
1089-7798 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/LCOMM.2018.2875445, IEEE
Communications Letters

IEEE COMMUNICATIONS LETTERS 1

Experimental Results on the Open-Air Transmission
of Macro-Molecular Communication using

Membrane Inlet Mass Spectrometry
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Abstract—Molecular communication (MC) is a method where
the transmission of information involves the use of molecules
rather than electromagnetic (EM) waves. In this paper an
open-air transmission MC experiment is conducted to study
signal behavior and the noise. A mass spectrometer is used as
the detector and an in-house-built odor generator is used as
transmitter. It is shown that the signal amplitude loss of the
signal can be modelled by using advection-diffusion with decay
equation. In addition, the noise of the system has shown to have
similar characteristics to that of additive white Gaussian noise
(AWGN).

Index Terms—Molecular Communication; Mass Spectrometry;
Open-air Transmission

I. INTRODUCTION

TRANSMISSION of information using chemicals, Molec-
ular Communication (MC), has been utilized by nature

for many years [1]. However, as this communication can
involve both very small scales (intercellular, DNA etc.) and
large scales (bees, eels [2]), MC can be classified based on
the transmission distance: micro- and macro-scale.

The first study of MC was done in the micro-scale, which
can be defined as a system within the transmission range of nm
- µm [3]. The antennae size poses a significant problem when
shrinking an EM-based system to the micro-scale [4], and
because of this, MC has been shown to be a good alternative
for micro-scales. There have been numerous studies in micro-
scale, such as transmission using diffusion [5], modulation [6]
and channel capacity [7].

Using MC at the macro-scale (cm - m) [8] is a relatively
new field of study compared to micro-scale. There have been
a few practical [9]–[13] and theoretical [14] studies, which
has shown the possibility macro-scale molecular communi-
cations. There are areas in which the use of macro-scale
communications can be a better choice compare to EM. In
[15] it was shown that signal attenuation per unit length
in a copper pipe for MC was less than EM. There are
several applications of macro-scale communications, such as
infrastructure monitoring [16], a tool for studying biological
communications [2] and odor transmission using digital media
[17].
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As mentioned, macro-scale MC is a new field with relatively
few experimental studies done [10]–[13]. Some of the impor-
tant aspects of communication systems; noise analysis, signal
energy and signal amplitude analysis of open environment
transmission have yet to be studied.

In this study the open-air transmission and the noise analysis
of MC is investigated at the macro-scale. In the experiment, an
in-house-built gas generator and a quadrupole mass analyzer
were used. Noise analysis were undertaken and it is shown
that the loss in signal amplitude and signal energy over
distance can be modelled using advection-diffusion equation
(ADE) with decay. The results show that the amplitude of
the transmitted signal experiences a non-linear attenuation that
differs significantly from EM-wave propagation channels.

II. EXPERIMENTAL SETUP

In order to test the open-air transmission of MC, two devices
were employed. The generation and transmission of chemicals
based on a message was made using an in-house-built odor
generator [18], [19], and the detection of the chemical was
made with a membrane inlet mass spectrometer (MIMS)
having a quadrupole mass analyzer (QMA) [12], [18]. A
QMA is an instrument capable of analyzing and distinguishing
charged ions or sample molecules by their motion in an applied
electric field. The analyzer of the MS allows the detection of
ions with a particular mass-to-charge (m/z) ratio [12], [18],
making it a useful tool for use in MC. The details of the
experiment can be seen in [12], [18] with the major difference
is the difference of the medium whereby the transmission
environment is open space instead of a cylindrical pipe. The
diagram for the experimental setup can be seen in Figure 1.

In this study, the open-air transmission of macro-MC is con-
ducted. Here, open-air transmission, is defined as a boundary-
less area where the space between the transmitter and the
receiver is open to outside interference and not protected by
a medium. This makes it challenging for the system as small
disturbances from the ambient environment, in addition to the
unwanted diffusion of the transmitted signal flow, can cause
problems in retrieving the signal and the unguided medium
can see a sudden shift in the concentration, producing lower
signal amplitude and energy values with increasing distance.
The parameters of the experiment are given in Table I.

III. MOLECULAR TRANSMISSION

Molecular propagation in a medium can be explained using
the general convection-diffusion equation is shown below [20];
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Fig. 1. A Diagram of the Experimental setup. The mass is transmitted from
the odor generator (M ) and sent through the open medium. Due to the nature
of particle movements such as Brownian motion (D), some particles will stray
from the sight of the detector. Because of this effect the amount of particles
that are captured (θ) will be less than the particles that were introduced (θ <
M ). Therefore a decay term (λ) is used to simulate this straying effect.

TABLE I
EXPERIMENTAL PARAMETERS

Parameter Symbol Value Unit

Signal flow (Acetone) q 8 ml/min
Tracked signal flow ion m/z 43 Da

Carrier flow Q 750 ml/min
Bit and Flush Duration tbit 60 s

Flush Duration tflush 60 s
Acetone detection time [18] td 15 s

Carrier flow pressure PF 1 bar
Environment pressure P 1.008 ± 0.002 bar

Environment temperature K 293.5 ± 0.2 K
Diffusivity of Acetone in Air D 0.124 cm2/s

∂C

∂t
= ∇ · (D∇C)−∇ · (uC) +R (1)

Where C is the concentration of the transferred gas
(kg/m3), D is the coefficient of diffusivity (m2/s), u is the
velocity vector (m/s), R is the source or sink of the system.
However, because the system is has no defined boundary (i.e.
pipe), the amount introduced by the system will not be equal
to the amount detected by the receiver since some amount of
particles will stray away from the path of the detector. This
property can be modelled by introducing a sink (R = −λC)
to the equation. Since the transmission of information occurs
in one-dimensional space (x-direction) and relative to the
transmission distance (x) the area of the detector inlet is
negligible and therefore can be considered a point in space,
the 1-D equation can be simplified into;

∂C

∂t
= D

∂2C

∂x2
− ux

∂C

∂x
− λC (2)

Where λ is the decay parameter of the function. The
prototypical solution (C(x = 0, t = 0) = Mδ(x)) to the given
expression in Eq. (2) is given in Eq. (3).

C(x, t) =
M√
4πDt

exp

(
− (x− uxt)2

4Dt
− λt

)
(3)

Where M is the amount of particles injected into the system
(kg). The equation above represents the concentration of the
introduced sample in a given time and space. By integrating
the concentration function with respect to distance the particles
that are present in the environment can be calculated. To cal-
culate the chemicals absorbed by the detector, the integration
function is substracted from the injected mass [14].

θ(x, t) =M −
∫ xd

−xε
C(x, t)dx (4)

Where xd is the distance from the detector to the origin
point and xε is the distance that particles travel against the
flow. The solution to the above Eq. (4) for open distance
transmission with decay is given in Eq. (5).

θ1(x, t) =M exp(−λt)[
1− 1

2

[
erf

(
xd − uxt
2
√
Dt

)
+ erf

(
xε + uxt

2
√
Dt

)]]
(5)

The chemicals that are absorbed by the system (θ1) in a
given period of T is given in Eq. (6).

MR = θ1(x, t = T )− θ1(x, t = 0) (6)

Therefore, the removal of chemicals from the detector (θ0)
to the outside environment can be expressed by the following
Eq. (7).

θ0(x, t) =MR exp(−λt)
1

2

[
erf

(
xd − uxt
2
√
Dt

)
+ erf

(
xε + uxt

2
√
Dt

)]
(7)

As can be seen from Eq (5) and (7) the mass parameter
is different in each equation: former being the mass injected
into the system (M ) and the latter is the mass that is absorbed
by the detector (MR). This process of introduction/removal of
particles can be seen in detail in [13]. To model the detrimental
effects of open air transmission, the decay parameter (λ) with
respect to transmission distance (x) is approximated using a
power equation with a and b being fitting parameters [21],
[22]. The parameters of the decay equation (a, b) can be
influenced by numerous parameters, such as the temperature
and the pressure of the environment, particles and eddies
present in the transmission medium.

λ(x) = axb a = 6.743× 10−5 b = 2.616 (8)

IV. RESULTS

A. Noise Analysis

To analyze the noise, the detector was left monitoring to the
background noise. The background noise of the system can
be caused by numerous parameters such as leftover chemicals
within the MS vacuum chamber, pressure differences in the
inlet of the MS or ambient chemicals in the air that produce
a similar m/z ratio to the m/z ratio value of the signal chem-
ical. The cumulative density function (cdf) of the observed
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background noise can be seen in Figure 2 and to quantify the
fitting of the distribution F (x) to the empirical CDF Fn(x)
Kolmogorov-Smirnov test is used.
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Fig. 2. Cumulative density function (CDF) of the noise from empirical data
along with a Gaussian CDF fit (µ = 1.21, σ2 = 0.096, Dn = 0.0284)

Dn = sup
x
|Fn(x)− F (x)| (9)

As can be seen from the distribution fit of data, the results
strongly suggest a Gaussian distribution for the noise in the
system. Aside from having a DC offset value (caused by the
particles present in the environment), the noise is behaving as
white noise, where there is no dominant frequency component.
Therefore, in a macro-scale molecular communication with a
MIMS as a detector, the model of the noise can be defined as
AWGN N (µ, σ2).

B. Open-air Transmission

The experiment was conducted by varying the transmission
distance (x) from 2.5 cm to 15.0 cm. The transmission of the
signal starts with 60s of flush (tf ). This is done by sending only
the carrier flow (Q) and is used to clean up the sensor from
the leftover chemicals by the signal flow (q). This is followed
by a 60s pulse (tbit) of chemicals (Q + q) and finally 60s
of flush (Q) at the end of the experiment. Each transmission
experiment was repeated 3 times and the average values of the
experiments are taken.

To model the system, the equation derived in Section III
are used. It is assumed that the noise is AWGN and present
at the receiver. The results of the open-air transmission with
comparison to the theoretical model can be seen in Figure 3
and the amplitude values compared to theoretical values for
each distance in Figure 4. As it can be seen in Figures 3
and 4, the model shows agreement with experimental results.
However, it should be noted that as distance increases the
fluctuation in the signal sees a noticeable increase which can
be seen in Figure 3 (e) and (f). It can also be seen that in the
distance of 15 cm (Figure 3 (f)) the fluctuations caused by the
noise start playing a bigger role in the signal which causes a
decrease in the accuracy of the model.

The signal sees increased distortion as the distance is
increased. This distortion and the loss in the amplitude are
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Fig. 3. Experimental results of the open-air transmission study along with
comparison to the Theoretical model (ux = 0.18 cm/s, D = 0.15 cm2/s, M
= 1.2 ng, T = 60 s, xε = xd)
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Fig. 4. Comparison of the maximum signal amplitude of the transmitted
signal and the values generated by the theoretical model (ux = 0.18 cm/s,
D = 0.15 cm2/s, M = 1.2 ng, T = 60s, ρ = 0.9961, xε = xd)

due to outside interferences affecting the transmission (particle
collisions in the medium or the diffusive properties causing
the chemicals to miss the detector). When the transmission
distance is increased further than 10 cm, the amplitudes
of the retrieved signals are measured as 12.7× 10−12 and
5.2× 10−12 A for 12.5 cm and 15 cm respectively which
compared to amplitude at 2.5 cm, 1.06× 10−9 A is close to
two orders or magnitude lower.

C. Signal Energy

Since a MS detects the samples introduced into the system
by ionizing the samples and measuring the current from the
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ions hitting a detector, the energy of the transmitted signal (φ)
is calculated as follows;

φγ(x, t) =

∫ +∞

−∞
|θγ(x, t)|2dt γ = {0, 1}

φ(x) =

tflush+tbit∫
tflush

|θ1(x, t)|2dt+
2tflush+tbit∫
tflush+tbit

|θ0(x, t)|2dt
(10)

Based on Eq. (10), the energy of the transmitted signal
is calculated numerically and the comparison can be seen
in Figure 5. As it can be seen, the theoretical model shows
agreement to the experimental results and shows a non-linear
behaviour as distance increases. It must also be noted that after
a certain amount of distance (x > 15 cm) the energy of the
transmitted signal dissipates and only the energy produced by
the noise (N0) remains which can be seen in Figure 5. Unlike
an EM system where N0 is defined as W/Hz, in molecular
communications it can be defined as W/chemical or W/ion.
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Fig. 5. Comparison of signal energy from experimental results with numerical
results of the theoretical model (ux = 0.18 cm/s, D = 0.15 cm2/s, M =
1.2 ng, T = 60s, ρ = 0.9933, xε = xd)

V. CONCLUSION

An experiment was conducted to analyze the effects on a
MC in an open-air environment. To generate the chemicals
and the pulses of gas based on a given piece of information,
an in-house built gas generator was used, and for detection
of chemicals a MIMS is utilized. A noise analysis conducted
on the system shows that the noise of the system exhibits
a Gaussian distribution with equal intensity in frequency
domain. The open-air experiment shows that the system, with
MIMS as the receiver, can be modelled by using ADE with
decay parameter (λ). However, the generality of the equation
makes it possible for the model to be adaptable to system
with different sensors that measure particles by absorption.
The experiments along with the model shows that both signal
amplitude and signal energy follows a nonlinear attenuation
as distance increases and the decay parameter follows an
exponential increase. This shows that the energy losses of
the signal are higher that an EM system where the losses are
inverse square proportional with the transmission distance.
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