high
performance at a high signal to noise ratio than RS code, due to the better processing units in order
to minimize the error rate as mentioned before.
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Figure 8: Error probability of DF relay scheme as a function of detection threshold at d = 4 μm,
NTx = 200

Figure 9: Bit error rate performance vs. SNR (dB) based DF relaying scheme at d = 4 μm

Another significant metric that examines the channel performance is the channel capacity. Despite
the traditional communication, the capacity for molecular communication is limited and it depends
on the circumstances of the channel model which is clear from the number of molecules received
and captured by the receiver nodes. Figs. 10 and 11 represent the benefits of using the RS or Turbo
coder system. Channel capacity elevates with RS coder or Turbo coder when increasing the number
of molecules transmitted or SNR as clear from the figure. Also, the Turbo coder represents a better
performance than the un-coded or RS coder under the same slot length.

From the figures, we can conclude that the coded signal has a higher channel capacity than the
un-coded one. The turbo code has a higher capacity than RS within the same slot length.

6.2 Influence of RX and DX Radius ‘rR, rr’

Another vital factor that affects the delivery of drugs to affect the cell is the radius of the
receiving nanomachine rr and RX rR as shown in Fig. 12. When the radius of the receiving nodes
is larger, more captured drug molecules affect the cell, which entails more molecules as observed by
the receiving nanomachine resulting from increasing reception areas. Subsequently, this minimizes the
BER probability which in turn improves the channel performance.



2744 CMC, 2022, vol.72, no.2

Figure 10: The channel capacity under coded and un-coded channel at T = 0.2 s

Figure 11: The channel capacity vs. SNR (dB) channel T = 0.2 s

Figure 12: Error probability of DF relay scheme as a function of detection threshold at d = 6 μm, NTx

= 200

6.3 Influence of TX Released Molecules‘NTx,’

To improve the performance of the system, we should study the number of released molecules from
the TX. Due to the random motion of molecules adhering to the Brownian motion and the nature of
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propagation medium in a nano-machine network, the number of drugs molecules captured by DX
(received signal) is very small compared with the traditional communication. To obtain a satisfactory
performance for the system, we need to release a large number of drugs molecules on the TX side.
Also, by increasing the number of molecules released by the TX give much clearer boundaries at the
DX side, perfect detection is achieved due to the large gap between zero and the one, released by
the TX. So, the BER probability can be enhanced as demonstrated in Fig. 13 since as the number of
released molecules is increased, this yields to better performance, particularly for coded relay scheme.

Figure 13: Error probability of coded relay scheme as a function of number of transmitted molecules
at d = 4 μm

6.4 Influence of Diffusion Coefficient ‘D’

Fig. 14 demonstrates the effect of the diffusion coefficient on the performance of the system
with BER and the number of received molecules at DX. As previously mentioned, the diffusion
coefficient depends on the temperature, viscosity and radius of the solvent molecules. So, D increases
as temperature increases, viscosity, and radius of molecules decreases. It can be seen that the BER
performance increases as the value of diffusion coefficient increases depending on the nature of solvent
molecules.

Figure 14: Bit error rate performance vs. detection threshold with DF relaying scheme at d = 6 μm,
NTx = 200
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6.5 Performance Comparison

Fig. 15 represents the BER performance vs. detection threshold as denoted in previous work
compared to the proposed encoding relay scheme when using RS or Turbo coder. The proposed scheme
enhances bit error performance giving the best position of the relay when it is the nearest to TX as to
decrease the provoking of affected tumor cells.

Figure 15: Bit error rate performance vs. detection threshold at d = 40 μm NTx = 600 D = 242 compared
with previous work [20]

In simulation terms, BER performance of the coded relay scheme vs. the number of released
molecules, compared with previous work is depicted in Fig. 16. The coded relay strategy significantly
improves system reliability as compared to previous work. It is directly concluded from Fig. 16 that
the performance improves with the increase of the number of released molecules. From the simulation
results, it can be seen that the analysis and simulation can achieve a coincident performance.

Figure 16: The channel BER performance of the diffusion-based coded relay in MC systems vs. the
number of released molecules in comparison DF relay and previous work [20]

7 Conclusion

In this paper, bit error probability, SNR, and channel capacity qualitative results of the DF
relaying scheme have been analyzed and evaluated. Simulation results have demonstrated that the
performance of the proposed DF relaying scheme is better than that of the direct transmit scheme
within the same transmission distance, and it has a significantly higher channel capacity. In addition,
the simulation experiments show how the parameters affect the performance of the system. Simulation
results show that the convolution code (Turbo code) has better error controlling and correction
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performance in comparison to block code (RS code). However, Turbo code is very difficult to
implement than RS code in nanomachine manufacturing.
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