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Abstract—This contribution exploits the duality between a
viral infection process and macroscopic air-based molecu-
lar communication. Airborne aerosol and droplet transmission
through human respiratory processes is modeled as an instance
of a multiuser molecular communication scenario employing
respiratory-event-driven molecular variable-concentration shift
keying. Modeling is aided by experiments that are motivated by a
macroscopic air-based molecular communication testbed. In arti-
ficially induced coughs, a saturated aqueous solution containing a
fluorescent dye mixed with saliva is released by an adult test per-
son. The emitted particles are made visible by means of optical
detection exploiting the fluorescent dye. The number of particles
recorded is significantly higher in test series without mouth and
nose protection than in those with a well-fitting medical mask.
A simulation tool for macroscopic molecular communication
processes is extended and used for estimating the transmission
of infectious aerosols in different environments. Towards this
goal, parameters obtained through self experiments are taken.
The work is inspired by the recent outbreak of the coronavirus
pandemic.

Index Terms—Aerosols, biological system modeling, computer
simulation, digital modulation, fluid flow measurements, fluo-
rescence, infection diseases, molecular communication, multiuser
channels.

I. INTRODUCTION

THE RECENT outbreak of the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) has led to an

increased interest in the spread of infectious aerosols, gen-
erated by respiratory events of humans. Airborne aerosols are
able to carry pathogens, for example in the form of viral
ribonucleic acid (RNA), that might infect other humans when
inhaled into the respiratory tract [1], [2]. An important fac-
tor in assessing the risk of infection is a good understanding
of the propagation behaviour of aerosols in the air. Recent
research corresponding to the coronavirus outbreak has largely
dealt with the distribution of different-sized aerosols in the
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human airways [3] and the distribution of aerosols following
air drifts in defined environments [4] to assess different preven-
tive techniques to control infection. Several publications have
investigated the size distributions of aerosols in respiratory
events like breathing and talking [5], [6] as well as coughing
and sneezing [7]–[9]. Other parameters like the emission angle
and initial velocity of particles have also been determined [10],
ruling the distance that aerosols can travel [11]. Several studies
have been conducted regarding the stability and concentrations
of pathogenic aerosols on various surfaces [12], [13]. Further
research was conducted to determine the viral load in col-
lected samples of particles from surfaces [14]–[16], as well as
the influence of varying activity loads on the human body by
the emitted viral load [17].

The literature uses the term “aerosol” for a wide range of
particles, starting with aerosols of a few hundred nanometers in
diameter up to droplets with a diameter of about 100 µm [18].
In this paper, we follow the same approach as the literature for
the descriptions of the scenario. In the evaluation of the mea-
surement results, a distinction is made between droplets and
cloud-like aerosols. When a distinction is not needed, how-
ever, reference is made to aerosols in general throughout the
article.

The viral infection spread through aerosols and droplets
can be seen from the perspective of molecular communi-
cation (MC). MC is often described as a nature-inspired
approach to information transfer [19], [20]. Molecules are
used as carriers to transmit information between a transmit-
ter and a receiver. From an evolutionary perspective, this
concept has proven to be effective and can be observed in
the communication of unicellular organisms via molecules
in fluid environments [21], or in macroscopic communica-
tion through pheromones in the air [22]. Starting from the
microscopic domain with application areas inside the human
body like targeted drug delivery [23], improved diagnosis
and treatment with lab-on-a-chip devices to accelerate and
refine the medical procedure [24], [25], in the domain of
bio-sensors and intelligent materials [26], and even beyond
in-body applications [27], MC is believed to improve a wide
range of applications. In addition to the theoretical discus-
sions of MC application areas, there is currently a lack of
practical implementations, as this requires a high degree of
cooperation between engineers from different disciplines [28].
The macroscopic domain of MC mainly focuses on indus-
trial and smart city applications for instance, where traditional
radio communication might be challenging to accomplish. In
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order to understand the underlying principles and the over-
all system better, several testbeds have been developed [29]
based for example on magnetic nanoparticles [30], alco-
hol molecules [31], or fluorescent dyes [32]–[34] using a
fluid-based or air-based environment.

First foundations of aerosol transmission from a com-
munications point of view have recently been established
in [35], [36]. In [35], a general concept is proposed and the
duality between MC and aerosol transmission is highlighted.
The transmission behavior of airborne pathogens is modeled
by a macroscopic air-based MC scenario consisting of a trans-
mitter, a distorted channel, and a receiver. This communication
scenario has been described by Shannon in his landmark
paper [37], nowadays dubbed “mother of all models.” In the
context of interest, the molecular transmitter is represented
by an infected human, emitting virus-bearing aerosols into
the environment. Different respiratory events like breathing,
speaking, coughing, or sneezing define the properties of the
aerosol emission process. These include the amount of parti-
cles released with a certain probability distribution of different
particle sizes, initial velocities, as well as emission direc-
tions. The random movement of the particles is described by
the channel model. In [35], a biosensor is assumed at the
receiver side. The focus is on outdoor environments. In the
follow-up work [36], a complete system model is presented
and an end-to-end mathematical model is derived for the
transmission channel under certain constraints and boundary
conditions. Additionally, the system response for both contin-
uous sources such as breathing and jet or impulsive sources
such as coughing and sneezing is studied. In addition to trans-
mitter and channel, a receiver architecture composed of air
sampler and silicon nanowire field-effect transistor is assumed.
A detection problem to maximize the decision likelihood is
formulated and the corresponding missed detection probabil-
ity is minimized. Several numerical results are presented to
observe the impact of parameters that affect the performance
and justify the feasibility of the proposed setup in related
applications.

Even more recently and independent of the presented work,
the biosensor-based detector is replaced by an absorbing detec-
tor in the form of a healthy human located at a certain distance
from the emitter [38]. That way, the spreading mechanism of
infectious diseases by airborne pathogen transmission between
two humans could be modeled for the first time using the
principles of MC. If a certain amount of aerosols is able to
reach the receiver’s detection space, the receiver is expected
to be infected. This corresponds to a successful transmission
of information between the transmitter and the receiver via
a distorted channel in traditional MC. An end-to-end system
model is proposed with emphasis on the indoor environment,
predicting the infection state of a human. The corresponding
infection probability is derived.

Contrary to the classical data transmission approach, epi-
demiologists aim to reduce the number of successful transmis-
sions. In other words, in data transmission, a maximization
of the mutual information is targeted, whereas in the
case of virus transmission, a minimization of the mutual

information is targeted. Based on the modeling assump-
tions, rules concerning “social distancing” are suggested. In
the state-of-the-art [35], [36], [38], the MC concept has been
restricted to peer-to-peer links.

Our novel contributions include the following aspects:
• The transmission of infectious and non-infectious

aerosols is interpreted as a multiuser MC sce-
nario. Transmitters are already infected humans and
receivers are uninfected humans. Newly infected humans
become new transmitters after some time – the root of
reproduction.

• In each MC transmitter, the modulator is modeled by
respiratory-event-driven molecular variable-concentration
shift keying inspired by [39], where the type of molecule
is used to distinguish between coronavirus aerosols and
any other particles (like noninfectious saliva). The num-
ber of released molecules per time unit depends on the
situation: In the case of coughing, for example, more
molecules are emitted than in the case of breathing.

• Channel modeling is aided by human experiments using a
fluorescent dye in conjunction with optical detection [33]
in a quasi-unbounded environment in contrast to a pipe-
based testbed environment. That way, it is possible to
investigate the influence of ventilation on the spatial-
temporal distribution of the cloud. Furthermore, it is
possible to take the influence of obstructions like pro-
tection masks into account. The efficacy of a medical
mask is verified.

• An advanced computer simulation tool, originally
developed for efficient simulation of MC in fluid chan-
nels [40], is extended. This tool can be used to estimate
transmission of infectious aerosols in different, preferably
indoor environments. Parameters feeding this simulation
tool are partly obtained by self experiments, among other
established sources.

Particle concentrations (“clouds”) are released by respira-
tory events like breathing, speaking, singing, coughing, and
sneezing. The aerosols are not only received by mouth and
nose, but also by hands, increasing the effective aperture of
the receivers, similar to spatially distributed antennas. The
probability of infection is not only determined by peer-to-peer
distances (motivating “social distancing”), but also by venti-
lation of the environment, movement of the receiver apertures
through the cloud and individual immune responses of the
receiving humans.

Understanding the impact of different channel configura-
tions leads to implications for infection prevention in epidemi-
ology. This helps in developing guidelines for maintaining safe
distances and to take preventive measures in order to reduce
the probability of infection.

The remainder of this paper is structured as follows:
Section II describes the basic transport of aerosol particles
in an air-based environment, mentioning effects like diffu-
sion, evaporation, buoyancy, and settlement that define the
trajectory of airborne particles. Section III introduces the MC
scenario under investigation adapted to the domain of infec-
tious aerosol transmission with regard to the aforementioned
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Fig. 1. Forces acting on aerosols in an air-based environment: buoyancy force
FB and air drag force FD act mainly on the air-stream that is expelled from
the mouth or nose, whereas advection force FA and gravitational force FG
act on the aerosols themselves. The temperature gradient is given through the
minimum temperature Tmin of the air in the environment and the maximum
temperature Tmax of the liquid in the oral cavity.

channel model and its generalization to multiuser commu-
nication. In Section IV, MC measurements with fluorescent
particles are adapted to the field of infectiology, accompa-
nied by simulations for the given scenario, before closing with
the conclusion and an outlook on future developments and
adjustments from the field of MC in Section V.

II. PRINCIPLES OF AEROSOL TRANSPORT

Aerosols are solid or liquid particles found suspended
in a gaseous environment with sizes ranging from a few
nanometers to several micrometers [18]. In human respiratory
events, these particles are expelled with an air stream into
the surroundings, where they propagate over large distances,
depending on their initial size and velocity. When focusing on
the transmission of pathogens in aerosols, sizes in the range
of a few micrometers are of special interest, as they are able
to carry infectious viral RNA and propagate further into the
human respiratory tract, leading to the infection of humans.
The type of respiratory event defines the aerosol size and
velocity distribution, the overall amount of aerosols, emission
angle, and opening angle of the air stream. This multivari-
ate random process of aerosol generation and distribution in
the environment defines the risk of infection for other healthy
humans.

The transport of aerosols is subject to several effects
between the aerosols and the environment, illustrated in Fig. 1.
The main mode of transportation is aided by the release of
an air stream from the mouth or nose, depending on the
type of respiratory event. The air stream supports the droplet
movement in terms of a drift velocity, often called advec-
tion. Through the turbulences generated by the interaction
between the released air and the present air in the environ-
ment, mainly influenced by air drag, a diffusion process called
eddy diffusion acts on the aerosols. This additional diffusion
accompanies the mass diffusion already happening at a molec-
ular level. Given the parameters of respiratory events and the
sizes of aerosols emitted from these events, the effect of mass
diffusion on the movement of the aerosols can be neglected.
This results in the eddy diffusion and the advection process

being the main modes of transportation for infectious airborne
particles.

Due to the temperature difference between the released air
and the environment, a density difference results in a buoyancy
force acting on the air stream, finally resulting in an upwards
movement. On the other hand, gravitation acts on the particles
in the air stream, which results in the settlement of particles.
The combination of the upwardly directed buoyancy force and
the perpendicularly directed gravitational force determines the
flight distance of the aerosols.

Following the same temperature profile as the expelled air
stream, the aerosols are subject to an evaporation process
resulting in the shrinkage of the droplet diameter [41]. The
outer surface of the aerosol changes into gas phase, as the heat
is exchanged between the liquid and the environmental air.

Larger and heavier droplets are either fragmented into
smaller droplets [42] or quickly forced to the ground. Without
additional turbulences and ventilation, aerosols are able to stay
suspended in the environment for minutes, resulting in a long
lasting risk of infection even after the respiratory event that
initially emitted the aerosols.

The combination of the forces acting directly on the aerosols
and the forces acting on the air stream, which indirectly
influence the aerosols, ultimately lead to the characteristic dis-
tributions of aerosols in the ambient air and the associated
probabilities of infection.

III. SCENARIO UNDER INVESTIGATION

The basic scenario in MC represents a molecular emis-
sion device as a transmitter, a propagation channel defined
by an impulse response that depends on various environmen-
tal parameters, and a receiver interacting with the emitted
molecules. Parameters like the distance between the transmit-
ter and the receiver, diffusive behaviour of the molecules in
the channel, drift velocities of the environment, and the recep-
tion mechanisms at the receiver mainly influence the quality
of information exchange in this scenario.

This scenario resembles an elementary peer-to-peer com-
munication scheme with two users. To enable the translation
to the field of virology, the scenario must be extended to sev-
eral users who can both send and receive aerosols in a three
dimensional (3D) environment. A randomly selected propor-
tion of users are assumed to be infected, emitting infectious
particles during their respiratory events. This extended macro-
scopic MC scenario is shown in Fig. 2. All transceivers in the
scenario are mobile. This results in a dynamic situation, where
the distances between the users are varying.

A. Aerosol Emission

Partly following [36], the respiratory events can be separated
into two classes: breathing as a continuously occurring event,
and speaking, coughing, and sneezing as randomly occur-
ring events with specified parameters. With each event, an air
stream containing a cloud of aerosols is emitted, given a size
distribution, emission angle distribution, and initial velocity
distribution. All these parameters can be interpreted as indi-
vidual random variables that depend on the type of respiratory
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Fig. 2. Sketch of a multiuser scenario with one infected transmitter (red)
emitting infectious aerosols into an air-based environment with three healthy
receivers (blue) at a time instance t. The lines show possible trajectories.

event, the infection state of the emitter [43], and other factors
like age and size. Depending on the infection status of the
emitter, a proportion of the aerosols emitted are assumed to
be infectious. The probability that a droplet contains viruses
is closely related to its initial volume [44]. These infectious
aerosols lead to a risk of infection for the other users present
in the environment.

Having pointed out the duality between coronavirus trans-
mission and air-based macroscopic MC, one item has never
been addressed in this concept, namely the modulation scheme
and its analogy with data symbols. In good approximation,
the modulation scheme can be modeled by respiratory-event-
driven higher-order molecular variable-concentration shift key-
ing (MoVCSK) [39], where the type of molecule distinguishes
infectious from non-infectious particles. In this way, an
infected person can release both infectious and non-infectious
particles at the same time. The number of released molecules
per unit time depends on the situation. More molecules are
emitted in the case of sneezing and coughing, less molecules
are released in the case of breathing and singing. These
differences in quantity can be modeled by the different con-
centration levels of MoVCSK. The different events can be
represented by different data symbol patterns. For example,
continuous sources such as breathing leads to a burst of
data symbols with lower concentration levels, while impul-
sive sources such as sneezing and coughing lead to individual
data symbols with higher concentration levels.

The possible respiratory events are described and modeled
in the following paragraphs. Each event triggers the emis-
sion of a specific but random distribution of particles into the
environment. These initial parameters ultimately determine the
range of an aerosol emission and thus the risk of infection for
non-infected individuals in the environment.

1) Breathing: The continuous breathing of a human is influ-
enced by the physical load on the body. The breathing pattern
at rest of 12-16 breaths per minute [45] can increase with
higher physical activities, resulting in a higher aerosol emis-
sion rate and also larger emission volumes following deeper
breaths.

2) Speaking: Human speaking can be modeled as a two-
state Markov process [46]. The states represent the talking and
silence periods. This discrete-time model is characterized by
the transition probabilities between the states and the retention
probabilities for staying in the current state. This represents
the fact that a human, currently being in speaking state, might

eventually stay in this state for the next time step with a higher
probability than switching into the silent state. Whenever a
human is speaking, an average aerosol distribution is emitted
into the environment. This simplification takes into account
differences in languages and phonetic characteristics, as the
transition probabilities may be time-varying.

3) Coughing and Sneezing: Coughing and sneezing as ran-
domly and sparsely occurring events can be modeled for each
time step in terms of a Bernoulli trial, where the user might
eventually emit aerosols in terms of a cough or sneeze, or
stay in normal breathing state. The parameter for the resulting
Poisson process is influenced by the infection state of the user.
The intensity increases for an infected human, which resem-
bles a higher probability for coughing and sneezing, whereas a
healthy human might cough or sneeze very rarely. This concept
has been introduced in [47].

B. Aerosol Propagation

The principles of aerosol transport are explained in
Section II. The environment under investigation is assumed
to be a boundless 3D space filled with air at room tempera-
ture with no additional drift or ventilation, aiding the aerosol
transport. All aerosol propagation processes are depending
on the respiratory event responsible for the emission of the
aerosols. This event defines the aerosol size and initial veloc-
ity distributions as well as the parameters of the expelled air
stream.

In future research, other room geometries may be studied
as well. Additionally, air ventilation and additional turbulences
introduced through the movement of the users might be further
investigated.

C. Aerosol Reception

Aerosol reception is modeled by an effective aperture area,
representing the sensitive parts of the body which are mainly
responsible for infection via pathogen-laden aerosols. The
most prominent area consists of the mouth and nose part of the
face. Additional reception can be accomplished by the hands,
accounting for smear infections by touching the face. The
effective aperture of the subject moves dynamically through
the 3D space with the random motion of the human receiver.

When the effective aperture interferes with suspended
aerosols in the air, the detection of aerosols has an impact on
the infection probability of the receiver. The viral load in the
aerosols and the individual immune response of the receiver
defines its infection probability. Each human is equipped with
an individual detection threshold, steering infection probabil-
ities at the receiver. Similar to spatially distributed antennas,
an antenna gain can be specified for the different areas of the
effective aperture, which defines the reception strength of the
infectious aerosols and the resulting probability of infection.
Since the number of infectious particles reaching the recipient
over a certain period of time is relevant for an infection, the
receiving process can be modeled as energy detection. It is
worth mentioning that in contrast to classical MC, intersym-
bol interference and multiuser interference do not need to be
cancelled.



204 IEEE TRANSACTIONS ON MOLECULAR, BIOLOGICAL, AND MULTI-SCALE COMMUNICATIONS, VOL. 7, NO. 3, SEPTEMBER 2021

IV. MEASUREMENT RESULTS

The real-world measurements reported in this paper are per-
formed with a single emitter to gather information about the
propagation behaviour of airborne aerosols from human res-
piratory events in an air-based environment. This information
can be used in the simulation to perform multiuser scenarios.

Real-world measurements serve as the basis of channel
models and computer simulations if an analysis turns out to
be too challenging. Measurements are necessary to under-
stand the propagation behaviour of different-sized particles
from respiratory events. In experiments, it is also possible to
perform more advanced measurements with different types of
face protection gear or to investigate the influence of a longer
wearing period, to consider air ventilation, and to test arbitrary
room geometries. Taking all these points into consideration,
the inspiration is drawn from the testbed design used in [34]
to conduct experiments using fluorescent dyes. The industrial
sprayer used as a transmitter in [33] is replaced by a test per-
son emulating an infected person. As an example of the above
mentioned respiratory events, successive coughs are induced.
Key parameters obtained from the experiments like particle
diameters and distance profile are used in the simulation tool.
The tube-like structure forming a bounded channel is scaled
up to an enclosed environment. The optical-based receiver
is treated as an uninfected human, interacting with emitted
aerosols and droplets. The advantage of fluorescent particles
becomes apparent, as they stay visible under longwave ultra-
violet (UVA) light even after settlement. Commonly used
techniques like shadowgraph [48] or Schlieren imaging [49]
do not provide this feature.

A. Experiments

The tests are carried out with a test person to obtain suffi-
cient parameters for the simulation environment: About 10 mL
of a saturated aqueous solution containing the fluorescent dye
Uranine (mixing ratio: 1.54 gL−1) is taken in through the
mouth and mixed with saliva. Over a period of two minutes
the liquid in the mouth cavity is heated to body temperature.
At the time of an artificially induced cough, the particles are
in the mouth and throat of the test person. As a result of the
cough impulse, the particles are partially expelled and flung
into the ambient air as airborne aerosols and droplets, fol-
lowing a characteristic diameter distribution. The trajectory of
the aerosols is made visible using a 50 W UVA lamp with
a peak emission wavelength of 396 nm corresponding to the
excitation wavelength of the fluorescent dye. Uranine responds
with an emission wavelength of 520 nm to 530 nm, which is
clearly distinguishable in the visible light spectrum. Recording
is accomplished by a high-speed camera with 240 fps placed
orthogonal to the flight direction of the aerosols.

The test person was an approximately sixty-year-old male.
The cough impulse was expelled at a height of 1.64 m in
horizontal direction. At the time of the measurements, the test
person was completely healthy and had no physical symptoms
of disease. The temperature inside the mouth was 36.0◦C and
the Uranine solution was heated to this temperature for a suf-
ficiently long time. Experiments were performed in a fanless

TABLE I
PARAMETERS AND MEASURES OF THE EXPERIMENTS

dark room. The room had an air temperature of 20.1◦C and a
length of 2.34 m, with 0.85 m of space on each side orthogo-
nal to the direction of emission up to the adjacent walls. Four
test series were carried out without a protective mask and one
test series with a mask. Each test series consists of five con-
secutive, artificially triggered coughs, each about 15 seconds
apart. The floor was photographed before each new cough and
after the final cough. Between the test series, a new portion
of Uranine solution was taken into the mouth and warmed to
body temperature, and the floor was cleaned of the residues of
the previous test series. Key parameters of the experiments are
summarized in Table I. The measurement results reported next
have been performed without protection mask or face shield,
unless mentioned specifically. To highlight the importance of
a face-mask as an obstruction device to reduce the infectious
range of airborne aerosols, one test series was taken with a
well-fitting medical filtering-face-piece (FFP1) face-mask (3M
Aura 1861+) according to EN149:2001 FFP1 NR D and Type
IIR EN 14683:2019, having a bacterial filtration efficiency of
more than 98% and an aerosol filtration percentage of 80%
minimum.

Characteristic frames of the video are presented in Fig. 3.
They show the development of aerosols and droplets directly
after the cough impulse in the ambient air. After approximately
30 ms, a difference between the droplets in a jet-like formation
and the aerosols in a cloud formation is clearly visible. This
distinction continues in the following frames and becomes
even clearer as the droplets sink to the ground due to the grav-
itational force, following the trajectory of a horizontal throw.
The aerosols in the cloud formation are carried further through
the room by the ejected air stream, as explained in Section II.
These aerosols are of special interest for infection prevention
techniques, mainly because they are able to stay in the envi-
ronment for a longer time and, thus, lead to longer infection
periods. They are also able to travel larger distances due to the
air stream and turbulence, thus, causing infections by enter-
ing the respiratory tract directly via the inhaled air. The larger
particles can be absorbed through the effective aperture of the
receptor and can cause smear infections if the receptor infects
their own airways through improper use.

With the calibrated video recordings, it is possible to deter-
mine the velocity of the aerosol cloud and the droplet jet.
These measurements can be used to determine theoretical dis-
tances of the different modes of aerosol emission and, thus,
leading to implications for prevention techniques with infec-
tious aerosols. The average initial velocity of the aerosol
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Fig. 3. Fluorescent aerosols expelled through coughing action at emission
time te. The droplets are visible as luminous dots, aerosols are visible as
clouds and highlighted by the circle.

cloud is about 8 ms−1, whereas the droplets are ejected at
about 5 ms−1. From the recordings, it seems natural to esti-
mate the maximum travel distance dmax of the droplets by
assuming a horizontal throw with a maximum flight distance
of dmax = v

√
2h0/g , where v is the droplet velocity, h0

the emission height and g the gravitational acceleration. This
assumption results in a maximum distance of dmax = 2.90 m
that the droplets are able to reach. This result is in accor-
dance with the observation that several droplets were hitting
the 2.34 m distant wall, up to a considerable height of 1.35 m
given an initial level of 1.64 m.

As an additional instrument to the video capturing of the
cough itself, the floor is photographed after each cough, while
it is also illuminated with the UVA lamp to show the fluores-
cent dots from the settlement on the ground. The resulting
photographs are used to determine the trajectories of the
droplets, which help in estimating the infectious range as well
as the diameter of the droplets. An example image of this pro-
cess is shown in Fig. 4 with a ruler for the distance estimation
and overall calibration of the image analysis.

To estimate the droplet diameter distribution shown in
Fig. 5(a), the photographs are analyzed with an automated
approach employing MATLAB. A tape measure laid out on
the floor enables a calculation of the size of the droplets on
the floor given the recorded pixels. A calibration measurement
obtained by an industrial sprayer with a defined droplet radius
of 3.3 µm is then used to relate the radius of circles on the
floor to the actual droplet sizes in the air. This processing
is accompanied by an analysis of distance measurements, as
shown in Fig. 5(b).

The diameter distribution shows an observed maximum in
the range of 20 µm to 30 µm with most droplets being under
100 µm in diameter. It is assumed that virus-bearing aerosols
are in the range of 1 µm to 100 µm, so the given results are
relevant for this regime. The distance distribution on the other
hand shows droplets up to a distance greater than 2 m, which
fits the previous calculations for droplets, given additional
effects of air drag and turbulences, reducing the maximum
travel distance. An additional factor for limiting the range of

Fig. 4. Fluorescent droplets on the floor after five artificially induced coughs
from a height of 1.64 m.

TABLE II
PARAMETERS OF THE SIMULATION

the aerosols is the emission angle from the respiratory event:
Most of the measurements showed an emission cone pointing
downwards, which already accelerated the heavier particles
towards the ground.

The measurements with an FFP1 mask showed no visi-
ble fluorescence in the area in front of the test person. After
the test interval, the mask was fluorescent, indicating that it
absorbed the aerosols.

B. Simulations

For simulating the transmission of particles, the Pogona
simulator1 was used, which was previously developed by the
authors for macroscopic MC [40]. In [33], this simulator was
extended for the propagation of water droplets through air,
based on an initial velocity vector, without taking into con-
sideration any other forces acting on the particles. This tool
has now been extended to take different forces explained in
Section II into account.

Simulations are performed in a similar 3D environment
as the real-world measurements. The room has a boundless
structure and is filled with air at a temperature of 20◦C. The
aerosols are emitted from a source at an initial height of 1.64 m
with an initial emission vector parallel to the ground. The ini-
tial velocity of each particle is sampled randomly according

1https://www2.tkn.tu-berlin.de/software/pogona/
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TABLE III
RELATIONSHIP BETWEEN CONVENTIONAL PERFORMANCE METRICS AND INFECTIOUS PARTICLE TRANSMISSION

Fig. 5. Combined distributions for a test block of five consecutive coughs
by the test person.

to the empirical cumulative distribution function of velocities
derived from the experimentally observed travel distances as
explained in Section IV-A, assuming a frictionless horizontal
throw. Similarly, the droplet radii are distributed according to
the measured droplet sizes. In order to speed up computations
for this proof of concept, however, particle diameters below

Fig. 6. Spatial distribution of simulated particles falling on the floor. The
emitter is placed in the origin, facing in positive Y-direction.

50 µm are omitted. This is due to the fact that adaptively
chosen time steps become extremely small in order to accu-
rately update the velocity of very light-weight particles. For
each particle traveling through the air, the forces are simu-
lated which are detailed in Section II, i.e., gravity, drag, and
buoyancy.

In Fig. 6, the distribution shows the accumulation of simu-
lated particles on the floor. In comparison with Fig. 5(b), it is
seen in both cases that a large portion of particles accumulates
on the floor between a distance of 0.5 m and 2 m. In the simu-
lation environment, this region gets extended to a distance of
at least 5 m. Possible reasons for this may include not simu-
lating the effects of evaporation, simplified assumptions about
the initial velocities of particles, or the challenge of coughing
in a direction horizontal to the ground in the experiment. At
the same time, it is observed that individual simulated parti-
cles travel significantly farther than 5 m, which is in line with
the observation above that droplets can be found at a height
of over 1 m on the wall at the other side of the room.

C. Relation to Communication Theory and Networking

The duality elaborated in Section III makes it possible to
relate selected results and conclusions of the experiments and
simulations to traditional performance metrics in communica-
tion theory and networking:

1) The spatially distributed received power (or the signal-
to-noise ratio, respectively) relates to the heat map in
Fig. 6.
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2) The communication range corresponds to the range of
infection. The distribution of droplet flight distances is
depicted in Fig. 5(b). The maximum range, dmax, has
been confirmed analytically.

3) The shapes of the emitted aerosol clouds depend on the
type of respiratory event and are analogous to beam-
forming, i.e., to directional transmission of information.
These shapes are considered in the simulation tool.

4) Signal blocking/shadowing is linked to masks, protective
screens, and other obstacles.

5) Retransmission is related to consecutive respiratory
events.

These and additional performance metrics that are not fur-
ther evaluated in this contribution (such as probability of
infection, chain of infection, viral load, incubation time) are
depicted in Table III.

V. CONCLUSION

This paper exploits the duality between a viral infection
process and macroscopic air-based molecular communica-
tion. It connects an engineering perspective with the medical
domain of virus-laden airborne particles as disease spreading
mechanism. Novel contributions include the following aspects:

• The transmission of infectious and non-infectious
aerosols and droplets from human airways expelled
through respiratory events is interpreted as a multiuser
MC scenario. Infection chains are the root of
reproduction.

• Respiratory events like breathing, speaking, coughing, or
sneezing are modeled by respiratory-event-driven molec-
ular concentration shift keying.

• Channel modeling is aided by human experiments
employing a fluorescent dye. The efficacy of a medical
mask is verified.

• The advanced MC Pogona simulation tool is extended to
emulate aerosol transmission in different environments.
Parameters feeding this tool are partly obtained by own
experimental results.

The contribution paves the way to new opportunities and tools
for analysis and prevention of infectious diseases caused by
airborne pathogen transmission.

An optical particle detection technique previously employed
in the area of air-based macroscopic MC is used as a basis
to model the different respiratory events. Video recordings
and existing knowledge about channel modeling from MC
are combined to make more accurate predictions about the
dispersion of aerosols in the ambient air using an advanced
simulation environment. Possibly infectious particles are made
visible using a fluorescent dye.

Real-world experimental measurements have shown that a
bimodal distribution of particles is emitted when coughing,
caused by aerosols and droplets, respectively. Aerosols are
transported by the expelled air and reach an average initial
velocity of about 8 ms−1. As a result, these small particles
can travel significant distances and cause infections even out-
side the previously assumed safe distances. Moreover, aerosols
do not follow a parabolic path and may remain in the ambient

air for a notable period of time, as they are transported with
the expelled air. This results in a long time of risk of infec-
tion. On the other side, droplets are either fragmented into
smaller particles, or they follow a parabolic path towards the
ground. Their ejection speed of around 5 ms−1 is also rela-
tively high, which leads to long flight distances of 2 m and
beyond. These experiments are reproduced using the Pogona
simulator, where a spatial distribution of simulated particles
emitted via coughing is generated. It is seen that the results
are very much in tune with the real-world measurements as a
significant number of particles settle on the floor between a
distance of 0.5 m and 2 m from the source, with a good por-
tion of particles reaching distances even beyond. Due to the
fact that droplets (earlier) and aerosols (later) concentrate on
the floor, increased attention should be paid to shoe cleaning.

Measurements with a medical face mask have shown that
this preventive technique is able to reduce the amount of
aerosols and droplets emitted from respiratory events consid-
erably. This suggests that the remaining particle concentration
outside the mask is below the resolution of the used measuring
devices.

In this paper, the transmission of aerosol-carrying pathogens
has been treated as an elementary peer-to-peer communication
scheme between two users. This scenario may be investigated
more deeply in future research, featuring dynamic multiuser
situations. Stochastic techniques may also be used to define
safe areas in dynamic environments to stop a pandemic infec-
tion. Other preventive techniques like ventilation, humidifiers,
cloth face masks, or other obstacles may be investigated in
terms of leakage after a longer wearing period, to better suit
real-world problems.
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