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a b s t r a c t
Molecular communication via diffusion (MCvD) schemes are limited to short distances between the
nanomachines due to the transmitted signal becoming rapidly weaker as the distance increases.
Additionally, these schemes are very often affected by high inter-symbol interference, which makes
them prone to errors, thus leading to unreliability. In this paper, a novel system is proposed, which
aims to enhance the received signal shape and the overall performance of MCvD schemes over longer
distances. A relay nanomachine is introduced between the transmitter–receiver pair, which collects
the first portion of the molecules emitted from the transmitter and keeps them for some delay time
τ , then releases them towards the receiver, such that the delayed and non-delayed portions of the
molecules arrive almost at the same time. In this way, the signal’s strength is enhanced by pointing
more molecules towards the intended direction, that is, the receiver node. An analytical model for
the optimal relaying scheme is proposed, alongside with an optimization problem to find the most
advantageous τ value. Comparison between the proposed scheme and the conventional single-input
single-output scenario is provided by means of analytical and computer simulation results, showing a
promising improvement in error rates when the relay is introduced.
© 2022 Elsevier B.V. All rights reserved.

1. Introduction
Molecular communication (MC) has received great attention
in recent years in regard to numerous small scale applications,
for which electromagnetic communication is impractical due to
the constraints that characterize these applications [1]. One such
constraint is the requirement of the antennas’ sizes in the nano
scale [2]. Moreover, MC offers characteristics such as biocompatibility and lowest level of invasion, which make it preferable for
health-related applications [3]. Inspired by biological systems,
MC paradigm is based on transmitting the information using
molecules that diffuse through a fluid environment from the
source to the destination. MC offers promising results in medical
treatments and human health. For instance, nanomachines can be
used to find and fight against pathogens, mimicking and carrying
out similar functions of immune systems. Additionally, they can
reach critical and sensitive locations of the human body, for
which traditional solutions fail to do so [4]. Due to its simplicity
and energy efficiency, molecular communication via diffusion
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(MCvD) is amongst the most preferred and practical methods for
MC [5].
In its simplest form, a MCvD system consists of a transmitter
and a receiver nanomachine [6]. The information is conveyed
on properties of the molecular wave that is emitted from the
transmitter side, such as the number of molecules, type, emission
time, etc. [7]. These molecules propagate through the medium
following a pattern that depends on the molecules and on the
properties of the medium. A fraction of the transmitted molecules
is received through the receptors of the receiver, and the information is decoded accordingly [8]. From the communication
system’s perspective; encoding, propagation, and decoding of the
information signal can be designed and altered for enhancing the
performance of the system in accordance with its purpose and
attributes [9,10].
1.1. Literature review
A considerable number of studies in the literature focus on
the mitigation of the heavy-tailed channel response that characterizes MC systems. The heavy tail nature of the received signal
is caused by the molecules received during the following unintended symbol times, and it leads to inter-symbol interference
(ISI) [11]. The alleviation of ISI is directly related to the performance of communication systems. Several enhancements and
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error rates. Stimulated by the principle of relaying and by the
fact that interfering molecules arrive at the receiver later than
the non-interfering molecules, this paper proposes an optimal
MC relaying scheme that aims to enhance the overall performance of the communication link. Considering a basic MC scheme
that consists of a point transmitter and a spherical receiver, the
received non-interfering molecules can be roughly thought of
as line-of-sight (LoS) molecules, whereas the interfering ones
as non-line-of-sight (NLoS) molecules, as roughly illustrated in
Fig. 1. If examined separately, each of those two components has
its own peak time of arrival, which can be calculated as explained
in [31]. In this paper, we propose a novel relay-based system
that aims to isolate these two components. The main idea is to
introduce a relay to this basic scheme somewhere between the
transmitter and receiver, which will collect the LoS molecules
until a time τ and release them afterwards towards the receiver,
such that LoS and NLoS molecules arrive almost at the same time
at the receiver. Although there is a slight communication delay by
doing so, this scheme can improve the error rate as well as extend
the communication range by enhancing the received signal shape.
The concept is inspired by the recent research on reconfigurable
intelligent surfaces (RIS) in wireless networks, which aims to
enhance the performance of the network by optimally modifying the propagation environment [32]. Thus, since the proposed
scheme is based on manipulating the received signal’s shape, we
address it as optimal relaying scheme. The received signal gets
stronger with the introduction of the relay, since the majority of
the molecules arrive at the receiver almost at the same time. To
better illustrate this concept, we can draw an analogy between
this scheme and the optical lens: the relay aims to collect the
molecules in time, just as the lens collects the beams of parallel
rays [33].
In order to obtain the parameters of the most advantageous
scheme, an optimization problem is introduced to find the optimum τ value for which the minimum bit error rate (BER) is
achieved. This optimization problem is based on the optimization function proposed by the authors of [34], known as signal
to interference difference (SID), whose global maximum corresponds almost to the global minimum of BER. SID is basically
the difference between the first channel tap and the summation
of all the consequent taps. The validation of this approach is
done by comparing the results of the analytical model of the
proposed system with the results obtained from the simulations.
The BER comparison between the optimal relaying scheme and
the conventional single-input single-output (SISO) model shows
the improvement that this scheme provides.
In summary, the main contributions of this work are given as
follows:
• The design of a novel optimal relaying system,
• The analytical modeling of this scheme for achieving the
delay (τ ) optimization,
• The performance analysis of the proposed solution and its
comparison with the conventional system.

Fig. 1. A rough illustration of the emitted molecules from the transmitter,
where the red molecules are the LoS molecules and the gray ones are the NLoS
molecules. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

modifications towards ISI mitigation are proposed in [12–16].
These solutions include using more than one type of molecules
for encoding the signal, novel modulation techniques and/or algorithms that soothe the ISI effect. The multiple-input multipleoutput (MIMO) setting is introduced to MCvD systems as well.
In this case, the diffusive characteristic of the molecules causes
inter-link interference (ILI), which is another source of error for
the MCvD systems. The authors of [17] propose a novel modulation scheme for the purpose of ILI mitigation. Zero-forcing
detection is discussed in [18] for the cases when ILI is large.
Apart from the ISI and ILI issues, the reliability of a MCvD system decreases with increasing distance between the transmitter
and receiver nodes. In other words, these systems are restricted
to short distances, otherwise the communication is highly unreliable. Relaying in MCvD systems has been proposed as one of the
prominent solutions to this issue [19]. For instance, the authors
of [20] propose the utilization of time-dependent molecular concentrations for encoding the information. The relay decodes and
forwards the information by using the same or different types
of molecules than those used by the transmitter. Furthermore,
multi-hop networks with several relays are considered in [21].
Full-duplex and half-duplex modes of transmission are analyzed,
and it is found that ISI can be mitigated if the decision threshold
for decoding is selected in an adaptive manner. Moreover, closedform expressions for the error probability of the overall network
are provided as well. Similarly, multi-hop MC is investigated for
applications concerned with target detection in [22]. A throughput improvement by incorporating cooperative relaying in MC
is demonstrated by the experimental results of [23], whereas
its augmentation in the gain is proven by the analytical and
simulation results in [24]. Other works also consider finding the
optimal position of the relay. For instance, the authors of [25]
approach the solution of optimal positioning by formulating a
joint optimization problem with the objective being the minimization of the error rate. Similarly, the authors of [26] study
several aspects of the MCvD relaying-based scheme, including optimal relay location. Different strategies for the implementation
of relaying, such as decode-and-forward, estimate-and-forward,
and amplify-and-forward are investigated in the literature as well
[27–30].
1.2. Contributions of the proposed model

The remainder of this paper is organized as follows. In Section 2, the topology of the optimal relaying scheme is introduced.
The analytical model and its validation are described in Section 3, followed by the optimization problem. In Section 4, we
provide the overall results obtained from this study. Finally, the
conclusion of this paper is summarized in Section 5.
2. System model
The conventional MCvD scheme consists of a transmitter–
receiver pair in a fluid environment and molecules that convey
the information. The transmitter is a point source, whereas the
receiver is a sphere with radius r0 . The distance between the

Most of the works in the literature consider molecular relaying with the purpose of extending the communication range
between nanomachines, and thus simultaneously decreasing the
2
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3. Parameter optimization
In this section, we first propose the analytical approach for
obtaining the received signal by deriving the aforementioned
components. Then, we introduce the optimization function that
is utilized to find the optimum τ value. It is noteworthy to
mention that apart from the τ value, the position of the relay is
another crucial parameter that has a direct impact on the performance of the system, since it is directly related to the fraction
of the molecules that the relay directs towards the receiver. Joint
optimization of both τ and d1 can be considered in future works.

Fig. 2. Optimal relay-based proposed system, where the relay is between the
transmitter–receiver pair.

3.1. Analytical modeling of the system
transmitter and the center of the receiver is denoted by rr . When
the molecules are emitted in an unbounded 3-D environment
without drift, they propagate following the Brownian motion,
which is a random position change with a normal distribution
of mean 0 and variance 2 D dt, defined by N (0, 2 D dt), where
D is the diffusion coefficient that depends on the fluid and the
molecules and dt is the time step. The portion of molecules
absorbed until time t is modeled as
Fhit (r0 , rr , t) =

rr
r0

(
erfc

r0 − rr

√

4Dt

)

,

The time until which the relay delays the LoS molecules (τ ) is
a crucial parameter for the optimal relaying scheme. If the delay
time is very short, the signal is not sufficiently manipulated. On
the other hand, if the delay is long, the tail becomes very heavy.
The optimization of τ aims to solve this trade-off and determine the delay for which BER is at minimum. An initial approach
for finding τ , based on the relay delaying its release time by the
peak times of the LoS and NLoS components (peak times derived
as in [31]), did not yield the global maximum of SID; thus, BER is
not at its minimum. As an alternative approach, SID optimization
was considered. In order to obtain the SID optimization function,
the previously mentioned signal components should be derived.
The number of molecules absorbed by the relay, released from
the transmitter at t = 0, can be calculated by

(1)

which is the cumulative fraction of absorbed molecules (CFAM)
by the receiver [31]. The proposed scenario is similar to the aforementioned one, the only difference being that a spherical relay
is placed between the transmitter and the receiver, as shown in
Fig. 2. Let us denote the radii of the relay and the receiver by
r01 and r02 , respectively. The distance from the transmitter to the
center of the relay is denoted by d1 , the distance from the center
of the relay to the center of the receiver by d2 , and d3 = d2 + r01 .
Assuming that the molecules are emitted from the transmitter
at time t = 0, the relay absorbs the arriving molecules until t = τ .
In the meantime, the receiver absorbs few NLoS molecules. After
a specified delay τ , the relay releases the absorbed molecules
simultaneously from the closest point to the receiver. This means
that the receiver will be receiving NLoS molecules until time τ ,
and then molecules arriving from both the transmitter and the
relay. It is noteworthy to mention that the relay is assumed to be
reflective after time τ , such that if the emitted molecules hit back
to the surface of the relay, they are reflected back. Considering
the transmission of a single bit, the received molecules can be
divided into groups for a better understanding of the optimization
problem, which will be introduced in the following section. These
groups are listed below:

Rel
MTx
(τ ) = N

r01
d1

(
erfc

d1 − r01

√

4Dτ

)

,

(2)

assuming that the receiver does not interfere with the molecules
between the transmitter and the relay in the first τ seconds
of the transmission. In other words, the very small fraction of
molecules that might be absorbed by the receiver during this time
is considered insignificant. Similarly, the number of molecules
absorbed by the receiver from the relay can be calculated using
Rx
Rel
MRel
(τ , Ts ) = MTx
(τ )

Rx
Rel
MRel
(Ts , t) = MTx
(τ )

r02
d2 − r01
r02

d2 − r01

(
erfc

(
erfc

d2 − r01 − r02

√

)

4 D (Ts −τ )

d2 − r01 − r02

√

4Dt

)

.

,

(3)
(4)

Although these expressions are due to (1), the spherical shape of
the relay does not match the point transmitter assumption of (1),
and this leads to an approximation.
The expression in (3) is used to calculate the received
molecules during the first symbol time, whereas in the expression
(4), t > Ts , so this expression stands for any time interval after the
first symbol time. The validity of these expressions are shown
in Figs. 3 and 4, where the CFAM and hitting rate of molecules
curves of the analytical model and the simulation results are
shown, respectively. It is observed that the absorbed portion
of molecules whose source is the relay is modeled quite accurately. Moreover, the reflective characteristic of the relay does
not become an impediment towards modeling these components,
because its impact is not tremendous. This is because the relay
has a finite surface, thus it does not act as an infinite mirror
for the molecules that hit the relay back. The values of the
parameters of the system for which these graphs are obtained
are given in Table 1. The selected value of τ in Figs. 3 and 4 is not
the optimized one, as the purpose of this section is validating the
proposed system model.
The expressions derived so far dealt with the transmitterrelay and relay-receiver links, which were not heavily affected
by the existence of the third body (receiver and transmitter,

• N - the molecules emitted from the transmitter,
Rx
• MTx
(0, Ts ) - the molecules received by the receiver released
from the transmitter during the first symbol duration (Ts ),

Rx
• MTx
(Ts , t) - the molecules received by the receiver released

from the transmitter after the first symbol duration, for any
time t > Ts ,
Rel
• MTx
(τ ) - the molecules absorbed by the relay until time τ ,
Rx
• MRel
(τ , Ts ) - the molecules absorbed by the receiver released
from the relay during the first symbol duration,
Rx
• MRel
(Ts , t) - the molecules absorbed by the receiver released
from the relay after the first symbol duration, for any time
t > Ts .
In other words, the components corresponding to the desired
Rx
Rx
Rx
received molecules are MTx
(0, Ts ) and MRel
(τ , Ts ), whereas MTx
Rx
(Ts , t) and MRel (Ts , t) constitute the ISI.
The analytical derivation of these terms, as well as the optimization problem, are described in the following section.
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Fig. 3. Simulation and analytical CFAM curves for the absorbed molecules by
the receiver released from the relay.

Fig. 5. Simulation and analytical CFAM curves for the absorbed molecules by
the receiver released from the transmitter.

Fig. 4. Simulation and analytical curves for the hitting rate of the absorbed
molecules by the receiver released from the relay.

Fig. 6. Simulation and analytical curves for the hitting rate of the absorbed
molecules by the receiver released from the transmitter.

respectively). On the other hand, the derivation of the expressions
for the received molecules whose source is the transmitter is
not straightforward. This is due to the shadowing effect that
originates from the presence of the relay. The authors of [33]
propose an analytical expression for the received molecules for
a single-input multiple-output (SIMO) topology, based on the
original SISO response. However, the proposed expressions and
approximations are heavily affected by the shadowing effect.
Since τ is strictly smaller than Ts , consequently being a rather
short time, the equations derived in [35] hold for our scheme
reasonably. Based on these expressions, the closest point of the
relay to the receiver is considered to be the ‘‘virtual’’ release
point, whose distance is included in the f (t) function (d3 ). The
expression for calculating the number of molecules received from
the transmitter during any time interval is given as
Rx
MTx
(0, t) = N

(

r02
d1 + d2

(
erfc

d1 + d2 − r02

√

4Dt

)

r02

(

d1 + d2 − r02

)

, t) = N
erfc
−
√
d1 + d2
4Dt
(
(
))
)
r01
d1 − r01
d3 − r02
r0
erfc √
,
∗ 2 erfc √
d1
d3
4Dτ
4Dt

(6)

for t > Ts .
The corresponding CFAM and hitting rate of molecules curves
are shown in Figs. 5 and 6, respectively. Although there is a
distinguishable offset between the curves, the preceding approximations fit sufficiently good with the simulation results.
3.2. SID optimization function
The next step in our analysis is obtaining the SID function.
According to [34], SID is calculated as

)

− f (t) ,

(

Rx
MTx
(Ts

(5)
SID = h[1]−

where

L
∑

h[n],

(7)

n=2

where h[n] is the channel tap for the nth symbol duration and L
is the channel memory. The computation of the first channel tap
for the considered scenario is given as

( d −r ) r
( d −r )
⎧ r0
⎨ d 1 erfc √1 01 ∗ d02 erfc √3 02 , 0 < t ≤ τ ,
4Dt
4Dt
1
3
( d −r ) r
( d −r )
f (t) = r
1 01
02
3 02
⎩ 01 erfc √
∗ d erfc √4 D t , otherwise.
d1
4Dτ
3

hτ [1] =

For instance, considering any time interval after the first symbol duration, the number of molecules received is calculated as
4

Rx
Rx
(τ , Ts ) + MTx
(0, Ts )
MRel
Rel
N + MTx
(τ )

.

(8)
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Table 1
System parameters.
1 µm
4.5 µm
3 µm
7 µm
0.35 s
79.4 µm2 /s
0.095 s

r01
r02
d1
d2
Ts
D

τ

The other channel taps are obtained in a similar manner. For
calculating the channel taps, the overall number of transmitted
molecules is considered in order to fairly evaluate this scheme.
When L→∞, SID can be rewritten as
SID(τ ) = hτ [1]−

∞
∑

hτ [n]

n=2

= 2hτ [1]−

Rx
Rx
MRel
(Ts , ∞) + MTx
(Ts , ∞)

Fig. 7. SID curves obtained from the analytical model and computer simulations,
with both maximum values are reached for τ = 0.11 s.

(9)

Rel
N + MTx
(τ )

The above SID function is the objective function, which needs
to be maximized to obtain the optimal τ value. The τ value for
which SID reaches its maximum value is found by simulations.
The following section summarizes the obtained results and points
out the advantages of this scheme compared to a simple MCvD
scenario.
4. Simulation results
The validation of the model is done by comparing the results obtained from the analytical SID expression with the ones
acquired from computer simulations. The analytical model considers infinite channel memory, whereas the simulations are performed for L = 50, which is a quite accurate representation of the
infinite MCvD channel. The following results correspond to the
evaluation of the optimal relaying scheme for the parameters
listed in Table 1.
Firstly, the two curves shown in Fig. 7 are the analytical
and simulation results of the computation of the SID function.
Although there is a difference between the two curves, their
maximum values are achieved for the same value of τ = 0.11 s.
The reason behind the difference between these curves might
come as a result of the slight separation shown in Fig. 5. Apart
from that, the minimum BER value is also obtained for the same
τ value, as shown in Fig. 8. This curve is obtained from the
simulation results, for a fixed transmitted number of molecules,
MTx = 106 . As can be seen, the SID-simulation curve and the
BER curve are almost mirroring each other, which once again
demonstrates that SID function maximization corresponds to the
BER function minimization.
The overall BER performance of this scheme is shown in Fig. 9.
First of all, the improvement that the optimal relaying scheme
provides compared to the conventional SISO setting is clear. For
any τ value around the optimized one, the achieved BER values
are lower compared to the SISO case. Additionally, the optimized
value gives the best BER performance amongst them. It should
be mentioned that, when plotting these curves, we both count
the molecules transmitted from the transmitter and the relay, to
make the comparisons with the SISO case fair. The Ts value is also
an important one in order to provide significant improvement of
the received signal.

Fig. 8. BER curve obtained for MTx = 106 emitted molecules for the optimal
relaying scheme with its minimum value at τ = 0.11 s.

Fig. 9. Comparison of BER between the optimal relaying scheme with different
τ values and the conventional SISO setting.

systems. A relay has been placed between the transmitter and
the receiver with the purpose of collecting LoS molecules until
time τ . Thus, the collected molecules are emitted towards the
receiver with some delay. The signal strength at the receiver side
is significantly boosted, improving the error rates considerably.
The delay parameter is crucial, as it leads to a trade-off between
signal improvement and ISI level. In order to find the best τ value,
an optimization problem based on the SID function has been
proposed. An analytical model for the optimal relaying has been

5. Conclusion
In this work, a novel optimal relaying MCvD scheme has been
proposed in order to enhance the overall performance of MC
5
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introduced, in order to optimize the SID function. Comparisons
between the proposed model and simulation results have been
drawn, as well as BER analysis for the proposed scheme. Lastly,
the improvement in BER values as a result of this scheme is
observed.
As the next step, the optimal relaying scheme can be also
introduced to more complex scenarios, such as MIMO setting.
Moreover, as this study considers that the location of the nanomachines is fixed, later works may consider the mobility effect and
possible solutions for the case when these positions are not fixed.
Additional future work might include amplification of the fraction
of the molecules absorbed by the relay in order to further improve
the overall performance. Optimization of other parameters, such
as relay positioning might be jointly studied with τ optimization
as well.

[15] A.O. Kislal, B.C. Akdeniz, C. Lee, A.E. Pusane, T. Tugcu, C.-B. Chae, ISImitigating channel codes for molecular communication via diffusion, IEEE
Access 8 (2020) 24588–24599.
[16] M.C. Gursoy, E. Basar, A.E. Pusane, T. Tugcu, Index modulation for molecular communication via diffusion systems, IEEE Trans. Commun. 67 (5)
(2019) 3337–3350.
[17] M.C. Gursoy, E. Basar, A.E. Pusane, T. Tugcu, An ILI mitigating modulation
scheme for molecular MIMO communications, in: 42nd International
Conference on Telecommunications and Signal Processing (TSP), 2019, pp.
28–31.
[18] C. Wu, L. Lin, W. Guo, H. Yan, Signal detection for molecular MIMO communications with asymmetrical topology, IEEE Trans. Mol. Biol. Multi-Scale
Commun. 6 (1) (2020) 60–70.
[19] A. Einolghozati, M. Sardari, F. Fekri, Relaying in diffusion-based molecular
communication, in: 2013 IEEE International Symposium on Information
Theory, IEEE, 2013, pp. 1844–1848.
[20] X. Wang, M.D. Higgins, M.S. Leeson, Relay analysis in molecular communications with time-dependent concentration, IEEE Commun. Lett. 19 (11)
(2015) 1977–1980.
[21] A. Ahmadzadeh, A. Noel, R. Schober, Analysis and design of multi-hop
diffusion-based molecular communication networks, IEEE Trans. Mol. Biol.
Multi-Scale Commun. 1 (2) (2015) 144–157.
[22] L. Yang, X. Ge, Q. Liu, K. Yang, Y. Chen, T. Nakano, Chemotaxis-based
multi-hop molecular nanonetworks for target detection, in: IEEE/CIC International Conference on Communications Workshops in China (ICCC
Workshops), 2019, pp. 186–191.
[23] G.H. Alshammri, W.K. Ahmed, V.B. Lawrence, Synchronous cooperative relaying technique for three-dimensional diffusion-based molecular
nano communication networks, in: IEEE 12th International Conference
on Nano/Molecular Medicine and Engineering (NANOMED), 2018, pp.
154–159.
[24] B. Yin, X. Ji, M. Peng, Performance analysis for cooperative relaying in
diffusion-based molecular communication, in: 9th International Conference
on Wireless Communications and Signal Processing (WCSP), 2017, pp. 1–6.
[25] N. Tavakkoli, P. Azmi, N. Mokari, Optimal positioning of relay node in
cooperative molecular communication networks, IEEE Trans. Commun. 65
(12) (2017) 5293–5304.
[26] A. Jamshidi, A. Keshavarz-Haddad, G. Ardeshiri, MAP Detector performance analysis in diffusion-based relaying molecular communications,
Nano Commun. Netw. 19 (2019) 81–91.
[27] J. Wang, M. Peng, Y. Liu, Performance analysis of diffusion-based decodeand-forward relay with depleted molecule shift keying, Digit. Commun.
Netw. 7 (3) (2021) 399–409.
[28] S.K. Tiwari, P.K. Upadhyay, Estimate-and-forward relaying in diffusionbased molecular communication networks: Performance evaluation and
threshold optimization, IEEE Trans. Mol. Biol. Multi-Scale Commun. 3 (3)
(2017) 183–193.
[29] J. Wang, S. Yuan, M. Peng, Performance analysis and optimal signal detection for amplify-and-forward relay in diffusion-based molecular communication systems, in: IEEE/CIC International Conference on Communications
in China (ICCC), 2017, pp. 1–6.
[30] A. Ahmadzadeh, A. Noel, A. Burkovski, R. Schober, Amplify-and-forward
relaying in two-hop diffusion-based molecular communication networks,
in: IEEE Global Communications Conference (GLOBECOM), 2015, pp. 1–7.
[31] H.B. Yilmaz, A.C. Heren, T. Tugcu, C.-B. Chae, Three-dimensional channel
characteristics for molecular communications with an absorbing receiver,
IEEE Commun. Lett. 18 (6) (2014) 929–932.
[32] E. Basar, M. Di Renzo, J. De Rosny, M. Debbah, M.-S. Alouini, R. Zhang,
Wireless communications through reconfigurable intelligent surfaces, IEEE
Access 7 (2019) 116753–116773.
[33] H.D. Young, R.A. Freedman, T. Sandin, A.L. Ford, University Physics, Vol. 9,
Addison-Wesley Reading, MA, 1996.
[34] B.C. Akdeniz, N.A. Turgut, H.B. Yilmaz, C.-B. Chae, T. Tugcu, A.E. Pusane,
Molecular signal modeling of a partially counting absorbing spherical
receiver, IEEE Trans. Commun. 66 (12) (2018) 6237–6246.
[35] G. Yaylali, B.C. Akdeniz, T. Tugcu, A.E. Pusane, Channel modeling for multireceiver molecular communication systems, 2021, arXiv preprint arXiv:
2111.09302.

CRediT authorship contribution statement
Joana Angjo: Software, Validation, Formal analysis, Conceptualization, Writing – original draft. Ali E. Pusane:
Conceptualization, Methodology, Supervision. H. Birkan Yilmaz:
Conceptualization, Writing – review & editing. Ertugrul Basar:
Conceptualization, Supervision, Writing – review & editing.
Tuna Tugcu: Conceptualization, Writing – review & editing.
Declaration of competing interest
The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.
References
[1] I.F. Akyildiz, F. Brunetti, C. Blázquez, Nanonetworks: A new communication
paradigm, Comput. Netw. 52 (12) (2008) 2260–2279.
[2] A. Galal, X. Hesselbach, Nano-networks communication architecture:
Modeling and functions, Nano Commun. Netw. 17 (2018) 45–62.
[3] L. Felicetti, M. Femminella, G. Reali, P. Liò, Applications of molecular
communications to medicine: A survey, Nano Commun. Netw. 7 (2016)
27–45.
[4] Y. Cevallos, L. Tello-Oquendo, D. Inca, D. Ghose, A.Z. Shirazi, G.A. Gomez,
Health applications based on molecular communications: A brief review,
in: IEEE International Conference on E-Health Networking, Application &
Services (HealthCom), 2019, pp. 1–6.
[5] M.Ş. Kuran, H.B. Yilmaz, T. Tugcu, B. Özerman, Energy model for communication via diffusion in nanonetworks, Nano Commun. Netw. 1 (2) (2010)
86–95.
[6] N. Farsad, H.B. Yilmaz, A. Eckford, C.-B. Chae, W. Guo, A comprehensive survey of recent advancements in molecular communication, IEEE Commun.
Surv. Tutor. 18 (3) (2016) 1887–1919.
[7] M.S. Kuran, H.B. Yilmaz, T. Tugcu, I.F. Akyildiz, Modulation techniques
for communication via diffusion in nanonetworks, in: IEEE International
Conference on Communications (ICC), 2011, pp. 1–5.
[8] M. Pierobon, I.F. Akyildiz, A physical end-to-end model for molecular
communication in nanonetworks, IEEE J. Sel. Areas Commun. 28 (4) (2010)
602–611.
[9] M.Ş. Kuran, H.B. Yilmaz, I. Demirkol, N. Farsad, A. Goldsmith, A survey
on modulation techniques in molecular communication via diffusion, IEEE
Commun. Surv. Tutor. 23 (1) (2020) 7–28.
[10] B. Tepekule, A.E. Pusane, H.B. Yilmaz, C.-B. Chae, T. Tugcu, ISI mitigation
techniques in molecular communication, IEEE Trans. Mol. Biol. Multi-Scale
Commun. 1 (2) (2015) 202–216.
[11] A.C. Heren, H.B. Yilmaz, C.-B. Chae, T. Tugcu, Effect of degradation in
molecular communication: Impairment or enhancement? IEEE Trans. Mol.
Biol. Multi-Scale Commun. 1 (2) (2015) 217–229.
[12] B. Tepekule, A.E. Pusane, M.Ş. Kuran, T. Tugcu, A novel pre-equalization
method for molecular communication via diffusion in nanonetworks, IEEE
Commun. Lett. 19 (8) (2015) 1311–1314.
[13] B.-H. Koo, C. Lee, H.B. Yilmaz, N. Farsad, A. Eckford, C.-B. Chae, Molecular
MIMO: From theory to prototype, IEEE J. Sel. Areas Commun. 34 (3) (2016)
600–614.
[14] H.B. Yilmaz, C.-B. Chae, Simulation study of molecular communication systems with an absorbing receiver: Modulation and ISI mitigation techniques,
Simul. Model. Pract. Theory 49 (2014) 136–150.

Joana Angjo was born in Pogradec, Albania in 1998.
She completed her B.S. studies in the Electronics and
Communication Engineering department at Istanbul
Technical University in 2020. She is currently pursuing
her Msc. Studies at Koc University, where she is part
of the CoreLab research group. Her research interests
include digital communications, future radio access
technologies and molecular communications.

6

J. Angjo, A.E. Pusane, H.B. Yilmaz et al.

Nano Communication Networks 32–33 (2022) 100404

Ali Emre Pusane received his B.Sc. and M.Sc. degrees
in Electronics and Communications Engineering from
Istanbul Technical University, Istanbul, Turkey, in 1999,
and 2002, respectively. He received an M.Sc. degree in
Electrical Engineering in 2004, another M.Sc. degree in
Applied Mathematics in 2006, and a Ph.D. degree in
Electrical Engineering in 2008 from the University of
Notre Dame, Notre Dame, IN. Before joining Bogazici
University as a faculty member in 2009, he worked as
a visiting assistant professor at the University of Notre
Dame. Ali Pusane is a senior member of the Institute
of Electrical and Electronics Engineers (IEEE) and serves to several IEEE journals
and conferences as a reviewer. He is an associate editor for IEEE Transactions on
Communications. He is affiliated with the Wireless Communications Laboratory
(WCL) as well as the Nanonetworking Research Group (NRG).

Ertugrul Basar was born in Istanbul, Turkey, in 1985.
He received the B.S. degree (High Honors) from Istanbul
University, Turkey, in 2007, and the M.S. and Ph.D.
degrees from Istanbul Technical University, Turkey, in
2009 and 2013, respectively. From 2011 to 2012, he
was with the Department of Electrical Engineering,
Princeton University, Princeton, NJ, USA, as a Visiting
Research Collaborator. He is currently an Associate Professor with the Department of Electrical and Electronics
Engineering, Koç University, Istanbul, Turkey and the
director of Communications Research and Innovation
Laboratory (CoreLab). Prior to joining Koç University, he was an Assistant
Professor and an Associate Professor with Istanbul Technical University from
2014 to 2017 and 2017 to 2018, respectively. Dr. Basar’s primary research
interests include beyond 5G and 6G wireless systems, MIMO systems, index
modulation, reconfigurable intelligent surfaces, waveform design, visible light
communications, and signal processing/deep learning for communications.

H. Birkan Yilmaz is currently an assistant professor with the Department of Computer Engineering,
Bogazici University, Turkey, and a member of the
Computer Networks Research Lab (NETLAB) and the
Nanonetworking Research Group (NRG). He received
his B.S. degree in mathematics in 2002, and the
M.Sc. and Ph.D. degrees in computer engineering from
Bogazici University in 2006 and 2012, respectively. He
worked as a post-doctoral researcher at Yonsei Institute
of Convergence Technology, Yonsei University, South
Korea for four years, and at the Universitat Politecnica
de Catalunya, Spain (via Beatriu de Pinos fellowship) for two years. He was
awarded TUBITAK National Ph.D. Scholarship during his Ph.D. studies and the
Marie Sklodowska-Curie Actions Seal of Excellence in 2016. He was the corecipient of the best demo award in IEEE INFOCOM (2015) and best paper award
in AICT (2010) and ISCC (2012). He is a member of IEEE and TMD (Turkish
Mathematical Society). His research interests include cognitive radio, spectrum
sensing, molecular communications, and detection and estimation theory.

Tuna Tugcu received BS (1993) and Ph.D. (2001) in
Computer Engineering from Bogazici University, MS
(1994) in Computer and Information Science from New
Jersey Institute of Technology. He was a postdoctoral
fellow and visiting professor at Georgia Institute of
Technology. He is currently a professor in Computer
Engineering, Bogazici University. He is with Computer
Networks Research Laboratory (NETLAB) and Nanonetworking Research Group (NRG). His research interests
include nanonetworking, molecular communications,
wireless networks. Prof. Tugcu has served with NATO
science and technology groups and IEEE standards groups. He is an associate editor in IEEE Transactions on Molecular Biological and Multi-scale
Communications.

7

