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Abstract—Path loss is a main challenge in Molecular Communications. When molecules carry information based only
on a natural diffusion, the number of molecules that can be
received is inversely proportional to the square distance between
the transmitter and the receiver, thus hugely impacting the
received signal strength. The use of a Multi-Input Multi-Output
(MIMO) technique can improve the performance of molecular
communications by increasing the data rate. In this paper, we
studied the receiver used in molecular MIMO communications.
We focused on three important parameters for the receiver
design, which are the channel distance, the distance between the
detectors constructing the receiver and the detectors diameter. To
optimize the design of a 3×3 MIMO receiver, we used AcCoRD
simulator to obtain 3D stochastic simulations for each scenario.
We evaluated the simulation results by studying the error
probability and the number of molecules representing the signal
strength. We then proposed two optimization problems that aim
at optimizing the receiver parameters choice, and two algorithms
to solve the problems. The study shows that a judicious choice of
the three parameters combination can optimize MIMOs receiver
design, which can decrease the error probability and improve
the performance of Molecular Communication.
Index Terms—Diffusion; Molecular communication; MultiInput Multi-Output; Path loss; AcCoRD simulator

I. I NTRODUCTION
Nanotechnology is being extensively used today in the medical, industrial and military fields. In particular, nanomachines
are able to achieve very simple tasks at the nanoscale for
different purposes. However, many of the most promising
nano-applications that are yet to come, involve nanomachines
communicating with each other. Indeed, communication can
allow these nanomachines to share information and cooperate
to drastically expand their capabilities.
Nanonetworking is the paradigm that deals with communicating systems at the nanoscale level. Nanonetworking
presents several engineering challenges. For example, designing a traditional electromagnetic communication system at
such small level implies using nano antenna which generate
waves at Terahertz frequency with all its peculiarities [1][4].
To circumvent such challenges, researchers have been studying
the use of molecules as carriers of the information between
nano transmitters and receivers. Indeed, nature has been using
molecules to transmit information for billions of years. Bioinspired Molecular Communication (MC) is one of the most
promising solution for nano-communication systems [5].
The most basic method proposed to exchange information
using the bio-inspired MC is the diffusion-based MC [6].

This method is based on the natural diffusion process of
molecules with a Brownian motion to reach the receiver. The
information to be transmitted can be coded by using the
number of molecules (concentration), the type of molecules
(isomers), the concentration ratio, or the frequency shift [7],
[8]. It is a simple communication process with some obvious
shortcoming. Some molecules can fail to reach the receiver,
stay in the medium and interfere with the newly released
molecules, thus creating an Inter-Symbol Interference (ISI)
[9]. Moreover, the slow propagation of molecules and the
inversely proportional relationship between the diffusion and
the communication channel distance causes a considerable
path loss and drastically decreases the diffusion-based MC data
rate [10].
The use of a Multi-Input Multi-Output (MIMO) technique
is a good solution to increase the data rate and enhance MC
performance. In [11], the authors investigated various scenarios of MIMO transmission techniques by using and adapting
the same concepts used in the traditional electromagnetic
communication (e.g. like diversity and Spatial Multiplexing
(SM)), and applied them for the Diffusion-based MC. The
study proved that with a well-known Channel State Information (CSI) and with a proper allocation of the molecules
among the transmission nodes, MIMO techniques can optimize
the throughput of the system. The authors also suggested
the use of a dynamic switch between the diversity mode
and SM mode to have better results. However, this study
did not take into account the ISI and the reception noise,
by assuming them to be negligible, while focusing only on
the Multi-User Interference (MUI). The authors of [12], on
the other hand, proposed a 2x2 Molecular MIMO system
model which included ISI and InterLink Interference (ILI)
using 3D particle-based simulators. The study proposed four
detection algorithms specific to the molecular MIMO, by using
the simulation results and the derived ISI and ILI models.
To demonstrate that the proposed model is practicable at the
macroscale level, the authors also presented a tabletop test bed
with its measurement results. The study showed that the data
rate is increased by 1.7 times compared to the Single-Input
Single-Output (SISO) Systems. However, neither study took
into account the distance between, and the diameter of, the
detectors at the receiver, which can influence the performance
of the MIMO receiver.
In this paper, we study the design parameters of the receiver
used in the molecular MIMO in order to optimize its perfor-

mance. Using AcCoRD simulator [13], we designed a (3×3)
system, a transmitter with 3 emitters and a receiver with 3
passive detectors. In this study, we focused on 3 important
design parameters, which are: the distance between the transmitter and the receiver, the distance between the detectors at
the receiver and the diameter of the detectors. We allocated
3 bit sequences of molecules for each emitter, the receiver
sums the signals detected by each detector and calculate the
average. The 3D stochastic simulation results of each simulation scenario is an average impulse response calculated by the
receiver, which varies with the parameters changes. We used
the resulting statistical data from the simulations to calculate
the detection threshold by applying the Maximum A posteriori
Probability (MAP) criterion of the standard Bayesian detection
framework. To evaluate the optimization of the receiver for
each scenario, we used the function of error probability with
the number of transmitted molecules as an input. We also
proposed two optimization problems, to optimize the choice
of the 3 design parameters, and two algorithms to solve the
problems. A judicious choice of the 3 parameters combination
can help to optimize the performance of the MIMO receiver for
molecular communication as summarized in the optimization
problem.
The rest of the paper is organized as follows. In section
II, we introduce the proposed system comprising a (3×3)
MIMO design using molecules as carriers of the information
with binary Concentration Shift Keying (CSK) modulation. In
section III, we discuss the results of the study and evaluate
the performance of the receiver design, in terms of error
probability, for each scenario. In section IV, we present the
optimization problems and the algorithms to solve them.
Finally, we conclude the paper in section V.
II. S YSTEM M ODEL
The system studied in this paper is a 3D fluidic environment
with 3 emitters TX1, TX2 and TX3 at the transmitter, and 3
detectors RX1, RX2 and RX3 at the receiver as shown in Fig
1. The transmitter releases molecules as carriers of the information. We assume that the effect of collisions between the
released molecules is negligible; they diffuse in the medium
with a random motion until they reach at least one detector at
the receiver.
A. Diffusion
We model the information with a binary Concentration Shift
Keying (CSK). We allocate a quantity Q of molecules in
each emitter, and we divide the information that we want
to send into 3 bit sequences. Because the Channel State
Information (CSI) is not available, we assume a uniform
molecule allocation for each emitter as in [11]:
Qn =

1
Q
N

(1)

Where N is the number of the emitters at the transmitter.
The Diffusion of the molecules in the medium follows a

Fig. 1. System model of Molecular MIMO

continuous-time stochastic process. This arbitrary motion can
be described mathematically with Ficks second law:
∂C
= D∇2 C
∂t

(2)

Where D is the Diffusion coefficient of the released molecules.
We assume that all molecules have the same radius and all
of them diffuse independently with the same coefficient D.
This constant diffusion coefficient D can be calculated an
in Eq. 3:
kB T
D=
(3)
6πηR

Where R is the radius of the molecules, T is the temperature
in kelvin, kB the Boltzmann constant, and η is the viscosity
of the medium.
B. MIMO Receiver
The MIMO receiver is constructed of 3 spherical passive
detectors, which can count the received molecules number.
The amplitude of the signal at the receiver is the sum of
the received molecules number of each bit sequence at each
detector divided by the number of detectors over a symbol
interval. The amplitude is demodulated and interpreted as 1
if the amplitude overtops the decision threshold, otherwise,
it is interpreted as 0. The counted number of molecules at
a distance d from the transmitter is the impulse response
received at each spherical detector, which can be calculated
with Eq.4 [14]:
f (t) =

−d2
QVR
exp 4Dt
(4πDt)3/2

(4)

Where f(t) is a probability density function with respect to
the distance d at a given time t for each detector. Q is the
number of molecules released for one bit by each emitter,
D is the diffusion coefficient, d is the distance between the
transmitter and the receiver, t is the time when molecules are
detected by the receiver and VR is the volume of the detectors
which is defined in Eq.5:
VR =

4π 3
(r )
3

(5)

Where r is the radius of the detector.
To find the time when the peak concentration is expected
in each detector, it is trivial to calculate the derivative of (4)

Fig. 2. Multi-User Interference (MUI) at the detector RX1of the proposed
MIMO system when using one type of molecules

and from the other emitters TX2, TX3 using one type of
molecules. We use the system described above with fixed
receiver design parameters, distance of channel d = 5µm,
radius of the detectors r = 3µm and distance between the
detectors S = 7µm. The result in Fig 2 shows that the effect of
MUI on the detector RX1 is small with the chosen parameters.
However, with another combination of design parameters as
the results will show in the next section, the effect of MUI can
be important and can influence the performance of the system.
We can write (8) in a matrix form for the 3×3 MIMO system
as:
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with respect to t. The solution of this derivative gives tmax as
in Eq.6:
d2
(6)
tmax =

h31 h32 h33
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(7)

b−1
X

+hnm [1].xm [b] +

(10)

b−1
X

Where H represents the number of molecules received at
each detector from its corresponding emitter hnn and from
the other emitters hnm , x represents the binary information,
and I represent the noise of the system, which represents the
ISI and MUI.
C. Decision Rule and Error Probability
The optimization of the receiver for molecular MIMO
requires the minimization of the average probability error,
and in order to do that, we need to maximize the probability
of a correct decision. We applied the Maximum A posteriori
Probability (MAP) criterion as a decision rule, as in [15]:
1

Y ≷
0

(8)

(hnm [k].xm [b − k])

k=2

Where hnn is the number of molecules received from a corresponding emitter, hnm is the number of molecules received
from other emitters, b is the symbol time slot, In [b] is the
noise generated from MUI, xn [b] is the binary information
received from a corresponding emitter, and xm [b] is the
binary information received from other emitters. Note that
xi [b] could be 0 or 1. We assume that there is a sufficient
number of interfering molecules so that the noise follows a
Gaussian distribution N (µIn , σI2n ) according to the Central
Limit Theorem. The sum expressions represent the ISI caused
by the remaining molecules from previous symbols sent by a
corresponding emitter and other emitters. To capture the effect
of MUI on each detector, we first simulate the response of
a single detector RX1 from its corresponding emitter TX1,

σ2
ln
2(µ1 − µ0)



1−p
p


≡ξ

(11)

Where ξ is the decision threshold, and means µ1 , µ0 and
variance σI2n are calculated as in Eq. 12, Where µIn and σI2n
are the mean and the variance of a normal distribution, and p
is the a priori probability.

(hnn [k].xn [b − k])

k=2

(9)

χ3 + I3 [b]

x3 [b]

Y = Hx + I

h is the expected number of molecules received at time
tmax .
The closed expression in (4) is valid only for SISO systems.
In this study we use 3D stochastic simulations to generate
statistical data which help us to study molecular MIMO
systems. The study in [12] showed that the application of the
Spatial Multiplexing mode from the traditional electromagnetic communication for n×n MIMO systems allows us to
write a discrete final received number of molecules as [12]:
YRXn [b] = hnn [1].xn [b] + In [b] +

χ1 + I1 [b]

Where χn represents the sum of the ISI and MUI noise in Eq.
8.
We can also write the matrix in Eq. 9 in a short form as:

6D

The maximum number of molecules expected to be received
at each detector at time tmax is inversely proportional to the
distance between the transmitter and the receiver. The peak
of the impulse response is also independent of the diffusion
coefficient as shown in the expression Eq.7 resulting from the
substitution of tmax of Eq.6 in Eq.4:
h=

x1 [b]

YRX2 [b]  = h21 h22 h23  x2 [b] + χ2 + I2 [b]

µ0 = µIn +

b−1
X

p(hnn [k]) + p(hnm [k])

k=2

µ1 = µ0 + hnn [1]
σ 2 = σI2n +

b−1
X

p(1 − p)(hnn [k])2 + p(1 − p)(hnm [k])2

k=2

(12)
The average error probability is calculated as in Eq. 13:
Pe = pPM d + (1 − p)PF a

(13)

Where PM d is the probability of Mis-detection, and PF a is
the probability of False alarm, which can both be calculated
as in Eq. 14, where Q is the number of the released molecules
for each emitter and ξ is the decision threshold.



µ1 − ξ
σ


ξ − µ1
=Q
σ

PM d = Q
PF a

(14)

III. E VALUATION AND S IMULATION R ESULTS
To evaluate the optimization of the proposed MIMO receiver
for molecular communication, we change the parameters of the
receiver design and we simulate each scenario using AcCoRD
simulator [13]. Actor-based Communication via ReactionDiffusion (AcCoRD) is a new sandbox designed by Noel et
al. to solve reaction-diffusion for molecular communication
studies. The sandbox allows us to simulate 3D model systems
for MC and evaluate their performance with more accuracy,
because of its microscopic and mesoscopic hybrid algorithm.
In this section, we present the simulation results of the
system described above and the error probability of each
scenario. We used Q = 1500 molecules for each molecule
release; Q = 500 molecules for each emitter. The diffusion
coefficient D was calculated from Eq. 3, and we took the
a priori probability p = 1/2. We took the same value for
η = 10−3 kg.m−1 s−1 of Eq. 3, as the one described in[16].
We assumed that the mean and variance of the normal noise
are identical for all detectors as in [11], with a coefficient
of variation 0.3 such that σIn = 0.3µIn , and the mean
µIn = 2 × 1016 molecules.cm−3 . The parameters that we
changed in the simulations are the Diameter of the detectors
(1, 2, 3, 4µm), the distance between the transmitter and the
receiver (5, 7, 9, 11µm) and the distance between the detectors
(4, 7, 10, 15µm).
A. Diameter of the Detectors
The MIMO receiver in our study uses three detectors, and
the choice of the detectors diameter has proven to be very
important for the system performance as shown in Fig 3. We
can see that when the diameter is 1µm, the maximum number
of molecules is 3, and the more the diameter is increased, the
more the signal strength increases too, from 3 to 81 molecules.
With only 3µm increase in the diameter, the strength of the
signal was increased 26 times. This is is due to the fact that a
bigger diameter of the detectors allows the MIMO receiver to
detect a bigger number of molecules. We can also observe
that the time to reach the maximum number of molecules
is unchanged with the change of the diameter, and that is
explained in Eq. 6. The time tmax is only dependent on the
distance of the channel and the constant diffusion coefficient
D.
However, increasing the diameter has a disadvantage too.
The bigger the diameter, the more the probability to get a misdetection or false alarm, which increases error probability. We
can see in Fig 3 that when the diameter is 4µm, the error
probability is 0.3, and the smaller the diameter, the smaller
the error probability, until it reaches 10−4 with 1µm diameter
when releasing 400 molecules. This can be explained by the
fact the small volume of the detector makes it hard to detect
molecules which decreases the probability to make errors and,
in turn, decreases the ISI. The tradeoff between the strength
of the signal and the error probability will be presented as an
optimization problem in the next section.

B. Distance Between the Transmiter and the Receiver
One of the main reasons of the path loss in molecular communication is the distance d between the transmitter and the
receiver. The Eq. 7 shows that the distance d adversally affects
the maximum number of molecules received at each detector at
time tmax . This is indeed confirmed by the simulations results
shown in Fig 4. We can see that the number of the received
molecules dropped from 45 molecules to 6 molecules with just
6µm increase in the channel distance. We can also observe that
tmax is changing with distance too, because molecules need
more time to reach a far receiver, which is clear in the Eq. 6.
The time tmax is proportional to the square of the distance d.
Decreasing the distance increases the signal strength, but
also decreases the error probability. As we can see in Fig 5,
small distances show less probability for the receiver to make
mistakes. The results also show that we can conserve the same
error probability in bigger distances by increasing the number
of allocated molecules for each emitter.
C. Distance Between the Detectors
Path loss is not the only challenge that needs to be overcome so as to enhance the link quality, ISI caused by the
remaining molecules in the medium also decreases the data
rate. In [17], the authors studied the influence of neighboring
receivers upon ISI, and they concluded that an optimal distance
between these receivers can mitigate ISI by decreasing the
width of the impulse response. Also, they found out that
an optimal number of the neighboring receivers can increase
the achievable throughput and decrease the error probability.
However, the study in [17] assumed that all neighboring
receivers should have the same distance from the transmitter
(arc) in a Single-Input Multiple-Output (SIMO) system. In our
study, the number of the neighboring detectors is 2. Fig 7
shows the impulse response of the proposed MIMO system
with different distances between the detectors. We can see
that the more we increase the distance between the detectors,
the more the width of the impulse response decreases. We
notice that the amplitude of the impulse with a 4µm distance
between detectors is smaller than the amplitude with the
other distances. The explanation of this small decrease in the
amplitude is that the closer the detectors to each other, the less
space they cover of the channel. Therefore, the detectors miss
some molecules and the amplitude is decreased. The missed
molecules can remain in the medium and also cause more
ISI. Bigger distances between the detectors allow the receiver
to cover bigger spaces to receive more molecules, and thus
decrease ISI, as illustrated in Fig 7 using an arrow.
The mitigation of ISI automatically decreases the probability of error, which is clear in Fig 8. We see that bigger
distances between the detectors give a smaller error probability
with around 300 allocated molecules. The optimization of this
parameter leads to a steady state in the maximum number of
molecules, and decreases the errors, which can increase the
achievable throughput of the molecular MIMO system.

Fig. 3. The error probability as a function with
the released number of molecules for different
distances between detectors

Fig. 6. Impulse response of the MIMO receiver
for different detector diameters

Fig. 4. Impulse response of the MIMO receiver
for different channel distances

Fig. 5. The error probability as a function with the
released number of molecules for different channel
distances

Fig. 7. Impulse response of the MIMO receiver
for different distances between detectors

Fig. 8. The error probability as a function with
the released number of molecules for different
distances between detectors

IV. O PTIMIZATION P ROBLEMS
In this section, we formulate our two optimization problems,
and we propose two algorithms to solve them.
A. Problems Formulation
In Fig 3 and 5, we notice that the receiver response improves
when we increase the diameter of the detectors and minimize
the distance between the transmitter and the receiver. However,
in Fig 4, we can see that by increasing the diameter, the error
probability increases as well. Therefore, to find the optimal
parameters, our objective is to maximize h in equation (7),
with a maximum probability error as a constraint. The first
optimization problem is formulated as follows:

max h(r) =

r∈R+
∗

2Qr3
e

3

2

1
|L − (2nr)|
s.t : S =
≥ α and Pe ≤ Pmax
d3
n−1

(15)
Where h(r) is obtained by the substitution of VR (5) in
equation (7). L is length of the receiver, n is the number of
the detectors at the receiver, r is the radius of the detectors,
α is the minimum allowable distance between the detectors.
Pe is the probability error and Pmax is the maximum allowable probability error. The second derivative of the objective
function is positive in the studied interval, so the above
optimization problem (15) is convex. By maximizing the
diameter, the distance d will be minimized automatically in
order to have a maximum h(r). The maximization of the
diameter is constrained with a predetermined Pmax , and with
a required minimum distance α between the detectors.

In Fig 7, we also notice that by increasing the distance
S between the detectors, the receiver response improves in
terms of ISI mitigation, as illustrated in Fig 7 using an
arrow. To find the optimal distance between the detectors,
our objective is to maximize S equation defined in (15),
with a maximum receiver length as a constraint. The second
optimization problem is formulated as follows:
max g(S) = n2r̂ + (n − 1)S s.t : g(S) ≤ L and Pe ≤ Pmax

S∈R+
∗

(16)

Where S is the distance between the detectors, r̂ is the optimal
detector radius solution of the first optimization problem (15)
and L is the maximum length of the receiver. The objective
function is linear, so the above optimization problem (16) is
also convex. The maximization of the distance between the
detectors is constrained with the receiver length L and Pmax .
B. Proposed Algorithms
In this paper we propose two algorithms in order to solve
the two optimization problems. The first algorithm is dedicated
to solve the problem of the detectors diameter r̂ maximization.
Initially, the algorithm takes the initial parameters consisting
of the diameters rinit , the distance between the transmitter and
the receiver dinit . The parameters Q, Pmax , n and α are used
to calculate S and the error probability er. At each iteration we
increase simultaneously the diameter by 1µm of the detectors
and measure the error probability er. The algorithm stops
when an optimal value of the detector diameter is reached.
Moreover, the objective of the second algorithm is maximizing

Algorithm 1: Optimal detectors’ diameter
Inputs: hrinit , dinit , L, α, Q, Pmax , ni
ˆ
Outputs: hr̂, di
rnew ← rinit
er ← 0
S ←0
dtmp ← dinit
while (S < α)
rnew ← rnew + 1
dtmp ← dinit −rnew - rinit
calculate er according to Eq. (13)
if (er ≥ Pmax )
S= abs(L − (2nrnew ))/(n − 1)
else
r̂ ←rnew
dˆ ←dtmp
ˆ
return hr̂, di
Algorithm 2: Optimal distance between detectors
Inputs: hr̂, Sinit , L, Pmax , ni
Outputs: hŜi
Snew ← Sinit
er ← 0
dtmp ← dinit
while (g(S) ≤ L)
Snew ← Snew + 4
calculate er according to Eq. (13)
if (er ≥ Pmax )
g= (2nr̂) + (n − 1)Snew
else
Ŝ ←Snew
return hŜi

the distance between the detectors Ŝ. As input, it takes the
optimal parameters obtained from the algorithm 1. For each
iteration, it increases the distance between the detectors with
the constraint of the receiver length L. For simplification r
refers to the diameter of the detector. At each iteration we
increase the distance between detectors by 4µm, and check
for the error probability. The algorithm stops when the error
probability is lower than the tolerated value Pmax or when the
length of the detector is reached. The results of the proposed
algorithms simulations give the same results found by using
the simulator.
V. C ONCLUSION
The bio-inspired paradigm of diffusion-based MC is one
of the most promising solutions for the nano-communication.
Path loss and ISI are the main challenges that need to be
tackled in order to enhance the link quality and increase the
achievable throughput. In this paper, we studied the optimization of a MIMO receiver design by focusing on three important
parameters: the channel distance, the distance between the

detectors constructing the receiver and the diameter of the
detectors. A 3×3 MIMO system was simulated using AcCoRD
simulator. In the simulations, we evaluated the function of the
error probability with the number of the allocated molecules in
each emitter as an input. We also formulated two optimization
problems and proposed two algorithms to solve them. The
study showed that a judicious choice of the optimized three
parameters combination can optimize the MIMO receiver
response by decreasing the error probability and increasing the
achievable throughput. The use of a MIMO technique with an
optimized receiver can enhance the link quality of molecular
communication and increase its data rate.
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