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Abstract—In molecular communication information is con-
veyed through chemical signals. In this work, we have considered
a novel communication scheme where information is encoded
in chemical barcodes, through use of persistent chemical tags.
We have assumed that this information is already encoded in
the environment, and we have devised a robotic platform for
reading the chemical tag. We have performed many experiments
to find the optimal encoding scheme and an algorithm for
reading and decoding the chemically tagged information. We have
demonstrated that chemical tags can be decoded using simple
algorithms and inexpensive, off-the-shelf sensors. Finally, we have
evaluated and presented the bit error rate performance of our
devised algorithm.

Index Terms—Molecular Communication; Chemical Tags;
Robot Communication; Chemical Communication; Chemical
Barcodes; Chemical Signalling

I. INTRODUCTION

Olecular communication [1] is a new and emerging

area of science where chemical signals are used to
convey information. In the literature, it is typically assumed
that a transmitter releases information molecules into the chan-
nel where they are transported to the receiver using diffusion
[2]-[4], flow [5]-[7], molecular motors [8]-[10], or bacteria
[11]-[13]. More recently it was demonstrated that molecular
communication can be applied to macroscale [14], where it
was demonstrated that short text messages could be com-
munication by encoding messages into alcohol concentration
[15]. In [16], it was shown that molecular communication can
outperform radio-based communication in confined metallic
environments, such as ducting systems, that are hostile towards
radio propagation.

Inspired by these recent advancements, in this work we con-
sider the challenge faced by rescue robots. In particular, in the
case of collapsed buildings (for example due to earthquakes)
radio signals do not propagate well through concert and rubble.
Therefore, rescue robots that go under the rubble may not be
able to communicate with each other. To solve this problem, in
this work we propose a novel scheme where robots maintain
communication through chemical barcodes. It is assumed that
the transmitting robot leaves a bar code in the environment
using a persistent chemical (similar to the way dogs leave
chemical tags in the environment). The receiver robot can then
read the barcode when it enters the same environment.
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Chemical communication between robots was initially in-
spired from pheromonal communication and olfaction from
nature [17]. Generally, previous works in this area can be
divided into two main streams: pheromone based communi-
cation inspired by nature [18]-[21], and plume or chemical
tracking robots [22]—-[27]. In pheromone based robot commu-
nication, the transmitter robot releases infochemical to send a
message to the receiver robot. The messages are typically very
short and contain little information. In plume and chemical
tracking, robots follow a chemical plume (e.g. toxic chemical)
to find the source of the plume, or robots follow chemical trails
set in place using persistent chemicals. Our work is completely
novel and to the best of our knowledge no previous work has
considered robot communication through chemical tags.

Our goal in this work is to devise a platform that demon-
strates the feasibility of communication through chemical tags.
To achieve this goal we first design and build a platform for
reading chemical barcodes. We assume that chemical tags are
binary coded where a 1 is represented by the presence of a
chemical drop and a zero is represented by the absence of a
chemical drop in the barcode. We then design experiments to
test our platform and systematically design an algorithm for
reading these chemical tags. This is a challenging task since
metal oxide sensors that have been used in previous works for
detecting chemicals and following chemical trails are typically
nonlinear [28]. Through experiments, we show that there is an
optimal distance between consecutive drops, there is a optimal
wait period between drops.

The rest of this paper is organized as follows. In Section
II, we present the design for our platform, and discuss the
different components that are used in the implementation. In
Section IIT we discuss the experiments we designed and their
results. We present an algorithm for reading the barcodes and
discuss its bit error rate performance. Concluding remarks and
future works are presented in section IV.

II. SYSTEM DESIGN

Our system design is related to our earlier work in [14].
However, in this paper, our goal is to encode information
in a persistent chemical “barcode”, and to design a receiver
that can read the message. Thus, our system has three key
components: the sensor, that detects an alcohol concentration;
the mobile platform, on which the sensor is mounted, and
which passes the sensor over the chemical tag; and the testing
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Fig. 1. MQ-3 sensor. Figure from [29].

environment, in which the effectiveness of our system in
detecting a chemical signal is evaluated. In the remainder of
this section, we describe all three components in detail.

A. Sensor

To detect airborne alcohol concentrations, we use the MQ-
3 sensor [29]. This sensor is based on tin oxide (SnOs)
semiconducting sensing layer: after heating to 350°C, the
SnO; sensor exhibits a drop in electrical resistance in the
presence of flammable gases, such as ethanol or propanol [30].
In this work, use ethanol as the persistent chemical that is used
for creating the chemical tags. According to the datasheet the
MQ-3 sensor needs to be preheated about 24-48 hours before
use. However, we have found that shorter preheat times are
also possible. For our experiments, we always keep the sensor
connected to the power source, so that it is always ready for
use.

Figure 1 gives a sensor schematic: the enveloped MQ-3 has
six pins, both A pins and B pins are used to fetch signals,
and other two H pins are used for providing heating current.
As depicted in Figure 1, the change in sensor resistance in the
presence of target gas can be measured using a voltage divider
circuit with OV to +5V output range across a load resistor Ry .
Suppose the resistance across the sensor is Rg, which is a
function of concentration; then the measured voltage Vo, is
given by

Ry, 5 Ry,
nR5+RL - Rs+ Ry’
For example, it would return a +5V signal as Rg — 0 in the
presence of alcohol saturation, and OV as Rg — oo in clean

air. The response curves relating Rg to concentration are given
in the sensor data sheet [29].

Vour = Vi 1)

B. Mobile platform

To determine the structure of an alcohol tag, the alcohol
sensor needs to pass over the entire tag at close range: thus,
it can determine those locations with a significant deposit of
alcohol, and those locations where there is none. Thus, we
mounted the sensor on a mobile platform, i.e. a robot, which
carries the sensor over the tag.
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Fig. 2. Design of the robot.

We designed our robot using Lego Mindstorm NXT 2.0,
due to its ease of use and reasonable cost. Robot components
are illustrated in Figure 2. The robot’s processing and control
architecture is based on the Arduino system, which is equipped
with an NXT shield (to control the robot’s movement) and a
sensor processing shield (connected to the alcohol sensor). The
robot would normally be powered by 6 AA batteries, but we
found the weight of these batteries had a significant impact
on its maneuverability. Thus, the robot was powered via an
external DC power supply, connected to the robot via wire.

As depicted in Figure 2, the alcohol sensor was mounted on
the front of the robot, facing downward, so as to be as close
as possible to the chemical tag on the ground. Moreover, we
packaged the sensor together with a “micro fan”, of the type
that might be used to cool electronic components. In our case,
the fan is used to “sniff” the chemical tag, moving air with a
high concentration of alcohol past the sensor; this dramatically
improves the performance of the sensor.

A component list for the robot is given in Table I.

C. Testing environment

Figure 3 illustrates the design for reading an alcohol tag.
In this work, we assume that the chemical barcodes are in
a straight line. Therefore, the robot is constrained by plastic
guides, with a ruler to ensure correct placement of the alcohol
message. For simplicity, information is encoded by on-off
keying: a bit € {0,1} is transmitted either with a dot of
alcohol (x = 1) or no alcohol (x = 0), with a distance of a
few centimetres between drops. Experiments related to inter-
dot spacing are described in the next section.

The sensor is located about 1.5 cm above the table, 8 cm
from broadside of the robot and 6 cm from front of track of
the robot: since we want robot to read alcohol information by



Fig. 3. Design for alcohol reading

passing exactly over the alcohol dots, we would leave the dots
under the path of the sensor. A “dot of alcohol” consists of
either one or two drops deposited at the required spot, each
drop measuring roughly 0.02 ml, measured out by a medicine
dropper.

The speed of travel of the robot is roughly 16 cm/s, “half
speed” for the robot, though the robot does not read the tag in
one continuous motion, but can stop and wait after detecting a
drop. Experiments related to the robot’s tag-reading behaviour
are described in the next section.

III. EXPERIMENTS AND RESULTS

Our experiments are divided into two parts: tests of strate-
gies to avoid sensor saturation, and tests of optimal encoding
strategies and decoding algorithms.

A. Strategies to avoid sensor saturation

In Section II, we described our system design, including a
micro fan to force alcohol-concentrated air past the sensor. In
this section, we consider reading strategies to maximize the
sensor’s ability to detect an alcohol drop. In particular, these
experiments show that saturation of the sensor is a problem
to be avoided.

In this series of experiments:

o Each alcohol dot consists of one drop of alcohol from
the medicine dropper;

o There are four dots, with 10 cm spacing between dots;
and

o Three runs are completed for each experiment.

Two experiments are performed. In the first experiment, the
sensor pauses for 5 s directly over the alcohol dot; in the
second experiment, the sensor pauses for 5 s at the midpoint
between alcohol dots (i.e., 5 cm from each).

Measurements for the experiments are given in Fig. 4, where
the top plots are the case when the sensor pauses on top of
the drop and the bottom plots are the case when the sensor
pauses at the midpoint between drops. In each experiment,
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Fig. 4. Sensor measurements for the cases when the sensor pauses on top of
the drops (top plots), and the case when the sensor pauses at the midpoint
between drops (bottom plots). The duration of pause is 5 seconds for both
cases, the distance between the drops is 10 cm, and there are 4 drops.

four voltage maxima are seen, corresponding to the four
concentration maxima as the sensor passes over the dots.
We see the difference between the maximum and minimum
voltage measurement is much lower, when the sensor pauses
directly over the drop: roughly 0.2 V compared to 0.9 V when
the sensor pauses between drops. This is counterintuitive, as
one would expect the strongest alcohol signal in this case.
However, pausing over the dot causes the sensor to saturate:
in the top plots in Fig. 4, the average voltage level of roughly
4 V is close to the power supply voltage of 5 V (i.e., the
maximum possible). However, pausing between dots leads to
an average voltage level closer to the middle of the possible
range. Thus, the strategy of pausing between dots is effective at
preventing saturation, while the sensor is still sensitive enough
to detect the dot.

In all subsequent experiments, we adopted the approach,
where the robot paused for several seconds where no dot was
located (at the midpoint between dots), in order to prevent
saturation.

B. Symbol detection algorithm

As noted in an earlier section, we use on-off keying to
transmit information: a drop of alcohol represents “1”, and no
drop represents “0”. Throughout this section, for convenience
in our experiments, we use one of two 25-bit sequences to test
our system:

X = (@)
[170) 17 ]‘)07 ]‘) 170’ 17 ]"0’ 17 1707 ]"0’07 ]‘70’ ]" 1’ 07 07 ]" 1]7

and its bitwise complement,

X = (3)
0,1,0,0,1,0,0,1,0,0,1,0,0,1,0,1,1,0,1,0,0,1,1,0,0].

A significant issue with our system is that the sensitivity of
the sensor changes over time with use. For example, consider
an experiment using the sequence x, shown in Fig. 5. This
figure indicates that the average level of the signal, as well
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Fig. 6. The slope, AV, for the sequence X.

as its sensitivity, change significantly from the start of the bit
sequence to the end.

Similar issues were encountered in our previous work [14],
in which we relied on the rate of change, or “slope” of the
voltage to eliminate the effect of the average level of the signal.
In particular, if V(¢) represents the time measured at time ¢,
and At is the time difference between consecutive voltage
measurements, we calculate

V()= V(t—At)
AV (t) = At . 4)
We refer to AV (t) as the slope of the signal. In this work,
At is 50 ms, which was proved to be optimal through
experimentation.

The quantity AV (¢) is depicted for the signal X in Figure
6. In this figure, the average AV (t) is now zero (eliminating
the issue of changing level), but the declining sensitivity of the
sensor is clearly seen: the symbols 0 and 1 can be distinguished
from adjacent, different symbols, but over time the change in
slope becomes smaller.

Our approach is to detect symbols using a threshold that
changes with time, th(t). That is, the detected bit b is given

by
A 0,
b_{ L

The changing threshold th(¢) is dependent on the instanta-

AV (t) < th(t)

AV (t) > th(t) ©)

neous sensitivity of the sensor, which in turn is dependent on
the transmitted information sequence. In the absence of a the-
oretical characterization of the sensor (which is forthcoming
in future work), th(¢) must be characterized experimentally.
In full generality, we should run several experiments each for
all possible input sequences in {0, 1}", though the complex-
ity of these experiments would quickly become prohibitive.
Therefore, we obtain a suboptimal th(¢) as follows:

1) Perform 5 experiments with x. Let Vi ;(¢) represent the
voltage readings for the ¢th experiment as a function of
time.

2) Perform 5 experiments with X. Let Vx ;(t) represent the
voltage readings for the jth experiment as a function of
time.

3) If maXjei,....,5 Vi)j (f) < miniel7,,,75 Vxﬂ' (f), then

1
th(t) = =
(®) 2 (jel,...,s i€l,...,

(This should be the case if xp =
maXiei,....5 sz(t) < minj€17m75 V;(_’j(t), then

max Vg ;(t) + minSVx7i(t)> . (6)

1) If

1

th(t) = 3 (Zerrllax5 Va,i(t) + jer?ln5 Vz,j (t)) . (D
(This should be the case if x; = 0.) Otherwise, if neither
of the above conditions hold, then th(¢) is the average
of all Vi ;(t) and Vg ;(t).

Equations (6)-(7) are analogous to finding a threshold using

an eye diagram in conventional communication systems.

We test this scheme, by using both x and X sequences
and the solution above. The experiment corresponding to each
sequence is repeated 6 times. We observed 13 bit error in
a total of 12 experiments (300 bits total), and therefore, the
estimated probability of bit error is 4.3%.

C. Drop separation and pause time

In this section, we consider the optimization of two key
system parameters: the drop separation, or the shortest pos-
sible distance between adjacent dots; and the pause time, or
the length of time that is spent between dots in the saturation-
avoidance strategy.

As before the symbols are encoded by each dot (on-off-
keying), and robot would pause at the midpoint between drops
according to a prespecified delay time. To find out the optimal
distance between dots and the optimal delay (pause) time, we
chose a 20 bit sequence (the first 20 bits of x) to test the
error rate. The bit detection scheme in the previous section
was used, and each experiment was repeated 5 times to for
calculating the average error rate.

Fig. 7 illustrates the error rate for 6 cm, 8 cm, 10 cm, and
12 cm. The pause duration is 5 seconds for all distances. The
error rate drops when the distance increases and then reaches
an error floor. A short distance between the dots seems to
cause a high error rate. This is in part because the robot can
not stop at the midpoint accurately for the delay pause. For
example, it might stop too close to the next dot; moreover,
there is an inter-symbol interference when the dots are very
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Fig. 7. Bit error rate as a function of separation distance between dots. The
pause duration is 5 seconds.

closely spaced. From Fig. 7, it is evident that the optimal
distance between drops is 10 cm.

distance between dots 10 cm
T T T T T

0.09 ]

0.07 b

Bit Error Rate
o
o
(<)
T
i

0.04F 1

i
0.5 1 1.5 2 25 3 35 4 4.5 5 5.5
Delay Time (s)

Fig. 8. Bit error rate as a function of delay (pause) time at the midpoint
between dots. The distance between the dots is 10 cm.

Fig. 8 shows how the error rate changes as the pause time
changes from 1 to 5 seconds. The separation distance is 10 cm
for all pause durations. The error rate decrease as the delay
time increase since robot has more time to recover. In our
initial experiments, delay of 7 seconds did not improve the

error rate. Therefore, we did not complete those experiments
and it seems that 5 seconds if the optimal delay duration.
An interesting observation from these experiments was that
the dominant source of error, when the pause duration was
between 3 to 4 seconds, was misdetection of a zero that
followed a one in the sequence (e.g. the first two Os with the
arrow on top in the red solid plot of Fig. 5). Besides this source
of error, there are almost no other sources of error for delay
durations of 3 to 4 seconds. This is because after detecting a
dot, 3 to 4 seconds is not enough recovery time for the sensor.
Therefore, to improve our detection algorithm, we consider a
variable delay (pause) duration Dy for the k = 1,2, ... drop
positions given by

®)

where by, is the bit that is detected during the first 3 seconds
of the pause duration. Therefore, if a bit one is detected the
sensor will pause for an extra 2 seconds to help the sensor
recover. This speeds up the barcode decoding algorithm.

IV. CONCLUSION

In this paper we built a platform for decoding messages
encoded in chemical barcodes. We used alcohol as the persis-
tent chemical used to create the chemical tags. We then built
a robotic platform equipped with MQ-3 metal oxide sensor
for detecting the barcodes. We then designed experiments
to evaluate the system tolerance and designed a decoding
algorithm based on the results. The bit error rate performance
of the system was then evaluated, and it was shown that there is
an optimal separation distance between drops, and an optimal
pause duration after reading each drop.

Detection of persistent chemical tags is a promising future
direction for molecular communication, as it provides func-
tionality that few other contemporary communication tech-
niques allow: namely, leaving a message that can be read later,
where the presence of a message may not be detected at a
distance (even if the message itself can only be read at close
range). As a result, this form of molecular communication
may be useful at all length scales, not merely at the nanoscale.
This work should be considered a proof-of-concept, and future
work will optimize system parameters, and produce theoretical
analysis to better understand this communication scheme.
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