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Abstract- In this paper, we present an experimental prototype
of an indoor localization system that uses angle estimation and de-
centralized computations. The system uses three rotating optical
beacon signal generators that are built using commonly available
off-the-shelf components. Wireless sensor nodes equipped with
photo sensors determine their locations from the estimated
angular separations between the optical sources. No additional
hardware is required at the sensor nodes. The system also does
not involve any centralized server or off-line measurements,
which are key requirements of RF-based localization systems. We
present the design principles, possible sources of error, and the
lessons learnt from building the experimental localization system.
Performance results obtained from laboratory experiments are
presented. The proposed system provides location estimates that
are accurate within a few inches in indoor applications. In
addition, the idea may be extended to large scale outdoor sensor
systems where it may not be economically or physically viable
to use additional localization hardware such as GPS.

Keywords: localization, wireless sensor networks, angle-of-
arrival.

I. INTRODUCTION

Principles of position estimation have been investigated over
many decades for applications that include aircraft navigation,
robotics, battlefields, geological explorations, and emergency
systems. Accordingly, various different positioning or local-
ization systems have been developed based on specific re-
quirements of absolute and relative accuracy, cost, privacy,
and environmental limitations [9]. However, the recent thrust
of activities in wireless sensor networks has generated the
interest for development of new localization techniques that
address the special requirements in these networks.

Localization is a critical issue in almost all wireless sensor
systems as the location of a sensed signal must be known for
it to be of any use. In addition, knowledge of sensor locations
is indispensable for geographic query forwarding [12] and
location aware routing [20], which are some of the impor-
tant mechanisms applied for achieving energy efficiency in
sensor communications. Many collaborative signal processing
schemes also assume the knowledge of location information
at the sensor nodes [21]. Although major advances have
been made in the technology for GPS (geological positioning
system) devices, there are two major reasons for exploring
alternative techiques for localization in sensor systems. Firstly,
sensor systems may often need to be deployed indoors or in
locations where satellite signals cannot be received. Secondly,
in many applications limitations of size and per unit cost of the
wireless sensor nodes may preclude the use of GPS in each
node. Consequently, there is tremendous interest to develop
mechanisms by which a large number of tiny low-cost wireless
sensor nodes can detect their locations autonomously.

In this paper, we present an experimental prototype of an
angle based localization scheme that addresses the special
requirements stated above. Our goal is to develop a system that
does not require any additional hardware at the sensor nodes

other than those available in typical wireless sensor platforms.
We demonstrate the idea by implementing the system using
the Crossbow manufactured mica2 wireless sensor motes [1],
which is a popular wireless sensor platform for experimental
development. In our system, sensor nodes equipped with
photo sensors estimate the angles between three fixed optical
beacon generators, which have specially engineered optical
sources. These angle estimates and the locations of the beacon
generators are used by the sensor nodes to self-locate their
positions. The principle of operation was earlier proposed
in [13], where results obtained from computer simulations
were presented to demonstrate its error performance. Here, we
present the details of implementing an experimental prototype
using low-cost off-the-shelf hardware. The possible sources of
errors and lessons learnt from experimentation are presented.
The proposed system provides accuracies within a few inches
in indoor experiments. As long as the sensors are within line of
sight of the three beacon generators, the proposed system does
not suffer from errors caused by multipath reflections which
is a concern with most indoor localization schemes. Since all
computations for localization are performed at the individual
nodes, the technique scales with network size. In addition, the
principle of operation may be extended to large scale sensor
networks even in outdoor applications where the sensor nodes
are equipped with a processor and photo sensor but too small
to include a GPS device (such as smart dust [19]).

The rest of the paper is organized as follows. We present
a review of related work on localization schemes for sensor
networks in section II. The proposed localization scheme is
presented in section III, where we describe the theoretical
principle of localization using the angle of arrival estimation,
implementation issues, and possible sources of error in the
proposed scheme. In section IV, we present the details of
prototype development. Results obtained from experiments are
presented in section V. Practical considerations and lessons
learnt from our experiments are presented in section VI. We
present our conclusions in section VII.

II. RELATED WORK

The general principle used for all fine-grained or high
accuracy localization systems is to estimate distances or angles
from three or more reference points, and then apply triangula-
tion or multilateration for evaluating the location coordinates.
There are multiple ways for measuring the distances or angles
from reference points. The most common technique, which
is used in GPS, is that of measuring the time of flight of
RF signals. However, this is technically difficult to apply in
sensor networks due to the short distances involved and the
high propagation speed of RF signals. Systems such as Cricket
[16] and BAT [7] overcome this problem by utilizing the time-
difference-of-arrivals of ultrasound and RF signals from the
same source to perform indoor localization. Assuming that the
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RF signal is received instantaneously, the corresponding delay
of the much slower ultrasound signal provides the needed
distance estimate. Cricket can provide error margins of a few
couple of inches within a distance of 10 m. Our experience
with Cricket generated two major concerns. The first is the
high probability of error caused by multipath reflections when
the ultrasound receivers at the sensors are not directly facing
the cricket beacon generators. The second problem experi-
enced is the interference caused by other acoustic sources such
as electrical motors on mobile robots.

Another mechanism for estimating distances from reference
signals or beacons is the utilization of received signal strength
indicators (RSSI) obtained from beacon signals. This tech-
nique is applied in a number of localization schemes such as
RADAR [4], AHLoS [17], and APS [15]. The RADAR indoor
location system applies a Wall Attenuation Factor (WAF) and
signal strength maps that are obtained from extensive offline
measurements of indoor signal propagation characteristics.
AHLoS assumes that a limited number of nodes know their
locations, either from using GPS or from manual configu-
rations. Other nodes use a combination of RSSI and ToA
ranging techniques to determine their positions with respect
to the beacons. AHLoS utilizes collaborative multilateration,
in which nodes that successfully determine their locations
act as beacon nodes and aid the localization of other nodes.
Due to the simplicity of obtaining RSSI measurements, RSSI
ranging has been researched extensively, leading to several
proposals for signal strength based localization schemes [5].
A decentralized approach to RF-based localization in indoor
environments was presented in [10].

Directionality or angle based positioning systems have been
used for aircraft locating (the VOR/VORTAC system [2])
and in cellular networks. Our earlier work on this concept
was presented in [13], which describes the principle of using
three or more rotating directional beacon signals to allow
sensor nodes to self-locate their positions. A similar idea
was explored in [14], where a directional 802.11 antenna
mounted on a rotating platform was used to serve as a
beacon generator. Instead of using multiple beacon generators,
the same beacon was moved from place to place to allow
angle estimation. The authors evaluated the errors in location
estimation obtained from several methods using angle and
signal strength based range estimation in indoor environments.
A system that utilizes spatio-temporal properties of generated
events for localization is presented in [18]. The system relies
on the generation of controlled signal events (such as light
points) by a sophisticated device known as Spotlight.

Several other concepts that provide course grained local-
ization in sensor networks have also been explored. In [5],
an RF-based proximity method was proposed for a node to
count the number of beacon signals received from a set of pre-
positioned beacon nodes. Localization is achieved by obtaining
the centroid of the received beacon generators. Range-free
localization was proposed in [8], where locations are estimated
without using concrete distances or angles from specific fixed
nodes. The authors present a Point-in-Triangle (PIT) test,
where nodes use a set of signal strength measurements from
neighboring beacon nodes to determine the closest set of
three nodes forming a triangle within which it is located. A
localization scheme that uses RF connectivity and centralized
computations is presented in [6].

III. ANGLE BASED LOCALIZATION METHODOLOGY

In this section we present the principle of operation of
the proposed localization method and system implementation
issues.
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Fig. 1. Trigonometric calculation of location coordinates from angle
estimation.

A. Principle of Operation
The proposed localization technique is based on triangula-

tion, which is the method that applies properties of triangles
for determining the position of point in 2-dimensional space
using the directions or angles from three known reference
points. For the sake of clarity in the discussions to follow,
we explicitly describe the solution here, although similar
results are available from multiple sources. We assume that
the locations of the three reference points A, B, and C, may
be arbitrary, as shown in Figure 1. A sensor node located at an
unknown location P, determines the angles α and β, sustained
between reference points A and B, and B and C, respectively.
The mechanism by which a sensor node determines these
angles will be described in the next section. The sensor node
then computes its location P (Xp, Yp) as follows:

Xp = x2 + Ccos(γ − η)
Yp = y2 − Csin(γ − η) (1)

where

η = tan−1

(
y1 − y2

x1 − x2

)

γ =

tan−1

(
Rsin(α) − sin(β)cos(A) − cos(β)sin(A)
sin(β)sin(A) − cos(β)cos(A) − Rcos(α)

)

C =
Lsin(α + γ)

sin(α)

R =
Lsin(β)
Msin(α)

A = cos−1

(
S2 − M2 − L2

2ML

)

S =
√

(x1 − x3)2 + (y1 − y3)2

M =
√

(x1 − x3)2 + (y2 − y3)2

L =
√

(x1 − x2)2 + (y1 − y2)2 (2)

The above principle for localization may be applied at
each sensor node to independently determine its location by



estimating the angles α and β, and knowing the coordinates
of the reference points A, B, and C.

B. Considerations for Implementation

In order to implement this scheme, we propose a system
where three specially constructed beacon generators are lo-
cated at the reference points to facilitate angle determina-
tion at the sensor nodes. Each beacon generator transmits a
directional optical signal that rotates with a fixed angular
velocity. The sensor nodes calculate the angles α and β by
determining the times of arrival of the directional beams from
different beacon generators. It is assumed that the directional
beacon signals have very narrow beamwidths on the horizontal
plane so as to enable accurate estimation of times when
the beams are pointed towards a sensor. They should have
sufficiently large vertical beam angles, so that the beams cover
the entire sensor network area, i.e. cover sensors located at
different vertical angles with respect to the transmitter. The
ideal transmission pattern of the beacons is that of a vertical
line spanning the entire sensor network area. A schematic
illustration of the proposed implementation is depicted in
Figure 2, which assumes the special case where the beacon
generators (reference points) are located at the vertices of
a rectangle. We consider a centrally located motion control
unit to control the rotation of the beacon generators, although
there may be other ways of controlling the beacon generators,
including decentralized control techniques.
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Fig. 2. Sensor network with rotating beacon nodes.

The main considerations required for successful implemen-
tation of this scheme are as follows:

• Identical angular velocities: All three beacon signals
must be rotating with identical angular velocities. This
is necessary for determining angles between reference
points from the times of arrival of beacon signals at a
sensor node. However, any arbitrary angular velocity may
be used, which can be measured at the sensor nodes by
noting the time period of rotations.

• Beacon identification: The sensor nodes should be capa-
ble of identifying the beacons from their signals. This can
be implemented by various mechanisms, such as using
coding or modulation of the beacon signals. (We use a

simple cost effective implementation that is described in
the next section.)

• Phase reference: The phase differences between the
rotating beacon signals (θ1 between A and B and θ2
between B and C in Figure 2) must be known at the
sensors. This may be implemented by the control unit to
initialize all phase references to the same value. In case
that is not possible, the three beacon signals may have
arbitrary initial angular displacements θ1 and θ2, which
must be estimated by a separate mechanism and relayed
to the sensors.
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Fig. 3. Illustration of times of arrival of beacon signals at a sensor node.
Here, the beacons are considered to be narrow pulses (blue = beacon-1, red
= beacon-2, and green = beacon-3).

Assuming that the above considerations are met by appro-
priate implementations, each sensor notes the times t1, t2,
and t3, when it detects the peaks of the beacon signals from
A (beacon-1), B (beacon-2), and C (beacon-3), respectively,
and measures the differences τ1 = t2 − t1 and τ2 = t3 − t2
(see Figure 3). It also determines the angular velocity ω of the
rotating beacons by noting T , the total time interval between
two successive passes of the same beacon, e.g. t1 and t′1
for beacon-1. The required angle estimates α and β are then
obtained as:

α = ωτ1 − θ1

β = ωτ2 − θ2 (3)

Note that, depending on the placements of the beacon gener-
ators and the location of the sensor node, t1, t2, and t3 may
appear in any arbitrary order. However, the position estimation
is independent of the order of receiving the beacons. The
location of the sensor node can be completed as soon as one
complete cycle of beacons signals is over, i.e. within the time
period T of rotation of the beacons.

C. Possible Sources of Error

Before presenting the details of implementation of our
experimental prototype, we discuss the possible sources of
error in obtaining position estimates from this scheme. These
are primarily concerned with errors in the obtained angle
estimates, which depend on the following:

1) Non-zero Beamwidth of the Beacon Signals: One of the
main causes of angle estimation error is inaccurate detection of
the times at which the directional beams cross the sensor node.
This error largely depends on the beamwidths of the rotating
beacon signals. If RF signals are used for beacons, even the
most expensive antenna arrays would generate a non-zero
beamwidth that introduces a margin of error for obtaining t1,
t2, and t3. The margin of error would be much smaller in case
optical or infrared signals are used. However, the resolution
of time measurements at the sensor nodes, i.e. the sampling
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Fig. 4. Distribution of worst case errors caused by a 2◦ error in α when (a) the beacon generators are located at the three corners of the square network
area, and (b) the beacon generators are located linearly along the top edge of the square.

frequency, can always cause some errors in measuring these
time values. The resulting effect is inaccurate estimation of
the angles α and β.

2) Initial Phase Reference Errors: The technical difficulties
in aligning the initial phases of the three beacon signals can
also lead to inaccurate knowledge of θ1 and θ2. The resulting
estimates of α and β will be erroneous at all locations.
The corresponding localization errors will depend on the
positioning of the beacon generators and the actual location
of the sensor node that is performing the localization.

3) Positioning of Beacon Nodes: The proposed localization
scheme will work for arbitrary positioning of the beacon
generators. However, due to the non-linearity of the effect of
angle errors on the estimated location coordinates, the error
distribution will depend on the positioning of the beacon
nodes. This has been extensively studied in [11], which
describes an angle based vehicle localization scheme that uses
a technique similar to ours. Here, we evaluate the distribution
of the worst case errors obtained with a 2 degree error in
estimating α, for the following two cases of positioning of the
reference points in a 10 × 10 unit square network area: (a)
A, B, and C are located at the three corners (10, 10), (0, 10),
and (0, 0), respectively, (b) A, B, and C are positioned on
a straight line, at (10, 10), (5, 10), and (0, 10), respectively.
The corresponding distributions of localization errors, obtained
using the equations 1-2, are depicted in Figure 4 (a) and (b),
respectively. The results indicate that positioning the beacon
generators at the three corners as shown in Figure 2 provides
lower errors over a larger region in the square area than
positioning them on a straight line.

IV. EXPERIMENTAL PROTOTYPE OF THE ANGLE BASED
LOCALIZATION SYSTEM

We now describe the sensor platform used for the exper-
imental prototype, the design of the beacon generators, and
associated software development issues.

A. Sensor Platform

We used the 3rd generation mica-2 wireless sensor nodes
(motes) manufactured by Crossbow [1]. Each mote consists of
the MPR410CB processor and radio platform that is equipped
with an Atmel ATmega128L processor, 128 KB program flash
memory, 512 KB measurement flash, a 10 bit analog to digital

converter (ADC) and 433 MHz radio interface. The motes
were equipped with the MTS310 sensor board that has a photo
sensor along with a number of other analog sensors such as
microphone, accelerometer, thermistor, and a magnetometer.
The processor runs the Tinyos software operating system
developed by UC Berkeley, that supports large scale self-
configuring sensor networking [3]. For our experiment, the
motes were required to use only the photo sensor readings to
compute their locations, which were wirelessly transmitted to
a base station (laptop computer) for performance evaluations.

B. Beacon Generator

(a) (b)

Fig. 5. (a) Laser line generator from Apinex (source: www.apinex.com)
and (b) Tamiya planetary gear-box (source: www.jameco.com) used in the
implementation of the beacon generators.

The design of the beacon generator is a crucial step for
implementing the proposed system. To keep implementation
cost low, we used optical laser modules for generating the
beacon signals. We used Apinex 3 mW 650 nm semiconductor
laser line generators, which were equipped with a diffraction
grating and a plastic lens to adjust the width and fan angle
of the generated optical line. In order to implement three
identifyable beacon signals from these laser line sources, we
used varying number of laser line generators for each beacon.
For instance, beacon-1 consists of a single laser line generator,
beacon-2 consists of 2 parallel laser line generators that are
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Fig. 6. Beacon generator assemblies for (a) beacon-1, (b) beacon-2, and (c) beacon-3. The corresponding beacons signals are depicted in (d), (e) and (f),
respectively.

separated by 3 cms, and beacon-3 consists of 3 parallel laser
line generators with 3 cms between adjacent lines.

Each beacon generator has a rotating platform on which the
laser sources are mounted with the laser lines oriented verti-
cally. The problem of maintaining identical angular rotations
for all three beacon generator assemblies was solved by using
stepper motors, all driven by a common controller. We used
three identical 7.5 degree stepper motors, each mounted on
a planetory gearbox unit with a 80:1 speed reduction ratio.
This generated the same angular steps at all three units, with
an angular step (resolution) of less than 0.1◦. Beacon-3 has
the maximum beamwidth, which is approximately 6 cms.
However, as explained later, this does not particularly reduce
the accuracy of measuring the angles due to the technique used
for beacon detection at the sensor nodes. The speed of all three
stepper motors can be uniformly controlled from the common
controller. The Tamiya planetary gearbox and the laser line
generator are shown in Figure 5.

The assembly of laser sources, gearbox, and stepper motor
at each beacon generator is mounted on a pole at a height of
6′ with the axes of the lasers pointing down at an approximate
angle of 45◦ (see Figure 6).

C. Experimental System Layout
For our experimental evaluation of the performance of the

proposed localization system, we used a 10 × 10 ft. square
network area, with three beacon nodes positioned in the
corners as shown in Figure 7. We used a pilot sensor node
at the location (10, 0) for estimating the phase offsets θ1 and
θ2 between the three rotating beacon signals. The sequence of
operations performed by the sensor nodes (mica2 motes) in
our experimental prototype are as follows:

1) Determination of phase references:
• When the system is powered on, all sensor nodes remain

in a standby state, where they wait for wireless packets
received from the pilot mote.
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Fig. 7. Illustration of the system setup and locations of beacons.

• The pilot mote detects the beacon signals and computes
the time differences of arrivals between the three beacon
signals τ1 and τ2 at its location. It then broadcasts these
values over wireless packets to the entire network.

• All other motes retrieve these parameters from the wire-
less packets to first determine the phase offsets θ1 and
θ2 using the location of the pilot mote (assumed to be
known by all sensors). Since these are critical parameters
affecting errors in localization, each mote takes the av-



erage values of τ1 and τ2 from four successive estimates
received from the pilot mote.

2) Localization and reporting:
• Once the phase offsets are calculated, each mote enters

a location estimation state, when it monitors the arriving
beacon signals to determine the τ1 and τ2 values at its
own location.

• Once the phase differences are obtained, the mote then
determines the angles α and β from its own location and
the angular velocity ω from time differences of arrivals of
beacons. The location (Xp, Yp) is then calculated using
equations 1 and 2.

• For every estimate of (Xp, Yp), the mote transmits a
wireless message containing its location estimate to a
base station.

D. Software Implementation
We developed application programs in nesC for the mica2

motes to perform the following basic functions:
1) Detection and identification of single, double, and triple

optical beams: The program continuously samples the photo
sensor output at intervals of 5 ms to detect peaks of the
passing optical signals. It detects a peak when a positive
differential of the photo sensor samples is followed by a
negative differential over three consecutive samples satisfying
the following relation:

(s(i) < s(i − 1) − 8)
⋂

(s(i − 1) > s(i − 2)) (4)

where s(i) represents the i − th sample obtained from the
photo sensor. The difference of 8 was found to be optimum
for reliably detecting a laser line signal using photo sensor
samples. This is practically a high pass filter, which is imple-
mented here using parameters obtained from trial-and-error.
Usage of differentials enables the system to function reliably
under unknown ambient light conditions.

To identify a beacon, the node counts the number of signal
peaks detected within a small detection window. Specifically,
the mote starts a counter when the first peak is detected and
continues to detect additional peaks until the counter reaches
a maximum value. The number of peaks detected within this
period (approximately 60ms) is taken to be number of lines
in the observed beacon (1, 2, or 3). Since all beacons are
identified by the number of peaks detected at the end of the
beacon detection window, the larger beamwidth of beacon-
3 does not particularly increase the margin of error for its
detection.

2) Recording the time differences of arrivals of beams:
The program uses a counter to record the times of detection
of beacons, time[i], i = 1, 2, 3, and 4. One measurement
cycle if terminated when the fourth beacon is detected and
the total number of lines in the first three beacons sum up to
6. Otherwise, the records are discarded assuming that there
was an error in detecting one of the beacons correctly, and a
new cycle of recordings is started. It also records the sequence
in which the first three beacons are detected, denoted by
beacon[i], i = 1, 2, 3, and 4, where beacon[i] can be 1, 2, or
3, depending on the identity of the i− th beacon. The angles
α and β as well as the angular velocity ω are calculated from
this information. Since the beacons may appear in any order,
the sensor needs to resolve how to obtain α and β from the
various recorded times of arrivals of beacons. This is done in
the following way:

• if beacon[1] = 1, then

α = ω(time[2] − time[1]) − θ1

β = ω(time[3] − time[2]) − θ2 (5)

• if beacon[1] = 2, then

α = ω(time[4] − time[3]) − θ1

β = ω(time[2] − time[1]) − θ2 (6)

• if beacon[1] = 3, then

α = ω(time[3] − time[2]) − θ1

β = ω(time[3] − time[3]) − θ2 (7)

These functions were incorporated into two different appli-
cation programs in nesC: Pilot.nc, which only computes τ1
and τ2 and transmits these values over wireless packets; and
LocationFinder.nc, which receives the τ1 and τ2 values from
wireless messages, computes the phase differences θ1 and θ2,
and then performs localization as explained above.

V. EXPERIMENTAL RESULTS

In this section, we present the results obtained from experi-
ments performed with our localization system and then present
some useful facts learned from our experimentation. For all
our experiments, we used a network area that is 10 ft. × 10
ft. square. Referring to Figure 2, we consider the coordinates
of C, B, and A to be (0, 0), (0, 10) and (10, 10), respectively.
The pilot mote was placed at the fourth corner of the square,
at (10, 0).

A. Absolute Error Evaluation
To determine the performance of the proposed localization

system, we evaluated the errors in localization at uniformly
spaced grid points that are 1 ft. apart. The location estimates
obtained by sensors located at these points taken over a period
of 6 minutes are shown in Figure 8. The corresponding average
errors are depicted in Figure 9. This experiment indicates that
as opposed to the results predicted in Figure 4, the absolute
values of the localization errors are higher at locations that are
further from beacon-3 and beacon-2. This is possibly due to
the higher possibility of error in obtaining angular estimates
from triple and double optical beams than the single beam.
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Fig. 8. Experimentally obtained locations of sensors that are placed in 8×8
grid at separations of 1 ft. The angular speed of rotation of beacons was fixed
at 9.5 rpm.
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This is expected to happen due to the higher “beam-widths”
of beacon-2 and beacon-3 compared to beacon-1.

B. Effect of Angular Velocity

Our experiments reveal that the proposed mechanism pro-
duces fairly accurate angular estimates generating locations
that are accurate within a few inches in the specified network
area. We also noted that the errors are not affected by the
angular velocity of the beacons. However, a higher angular
velocity increases the probability of missing the detection of a
beacon. We evaluated the probability of successful localization
per cycle (i.e. reception of all three beacons in one cycle) at
different angular velocities. This is plotted in Figure 10 along
with the average time required for each successful localization
by nodes that are placed near the periphery of the 10 ft.
square area, i.e. worst case locations for beacon detection. The
results show that while the probability of successful detection
of beacons decreases with increasing angular speed, the fastest
localization is achieved at an angular speed of approximately
12 rpm. Our experience shows that these numbers are much
better for nodes located near the center of the area. These
results are not included in this paper due to space constraints.

C. Relative Error Evaluation

In many applications, it is more important to determine the
relative locations of a number of sensors in a network rather
than their absolute coordinates. Examples include location
aided routing protocols that determine optimum routes based
on relative node locations. Here, we determine the relative
location error estimates of multiple sensor nodes by placing
them in some specific geometric arrangements. We developed
a java utility program called LocationsToGUI to depict the
geographical locations of sensors from the wireless messages
at the base station. Figure 11 shows the obtained locations
displayed by the LocationsToGUI application for 8 motes
in the following node placement patterns:

• Nodes placed along the diagonal connecting (0, 0) to
(10, 10) (Figure 11(a)).

• Nodes placed along the diagonal connecting (0, 10) to
(10, 0) (Figure 11(b)).

• Nodes placed on 40 × 40 inch square (Figure 11(c)).
• Nodes placed on circle with diameter of 6 feet (Fig-

ure 11(d)).
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Fig. 10. Variation of probability of successful localization per cycle and
average time required for localization by nodes that are located on the edges
of a 8 ft. × 8 ft. square.

The figures show that the estimated locations of all the
nodes maintain excellent relative correctness on all location
patterns. The square and circle location patterns involve node
placements that are near the center of the network area, where
even absolute errors were found to be small. However, even the
diagonal location patterns show remarkable relative accuracy
in localization, although these have higher absolute errors. This
is due to the fact that the principle source of localization error
in the proposed scheme arises more from inaccurate estimation
of the initial phase differences θ1 and θ2 than from errors in
estimating α and β. Although we minimize the probability
of error in estimating the phase differences from a reference
mote located where the sensitivity to angle errors is maximum,
our experiments reveal that that is the primary contributing
factor for localization errors. This is also revealed by the
low standard deviation of location estimates obtained at the
majority of the locations within the network area, implying
that random errors in detecting α and β caused by non-zero
beamwidth and precision errors are not frequent.

VI. PRACTICAL CONSIDERATIONS

Here we discuss some practical considerations relevant to
using the proposed localization system. Although our goal was
to develop a low cost solution for sensor localization that is
suitable for indoor use, especially for laboratory experimen-
tation with sensor networks, the proposed system is fairly
versatile and easily deployable. Hence, the lessons learned
from our experiments would be useful for other applications.

A. Maximum distance
One of the key considerations is the distance over which the

proposed system would work. We used commonly available 3
mW laser pointers with a diffraction grating to split the beam
that costs about $20.00 per piece. Our experiments indicate
that the laser sources used in this experiment can be detected
by the mica-2 motes using our code (albeit at low angular
speeds) from distances exceeding 50 ft. under low light, such
as in indoor environments. For covering larger areas, more
sophisticated laser sources may be used that use optical lens
and higher power. The beacon detector software may also be
adapted to work with higher sensitivity to light differentials.



(a) (b)

(c) (d)

Fig. 11. Experimentally obtained locations of motes placed in (a) diagonal from (0, 0), (b) diagonal from (0, 10), (c) 40 inch square, and (d) 6 ft. diameter
circle, as displayed by the LocationsToGUI application.

B. Synchronization

The proposed system does not require time synchronization
among sensor nodes or with an external clock. However, a
crucial requirement in the proposed scheme is the need for syn-
chronized rotations (i.e. same angular speeds) of all beacons.
For applications where it is not possible to have a common
controller for multiple motors, alternative methods such as
crystal controlled motors may be used. Such systems would
be more expensive, but may be worthwhile for applications
such as localization of sensor nodes in a large open field
using aircraft mounted beacon generators. Our experimental
prototype utilized components with a total cost lower than
$250.00, excluding the cost of motes.

C. Alignment

From our experience, maintaining perfect alignment of the
optical line signals was a difficult task. Although we solved the
problem of different phase references among beacons by using

a pilot mote, we had considerable hardships with maintaining
vertical alignment for all the planar light sources. A small error
in the vertical alignment of the laser line sources introduces
errors in angle estimation, and thereby the location estimates.

D. Line of Sight Requirement
Although the usage of optical signals for beacons removes

the multipath problem, the major drawback of the proposed
scheme is the requirement of line of sight between the beacons
and the motes. To alleviate this problem in laboratory appli-
cations, we mounted the beacon generators near the ceiling. It
was observed that as opposed to ultrasound signal detectors,
such as those used in Cricket, photo sensors in the mica2 motes
are less directional. Hence, the ceiling mounted laser beacon
signals were picked up easily by the motes even when the
sensor boards on the motes were not directly pointed towards
the laser line generators.

As with other systems requiring line of sight, the probability
of successfully detecting the beacon signals can be improved



by adding redundancy, i.e. more than three beacons. However,
this problem may also be solved by using other localization
schemes for sensors that cannot self-locate themselves using
the proposed scheme but have neighbours who know their
locations. Hence, in an environments characterized by physical
obstructions, the proposed technique would be useful to allow
a fraction of the sensors (who have line-of-sight to at least
three beacon generators) to determine their locations, which
can be utilized by other sensors for localization using collab-
orative schemes, such as using RSSI-based schemes.

VII. CONCLUSIONS

We described an experimental localization system for sensor
networks that uses angle of arrival estimates of optical beacon
signals. The proposed technique meets the requirements of
scalability, low cost, and no additional hardware requirement
at the sensor nodes. The main complexity for designing the
system involve the development of rotating highly directional
beacon signal generators that are synchronized. For indoor ap-
plications, the proposed technique using optical laser sources
mounted on rotating platforms that are driven by stepper
motors provide an economical and effective solution. Our
experimental prototype provides location errors limited to a
few inches within a network area spanning 10 ft. by 10 ft.
These errors may be reduced by accurate synchronization of
the three beacon signals used in the system.
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