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A Molecular Communication Perspective on
Airborne Pathogen Transmission and Reception via
Droplets Generated by Coughing and Sneezing

Fatih Gulec, Baris Atakan

Abstract—Infectious diseases spread via pathogens such as
viruses and bacteria. Airborne pathogen transmission via
droplets is an important mode for infectious diseases. In this
paper, the spreading mechanism of infectious diseases by airborne
pathogen transmission between two humans is modeled with
a molecular communication perspective. An end-to-end system
model which considers the pathogen-laden cough/sneeze droplets
as the input and the infection state of the human as the output
is proposed. This model uses the gravity, initial velocity and
buoyancy for the propagation of droplets and a receiver model
which considers the central part of the human face as the
reception interface is proposed. Furthermore, the probability
of infection for an uninfected human is derived by modeling
the number of propagating droplets as a random process. The
numerical results reveal that exposure time and sex of the human
affect the probability of infection. In addition, the social distance
for a horizontal cough should be at least 1.7 m and the safe
coughing angle of a coughing human to infect less people should
be less than -25°.

Index Terms—Airborne pathogen transmission, molecular
communication, expiratory droplet reception, social distance.

I. INTRODUCTION

OLECULAR communication (MC) is an emerging

research area which employs chemical signals for infor-
mation transfer. Originally, MC is proposed as the communi-
cation method of the nanomachines mimicking the biological
cells in microscale in a nanonetwork [[1]. MC can also be
helpful for practical applications in macroscale [2].

The pioneering experimental study in macroscale MC is
about establishing a communication link using an electrical
sprayer, an alcohol sensor and alcohol molecules as the
transmitter (TX), receiver (RX) and messenger molecules,
respectively [3]]. For this experimental setup, several channel
models are proposed in [4]-[6] and its data rate is improved
via multiple input multiple output (MIMO) technique in [7].
Furthermore, it is shown that MC can be used in macroscale
environments where there is significant attenuation for electro-
magnetic wave-based communication [§[], [9]. In [[10]], an ex-
perimental platform consisting of pumps, pipes and a pH meter
is proposed. This platform encodes the information symbols
according to the pH level, as also used in a macroscale fluidic
platform explained in [11]. Magnetic nanoparticles which are
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sensed by a susceptometer (as a RX) are employed to encode
information symbols in [[12]. In [13]], a platform in which a
mass spectrometer (as a RX) and an odor generator (as a
TX) communicate is developed. [14] proposes a platform with
a chemical vapor transmitter and photoionization detectors.
Moreover, laser induced florescence technique is implemented
as an experimental platform for macroscale MC [15].

All of the aforementioned macroscale platforms are gener-
ally proposed to develop more efficient MC methods. How-
ever, macroscale MC can also be employed to solve practical
problems such as finding the distance to a source or the
location of the source. For the test-bed given in [3], statistical
distance estimation methods are proposed in [[16] by using the
features extracted from molecular signals with the proposed
feature extraction algorithm. For a long range underwater
scenario it is theoretically shown that a molecular TX can
be localized with a mobile search robot [17]]. The localization
of a passive molecular TX is proposed by using a clustered
localization algorithm for the proposed sensor network-based
platform [[18]. In [[19], the distance is estimated by considering
liquid droplets as information carriers. The experimental study
in [20] shows that encoding information in droplets is possible.

Hence, MC can be employed as a tool to model the
biological phenomena which consider droplets such as the
transmission and reception of pathogens (viruses, bacteria,
etc.) which cause contagious diseases via droplets. This con-
cept is first proposed in [21] which consider the infectious
human as a blind TX emitting pathogen-laden droplets and
sensors as the RX for outdoor environments. This study
is improved in [22]] by taking silicon nanowire field effect
transistor-based biosensors into account to model pathogen
detection for airborne pathogen transmission.

Airborne transmission and self-inoculation (direct contact)
are two modes of infectious disease transmission via pathogens
[23]]. Droplets can be classified as large droplets and droplet
nuclei (aerosols) which have sizes of larger and smaller than
10 pm, respectively [24]]. All expiratory activities such as
coughing, sneezing, breathing and speaking can generate large
droplets and aerosols. While large droplets can be effective in
short-range, aerosols can spread pathogens to longer distances
due to their interactions with air. Airborne transmission via
droplets is a significant infection mechanism for pathogens
such as influenza virus [25], severe acute respiratory syndrome
(SARS) virus [26] and new SARS coronavirus-2 (SARS-CoV-
2) which causes coronavirus disease 2019 (COVID-19) [27].
By the time this paper is written, the global pandemic of



COVID-109 still continues and there is no cure for COVID-19.
It is essential to emphasize that this study is related with the
COVID-19 outbreak, since one of the main mechanisms of this
disease is airborne transmission. In this paper, we investigate
airborne pathogen transmission and reception mechanisms be-
tween humans with a MC perspective for indoor environments.
This MC perspective leads us to use and adapt the well-known
communication engineering techniques to model the spread of
the infectious diseases between humans. The infectious human
which emit a cloud consisting of pathogen-laden droplets and
air by coughing/sneezing is considered as the TX and the
uninfected human is defined as the RX unlike the studies in
[21]], [22]] where the RX is a biosensor. Furthermore, the effect
of gravity and buoyancy is taken into account for the indoor
propagation of the cloud, which is not considered in [22].
The propagation of the cloud is modeled by modifying the
deterministic model in [23]] in a probabilistic way. The cloud
travels under the influence of initial velocity, buoyancy and
gravity. The number of droplets in this cloud is modeled as a
random process. A receiver model which takes the central part
of human face as the interface with pathogens into account is
proposed. The propagation and reception models are employed
for the proposed end-to-end system model in order to give
the infection state of the RX as the system output. The
contributions of this paper can be summarized as follows:

e MC perspective is proposed to model the airborne
pathogen transmission and reception mechanisms by hu-
mans.

o The interaction of pathogen-laden droplets and the un-
infected human is examined by proposing a RX model.
Hence, an end-to-end system model is proposed which
combines the channel and receiver models.

« A probabilistic approach which enables the derivation of
the probability of infection for an uninfected human is
employed.

Furthermore, the proposed model is evaluated by numerical
results to understand the effects of physical parameters for
different indoor scenarios. Our key findings for a coughing
TX is given as follows:

o Increased exposure time to pathogens increases the prob-
ability of infection.

o For a horizontal cough, the social distance should be at
least 1.7 m.

o It is safer to cough with an initial angle less than -25° to
infect less people.

o Male humans are more susceptible to airborne infection
due to their larger faces for some situations.

The rest of the paper is organized as follows. In Section
the proposed end-to-end system model is presented. Section
provides the derivation of the probability of infection.
Numerical results are given in Section and the paper is
concluded in Section [Vl

II. END-TO-END SYSTEM MODEL

This section provides a detailed explanation of the proposed
end-to-end system model for droplet-based MC between two
humans via sneezing/coughing in four steps. As given in Fig.

this model incorporates the airborne pathogen-laden droplet
transmission with the reception of these droplets by the human
that is considered as the RX. Fig. [I] also shows that the end-
to-end system impulse response is defined as the infection
state which is the output of the end-to-end system, since a
sneeze/cough can be considered as an impulsive input signal.
Transmitted droplets via sneezing/coughing are modeled as a
cloud which is a mixture of air and droplets. The propagation
of the cloud is defined as a two-phase flow where the first and
second phase represent the liquid phase of droplets and the gas
phase of the air, respectively [28]]. As the first step of the end-
to-end system model, the trajectory of the cloud is derived. In
this study, the model given in [23] for the propagation of the
cloud is adopted and modified. In the second step, we derive an
end-to-end system model with a probabilistic approach instead
of the deterministic approach in [23]]. The third step details the
RX model which includes signal reconstruction, integration,
quantization and detection parts. In the last step, the algorithm
for the implementation of the system model is given.
End-to-End System Response

Transmitted droplets : .
. C ; i Infection state
with pathogens via— Channel *
: : of the human

sneezing/coughing
Fig. 1: Block diagram of the end-to-end system model.
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A. Trajectory of the Transmitted Cloud

In our scenario, the TX emits the cloud with an initial
velocity on the x-axis by sneezing or coughing. Due to the
warmer air in the mouth (with density p at 34°C) with respect
to ambient air (with density p, at 23°C), where py < p,
[29]], the emitted cloud is subject to buoyancy on y-axis. As
illustrated in Fig. [2] buoyancy, gravity and initial velocity of
the cloud affect the trajectory of the cloud. Therefore, the
trajectory is defined with the curvilinear s-axis and 6 which
shows the angle between the s and = axes. In order to find the
position of the cloud in 3-D space, it is essential to derive the
time-dependent density of the cloud (p.(t)). At the initial state
(t = 0), the initial cloud mass (m.(0)) can be represented by
the addition of the initial droplet mass (m4(0)) and initial air
mass in the cloud (m,(0)) as given by [28]

me(0) = ma(0) + ma(0)
p(0)V(0) = paVa(0) + ps(V(0) — Va(0)).

)
2

where V() is the cloud volume, py is the droplet density,
py is the air density in the mouth. The volume of droplets
in the cloud (V;(t)) consists of different sized droplets with
diameter d;, and can be defined in terms of the volume fraction

of droplets (¢%(t)) in the cloud as V4(0) = f: ¢1(0)V(0).

Here, K is the number of the different dropletksi;es, r(0) =
Ni(0)Vi/V(0), Ni(t) and Vj is the number and volume
of the spherical droplets of diameter dj, respectively. Ny (t)
changes during the propagation of the cloud due to the settling
of droplets to the ground as explained in Section By
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Fig. 2: Trajectory of the cloud between the TX and RX.

substituting V;(0) into and solving for p.(0), the initial
density of the cloud is derived as

K

pe(0) = (pa — pr)x(0) + py. 3)

k=1

As the cloud moves, it entrains the ambient air with density
pq and its volume becomes V' (t) = V(0) + V,(t) where V,(¢)
is the acquired air volume. Since the initial volume fraction
of the air in the mouth with density py is relatively small in
the moving cloud (107°) [29], it is assumed as V (t) = V,(t).
After the emission of droplets, p.(t) can be derived via the
conservation of mass [28]]. Hence, the mass of droplets at the
time instance ¢ (m4(t)) is equal to the initial mass of droplets
(mq(0)) and droplet mass can be expressed by the difference
of cloud mass and air mass according to as given by

ma(t) = maq(0) @)

Cloud mass (Air mass)_( [Initial | ( Initial )
at time ¢ at time ¢/ \cloud mass air mass

PV (t) = paV (t) = pc(0)V(0) — psV(0). (6)

Via the substitution of (3] into (6) and some algebraic manip-

ulation, the cloud density is derived as

K
pe(t) = (pa— pr)ok(t) + pa- (7)
k=1

As illustrated in Fig. [2] there are two acting forces on the
cloud which stem from the gravity and buoyancy on y-axis.
Since py < pq, the buoyant force (B(t)) affects the movement
of the cloud upwards. The net buoyant force acting on the
cloud (F(t)) on y-axis is given by the difference of B(t)

and the gravitational force (G(t)) as given by [28]

Fp(t) = B(t) = G(t) = V(t)pag — V(t)pc(t)g  (8)
=V (t)(pa — pc(t))g ©)

where g is the gravitational acceleration.

On z-axis, the movement of the cloud is driven by the mo-
mentum (/) which is defined as the multiplication of the mass
and velocity [28]. The momentum is not effective on y-axis
and also there is not any acting force on the cloud for z—axis.
I is defined on s-axis and is decomposed into two components
on z (I, = |I]cos(f)) and y axes (I, = |I|sin(f)). Since the
force can be represented as the derivative of the momentum
[28]] and there is not any acting force on the z-axis during the
propagation, the net force (F) on x-axis is given by

_dI, _ d|I|cos(8)
oAt dt
Furthermore, the net force on y-axis, i.e., Fg(t) is given by

dI,  d|I|sin(0)
Sy _ QS 12
dt dt (12)

Since the initial buoyancy is conserved [23]], we have Fp(t) =
Fy where Fj is the net initial buoyant force. With the initial
conditions which are |[I(0)] = Iy, 6(0) = 6y, I,(0) =
Iy cos(By) and I,(0) = Iysin(fp), I, and I, can be given
as the solutions of (1)) and (I2) as

I, =1 008(90), Iy = Fot+ I sin(@o).

=0. (11)

Fp(t) =

13)

Since there is not any acting force on z-axis, the momentum
2+ Ig. Due to its definition, the
momentum can be written as [28]]

| = meve(t) = pe(t)V (H)ve(t),

where we can express the cloud velocity (v.(t)) as the dis-
placement on s-axis (s(t)) in an infinitesimal time interval,
ie., v.(t) = ds(t)/dt. The cloud volume is defined as
V(t) = nr(t)®> where n = 4r/3 for a spherical cloud.
Furthermore, the radius of the cloud (r(t)) is linearly related
with the distance such that 7(t) = a.s(t) where «. is the
entrainment coefficient and is empirically determined [30].
Hence, (14) can be rewritten as

can be expressed as |I| =

(14)

dt (15)

1] = pe(t)nags(t)
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N’ pg 4 B Fot + Iysin(6p)
0 s(t)* + Zs(t) <2F0

) \/F2t2 + 2Ry Iysin(fo)t + I2

B (Ig(sin(eo) -
27,

1
)> In <2F0 \/FOQt2 + 2F0[08in(90)t + Ig + 2F02t + 2F0[08M’L(90)> =0. (10)

When |I| =, /IZ + I2 is incorporated into , we have
N ERE

ds(t
s(t) _ . (16)
dt ~ polnads (0P
Here, (7) and (I3) are substituted into (I6) as given by
ds(t) V32 + 2 Iosin(0p)t + 12
el a7

A |
(z (pa — p)ou(0) + pa) nads()?

Remembering that V (t) = na?s(t)? and ¢y (t) = %‘?)"k the
denominator part of is simplified as
s \F3?+2FyIysin(0o)t + I3
dt Z + panais®

. (18)

where Z = Z (pa — pr)ViNi(2).

For convenlence o is chosen as 0 in [23]]. However, 0y # 0
is also considered in order to observe the effect of the initial
cough/sneeze angle in our study. In addition to this, the initial
conditions which are s(0) = 0 and ¢(0) = 0 are taken into
account in the integration of to obtain the quartic equation
as given by (I0). Since the discriminant of the quartic equation
(I0) is less than zero for physically meaningful parameter
values, two of the roots are complex and one of the roots is a
real and negative number. Therefore, there is only one possible
positive real root which is used as the solution. However, this
solution is a very long expression to write in this paper and
(IO is solved numerically as detailed later in this section.

In order to determine the trajectory of the cloud, 6 needs to
be derived. Via the substitution of I, = |I|cos(d) and I, =
|7]sin(6) into (13, two expressions are obtained. Then, by
solving these two expressions for |I| and equating them gives
the equation below

Iycos(fy)  Fot + Ipsin(fy)
Il = = 1
d cos(6) sin(6) (19)
which can be solved for # as given by
_ Fot
6 =tan"' [ ———— +tan(fy) | . 20
an (IO COS(eo) + an( 0)) ( )

B. Number of Propagating Droplets in the Cloud

After the emission of droplets, some of the droplets settle to
the ground due to gravity and their interaction with the air [[16],
[31]. Therefore, the number of droplets decreases during the
propagation due to the settling of droplets. In addition, since
the movement of each droplet in the cloud is independent of
each other at each time instance, the number of droplets in

the cloud (N (t) = Z Ni(t)) can be modeled as a Poisson

process with an 1nten51ty function A(¢). Due to the large
number of emitted droplets, N(¢) can be approximated as a
Gaussian random process with the same mean and variance,
e, N(t) ~ N(A(t),A(t)) [32]. Here, A(t) which is the mean
number of droplets in the cloud can be derived by using the
flow rate of the droplets [23]]. Moreover, it is assumed that the
droplets are homogeneously distributed within the cloud. The
flow rate of the droplets (J), which is the derivative of the
number of droplets and gives the number of droplets flowing
through a surface in unit time (number of droplets/s), is defined
as [28]]

d\(t)
dt
where p.(t) = A(t)/V (t) and A is the cross-sectional area that
droplets are flowing through. Since droplets settle through the
lower half of the cloud due to the observations in [23]], A in
is substituted with A(t)/2 where A(t) is the surface area

of the cloud. Hence, (ZI) becomes
dA(¢) A(t) A1)

a2 V@) @2)
where v, is the settling velocity of droplets and (—) sign
represents the decrease in the number of droplets due to
the settling. For a spherical cloud, when the substitutions
A(t) = 4nr(t)?, V(t) = 4mr(t)®/3 and 7(t) = a.s(t) are
made into (22), the rate of change of the mean number of
droplets in the cloud is given by

dA(t)  —3vA(t)  —3usA(t) 23)

dt 2r(t)  2aes(t)

Since the solution of (I0) is very long and makes the
solution of (23) very complicated, the trajectory and number
of droplets can be found numerically for each time instance.
Furthermore, the number of droplets can be different for each
droplet size. Thus, is manipulated to derive the change
of the mean number of droplets at each time instance (AM\) as
given by

J= = v.Ape(t) @1

_3Usk,i)\k¢,iAt

208y, 4

AN = (24)
where At is the time step, the subscripts ¢ and k& show the
corresponding variables at ¢t = ¢; for the droplets of diameter
dj. At each time step, t; is increased by At and the mean
number of droplets of diameter dj, in the cloud is increased
via A, i+1 = Ak, +AA. For each time step and droplet size, the
number of droplets in the cloud becomes a Gaussian random
variable as a sample of the Gaussian random process N (t),
i.e., Nk,i ~ N()\k,i; )\k,l)

Settling velocities of droplets during the propagation are
defined according to the flow regimes which are Newton’s



(turbulent) flow, intermediate flow and Stokes (laminar) flow
regimes [33|]. These regimes are determined according to
Reynolds number (Re) which is a dimensionless coefficient
showing the flow type of the fluid as defined by [2§]]

dk,ipavckﬂ/
Ha

(25) shows that Rey, ; depends on the changing cloud velocity
and droplet diameter at each time step. The settling velocities
according to the aforementioned flow regimes are derived in
the Appendix. The result of these derivations are given by [33]]

Rek,i == (25)

943 i(pa — pa)

3 ,Re <2 (26)
Ha (Stokes flow)
45 (pa = pa
Vs, = %ﬁp) .2 < Re < 500 @7)
: /5 3/5 '
13.875py " pa (Intermediate flow)

3.039dy.i(pa = Pa) 500 Re <2 % 105.28)
pPd (Newton’s flow)

C. Receiver Model

Airborne pathogen transmission via droplets is infectious,
since emitted pathogen-laden droplets can be sensed by nose,
mouth and eyes [24]], [26]]. Hence, the human face is where
the sensing of the infectious pathogens mostly occurs. Even if
the pathogens are not directly received via the facial sensory
organs, it is possible to become infected by directly touching
the face and sensory organs consecutively. With this motiva-
tion, the cross-sectional area of the central part of the human
face is considered as the RX cross-section as shown in Fig.
Moreover, a receiver model is proposed for the reception of
droplets as shown in Fig. ]

Biocular breadth

Receiver
cross-section
(Ar)
Sellion-Stomion
length

Fig. 3: Receiver cross-section in the human face.

As the first step of the reception, the droplets in the vicinity
of the RX is sensed by the human, which is defined as the
signal reconstruction. Different signal reconstruction models
for a sensor in macroscale and a nanomachine in microscale

are proposed in [6] and [34], respectively. As given in Fig.
the RX is assumed to be the cross-section of the human
face. In order to determine a circular cross-section area (Ag)
for the RX by encompassing the eyes, mouth and nose, a
right-angled triangle whose sides are biocular (biectocanthus)
breadth (8pp), Sellion-Stomion length (5ss) and the diameter
of the receiver cross-section (2rg) as the hypotenuse side is
formed as depicted in Fig. 3] Here, By, is the length of the
line connecting the outer end points of the left and right eyes
(eyelid junctions) and [, is the vertical distance between the
eye and mouth [35]. Hence, the radius of the cross-sectional
area of the RX (rg) is given as rg = (\/33, + 5%)/2.

When the cloud is transmitted via sneezing/coughing, there
are three cases for the interaction of the RX and the cloud of
droplets with diameter d;, whose centers are at the positions for
the 3" time step (Tr,YRr-2r) and (T ;,Yk,i.2k,i), Tespectively.
The relation between the 3-D Cartesian coordinates and curvi-
linear s-axis is detailed in the next subsection. In the first case,
the cloud and RX do not coincide and there is no reception.
The other two cases include the reception of droplets. As
illustrated in Fig. 5} when the cloud and RX coincide, the
reception of droplets is related with the cross-sectional area
of the cloud at 2 ; = g (Acs, ), Ar and their intersection
area (A RCy.;)- The second case occurs when the intersection
area is less than or equal to the cross-sectional area of the RX,
i.e., Arc, , < Ar. In the last case, the cloud encompasses the
RX, i.e., Acsk’i > AR = ARCk,i-

For the case shown in Fig. E], ARrc,,, can be derived by
calculating the intersection area of two circles as given by

[36] where the distance between the centers of Agrc, ,

and AR (drc,,;) is defined as given below. '

drcy, = \/Wr — i)+ (zr — 7). (0)

The received number of droplets can be derived by multi-
plying the time step (At) with the flow rate of the droplets (J
in number of droplets/s) at each time step. Since the RX senses
the droplets proportional to Agc,, ;, the received signal after
the signal reconstruction step for the aforementioned cases at
each time step by recalling is expressed as

- Ny.i
Y e Aro,,—5-At , Age,, < Ar (1)
k=1 Mk i

Ng, =<{ K

: Ng,i

Zvck,iAR At , Age,, =Ar  (32)
k=1 nrk,i
0 , otherwise, (33)

where Arc,, = nrhe, » Ar = 7, n = 47/3 and the

volume is 777’2,1‘ for the spherical cloud.
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Fig. 4: Block diagram of the receiver model.



2dRcy, Tk )

—rr+71ki)(dre,, + TR —Tk:). (29)

2 2 2 2 2
s 1 (%Re, TR T s [ dRe, TR TR
Arc, . = rpcos + 1}, ;€08
2dRCk TR ’
1
— 5\ (=drew; + R+ 1) (drey; + 1R = 1) (dRey

As the time elapses, the cumulative exposure to the
pathogen-laden droplets at the RX can be modeled by the
cumulative sum (integration) of droplets with respect to time
subsequent to the signal reconstruction step as given in Fig.
Afterwards, the signal is quantized, since the rate of the
change in the mean number of droplets may not be an integer.
The number of droplets after the cumulative sum is rounded
to the nearest integer in the quantization step. The received
signal after the quantization step is given by

K
> Ny, Arc,,<Ar (34)
k=1
NRL': K _
> N, . Arc,,=Ar (39)
k=1
0 , otherwise. (36)

Here, the mean received number of droplets after the quanti-
zation step for the k*" droplet diameter at the " time step
(NRg,_,) is defined as

\\’Uck LARCIC 1Atz
- e Nk’L m+

J ARC; <AR (37)
’f]’l"k i

*R . m=0
k.,
’ e ARAEL
r’ p— Z Niiom+ 3|+ Arc,,=Ar (8
k,i m=0

where |.| shows the floor function which maps a variable to
the integer less than or equal to this variable. The addition
with % within the floor function in - provides the

y Cross-sectional area of the
cloudat ¢ = rp (ACS),,i,

Intersection
area(Agc)

Cross-seétional area
of the RX (Ag)

Fig. 5: Intersection of the RX and the cloud cross-section.

quantization by rounding the number of received droplets to
the nearest integer.

Subsequent to quantization, the infection state of the human
needs to be determined as the output of the system as shown
by Figs.[TJand[4] Therefore, the detection is essential according
to a threshold value () as the last step of the reception.
Physically, « corresponds to the quantity of pathogen-laden
droplets that suffice to make a human infected. Furthermore,
~ depends on the immune system of a human. Thus, detection
via the threshold 7 enables to quantify the strength of the
human immune system and to handle the determination of the
infection state as a detection problem. Hence, the infection
state (or the received symbol) can be expressed by binary
hypothesis testing which is given as

(39)

where the hypotheses Hy and [ are defined as the situations
of no infection as the received symbol 0 and infection as the
received symbol 1, respectively. Here, the received symbol se-
quence with M samples is represented as h = [hg, hy, ..., ha]
which also gives the end-to-end system response.

D. Algorithm of the End-to-End System Model

In this part, the way to obtain the output of the end-to-end
system model by employing the derivations made up to here
is clarified in the proposed Algorithm [I} Before the procedure
starts, the initial parameters such as the number of droplet sizes
(K), total simulation time (t5), initial number of droplets for
each droplet size (N(1,. x),0), initial momentum (Ip), initial
net buoyant force (Fp), initial velocity of the cloud (v,),
RX dimensions (8pp, 8ss) and initial positions of the TX and
RX are taken as the input. In the algorithm, the propagation,
changing number of droplets in the cloud and their interaction
with the RX are handled separately at each time step for each
droplet size dy. As the first step of the algorithm, the trajectory
of the spherical cloud is calculated for each time step, i.e., the
distance on the s-axis and 6 values for ¢ = t; are calculated
by and (20). Then, the updated position of the cloud on
the s-axis is utilized to find its step length (As). As shown in
Fig. 2l As can be employed to express the step lengths on
(Az) and y axes (Ay) as given by

Az = As cos(0,;), Ay = As sin(6y;), (40)

where Az and Ay values are used to update the cloud position
on the corresponding axis. Since there is not any acting force
on z-axis, the center of the cloud maintains its position on this
axis. However, the cloud expands on z, y and z axes linearly
due to the relation 7y ; = .Sk ; as given in Section



Algorithm 1 Algorithm of the End-to-End System Model
i: Input: K, ty, At, vey, lo, Fo, pas pas Pf> Mas Oes G,

da,.. k) Na,.., 3,00 805 Bbb» Bss, initial positions of the
TX and RX,

2:t=0:At:t,

3:fork=1:1:K do

4: for ¢ =1:1:length(t) do

5: > Step 1: Trajectory

6: Calculate sy, ; by the real positive root of

7: Tkyi = (eSk.i

8: Calculate 6y, ; by

9: As = Sk — Sk,i—1

10: Az = Ascos(0y,); Ay = Assin(by;)

11: T = Tl + AT Yri = Y1 + Ay

12: > Step 2: Number of Droplets in the Cloud

13: Ve, = As/At

14: Rek 4= dk Ve, ,pa/,ula

15: Calculate vy, | according to Rej, i by @ @

16: Calculate A\ by (24)

17: )\k,z = /\1€7Z 1+ AN

18: Generate Ny ; ~ N (Mg i, Aki)

19: > Step 3: Reception

20: if (LER - Tkﬂ;) < Xy < ($R + Tk,i)) then

21: TOSK,; = 7",% = (r — )%

22: Acsk ; 7T7”CS

23: Calculate dgrc, by .

24: if (Tcsk TR) <drc, . < (Tcsk.i +rg) then

25: Calculate Ng, ; by . '

26: else if dpc, , < (Tcsk , —rr) then

27: Calculate Np, , by .

28: else

29 Ng,, =0

30 end if

31 Ngi = Ni;— Ng,,

32 end if

33: end for

34: end for

35: Calculate Ny, by (34)-(36)
36: Determine the infection state (h) by applying

In the second step of Algorithm [I] the mean number of
droplets in the propagating cloud is calculated. To this end,
the cloud velocity (v, ;) at the corresponding time step is cal-
culated by the displacement on s-axis. Then, settling velocity
(vsy. ;) is determined by (26)-(28) according to Rey,; which is
calculated by using v, , and droplet size. v, ; is exploited to
calculate the change in the mean number of droplets (A\) and
thus, the mean number of droplets is updated according to this
change. Here, the flow type of the cloud found by employing
the velocity of droplets affects the number of droplets in the
cloud.

The third step of Algorithm [I]describes the reception via the
interaction of the cloud with the RX. When the cloud comes
to a sufficient distance to interact with the RX, the radius of
the cloud’s circular cross-section (r¢s,, ;) is determined by the
geometrical relation with the the radius of the cloud and the

positions of the TX and RX on the z-axis as given by

res,: = \/Thi — (TR — k)2, 41)

which allows us to calculate the circular area of the cloud’s
cross-section (Acg, ;). During the reception, the case that
Acs,, < Agr can also be represented in terms of radii
of the circles and the distance between them such that
(r¢s,.; —rr) < dgrc,; < (rcs,, +rr). In addition, the case
for the cloud encompassing the RX (Acsk,i > Ar = Arc, ;)
can be expressed as drc,, < (rcs,, — rr). Using these
conditions, the mean number of droplets given in (34)-(36)
is calculated. Then, the detection is made according to the
threshold v in order to determine the infection state. Next,
the probability of infection is derived by using the end-to-end
system model.

III. PROBABILITY OF INFECTION

The probabilistic approach which is considered in the sys-
tem model enables the derivation of the probability of infection
of a human exposed to a sneeze or cough. To this end, it is
essential to derive the probability density function (pdf) of the
received number of droplets before the detection. As given in
Section [[I-B] the number of droplets in the cloud is a Gaussian
random variable for the droplet diameter of dj, and i*" time
step, i.e., Nii ~ N (Mg, Aki). Hence, its pdf (fn(Ny;)) is
given by

1 (Vg —Ak)?

e — 2Xg i
\/ 27 A ki

Since the received number of droplets before the detection
(Ng,) is a function of Ny ; as given in (B34)-(38), its pdf
(fNr(Ng,)) is given in (#2)-([@4). The probability of infection
corresponds to the situation where Ny, > v as given by

IN(Nki) = (45)

P(Ng, >7) = / g (uw)du (46)
¥

The solution for (46) can be derived for the pdf given in {@2)-

in terms of Q-function (Q(z) = f f —7“2) du)
as given by
1
P(N31 > ’V):
Q (Qz — Qg) Arc,,=ARr (48)
0 , otherwise, 49)
where Q7 and 29 are defined as
K i
Uck,iARCk,iAt 1
Q=2 > {mz_/\k,i—m t3 (50)
k=1m=0 5T
Ve, . ARAL 1
ZZ { o Ak,im+2J NG
k=1 m=0 nr ]fl

The derived probability of infection and the system model
given in the previous section can be employed to analyze
the dynamics of the pathogen transmission as given with the
numerical results in the next section.
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1 ok, o ]
— - exp|l———F o AnZ Acs, , <Ar(42)
i Vey, QARCk 1At ‘ 1 9 Z Z {(vam ROy 4 ) /\k . +1J
\/27( kzz:l mz=:0 \‘( 777"%,1 ) )\k,z—m+2J k=1m=0 Y e
fNR (NRi): K i Agr 1 2
1 NR’i B kzzjl mX::O \;Acsk,i /\k’i_m + §J
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K3
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0 , otherwise. (44)
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Fig. 6: The trajectory of the cloud and its interaction with the RX in (a) 3-D (b) 2-D. (c) The number of droplets.

IV. NUMERICAL RESULTS

In this section, numerical results using the algorithmic end-
to-end system model and derived probability of infection are
given. The values of the experimental parameters are given
in Table [l Except the simulation parameters such as At,
ts and the positions of the TX and RX, this table includes
measured values which are obtained by empirical studies [23]],
[35], [37]-[40]. Furthermore, the initial number of droplets
according to their diameters for a cough is given in Table
M For sneezing, there are not sufficient empirical data in
the literature to obtain the parameter values given in Table
|I|such as a. and initial velocity [24]]. Therefore, although our
proposed model is applicable to a sneezing scenario, we only
consider a coughing scenario for two static humans where one
of them is the TX and the other is RX. For the results in Figs.
[Bl{7} the dimensions of the RX are applied by using the average
values of male and female humans. Namely, B, and (s, are
obtained by calculating the average of the female and male
values given in Table

For g =1.5 m and 6, = 0°, Figs. [f] (a) and (b) depict

TABLE I: Experimental parameters

Parameter | Value | Parameter [ Value

At 0.1s ts 10 s

TX’s position | (0,1.7,0) m (z,y,2) Ve, k)0 11.2 m/s (cough) [37]
RX’s position | (1.7,0) m (y,2) g 9.81 m/s?

Io 0.0131 kg m/s 23] Qe 0.2116 [40]

Fo 0.0023 kg m/s? [23] By (female) 8.853 cm [35

Pd 993 kg/m3 [38] By (male) 9.131 cm [35

pr (at 34°C) | 0.98 kg/m3 [39] Bss (female) 6.901 cm [35

pa (at 23°C) | 1.172 kg/m3 23] Bss (male) 7.57 cm [35

Ita 19%10~% kg/(m s) [23]

1

2500
15 0

Time (s)

(b) ©

the trajectories of the cloud with respect to RX in 3-D and
2-D, respectively. Due to initial momentum of coughing and
net buoyant force, the cloud propagates in the horizontal and
vertical directions, respectively. As also observed in these
trajectories, the 3-D cloud can encompass (or intersect with)
the RX and the RX is exposed to droplets during the passage
of the cloud. Fig. |§| (c) shows the interaction of a human who
can be infected with a disease-spreading human by quantifying
the number of droplets received from the cloud. The number of
droplets are given by their mean and their variations (vertical
bars) due to the Gaussian distribution. These variations are
calculated as three times the standard deviation (99.73%
confidence interval) for each sample. As observed in Fig. |§| (c),
the number of droplets in cloud decreases, since large-sized
droplets settle due to the gravity. As mentioned in Section |Il}
the RX gets infected, when the received number of droplets
is above 7 as plotted in Fig. [f] (c). This figure shows the
importance of the exposure time which is the interval of the
changing zone in the received signal. If the RX is exposed
to the cloud less, it is possible not to be infected, since the
received number of droplets can be below the threshold. This
interaction is also clarified in Fig.[7]by showing the relation of

TABLE II: Initial number of droplets [29]]

d ‘ Quantity ‘ ‘ d ‘ Quantity ‘ ‘ d Quantity
(pm) (cough) (pm) (cough) (pm) (cough)
2 50 40 240 200 35

4 290 50 110 250 29

8 970 75 140 500 34

16 1600 100 85 1000 12

24 870 125 48 2000 2

32 420 150 38 Total 4973
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Fig. 7: Probability of infection according to distance for
different time values.

the infection probability with the distance of the RX to the TX
for different propagation time instances. Actually, this figure
reveals that if the RX is exposed to the cloud for a longer
period, the RX is more likely to be infected.

Different scenarios can be analyzed by employing the
infection state, which is the output of the end-to-end system
model, for various x g, 7, 8y values and male/female receivers.
In Fig. E] (a), the threshold is set to zero to determine the safe
zone where there is no possibility of infection. This safe zone
starts at g = 1.7 m which also shows the minimum social
distance. Fig. [8| (c) shows that initial coughing angle affects
the infection state severely. For 6y values between 0 and —25
degrees, it is more likely to infect someone due to the buoyant
forces affecting the propagation of the cough cloud. Therefore,
it is safer to cough with an initial angle 6y < —25° which is
depicted as safe coughing angle in Fig. [8| (c). Coughing with
6o > 0° may not be safe, since small droplets (aerosols) can
suspend in the air and settle eventually due to gravity or drift
due to the indoor air currents in the long term. In Figs. [§] (a)
and (c), the results are indistinguishable for male and female
receivers. However, Fig. B] (b) shows that the infection states
of female and male humans can be affected differently for
the same 7 values. Actually, this figure reveals that female
humans are less likely to get infected, even if their immune
system’s strength are the same with male humans due to the
slight difference in the face dimensions.

V. CONCLUSION

In this paper, an algorithmic end-to-end system model
is proposed for droplet-based communication via cough-
ing/sneezing between two static humans for an indoor sce-

7=0,0,=0°1t =105

xR=1.5m,BD=O°,tS=1OS

nario. The TX emits a cloud which is a mixture of droplets
and air and it propagates under the influence of the initial
momentum, gravity and buoyancy. A receiver model which
defines the central part of the human face as the RX cross-
section is proposed for the reception of droplets to give an
output of infection state of the RX. The transmitted and
received number of droplets are modeled as random processes
which lead us to derive the probability of infection. Numerical
results show that the safe zone for the RX starts at 1.7
m for a horizontally coughing TX. It is also revealed that
the initial coughing angle of the TX, the distance between
the TX and RX and the detection threshold which actually
corresponds to the strength of the human immune system
are significant parameters to model the airborne pathogen
transmission. Furthermore, the reception of pathogens can be
affected by the sex of the human. As the future work, we
plan to extend our study for channel parameter estimation and
modeling end-to-end communication for mobile TXs and RXSs.
APPENDIX

For a settling droplet, the downwards net force for a
spherical droplet at the *" time step with the diameter d
is given as
mdy ;

¢ (Pa=pa)g (52)
Furthermore, an upward drag force acts in the opposite direc-
tion of gravity due to the interaction of the droplet with the
air. This upward drag force is given as [2§]]

2

dki
1 P

where Cp is the drag coefficient. For the settling condition,
these upward and downward forces are in equilibrium. Hence,
we can obtain the settling velocity by equating these two forces
and pulling out v4 as given by

N 4dyi9(pa — pa)
ot 3paCp '

Fdowni = Gl_Bl = Vdpdg_vdpag =

Fup, = gpdvgw (53)

(54)
Here, Cp changes according to Re as given by [33]]
24
— ,Re <2 (Stokes flow) (55)
Re
= 18.5
Cp —=°_ 2 < Re <500 (Intermediate flow) (56)
Red/a
0.44 , 500 < Re < 2 x 10%Newton’s flow) (57)

xR=1.5m"y=0,ls=105
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When the drag coefficients in (33)-(37) and Re in (23) are
substituted into (54), the settling velocities in (26)-(28) can be
obtained.
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