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Abstract—Molecular communication via diffusion (MCvD)
systems are easily simulated for micro-scale topologies and
applications. However, for the macro-scale topologies there is
a need for emission of huge amount of molecules to have a
detectable signal. In this work, voxel-based solver for MCvD is
proposed and analyzed. The proposed solver is able to consider
huge amount of molecules since it does not track each of the
molecules, instead it solves the aggregate behavior.

Index Terms—Diffusion-based molecular communication,
Voxel-based solver, Multi-grid neighbor method.

I. INTRODUCTION

Molecular communication via diffusion (MCvD) is one of

the promising molecular communication (MC) systems pro-

posed especially due to its advantages in some environments

and its energy efficiency [1]. In MCvD, molecules are utilized

to convey information, which can be observed in nature (e.g.,

quorum sensing between bacteria at the micro-scales [1] and

pheromone-based communication at the macro-scales in both

air and water environments [2]).

Despite the predominance of radio-wave and other forms

of electrical and acoustic communications, there are still

areas (e.g., inside networks of tunnels or salty water en-

vironments) where conventional wave-based signals cannot

efficiently propagate or be effectively generated [3], [4].

There are simulators in literature for MCvD in micro-

scale and simple topologies [5]–[8]. However, for macro-scale

applications, huge amount of molecules should be released due

to high path-loss in MCvD, which constitutes the main hurdle

for macro-scale simulations. Therefore, a new approach should

be considered for the MCvD simulations at macro-scale.

In this work, we propose to use grid-based MCvD solver

that can consider huge number of molecules since it does

not track the molecules individually. The introduced sim-

ulator/solver is independent from the number of released

molecules and evaluates the mean received signal at the

receiver from a communications perspective.

II. PARTICLE-TRACKING BASED SIMULATOR

System models for particle-tracking based diffusion sim-

ulator is presented in Fig. 1. In particle-based simulations,

molecules take a random step at each simulation time step,

which follows:

∆ri ∼ N (0, 2D∆t) (1)

where ri is the ith dimension, D is the diffusion coefficient,

and N (µ, σ2) is the Gaussian distribution with mean µ and
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Fig. 1. Simulator concepts for MCvD in 2D environment.

the variance σ2. Molecules are removed from the environment

when they hit the receiver that is d apart and the number of

received molecules is recorded as the received signal.

When we need to simulate macro-scale MCvD applications,

we have to consider huge amount of molecules (e.g., more than

Avogadro number) and it becomes infeasible to use particle-

tracking based simulators.

III. VOXEL-TRACKING BASED SOLVER

In voxel-based solver, environment is divided into voxels

(i.e., square or cubes in 2D or 3D environments, respectively)

and molecules are released from a point in the environment.

In 2D environment, molecules pass to the 4-neighbors equally

and we evaluate it in an aggregate manner.

For simplicity, we explain the concept in 2D environment,

but it is similar in 3D. First, by utilizing (1) and considering the

boundaries of a voxel, we evaluate the probability of staying in

a voxel (Pstay) for uniformly distributed molecules as follows:
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where λ is the length of the voxel sides. Then, at each

time step (∆t), the number of molecules that leave the voxel

is determined and they are distributed to 4-neighbor voxels

equally. Whenever molecules reach to the receiver voxels, they

are removed from the environment. Note that if some part of

the receiver body is partially intersecting with a voxel in the

environment then the molecules are received proportional to

volumes/areas in 3D/2D environments.

Since the solver keeps track of the voxels (not the molecules

individually), the time complexity is in the order of the
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Fig. 2. NMSE plots for different system parameters. Lowest NMSE values
are achieved at λ = 0.233, 0.355, and 0.36 µm, where these values correspond
to highest p-values while passing the K-S test.

number of voxels in the environment. However, in voxel-

tracking solver, there is a hyper-parameter that needs to be

optimized: length of the voxel sides (λ). If the voxel length

is too small then the solver will not be able to capture

the diffusion behavior of molecules that would be moving

to two voxel distant places. On the other hand, large voxel

length means high aggregation, which will again deteriorate

the solver accuracy.

IV. SIMULATION RESULTS

In this work, we compared particle-tracking simulator and

voxel-tracking solver by considering a fully absorbing receiver

in 2D environment. Please note that similar approach can

be applied to 3D environments. We used ∆t = 10−4s
and NTx = 50 000 molecules where NTx is the number

of emitted molecules. At the receiver side, the number of

received molecules (NRx) is recorded at each time step, which

corresponds to the received signal.

We applied Kolmogorov-Simirnov (KS) test on received

molecular signals for comparing particle-tracking simulator

and voxel-tracking solver and evaluated normalized mean

squared error (NMSE) for finding an effective λ.

In Fig. 2, NMSE values are plotted for different test sce-

narios. Molecule step sizes increase when we have higher D.

Therefore, the optimal λ values shift right when we increase

the diffusion coefficient as expected.

In Fig. 3, received signals are plotted for different λ values.

The optimal values, which are observed from Fig. 2, give more

accurate mean signal compared to higher and lower λ values.

V. CONCLUSION AND FUTURE WORK

In this paper, we have presented voxel-based solver for

MCvD and analyzed the accuracy of the received signal via

comparing with particle-based simulator output. Voxel-based

solver gives the mean received signal, which is the most crucial

part of the MCvD channel modeling. Time complexity of the

voxel-based solver depends on the number of voxels since it

evaluates the aggregate movements. Therefore, it is indepen-

dent from the number of emitted molecules, which enables

us to utilize the solver for extreme number of molecules in

macro-scale MCvD applications. Voxel-based solver has a
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Fig. 3. Molecular received signal for different λ values.

hyper parameter that needs to be optimized for an accurate

diffusion modeling. For the future work, we will analyze the

relation between optimal λ and the system parameters.
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