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Abstract—This paper presents a study of how radio
signal behaves in complex environments where the
effects of reflections and obstructions are taken
into consideration. We collect the RSSI data of
each environment and use an objective metric to
evaluate the experimental result. The base metric
that is used for evaluations is the radio signal
strength behavior in an open flat area that is free
from reflections and obstructions. We reveal that
radio signal strength does not work well in all
indoor and complex outdoor environmentsthat are
selected for experiment purposes, due to the effects
of reflections and obstructions. Radio signal
strength  only correlates with distance in
unobstructed outdoor environment. We also
demonstrate that the elevation of sensor nodes can
reduces the reflections and obstructions effects,
both indoor s and outdoors.

1 Introduction

Many applications of military and robotics use
radio signal strength (RSS) for range estimation.
To estimate the distance between a pair of sensor
nodes, we measure the received signal strength
from the sender and find the corresponding
distance from a pre-defined RSSI model, in
which it has a defined rate of signal strength
attenuation over distance. RSS! is defined to be
the voltage in the received signa strength
indicator (RSSI) pin on our radio signa [1].
Several RSSI models have been developed for
range estimation such as the linear and
theoretical models. These models do not usually
provide accurate distance estimation because
signal strength does not correlate linearly with
distance [1]. However, this methodology is an
attractive aternative because it is costless and
easy to implement. The main problem of RSS-
based ranging is its high senstivity to
environmental changes. This ranging system has
long been known to be difficult to use for range
estimation because it is too “unpredictable” to
use for ranging [1,14]. The effects of the
environment on RSS can be significant,
especialy in more complex environments where
reflections  and obstructions  occurred
continuously. In this paper, we present some of

the RSSI models that contradict to the previous
defined RSSI models. Radio signal strength does not
alwaysfall off linearly or theoretically with distance.

In this paper, we collect the RSS| data that can
be used for range estimation in more complex
environments. The degree of complexity depends on
the amount of reflections and obstructions that are
present in the environment. Unlike the signa
strength behavior in an open space in which there
are no reflections and obstructions, the signal
strength performs much more unpredictable with
increasingly complicated environment. The purpose
is to show how great the effects of reflections and
obstructions on RSSI  characteristics.  We
demonstrate our methodology in a natural forest
with highly dense of tall trees and bushes with only
2 sensor nodes, one is intended for transmitting
signals and the other one is for receiving and
measuring signal strengths. We then repeat the
experiment in an obstructed basketball court and
classrooms. We also configure the positions of the
sensor nodes in some of the previous environments
in order to show how signa strength changes at
different elevations. It has been known that small
changes in the height of the sensors from the ground
can have a large impact on signa strength [1]. We
show that the higher the sensor nodes, the stronger
the signal strength since there is less obstructions at
higher position.

Section 2 discusses previous studies that have
used RSS for distance estimation. Section 3
describes the implementation of our RSS-based
ranging system and our technique to collect the
signal strength readings. Section 4 illustrates the
differences in signa strength behavior between
indoor and outdoor environments. Section 5 focuses
on the factors that may influence the signal strength
behavior such as the elevation of the sensor nodes,
the effect of obstructions, and reflections.

2 Related Work

Radio Signal Strength (RSS) has evolved as a
common technique used for ranging. Ranging is the
process of estimating the distance between two
nodes [1]. Many studies on RSS have been carried



Environment
characteristics

Height of node

Height of grass Transmission power

Large room with cluster
of chairs

Higher position leads to
lower attenuation rate
and higher range

- Higher transmission

power yields lower

attenuation rate and
higher range

Open field with low
grass (8cm), but with
tall trees and buildings

Higher position leads to
lower attenuation rate
and higher range

Short grass yields lower
attenuation rate and
higher range

Higher transmission

power yields lower

attenuation rate and
higher range

Open field with tall
grass (30cm)

Higher position leads to
lower attenuation rate
and higher range

Tall grassyields higher
attenuation rate and
lower range

Higher transmission

power yields lower

attenuation rate and
higher range

Table A: Summary of the factors that have effects on radio signal strength.

on recently to determine its accuracy and
consistency for ranging. Most of the studies are
majoring into the factors that may influence

signal  strength  behavior in  different
environments. For example, obstructions,
reflections, interference, and sensor nodes

variability, can influence greatly the signal
strength behavior. Table A summarize how the
height of nodes, grass, and the different level of
transmission powers affect radio signal strength.
Three different environments have been chosen
for the experiment purposes. First, the data
collections took place in alarge room indoor that
is filled with chairs and other items. Then, the
experiment is moved to a small field with low
grass, but with severa tall trees and buildings
around. Lastly, a dightly different environment
is selected, that isin a large open field with tall
grass for the same experiment objectives. The
results show that the height of nodes, height of
grass, and transmission power, all yield the same
effects on RSS characteristics. Furthermore,
there are other factors that have significant
impact on signal strength.

Most systems that use RSS for ranging
reported that indoor environment is not
appropriate for RSS ranging because there is no
correlation between signal strength and distance
[3,12,13]. This shows that the reflections and
obstructions can make a major impact on signal
strength behavior. A study has reported that
radio signals can take multiple paths while they
transmit and their signal strength changes when
they hit an obstacle [7]. The hitting on
obstruction will results in two different signals,
caled the transmitted and reflected signal,
respectively. Their report also shows that the
strength of the transmitted and reflected signals

depends on the angle at which they hit the
obstructions [7]. However, there seem to have too
many variances in the experiment. One of the
problems is that no one can guarantee at which point,
the original signal is going to hit on the obstacle
even though the degree at which the signal is facing
the obstacle is fixed. There is no ways to determine
a signal transmission path because a signal can
travel in multiple ways to reach the receiver.
Therefore, we will only demonstrate how signal
strength  behaves in both indoor and outdoor
environments with the present of reflections and
obstructions. The effect of obstructions on RSS is
certainly easier to be tested as compared to
reflections because ones can manualy place an
obstacle between the sender and the receiver to see
how that obstacle affects signal strength. However,
it is difficult to test the reflections effects since
reflections can cause by the floors, ceilings, walls,
and other materials in the surroundings. In this paper,
we have majored the effects of both obstructions and
reflections in a more complicated indoor and
outdoor environments in order to show that RSS is
even worse for range edstimation in those
environments.

3 An RSS Ranging System

Radio Signa Strength (RSS) ranging system works
by measuring the received signal strength. The value
of the signal strength can be obtained from the RSSI
pin on the radio signal, and the RSSI value is
inversely proportional to the signal strength. Greater
RSSI value implies weaker signal strength, and vice
versa. Throughout this paper, we will use the RSSI
value as an indicator for the signal strength. The
system is consists of a sender and a receiver. The
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Figure 1: The transmission power is linearly
proportional to distance. Higher transmission
power can be used to measure longer distance
between a pair of sensor nodes.

sender sets its transmission power to the highest
value, 10dBm. The sender sends out messages
continuously, and the receiver collects the RSS|
value of each message at certain distance from
the sender. For each 100 message received, the
receiver computes the mean RSS| and output the
mean value on the PC through an /O port. This
step is repeated by varying the sender at different
locations. By comparing the RSSI value with
some pre-defined RSSI models such as the linear
RSSI model and the theoretical RSSI model, the
distance between the sender and the receiver can
be estimated.

Before any RSS| values can be received,
we need to know how far that a signa can
transmits at different transmission powers. In
order to test how transmission power relates to
distance, we performed an experiment in which
the sender is fixed and programmed with
different level of transmission power. For each
transmission power level, we measured the
maximum distance in which the receiver can
receive the signa that is transmitted from the
sender. The experiment took place at the hallway
on the third floor of the Engineering Building.
The result of the experiment is shown in Figure 1.

By increasing the transmission power, the
sender can transmits the radio signal for alonger
distance. When the transmission power increases
from -20dBm to 10dBm, the maximum
measurable distance also increases by up to
99.5ft. This corresponds well with the predicted
result [1]. Each increment in the transmission
power will increase the strength of the signal,
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Figure 2: Outdoor Data was collect
flat parking lot with no obstructions.

and therefore, the signa can travel in a longer
distance.

4 Signal Strength Behaviors in both
Indoor and Outdoor Environments

Different environments cause signal strength to act
differently. We perform some experiments in both
indoor and outdoor environments to illustrate this
point. In these experiments, we fixed the receiver in
the middle of the selected location and varied the
sender at the distances of 10ft, 20ft, 30ft, 40ft, 50ft,
60ft, 70ft, and 80ft from the receiver. For each range,
we measured the received signal strength.

4.1 Comparing Indoor with Outdoor
Environments

In this section, we compare the signal strength
behavior in indoor and outdoor environments. The
experiment took place at the third floor of the
Engineering Building (indoor) and at the parking lot
on Service Road (outdoor). Figure 2 shows the
signal strength measurement in the open parking lot.
The result of the experiment is shown in Figure 3.

The result shows that signal strength is correlated
with distance in the outdoor environment, but not in
the indoor environment. In the open outdoor field, as
the distance between the sender and the receiver
increases, the strength of the signal becomes weaker.
However, this is not the case in the open hallway.
Signal strength does not correlate with distance. The
signal strength fluctuates in an unknown pattern
over distance. As shown in Figure 2, the signal
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Figure 3: Signal strength behaves differently in
indoor and outdoor environments. Signal strength
does not correlate with distance in the open indoor
hallway.

strength at the range of 30ft is even stronger than
at the range of 20ft. This makes RSS-based
ranging difficult in an indoor environment, even
though the environmental factors are often held
constantly indoor.

However, the signal strengths appeared to
be weaker (indicated by higher RSSI) in an
outdoor environment than an indoor environment.
Another disadvantage of using RSS ranging
system in an outdoor environment is that the
maximum range is smaller. As shown in Figure 3,
the maximum range is only 60ft in the open field,
which is smaller than in the open hallway. Asa
result, both the indoor and outdoor environments
have their own disadvantages in using RSS-
based ranging.

4.2 Comparing Different Outdoor

Environments

In this section, we compare the signa strength
behavior in different outdoor environments. The
experiment took place at a small soccer field
next to Demonstration Hall and at the parking lot
on Service Road as shown Figure 2. The result of
the experiment is shown in Figure 4.

No obvious distinction can be obtained
from Figure 4. Again, the result shows that
signal strength is correlated with distance in
different outdoor environments. It shows that the
greater the range, the smaller the signal strength.
Those short grasses in the soccer field do not
have a great impact on the signal strength.
Therefore, the effects of short grass on RSS can
be ignored. However, tall grass can have large

Figure 4. Signal strength behaves almost
similarly in dightly different  outdoor
environments. The grassy field is a soccer field
with short grasses.

effects on signal strength. The taler grass yields
weaker signal strength and affects the range
estimation accuracy [1]. Such effects can be
minimized as long as the height of the grass is less
than the height of the sensors from the ground. On
the other hand, there are some other factors that may
have a great influence on signal strength. These
factors will be analyzed in the following section.

5 Environmental Effects on RSS

In Section 5.1, we will demonstrate the effects of
different elevations of sensor nodes on radio signal
strength. Then, in Section 5.2 and 5.3, we will show
the effect of obstructions and reflections on signal
strength, respectively.

5.1 Height of the Sensor Nodes from the
Ground

In this section, we will demonstrate how the position
of sensor nodes from the ground affects the radio
signal strength. In order to show this, we performed
the experiment in which both the sender and the
receiver are placed on the ground at first, and then,
we lifted them up to 2.5ft, 3ft, 3.5ft, and 4ft from the
ground using two tripods for elevation, one for each
sensor. The receiver is fixed and the sender is varied
at the distances of 10ft, 20ft, 30ft, 40ft, 50ft, 60ft,
70ft, and 80ft from the receiver. The experiment
took place at the open parking lot on Service Road
as shown in Figure 2. The experiment setting is
shown in Figure 5. Figure 6 shows the result of this.
For the same experimental objective, we
performed another experiment at two classrooms on



Figure 5: Outdoor Data was collected in an open
flat parking lot with two tripods to raise the sensor
nodes.

the first floor of the Engineering Building.
Similarly, both the sender and the receiver are
placed on the ground at first, and then, we lifted
both sensors from the ground using desks. We
placed the sender in one classroom and the
receiver in the other classroom. We then varied
both the sender and the receiver at the same
distance from the wall that separated the two
classrooms. The setting is shown in Figure 7.
Figure 8 shows the result of this experiment.

Both the sensor nodes in the previous two
experiments are positioned on the same height.
However, we are interested in determining how
likely signal strength behavior changes if both
the sender and the receiver are of different height
from the ground. To show that, we performed an
experiment in which we placed the sender on the
ground and varied the receiver at the heights of
2ft, 2.5ft, 3ft, 3.5ft, and 4ft from the ground. In
the experiment, we fixed the distance of 20ft
between the sender and the receiver. We then
repeated the experiment by changing the distance
between the sender and the receiver to 40ft and
60ft. The experiment took place in the same
location as shown in Figure 2. Figure 9 displays
the experimental result. We later repeat the same
experiment with dightly different settings, in
which the receiver is placed on the ground and
the sender is varied at different heights from the
ground. Figure 10 shows the result of this
experiment.

Both Figure 6 and 8 showed that the height
of the sensors from the ground can have a great
effect on signal strength. It shows that the higher
the position of the sensor from the ground, the
stronger the signa strength. This conclusion
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Figure 6: The effects of elevation of sensor nodes
on signal strength in the outdoor environment. We
use the tripods in order to raise both the sensor
nodes.

holds for both outdoor and indoor environments.
This corresponds well with the predicted result. The
idea is that a signal can possibly get rid of most of
the obstructions (eg. pedestrian, moving vehicle, and
etc) if the sensors are positioned higher from the
ground. How obstructions affect the signal strength
behavior will be discussed in the Section 5.2.
However, there is a difference between indoor and
outdoor environment. There is a linear correlation
between signal strength and distance in outdoor field,
but not in indoor field. The results for indoor
environment seem to be unpredictable due to the
effects of obstructions and reflections. In the indoor
environment, there are more obstructions such as
walls. When a signal path is blocked, it can either
passes through the obstacle and has weaker signal
strength after passing it, or reflected from the
obstructions. The effects of obstructions and
reflections will be discussed in the following
sections. On the other hand, there are less
obstructions and reflection effects in the outdoor
environment. The signals are not easily reflected by
obstructions because the area of an outdoor
environment is larger than an indoor environment.
As aresult, the RSS range estimation is believed to
be more accurate if the sensor nodes are positioned
higher from the ground.

However, this result is not necessarily true if
both the sensor nodes are positioned at different
elevations. This can be seen from Figure 9 and 10 in
which only one of the sensors is placed on the
ground and the other one varied at various heights.
Both figures show that signal strength does not rise
linearly with height. One possible reason is that the
scale that is being used for the height is too small
(eg. 0.5ft). The difference between the highest and
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Figure 8: The effect of lifting both sensors in an  Figure 10: Different elevationsfor the sender. The
indoor environment. receiver is placed on the ground at some fixed
distances from the sender.

lowest height is just about 2ft. There are some effects of obstructions in both indoor and outdoor
RSSI measurement errors within this small scale. environments.

However, if we increase the scale for the height

to about 1ft, then we will see more reasonable 5.2.1 Outdoor Environment

result, as predicted from the previous studies.

To show how obstructions affect signal strength
5.2 Effect of Obstructions outdoor, we performed the experiment in which the

sender and the receiver are separated by a medium-
Obstructions are one of the major concerns in sized vehicle that is parked at the parking lot in front
RSS ranging system. Radio signals lose strength of the International Center. The experiment is done
when traveling through obstructions such as in the following way. The receiver is fixed at 15ft
walls, floors, and vehicles. Large obstructions from one side of the vehicle, and the sender is
can even block a signal completely. In this placed on the other side of the vehicle. Then, the
section, we show how obstructions affect the sender is varied at the distances of 10ft, 20ft, 30ft,
signal strength behavior, and cause large error in 40ft, 50ft, 60ft, 70ft, and 80ft from the receiver. But,
range estimation. We will demonstrate the for the distance of 10ft, both the sender and the
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(LOS) is obstructed by a medium-sized vehicle that
is placed between a sender and a receiver in an
outdoor parking lot.

receiver are placed on the same side. Both the
sender and the receiver are placed on the ground.
Theresult isdepicted in Figure 11.

In addition to that, we performed another
experiment in a more complex outdoor
environment. The experiment is located in a
natural forest in the Baker Woodlot and Rachana
Rajendra Neotropical Migrant Bird Sanctuary on
Bogue Street. The forest is clustered with tall
trees and bushes. Besides, it is not a flat open
area. Therefore, we use two tripods to lift both
the sender and the receiver up to 2.5ft from the
ground. In the experiment, we fixed the receiver
and then varied the sender at the distances of 10ft,
20ft, 30ft, 40ft, 50ft, 60ft, 70ft, and 80ft from the
receiver. Figure 12 depicts the experimental
environment and Figure 13 shows the
experimental result, respectively.

The result of the experiment shows that
obstructions can have great effect on signal
strength. When the transmitting signal reached
the obstruction, it is either passes around the
obstruction or deflected by the obstruction [2]. A
great portion of the signa strength is absorbed
by the obstacles (eg. car and trees) when the
signals try to pass through them. Therefore,
signals that have successfully passed through the
obstruction suffered reduction in signal strength.
This can be seen from the graphs in Figure 11
and 13, respectively. From Figure 11, the RSS|
value increases by 190.5 from 10ft to 20ft
(reduction in strength). However, the RSSI value
only increases by 61 from that same range in an
unobstructed environment. On Furthermore, as
the sender is placed increasingly further from the
vehicle, the reduction in signal strength is

forest with cluster of tall trees and bushes.

smaller. However, the signal strength behavior is
more complicated in the forest, as shown in Figure
13. There are more fluctuations in signal strength
readings due to both the combination of reflections
and obstructions effects. Hence, in an obstructed
environment, RSS is not a good choice for distance
estimation.

5.2.2 Indoor Environment

To show how obstructions affect signal strength
indoor, we performed two experiments in which the
sender and the receiver are separated by a wall in
both experiments. The first experiment took place in
two classrooms on the first floor in the Engineering
Building. These classrooms are separated by a
partition. In order to minimize the effect of other
obstructions, we rearranged the tables and chairs in
both classrooms. Figure 7 on page 5 shows the
arrangement in the classrooms. The sender is placed
in one classroom and the receiver isin the other ones.
Both are placed on the floor. Before we measure the
RSS! of the received signal, we vary both the sender
and the receiver at the same distance from the wall
each time. Figure 14 show the result of the
experiment.

The second experiment took place in a
basketball court on thefirst floor of IM Circle. There
is a smal store room next to one side of the
basketball court. The experiment is done in three
different ways in which both the sender and the
receiver are placed on the ground each time. First,
we find the middle point of the basketball court. We
then varied both the sender and the receiver at the
distances of 5ft, 10ft, 15ft, 20ft, 25ft, 30ft, 35ft, and
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Figure 14: Wall Obstruction in Classrooms The Figure 16: Indoor Data The experiment setting
line of sight (LOS) is obstructed by a wall that shownin Figure 15.

separates a sender and a receiver, each placed in two

different classrooms.

40ft from that middle point. Both sensors are
placed on the same side. This result is used as a
baseline comparison and is depicted in Figure 15.
Figure 16 shows the real picture of this setting.
Second, we fixed the sender at a distance of 9ft
away from one side of awall (in the store room)
and then we vary the receiver at the distance of
1ft, 11ft, 21ft, 31ft, 41ft, 51ft, 61ft, and 71ft from
the other side of the same wall (in the basketball
court). This setting is shown in Figure 17. Lastly,
we repeated the second experiment by reversing
the position of the sender and the receiver.
Figure 18 shows the combinations of the results
of the experiments.

The result of the experiment in an indoor
environment shows that obstruction such as wall
has a great influence on radio signa strength,

similar to the obstruction in an outdoor environment.
When asigna transmits through the wall, it is either
passes around the wall or deflected by the wall.
Most of the signal strength is absorbed by the wall
when the signals try to travel through it [10].
Therefore, signals that have successfully passed
through the obstruction suffered great reduction in
signal strength [11]. At shorter distance, the signal
strength may be stronger in the obstructed condition.
Perhaps the strength of the signals is constantly high
if travel through short distances, even though
obstructions occurred. However, the reduction rate
of signal strength over distance is till perceived to
be distinctively high in an obstructed environment
than the unobstructed ones. Furthermore, the
maximum range that can be measured in an
obstructed condition is clearly smaller than in an
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Figure 17: Experiment setting to test the effects of
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unobstructed ones. From Figure 18, the
maximum range is only 30-40ft in the present of
the wall, which is less than the one without the
wall. Hence, RSS ranging can provides large
error in distance estimation since it is highly
sensitive in an obstructed environment.

5.3 Effect of Reflections

In addition to obstructions, reflections from the
objects around the environment can also cause an
impact on radio signal strength. In this section,
we show how reflections affect the signal
strength behavior in both indoor and outdoor
environments. The effect of reflections is shown
to be more severe in indoor environments.

5.3.1 Indoor Environment

To show how reflections affect signal strength
indoor, we performed three experiments in which
both the sender and the receiver are placed on the
ground. In the first experiment, we fixed the
receiver at the distance of 1ft from a wall and
varied the sender at various distances from the
receiver. The experiment took place in the
hallway on the third floor of the Engineering
Building. The experiment is then repeated by
fixing the receiver at 8ft from the same wall.
Figure 19 shows the experiment setting. The
result is shown in Figure 20.

In the second experiment, we fixed the
sender at the distance of 50ft from the same wall
that is used in the previous experiment. The
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Figure 18: Wall Obstruction in Basketball Court
The line of sight (LOS) is obstructed by a wall that
separates the sender and the receiver. Radio signals
lose strength when traveling through the wall.

experiment is done in the hallway on the third floor
of the Engineering Building, which is the same
location as in the previous experiment. We then
varied the receiver at various distances from the
same wall. Figure 21 shows the experiment setting
and the result is depicted in Figure 22.

Lastly, we performed the experiment in a
basketball court on the first floor of IM Circle. We
fixed the receiver at the distance of 13ft from awall,
in which there are some benches in front of the wall.
We then varied the sender at various distances from
the receiver. Received RSS| value is collected for
each distance. The experiment is then repeated by
fixing the receiver further away from the same wall
that is 26ft from the wall. Figure 23 shows the
experiment setting. The result is shown in Figure 24.

From all the tests performed in this section, we
can observe that reflections can have a great
influence on radio signal strength in indoor
environments. From the Figure 20, 22, and 24, the
radio signal strength appeared to be stronger indoor
than signal strength measured outdoor (open field).
The difference in signa strength is caused by the
reflections from objects in the experiment
environment such as walls, floors, ceiling, and other
buildings. Since both the sender and the receiver are
placed on the ground, the transmitting signals can
get reflections from the ground. The reflections
caused by the floors can be reduced by lifting both
the sensors higher from the floor. Some studies have
shown that the effects related to ground reflections
will disappear if the distance from ground of sensors
nodes is greater than 0.97m [4]. Radio signals are
transmitted through waves and the radio
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effect of reflections from the walls in a halway
indoor. The position of the sender is fixed at 50ft
from awall in the hallway. The receiver is varied at
various distances from the fixed sender. By fixing
the sender’s position, we ensured that all signals
that are transmitted from the sender are traveling in
the same distance to the wall.
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Figure 20: Hallway Reflections The effect of
reflections from the wall on signal strength in a
hallway in an indoor environment. The receiver is
fixed at 1ft and 8ft from a wall in the hallway. The
receiver measures the RSSI value for each distance
from the sender. Both the receiver and the sender
are placed on the ground. The open field result is
used as bases for comparison.

waves from the sender can take different paths
while they travel and their strength can change
when they reflect on reflect on some obstacles
[3]. The above results show that the reflected
signals have stronger strength than origina
signals. On the other hand, we expected that the
signal strength to be more correlated with
distance in a larger room (eg. basketball court).
However, this is not the case as we seen from

Figure 22: Hallway Reflections The effect of
reflections from the wall in a hallway in an indoor
environment. The sender is fixed at 50ft from a wall
in the hallway. The receiver measures the RSSI
value for each distance from the sender. Both the
receiver and the sender are placed on the ground.
The open field and open hallway results are used as
bases for comparison.

Figure 24. This is because the radio signals have
more opportunities to travel with different paths, and
thus, create more signal interference [3]. As aresullt,
signal strength will not be a good indicator for
estimating distances between sensor nodes in indoor
places due to the effect of reflections.

5.3.2 Outdoor Environment
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Figure 23: Experiment Setting to test the effect of
reflections on signal strength in a basketball court
(indoor). Both the sender and the receiver are placed
on the ground. The receiver is fixed at different
distances from the wall to compare the results.
There are some benches in front of the wall.

To show how reflections affect signal strength in
outdoor environments, we performed two
experiments in which both the sender and the
receiver are placed on the ground. The first
experiment took place at the parking lot in front
of the International Center. In the experiment, we
fixed the receiver at the distance of 1ft from a
medium-sized vehicle and varied the sender at
the distances of 10ft, 20ft, 30ft, 40ft, 50ft, 60ft,
70ft, and 80ft from the receiver. The result is
shown in Figure 25.

The second experiment took place inside
the Baker Woodlot and Rachana Raendra
Neotropical Migrant Bird Sanctuary on Bogue
Street. The purpose of the experiment is to
demonstrate the effects of reflections from tall
trees and bushes on signal strength. We fixed the
receiver and varied the sender at the distances of
10ft, 20ft, 30ft, 40ft, 50ft, 60ft, 70ft, and 80ft
from the fixed receiver. Figure 26 shows the
experiment setting in the research forest. The
result is shown in Figure 27.

From all the tests performed in this section,
we can observe that the there are some
reflections in outdoor environments. The effects
of reflections on signal strength depend on the
complexity of the outdoor environments. The
less complex environment has fewer reflections
than amore complex one. As shown in Figure 25,
the signal strength behaves as if it were in an
open space environment. However, signal
strength behaves a little more complicated in the
forest as shown in Figure 27. There are more

— — Open field

350 (mean)

300 -
250 -

Receiver is fixed
at 13ft from the
wall (both sender
and receiver are
placed on the
ground)

— 200 -
& 150

100 -

50 4 - .Receiver is fixed
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wall (both sender
and receiver are
placed on the
ground)

0 —
10ft 20ft 30ft 40ft 50ft 60ft 70ft 80ft
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Figure 24: Wall Reflections in Basketball Court
The effect of reflections from the wall on signa
strength in a basketball court. The longer the
distance the receiver is away from the walls in the
indoor court, the lesser the effect of reflections on
signal strength.

trees and bushes in the experiment surroundings, and
that can possibly cause some reflections. Despite of
the reflections, the signal strength is still correlated
to distance for the range up to about 60ft. This
shows that an outdoor environment could be an ideal
place for RSS-based ranging even though reflections
occurred.

5 Conclusions

We have demonstrated that how signal strength
behaves in both indoor and outdoor environments.
Signal strength does not correlate to the distance in
an indoor environment, and it fluctuates over
distance. Only a very small range of RSSI values
can be used for estimating the distance between a
pair of sensor nodes in an indoor environment.
There are severa factors that caused the signal
strength to perform differently indoor. The effects of
obstructions and reflections on signal strength are
the maor problems in RSS. Therefore, signal
strength information is shown to be an unreliable
indicator of distance in complex indoor
environments due to obstacles and reflections [5].
When a signal travels through an obstruction, even if
it successfully gone over, it losses its strength [3].
This happened because the obstruction can absorb
the signal and weaken its signal strength [2]. More
often, the signal not only goes through the obstacle,
but it also gets reflected when it hits on the obstacle.
This usually happened in indoor environments, in
which there are a number of objects near to the
surroundings such as walls, floors, and furniture.
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Both the origina signal and the reflected signa
reach the receiver amost a the same time
because they are traveling at the same speed of
light. As aresult of this, the receiver is not able
to distinguish the two signals and it measures the
received signa strength for both of them [6].
The transmitted and reflected signals are weaker
than the original signal. The strength of both the
transmitted and reflected signals depends on the
angle at which it hits the obstacle [7]. However,
obstructions and reflections do not have too
much impact in an outdoor environment since
there are apparently fewer objects in an outdoor
field. Asaresult, an outdoor field appeared to be
anideal place for RSS ranging system [15].

Yet, there are still other factors that
influence radio signal strength in RSS-based
ranging. We have demonstrated that the higher
the sensor nodes from the ground, the stronger
the received signa strength. By lifting up the
sensor nodes, we can possibly avoid most of the
obstructions that can undermine the signal
strength. Furthermore, we aso showed that
transmission power is correlated to distance. For
instance, higher transmission power can be used
for longer range estimation. By setting the
transmission power to its highest, the signa is
initiated with the strongest strength, and
therefore, it can transmit for alonger distance.

Hence, RSS is shown to be inappropriate
for range estimation especially in indoor
environments. It does not produce reliable
distance estimation based on RSSI. It is only
good for very short range estimation. However,
RSS provides more accurate results for
estimating distance between sensor node pairs in
an outdoor environment since the received signa
strength is more correlated to distance.

References

[1] Kamin Whitehouse, Chris Karlof,
David Culler. “Getting Ad-hoc Signal
Strength Localization to Work”.
UC Berkeley Technica  Report
UCB//CSD-04-1348, May 26, 2004.

“Solectek  Wireless
Networking ~ Solutions  Technical
Papers’, August 3, 2001.
http://www.sol ectek.com/techlib/techpa
pers/techtal k/tt-clarity.html.

[2] Signa Clarity.

[3] Jaein Jeong and Sukun Kim. “CS268
Computer Networks Localization using

12

Dot3 wireless sensors’. UC Berkeley, May
16, 2003.

[4] Giuseppe Anastasi,
Marco Conti, Enrico Gregori, Andrea
Passarella “Understanding the Redl
Behavior of Mote and 802.11 Ad hoc
Networks: an Experimental Approach.
Department of Information Engineering”,
University of Pisa, Italy.

Eleonora Borgia,

[5] Cameron Dean Whitehouse. “The Design
of Caamari: an Ad-hoc Localization
System for Sensor Networks’. Department
of Electrical Engineering and Computer
Sciences, UC Berkeley Research Project,
2002.

[6] Dimitrios Lymberopoulos, Quentin Lindsey
and Andreas Savvides. “An Empirical
Anaysis of Radio Signa Strength
Variability in IEEE 802.15.4 Networks
using Monopole Antennas’.  Yale
University, New Haven.

[7] Matthew Taylor, Yi-Feng Ni, and Tuan T
Troung. “Radio Propagation Simulation
Tool for Wirdess Communications’.
Norwich University.

[8] “ChipCon  CC1000 Data  Sheet”,
http://www.chipcon.com/_|es/CC1000 Data
Sheet 2 1.pdf.

[9] Nelson Lee, Philip Levis, Jason Hill. “Mica
High Speed Radio Stack”. Sept 11, 2002.
http://www.tinyos.net/tinyos-
1.x/doc/stack.pdf.

[10] Tereus Scott. “Mica Mote Antenna
Radiation Analysis’, University of Victoria,
May 28, 2004.
http://www.cs.uvic.ca/%7Ewkui/research/m
otereport-p.pdf.

[11] Don Button. “Effect of Obstructions on RF
Signal Propagation”, EMS Wireless, Feb 24,
1999.
http://www.emswireless.com/english/Tech_
Articles/tech_art03.asp.

[12] Vaidyanathan Ramadurai, Mihail L.
Sichitiu. “Simulation-based Analysis of a
Localization Algorithm for Wireless Ad-
Hoc Sensor Networks’, North Carolina



350

300
250

——Open field (mean)

—200
w

- = - Receiver is fixed at 1t
near to a car (mean)

w
ac150

100

50

0 — T T T T
10t 20t 30ft 40f S0t 60 7OR 8O

Distance

350

300

250 4

— 200 -

Open field (mean)

& 150 = = = Forest

100 4

50

0 — T
10ft 201t 30ft 40ft 50ft 60ft 70ft 80ft

Distance
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vehicle, and the sender is varied at various distances
from the receiver. The signal strength caused by
reflections from the vehicle appeared to be slightly
stronger (indicated by lower RSSI value) than signal
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Figure 26: Outdoor Data in the Baker Woodlot and
Rachana Rajendra Neotropical Migrant Bird
Sanctuary.

Figure 27: Trees Reflections The receiver is fixed
and the sender is varied at various distances from
the receiver. The open field result is used as a base
for comparison. The signa strength caused by
reflections from the trees appeared to be dlightly
stronger (indicated by lower RSSI value) than signal
strength in a non-reflected environment.
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