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ABSTRACT
Early prediction and detection of wildfires can have an enormous impact on the rate at which they can be suppressed
and extinguished. Current methods of detection include human monitoring of satellite imagery and video feeds, hotline reporting and wireless sensor networks (WSNs). These
WSNs use temperature, humidity, pressure, and gas sensor data to detect the occurrence and spreading of wildfires.
Currently only gas sensor data provides for the automated
early detection of wildfires. In this paper we introduce a
novel approach for the early detection of wildfires by monitoring the RSSI fluctuations between nodes in a WSN. This
new technique improves the accuracy, speed, and range of
wildfire detection without the use of additional sensor hardware.

Categories and Subject Descriptors
C.3 [Special Purpose and Application-Based
Systems]: Real-time and Embedded Systems; D.3.4
[Hardware]: Sensor Network and Deployment

General Terms
Sensor Networks, Experimentation

Keywords
Motes, Wildfires, Wireless Sensor Networks, RSSI, Radio

1.

INTRODUCTION

Wildfires are one of the most devastating environmental disasters that occur worldwide, inflicting loss of billions of dollars [1] and precious vegetation and wildlife. These disasters
can be prevented if they are detected and suppressed in the
early stages. There have been many attempts over the years
to detect wildfires. The most primitive techniques include
the use of a lookout tower positioned at a high point and
ground patrols. Some of the more sophisticated techniques
that have been employed include satellite imaging [17] and
the sensing of emissions by airborne craft. All of these techniques require human observers and are therefore subject to
human error as well as high cost and low availability[19].
Wireless sensor networks (WSNs) have been introduced as a
way to autonomously detect wildfires. WSNs provide many
benefits including low cost, large coverage, and quickness
of detection. Currently there are three main categories of
wildfire detection used in WSNs:
∗Submitted as the final project of the course

• Gas sensing[18, 16]
• Environmental
parameters
sensing
ture/humidity/light)[9, 13, 21, 8]

(tempera-

• Video monitoring[12, 5]
Of the above categories, only the technique of gas sensing
possesses the innate ability to autonomously detect wildfires
not in the immediate proximity of the sensor [19]. Thermal
imaging using a network of infrared cameras is another technique that provides for the early detection of wildfires, but
this technique requires post-processing of live video which is
very computationally expensive.
A bushfire plume consists of partially ionized gas, which
is considered to be conductive. The ionized electrons in
the plume cause high levels of dispersion and attenuation in
electromagnetic waves[6, 3]. In an attempt to further understand the impacts of fire on firefighter radio communications,
the authors in [4] have investigated the effect of fire when
present in the signal propagation path of 802.15.4 wireless
communications. The researchers found that this physical
property of fire has a measurable effect on RSSI and LQI
values of radio signals in 2.4GHz channels. It was observed
that the measurements of these two values are indeed lower
in the presence of fire. The fire that they experimented with
was 5-10cm in height, and it was noted that the size of the
fire has an impact on the amount by which the signal degrades. In this paper, we propose a novel technique for the
early detection of wildfires using received signal strength indication (RSSI) of the radio links in a WSN.
The remainder of the paper is organized as follows. In Section 2, we discuss existing methods used to monitor wildfires
using WSNs. In Section 3 we will explain our experimental
setup. In Section 4, we present our results. In Section 5, we
discuss the results of our experiment which explains impact
of fire on RSSI values of radio communication. In Section 6,
we evaluate the feasibility of using RSSI as a indicator for
wildfire detection and investigate the use of a combination
of this new technique with current ones, improving the early
detection of wildfires in WSNs. In Section 7 we conclude our
work.

2.

BACKGROUND

The use of gas sensors is one of the most promising methods of autonomous early wildfire detection in wireless sensor

networks. These sensors work by detecting gasses produced
during the early stages of pyrolysis. This can allow for detection of fires before combustion occurs, giving the earliest
possible warning of wildfires. The researchers in [18] aimed
to address the issue of the high power consumption by these
gas sensors. They outlined an energy harvesting strategy,
as well as a test deployment in which they confirmed the
accuracy of their sensing algorithm. Gas sensors provide a
reliable method of early fire detection but their usefulness in
real-world wildfire monitoring WSN deployments is limited
by their high power consumption [16].
The infrared signature created by fires is also able to be detected by the motes used in most WSN deployments. In
[12], this was used in conjunction with gas sensing to fire an
alarm upon the detection of fire. The concept of fire verification was introduced to improve the accuracy of fire detection. Video cameras were deployed overlooking the WSN
to verify the fire alarms. These techniques tend to rely on
line-of-sight, and may require a dense sensor deployment.
Although the devices in this experiment were successfully
powered by a combination of solar panels and batteries, the
use of 802.11g networks and gas sensors resulted in a high
level of power consumption that limits the scalability of this
approach.
The experimenters in [11] utilized an artificial neural network to improve the accuracy of the detection of wildfires.
Each mote in this neural network used a data fusion algorithm to process temperature, humidity, infrared and visible light data. An alarm decision based on these criteria
was then reported to a base station. This system was implemented and tested using TelosB motes. The result was
an accurate self-learning alarm system. A limitation of this
design was that the detection accuracy was less than 40%
when the motes were more than 30 cm from the fire. The
experimenters made note that other fire indicators, such as
sensing the products of combustion with a gas sensor could
be used with the neural network to improve the accuracy
and provide for better early wildfire detection.
As far as we know, the radio link communication parameters
like RSSI and LQI have not been used to detect wildfires.
In this paper, we use the concept of a fresnel zone to explain the relationship observed between the obstruction of
the flame, link distance, and impact observed on RSSI. A
fresnel zone is a long ellipsoid spanning between two antennas that can be used to describe the line-of-sight path in
radio communications. The general rule of thumb is that for
proper communication to take place, 60% of the first fresnel
zone must be clear of obstructions [7].

Figure 1: Scenario 2 Trial

The equation is the following:
r
Fn =

3.
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EXPERIMENTAL SETUP

To study the impact of fire on RSSI, we conducted experiments using Crossbow TelosB motes. In order to apply
the findings in [4] to the area of early wildfire detection,
we needed to conduct a similar experiment at a larger scale.
Our experiment necessitated a larger fire as well as a greater
distance between motes.

3.1

Preliminary Testing

We have conducted four experimental trials in three different
scenarios.

3.1.1

Scenario 1

The first scenario was in an apartment complex with a public
fire place. The software used in this scenario was a modified
version of PacketParrot, a TinyOS 2.x tutorial app. This
program received radio data, recorded RSSI, timestamped
the packet, and wrote the results to flash for later retrieval.
Four motes were placed along a concrete surface in a line
perpendicular to the fire.
The results for the two trials we ran in this scenario were
corrupted due to human interference and poor management
of the flash memory. There was also the issue of inconsistent timestamps between motes. The fresnel zones for each
mote were obstructed since the motes were laid flat on the
ground. The fresnel zones were further obstructed by a brick
chimney that was positioned behind the fire. Testing in an
apartment complex setting also meant that there were many
802.11 networks operating on the same frequency, causing
interference for our RSSI data.

The formula for fresnel zone radius at a point P depends on
• n the fresnel zone number (1)

Despite the corruption of the data, we saw visible drops in
RSSI during the presence of fire, which motivated us to continue experimentation in a tighter controlled environment.

• λ the wavelength of the signal
• The distances d1, d2 from the respective nodes to the
point P

3.1.2

Scenario 2

The second scenario we tried was in a public campground
with a fire ring, shown in Figure 1. We redesigned our software from scratch so it no longer relied on flash memory.
All results were relayed to an observer mote that forwarded

the results over serial to a laptop for storage. Interference
from cell-phones and laptops was eliminated by disabling
the radios on these devices for the duration of the experiment. Motes were placed approximately 4.5 inches above
the ground, which unfortunately still obstructed part of the
first fresnel zones. Despite this obstruction, we obtained
valuable results that show a strong relationship between the
presence of fire and RSSI as seen in Figure 2.

3.3

3.4

Figure 2: Radio Link Communication between Node 1 and
4

Unfortunately, this location was hard to secure due to the
popularity of camping in the spring season. Although this
location was largely ideal due to reduced radio interference,
it was inconvenient due to the requirement of reservations
and fees. The campsite also imposed size restrictions for
fires and placement of motes. We decided to design another
scenario in which the fire was larger and the motes were
further apart.

3.1.3

Scenario 3

Our final scenario location was in a backyard of a residential
area. Because this yard was private property, the area provided much more flexibility for our testing. We used large
stakes to hold our motes above the ground, and a barrel to
raise the fire up. This ensured that the fresnel zones of the
motes were obstructed only by the fire. We used twice as
much wood in this experiment, and doubled the distance between motes. This scenario also allowed for video recording
of fire height. The remainder of this paper will pertain to
results obtained from this experimental scenario.

3.2

Experiment Design

For our experiment, we used off the shelf TelosB motes.
These motes have Texas Instruments CC2420 2.4GHz radio chips that use the IEEE 802.15.4 standard. Interference
from 802.11 networks was negated by our use of channel 26
(2480 MHZ), which does not overlap with any of the 802.11
channels [20]. We positioned these motes in a straight line
perpendicular to the fire ring at even distances. The fire ring
was 16 inches in diameter. The innermost motes were positioned 4 feet from the fire ring, while the outer motes were
8 feet from the fire ring. Each of these motes were placed
approximately 4 feet above the ground to provide adequate
first fresnel zone clearance [10]. This experimental design
is illustrated by Figure 3. Additionally, there was a fifth
mote attached to a Linux laptop that was used to observe
the results from these four motes during the experiment.

Software

Each mote was programmed using TinyOS 2.1.2. Our software was written in nesC and consists of two major programs. The first is the Monitor program, which broadcasts
an empty 802.15.4 ActiveMessage packet every 500ms. This
program also listens for any packet of the same type. Upon
receiving a packet, it measures the RSSI for the packet and
broadcasts this information to an Observer. The Observer
program simply listens for any of these broadcasts, timestamps them upon reception, and forwards them over serial
to a listening Java program.

Methodology

Various measures were taken in order to conduct the experiment with a minimum impact from external sources of
RSSI interference. The only human interference during the
experiment occurred during the lighting and extinguishing
of the fire. These times were recorded using timestamps displayed by the Java program and are shown clearly in our
graphs. The event times were verified through the use of a
video recording of events. All motes in the experiment were
secured and completely stationary.
A log cabin fire structure was used in our experiment to
provide a reproducible long-lasting flame that would produce sufficient results for analysis. Approximately 1.5 cu of
dry firewood was used to build the fire structure. Data was
collected for 5 minutes before lighting the fire, allowing for
an experimental control. The times at which the fire was lit
was accurately recorded to ensure the isolation of all possible causes of interference in our data. The flame height was
recorded throughout the duration of the experiment through
the use of our video recording. The fire was allowed to burn
until it died down to a flame of 1 foot, at which time it was
extinguished.

4.

RESULTS

The following results show the impact of fire on radio links
during our third trial. This data was filtered using a centered
moving average with a window size of 121, which amounts
to a window of approximately 1-2 minutes of data. A timeline of events is provided in Table 1. We have provided a
thorough analysis of these results in the discussion section.

4.1

Link 1-2

In Figure 4, the RSSI values show a negative trend in the
presence of a fire. We can see a clear change in RSSI values
during all significant events of our time-line on these graphs.
Also notice the upward trend in RSSI again when fire was
stifled.

Figure 4: Radio Link Communication between Node 1 and
2

Figure 3: Experiment Design
Table 1: Timeline of events
Time
0
343 seconds
364 seconds
397 seconds
445 seconds
500 seconds
530 seconds
550 seconds
565 seconds
580 seconds
632 seconds
703 seconds
840 seconds
904 seconds
1010 seconds
1033 seconds
1190 seconds

4.2

Event
Started observer program
Human interference (to light fire)
Fire was lit
Flame size 1 feet
Flame size 3 feet
Flame size 3.5 feet
Flame size 4 feet
Flame size 4 feet
Flame size 3.5 feet
Flame size 3 feet
Flame size 2.5 feet
Flame size 2 feet
Known human interference
Flame size 1 feet
Human interference (extinguished)
No flame, high smoke
Stopped observer program

Figure 6: Radio Link Communication between Node 1 and
4

4.4

Link 2-3

In Figure 7, the link between nodes 2 and 3 was relatively
consistent in its strength. There was a small drop in average
RSSI values after the ignition of fire, but it is not statistically
significant. This particular link was not impacted by the
presence of fire.

Link 1-3

In Figure 5, the link between 3 and 4 showed a downward
trend in RSSI in the presence of fire. This chart reflects
a small level of interference that was observed at approximately 840 seconds due to a known human interference.

Figure 7: Radio Link Communication between Node 2 and
3

Figure 5: Radio Link Communication between Node 1 and
3

4.3

Link 1-4

In Figure 6, the link between nodes 1 and 4 does not show
any significant change in strength in the presence of fire.
This particular link was not impacted by the presence of
fire.

4.5

Link 2-4

Figure 8 represents the link quality between nodes 2 and
4 throughout the duration of the experiment. We can observe a drop in measured RSSI as soon as fire reached 4.5
feet high. The RSSI curve shows a decreasing trend until
680-700 seconds when flame height was 2 feet. As soon as
fire flames started to die down the RSSI curve showed an
increasing trend which continued to increase until the fire
was completely extinguished.

Table 2: Radius of first fresnel zone for various radio links
Link
Link 2:3
Link 2:4
Link 1:4

Fresnel zone radius (ft)
0.97
1.12
1.33

Figure 11: Photograph illustrating the wind blowing the
smoke towards node 2
Figure 8: Radio Link Communication between Node 2 and
4

4.6

Link 3-4

In Figure 9, the presence of fire did not have a significant
impact on the RSSI of this link. This link had a small level of
interference that was observed at approximately 840 seconds
because of a known interference.

Figure 12: The flame as it reached a peak of 4 feet at approximately 540 seconds

Figure 9: Radio Link Communication between Node 3 and
4

5.

DISCUSSION

An illustration of the first fresnel zones for our experimental
setup is given in Figure 10. The sizes of these fresnel zones
were calculated and are included in Table 2. Link 1:4 was
not impacted by RSSI because the first fresnel zone of this
link had a much larger radius than that of the other links.
Increasing the first fresnel zone size while maintaining the
size of the flame results in a lower percentage of obstruction
by the fire and thus better reception on this link.
The large temperature gradients and gasses produced by
fire affect the refractive index of air. This can cause radio
energy to bend away from the ground, causing a loss of signal
strength [2]. Heating and the turbulent mixing of air, as well
as particles swept up into the air by the fire can introduce
scattering of the radio signal [15, 4]. As seen in Figure 11,
the wind was blowing towards nodes 1 and 2 throughout the
duration of the experiment. This resulted in much of the
heat and smoke being blown in that direction, effectively
reducing the radius of the first fresnel zone in links to node
2. Therefore we expect to see the fire impacting node 2 more
than node 3. This is reflected in the results we recorded for
links 1:2 and 2:4. This explains why the variations in RSSI

measured for links 1:2 and 2:4 were greater than that in link
1:3 and 3:4.
As the link between nodes 2 and 3 had the smallest first
fresnel zone, it was expected to be the one most negatively
impacted by the fire. The graph of link 2:3 in Figure 7 shows
that the fire had an impact on the RSSI, but it was nowhere
near as significant as expected. This is due to the fact that
communicating motes transmitting at a high power in close
proximity are not as susceptible to interference.
The highest flame recorded was approximately 4 feet as seen
in Figure 12. The links that were impacted most by the presence of fire (links 1:2, 2:4, 2:3, 1:3) all showed a strong negative trend that corresponded with the instant in which we
observed the maximum flame height. This negative trend
was consistent across all links, and did not completely reverse until the flame was extinguished. The flame as seen at
its lowest point was recorded in Figure 13.
The packet reception rates calculated for these links were artificially low due to our software design. The effective packet
reception rate was approximately 60% for all links, as shown
in Table 3. The observer received packets in bursts, some
of which were dropped while the mote was busy forwarding
the previous packet over serial. This flaw could be solved by
implementing a queue of received packets at the observer.

Figure 10: We illustrate some of the fresnel zones that exist in our experiment. We have omitted some of the overlapping
zones for clarity.

Table 4: Local Correlation Parameters
Symbol
Γt
w
xt
xτ,w
m
β

Figure 13: The fire as it appeared at 1100 seconds, immediately prior to extinguishing

Description
Local autocorrelation matrix estimate
Window size
Time series, t ∈ N
Window starting at t, xτ,w ∈ Rw
No. of windows (typically m=w)
Exponential decay weight

Exponential Window Correlation
t
X
Γ̂t (X, w, β) :=
β t−τ xτ,w ⊗ xτ,w
τ =1

Table 3: Packet reception rate for all links
Period
Control
During fire
Overall

Packet Reception Rate
55.60
57.71
55.68

Although we suspect a strong correlation, our high packet
loss in the control portion of our experiment prevents us
from making any statement on how the presence of fire influences packet loss.
It was observed in all our experiments that the presence of
human interference resulted in a large fluctuation in RSSI
values. Although we negated this impact from our results
by recording the time periods of human intervention, this
interference could be eliminated by the remote ignition of
fire in future experiments.
In order to analyze the consistency of our data, we perform
local correlation between the data for two links, link 3:1
and 2:4. Local correlation is a statistical analysis technique
used to generate similarity scores to describe two time series
data sets [14]. There are two methods of computing local
correlation scores; sliding window and exponential window.
Sliding Window Correlation
t
X
Γ̂t (X, w, m) :=
xτ,w ⊗ xτ,w
τ =t−m+1

The sliding window correlation technique uses m prior windows to calculate correlation between the two data sets.
Exponential window correlation uses all prior windows in
this calculation, but weights them exponentially so that the
closer windows are weighted more.
Since our time value in the data was timestamped by the observer mote as soon as it received a packet, we had random
timestamps for each time series. In order to apply correlation, we needed discrete time samples. To correct the formatting of our data, we averaged every packet’s RSSI value
within time-frames of 2000 milliseconds (approximately 4
measurements). This gave us a time series with consistent
time frames of 2000 milliseconds. We chose a window of 10
for our correlation calculation, as window w essentially corresponds to time scale. In our experiment, 10 window size
corresponds to 20 seconds, which is enough time frames for
a sensitive correlation as the fire lasted for approximately
14 minutes. We chose β as 0.8 for the exponential local
correlation window.
The results of our local correlation are shown in Figure 14.
The local correlation score between these two links is always
above .9998, which shows that the two links are highly correlated. There is a loss of correlation at 345 seconds. This
is a reflection of the human interference during the lighting of the fire. There is another spike at around 840 that
represents other known human interference. The links are
otherwise shown to be highly correlated, which proves that
our results were accurately captured by multiple observers.

relationship between flame height, distance, and the trend
in RSSI values in the presence of fire.
If this technique proves to be feasible in those respects, it
could be used in conjunction with other wildfire detection
parameters such as temperature, humidity and light in a
similar manner to that discussed in [11].

7.

Figure 14: Local correlation for links 1:3 and 2:4

6.

FUTURE WORK

Additional trials of our experiment must be conducted to
further prove statistical significance. Not only did we have
a limitation in the time we had to conduct trials, we had
trouble finding places that allowed large fires. Public fires
are banned in the city of Clemson, and the only parks with
fire rings required a paid reservation. This was a huge obstacle in our obtaining of data. By the time our methodology
had matured enough to produce meaningful data, we had no
time left to run more trials. Once additional identical trials have been run, the technique of local correlation should
be used to statistically correlate the results between trials.
This will allow us to determine whether or not our results
are repeatable and statistically significant.
Temperature, humidity, and light data should also be collected in order to explore the correlation between the different wildfire sensing parameters over time. This will provide
insight to the level of ”earliness” that is achieved by wildfire
detection using RSSI as an indicator.
Power consumption was not taken into account during our
experiment. Sustainability of systems is a requirement of
wireless sensor network deployments. A real-world deployment of this technology will require an energy harvesting
strategy. The sampling rate of RSSI will have a significant
impact on the power consumption of a wildfire detection
WSN deployment using this technique. The trade-off between sampling rate, accuracy, and power consumption must
be investigated for this technique to be confirmed as feasible. One of the benefits of this technique is that it can
be implemented by measuring the RSSI of any packet with
any payload. Depending on the protocols used in the wildfire monitoring WSN, this technique could be implemented
without any additional energy cost.
To further explore the feasibility of using RSSI as a parameter for wildfire detection, larger scale experiments should
be conducted with larger fires such as controlled wildfires.
This should provide us with a better understanding of the

CONCLUSION

In this paper, we explored the possibility of using RSSI for
early wildfire detection. Our experiments showed that the
introduction of fire in radio link communication does impact
RSSI, and the change is more significant with increasing
intensity and size of fire. The rate of change of RSSI in
the presence of fire also depends on the distance from the
fire. As a fire grows in size the drop in RSSI should be
able to be observed at a larger distance. The feasibility of
using RSSI as an indicator for wildfire detection cannot be
determined until more experiments are conducted and at a
larger scale. We should also explore the possibility of using
RSSI in conjunction with other parameters, which might
give us a better method of early wildfire detection.
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