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ABSTRACT

A sensor network is a large ad hoc network of densely dis-
tributed sensors that are equipped with low power wireless
transceivers. Such networks can be applied for cooperative
signal detection, monitoring, and tracking, and are espe-
cially useful for applications in remote or hazardous loca-
tions. This paper addresses the problem of location discov-
ery at the sensor nodes, which is one of the central design
challenges in sensor networks. We present a new method by
which a sensor node can determine its location by listening
to wireless transmissions from three or more fixed beacon
nodes. The proposed method is based on an angle-of-arrival
estimation technique that does not increase the complexity
or cost of construction of the sensor nodes. We present the
performance of the proposed method obtained from com-
puter simulations.
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1. INTRODUCTION

Recent advances in embedded systems and wireless tech-
nology have made it possible to design small and inexpensive
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smart sensors that are also capable of wireless communica-
tion. A collection of a large number of such wireless sensors
can be networked to coordinate amongst themselves and per-
form the much larger task of distributed microsensing [5, 9,
4, 8]. Networking of sensor information can improve sensing
accuracy by providing a multi-dimensional view of an event
(for instance, by combining the information on temperature,
acoustic data, images, etc). In addition, networked sensors
can be adapted to focus attention to critical events and loca-
tions, either automatically when triggered by other sensors,
or due to inputs from an external user. Moreover, networked
sensors have a high tolerance to node failures. Such large
scale, dynamically changing, and robust sensor networks
will be useful for continuous unmanned surveillance and are
particularly advantageous in hostile physical environments
such as remote geographical regions, toxic locations, and
in situations where it is difficult to obtain microlevel lo-
cal information. Applications include detection of a fire or
chemical leak in manufacturing plants, intrusion detection
in a large establishment, detection of machine malfunction
in factories, and target tracking in a tactical environment.

The detection of a target signal or an event is usually also
associated with the issue of determining its location. Con-
sequently, it is necessary for the nodes in a sensor network
to know their own physical locations. In a network of a
large number of densely distributed sensor nodes, location
information can also be utilized by many network functions
for applying localized algorithms, which can substantially
reduce the complexity and processing requirements. Ex-
amples of such localized network function include location-
aided routing, collaborative signal processing, and optimiza-
tion of communication tasks in the network [11, 13, 10, 7].

However, location discovery in sensor networks poses sig-
nificant design challenges. Because of constraints in size,
form factor, and cost of construction of sensor nodes, it is
impractical to use traditional GPS receivers at the sensor
nodes. Moreover, sensor networks may be deployed in re-
gions where satellite signals may not be available. Hence
a significant amount of work has been reported in recent
years on algorithms that enable wireless nodes in a large
ad hoc network to determine their locations without using
GPS-like infrastructure [3, 16, 2, 14, 15, 17]. These algo-
rithms aim to enable low cost, low complexity, small sensor
nodes to be randomly deployed in a given target area and
automatically determine their positions with respect to some
reference point.



In this work, we present a localization technique by which
the sensor nodes determine their position with respect to a
set of fixed beacon nodes that are capable of covering the
entire network area by powerful directional wireless trans-
missions. Even though our technique requires costly imple-
mentation of the beacon nodes, we show that the sensor
nodes do not need additional hardware complexity. This
paper is organized as follows. In section 2 we discuss some
of the main issues related to localization in sensor networks.
The network model assumed for this work is described in
section 3. We present our proposed technique in section 4.
Performance of the proposed method, obtained from com-
puter simulations, are presented in section 5. Conclusions
are presented in section 6.

2. LOCATION DISCOVERY IN SENSOR
NETWORKS

Several issues make the location discovery problem in sen-
sor nodes particularly challenging. Firstly, constraints in
size and construction cost preclude the use of complex hard-
ware at the sensor nodes. Secondly, a sensor network may
consist of a fairly dense collection of sensor nodes, which
implies that the estimated locations should be fairly accu-
rate so that the corresponding relative positions of the nodes
match the actual network topology. Thirdly, limited trans-
mission range of the sensor nodes prevents them to be in
direct communication with the beacon nodes, which may
be few and located at the periphery of the network area.
Moreover, the sensor nodes have to conserve battery power,
requiring all functions to adhere to a minimum power con-
sumption policy.

It is assumed that deploying the sensor nodes according
to a chosen location pattern is prohibitive. Hence, sensor
nodes must determine their locations with respect to some
fixed beacon nodes using wireless or infrared signals and
possibly engaging in cooperative computations. Existing lo-
cation discovery techniques typically use distance or angle
measurements from a fixed set of reference points and apply
multilateration or triangulation techniques to solve for the
unknown location. The distance or angle estimates may be
obtained from:

¢ Received signal strength (RSSI) measurements:
where knowledge of the transmitter power, the path
loss model, and the power of the received signal are
used to determine the distance of the receiver from
the transmitter. A sensor node estimates the distances
from three of more beacon nodes to compute its loca-
tion. The major drawback of this method is that multi-
path reflections, non line-of-sight conditions, and other
shadowing effects might lead to erroneous distance es-
timates. Techniques using a combination of RSSI and
other measurements may lead to reliable location esti-
mates, as proposed in [2, 3, 15]. However, nonuniform
propagation environments make RSSI methods unreli-
able and inaccurate.

e Time-of-arrival and time-difference-of-arrival
(ToA, TDoA) measurements: which may be used
to estimate the distance from a set of reference points
by measuring the propagation times (or differences
thereof) of the signals. However, due to the high prop-
agation speed of wireless signals, a small measurement
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error causes a large error in the distance estimate.
Hence, when a dense network is involved, such as a
sensor network, localization techniques using ToA or
TDoA measurements need to use a signal that has a
smaller propagation speed than wireless, such as ultra-
sound [16]. Though this gives fairly accurate results,
it requires additional hardware at the sensor nodes to
receive the ultrasound signals.

e Angle of arrival (AoA) measurements: where
special antenna configurations are used to estimate the
angle of arrival of the received signal from a beacon
node. This concept is used in the VOR/VORTAC sys-
tem for aircraft navigation, where the VORTAC sta-
tions act as beacon nodes, which transmit special om-
nidirectional signals that allow a receiver to determine
its bearings with respect to the stations [1]. A proto-
type navigation system described in [12] is also based
on a similar concept but it uses a set of optical sources
and a rotating optical sensor for obtaining the angular
measurements. The main drawback of this technique
for terrestrial systems is the possibility of error in esti-
mating the directions caused by multipath reflections.
To the best of our knowledge, the possibility of ap-
plying this method to sensor networks has not been
reported yet.

Several existing localization systems employ application spe-
cific improvements to these basic techniques. The RADAR
system [2] is designed for indoor localization, which uses
extensive RF signal strength measurements that are per-
formed offline to design signal strength maps. These maps
are used during localization to estimate the distance from
signal strength measurements. In the Cricket location sup-
port system [14], which is also designed for indoor environ-
ments, fixed beacons broadcast local geographical informa-
tion to the listener nodes to increase the accuracy of distance
estimation from ultrasound signals. The BAT system [17]
uses an array of ultrasound receivers for processing received
signals from a user of unknown location.

Our work is motivated by the intention of keeping the
hardware required for location discovery at the sensor nodes
to a minimum. Localization techniques based on signal
strength measurements are prone to inaccuracies. ToA or
TDoA based techniques cannot be applied to wireless signals
alone to achieve the desired level of accuracy. Ultrasound
signals require additional hardware. Hence, we explore the
possibility of using direction estimates for localization. Ac-
cording to our scheme, each sensor node estimates its bear-
ing (direction) with respect to three or more beacon nodes
by analyzing the wireless beacon signals received from them.
These angular bearings and the known locations of beacon
nodes are used for determining the location of the sensor
node using a standard triangulation technique.

3. SYSTEM MODEL

In this section we describe the details of the system model
to which we apply our localization technique. The proposed
technique is quite general, and may be applied in a num-
ber of application contexts other than that considered here.
However, in this work we focus on a sensor network.



Figure 1: An example of a sensor network that in-
cludes 4 gateway nodes.

3.1 Network Mode€

We assume a sensor network model as depicted in Fig-
ure 1. The network consists of a large number of sensor
nodes (SN), which are located in random but fixed loca-
tions, and a central processing and control unit. The sen-
sors take periodic observations to detect the existence of a
target signal in its vicinity (such as temperature, contami-
nation level, physical movements, etc.), and transmit a lo-
cally processed information to the control unit (CU) when
necessary. Each SN has a processor, memory, and hard-
ware that allow limited signal processing, data compression,
and wireless networking operations. The SNs have limited
transmission range. Hence, they rely on store-and-forward
multi-hop packet transmission for communication. All nodes
maintain multihop routes to one of several gateway nodes in
the network, which have wired links to the CU. The CU is
responsible for taking the final decision on the existence of
a target signal and determining the its location based on
the observations sent by the sensors and other geographical
information. To achieve scalability, the sensor network may
be designed such that the SNs cooperate and combine their
observations locally before sending any message through the
network to the CU. It must be noted that the actual func-
tioning of the networking operations is not a direct concern
in this work. We describe the network model for the reader
to visualize the application scenario where the localization
principle is applied.

3.2 Beacon signal generation

We assume the presence of at least three fixed wireless
transmission stations or beacon nodes in the network. These
nodes are equipped with special transmission capabilities for
sending wireless beacon signals throughout the sensor net-
work. The beacon signals are designed to enable any sensor
node to determine its angular bearings with respect to the
beacon nodes. For this purpose, we assume that each beacon
signal consists of a continuous RF carrier signal on a nar-
row directional beam that rotates with a constant angular
speed of w degrees/s. The locations of the beacon nodes can
be arbitrary. For illustration, we assume a rectangular net-
work area, with four beacon nodes denoted by BN-1, BN-2,
BN-3, and BN-4 placed in the four corners of the network
and co-located with the gateway nodes, as shown in Fig-
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Figure 2: The model of rotating directional beacon
signals from 4 beacon nodes: BN-1, BN-2, BN-3,
and BN-4, located on the corners of the sensor net-
work area. The figure shows a test sensor node SN
with its angular bearings with respect to the four
beacon nodes.

ure 2. The transmissions from different beacon nodes must
be distinguishable, which may be achieved by using unique
RF carrier frequencies for each beacon. It may also be im-
plemented by using different signature sequences or codes
on the same carrier frequency. There is a constant angular
separation of ¢ degrees between the directional beams from
the four beacon nodes BN-1, BN-2, BN-3, and BN-4, (see
Figure 2) where ¢ can be any value. Since all beacons nodes
are wired and controlled by the central controller, it is possi-
ble to achieve phase synchronization and maintain identical
angular speeds in all of them, which is a requirement for the
functioning of the proposed localization principle. A rotat-
ing directional beam may be implemented by a directional
antenna that is mechanically rotated as done in a radar sys-
tem, or it could be generated by an electronically steerable
smart antenna [6]. We assume that the transmission range is
sufficient for the beacon signals to be received by all sensor
nodes in the network. Consequently, each sensor node will
receive periodic bursts of the four beacon signals, all with
the same period of 360/w seconds. However, periodic bursts
from different beacons will be staggered in time by amounts
that depend on the location of the sensor node.

4. LOCALIZATION PRINCIPLE

The localization principle is based on a sensor node noting
the times when it receives the different beacon signals, and
evaluating its angular bearings and location with respect
to the beacon nodes by triangulation. Denote the times at
which an SN receives the beacons signals from BN-1, BN-2,
BN-3, and BN-4 by t1, t2, t3, and t4, respectively. Since the
sensor nodes have no time synchronization with the beacon
nodes, the absolute values of these times bear no useful in-
formation. However, the time difference of arrivals can be



BN-1 t=0

J(,\)

@

Received signal

time

Figure 3: (a) An example of multipath reflections, and (b) corresponding signal received at SN from BN-1.

translated to angular values as follows:

o ¢ — w1
B = ¢—wn
0 = ¢—wrs (1)

where 71 = t2 — t1, 7o = t3 — t2, and 73 = t4 — t3. Any two
angles chosen from «, 3, and § can then be used to solve
for the location of the SN using trigonometry. For instance,
using the values of o and (3, we get:

cos(B) — Ssin(a)
Scos(a) — sin(f)

sin(y — )

arctan

Y

Y = L
sin(a)

where

L sin(B)
5= M sin(a)’

With these, the location of SN is given by:

Xp = Yecos(y)

Y, = M —Ysin(y) (4)

Causes of errors: There are some concerns with the above
location discovery technique, which we describe with the
help of an illustration of a typical signal received by an SN
from a beacon node, shown in Figure 3. The illustration
depicts a scenario in which SN receives three multipath re-
flected signals from BN-1. The direct (line-of-sight) signal
is received at t12 when the center of the rotating beam is
aligned with the direction of SN from BN-1, whereas two
reflected signals are received at t11 and 13 when the rotat-
ing beams are aligned with two reflecting objects in the net-
work. This illustration indicates the following two concerns
in determining the effectiveness of the proposed localization
technique:

1. Non-zero beam width of the directional beam: a direc-
tional beam from a wireless antenna has a finite beam
width, no matter how small, which will make it diffi-
cult for the SN to estimate the exact time at which the
center of the directional beam passes through it. This
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could be a major concern for estimating the angles of
arrival of the beacon signals and lead to an error in lo-
cation discovery using this technique. We suggest that
this error could be minimized if the SN determines the
center of the burst by estimating the time at which the
received signal strength reaches a maximum. The ef-
fectiveness of this scheme will obviously depend on the
transmitting antenna pattern and the accuracy of sig-
nal strength measurement at the receiver. However, it
is expected to be unaffected by propagation path losses
and shadowing as long as the propagation conditions
are static.

Multiple signals generated by multipath reflections: the
idea of estimating the angular bearings with respect
to beacon nodes using rotating directional beams re-
lies on the fact that the propagation environment is
ideal. However, as shown in Figure 3, reflections from
surrounding objects can cause the beacon signal to be
received at the SN even when the beam is not directed
towards it. The number of reflections received, their
times of arrival, and intensities will be randomly dis-
tributed and possibly different for each beacon. How-
ever, we maintain that if the directional antennas have
a sufficiently small beam width, then the multipath re-
flected signals will create bursts of RF signals similar
to the direct signal received at the SN. The SN can
consider each burst that exceeds a certain threshold
to be a possible direct signal and calculate its location
based on all possible sets of bursts received from three
specific beacon nodes. This will obviously lead to a
number of solutions, of which only one is correct (the
one that corresponds to the direct signals) and the oth-
ers being errors caused by multipath reflections. The
SN may determine the right solution by cross-checking
with the set of solutions obtained from signals received
from another set of beacon nodes. For instance, if an
SN receives three random bursts from each of BN-1,
BN-2, BN-3, and BN-4, then by using the bursts from
BN-1, BN-2, and BN-3, it will have a solution set of
3% = 27 locations. It will have another set of 27 lo-
cations when it uses the beacons received from BN-2,
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Figure 4: Distribution of error in location discovery using ideal directional transmissions from BN-1, BN-2,
and BN-3, which are located at (0,75), (0,0), and (75,0), respectively.

BN-3, and BN-4. Assuming that the multipath reflec-
tions are random and the SN always receives the direct
beams, the two sets of solutions are likely to have only
one point in common - one that corresponds to the
correct location. In case multiple solutions are com-
mon between the two sets, the SN can consider a third
set of beacon nodes for finding another solution set for
comparison, such as BN-1, BN-3, and BN-4. Since the
localization principle requires the angular directions of
any three beacon nodes, it is possible to obtain multi-
ple sets of solutions as long as the number of beacon
nodes exceeds three.

5. SIMULATION RESULTS

In this section we present some results obtained from com-
puter simulations demonstrating the performance of the pro-
posed technique. We assume a network area similar to that
depicted in Figure 2 with L=M=75m. We evaluate the er-
rors in location discovery using the proposed technique un-
der different parameters.

We first obtain the best case error performance of the pro-
posed localization technique by evaluating the errors in lo-
cation estimates derived assuming “ideal” directional beams
from the beacon nodes, i.e. assuming the beam width to be
zero. The location errors obtained at sensor nodes located
at different points in the network based on the beacons re-
ceived from BN-1, BN-2, and BN-3, are depicted in Figure 4.
In this figure, BN-1 is located in the corner that is farthest
from the front (i.e. at coordinates (0,75)), with BN-2, BN-3,
and BN-4 placed in the other corners counterclockwise from
BN-1 (i.e., at (0,0), (75,0), and (75,75), respectively). These
results basically indicate the effect of finite precision errors
that are introduced during the conversion from time differ-
ences to angular separations and the subsequent trigono-
metric calculations. As expected, the errors increase as we
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move further away from the beacon nodes whose signals are
used for the computation, i.e. diagonally away from BN-2.
An analytical treatment of the uncertainty of the estimated
location due to errors in the angular estimates is given in
[12].

We next consider a more realistic antenna pattern having
a finite beam width. Here, we assume that the directional
antenna pattern is confined within a small angular span of
0 degrees, as shown in Figure 5. We also assume that the
characteristics of the transmitting antenna is such that the
pattern peaks at the center. Hence, a receiver can deter-
mine when the center of the beam is pointing towards it by
measuring the time at which the received signal reaches a
maximum. However, we note that there is always a possi-
bility of error in estimating the center point, which will be
proportional to the beam width 6. To assess how the beam
width affects the location estimation process, we evaluate
the maximum possible error in the location estimate when
the center of a beam is estimated to lie anywhere within the
antenna beam received at SN. The maximum error will cor-
respond to either the leading edges or the trailing edges of
the rotating beams observed at SN. An exhaustive search of
all combinations was performed to evaluate the maximum
errors in the location estimates obtained at different points
on the diagonal line from BN-2. These are plotted in Fig-
ure 6 for two different values of 6, along with the minimum
error values (those obtained with 6 = 0 degrees) at differ-
ent SN locations on the diagonal from BN-2. This diagonal
represents the path along which the location error is found
to increase monotonically with distance, caused by increas-
ing finite precision errors as well as increasing values of the
antenna beam widths. Results show that localization errors
remain small for all locations that are within three-fourth
of the diagonal distance from BN-2. However, when a sen-
sor node is located beyond that, considerably high errors
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Figure 6: Error in location discovery versus diagonal
distance from BN-2.

are possible. Hence, if an SN in a network of dimensions
75 m square computes its location based on the beacon sig-
nals received from the three closest beacon nodes, then the
maximum error can be limited within 2 m, when the beam
width of the beacons is 15 degrees or lower.

The above results were obtained assuming ideal propaga-
tion characteristics, i.e. when multipath reflections are not
present. To evaluate the performance of the proposed lo-
calization technique in the presence of multiple reflections,
we simulate a situation where the direct signal from each
beacon node is accompanied by two reflected signals. We
assume that the multipath reflected signals suffer reflection
losses, causing their amplitudes to be randomly distributed.
We model the amplitudes by a Rayleigh distributed random
variable. The reflectors are assumed to be uniformly dis-
tributed throughout the network. Hence, we use a uniform
random distribution for the time differences of reception of
the reflected signals at the SN with respect to the direct
signal, which is always assumed to be present. This results
in 27 different location estimates at an SN from the signals
received from a set of three beacon nodes, taking one sig-
nal burst from each beacon node to calculate each location.
The solution sets using the beacon signals from BN-1, BN-
2, and BN-3 in one case, and BN-2, BN-3, and BN-4 in
the other, are plotted in Figure 7. The results show that
the two sets have only one common solution, which matches
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with the actual location of the SN. The error distances from
the true location (40,35) to all the solutions from both sets
are shown in Figure 8. This figure shows that all solutions
have significant error margins, except the ones that give the
correct location. This will be true whenever the multipath
signals received from the same beacon node are distinguish-
able at the sensor node. Though we considered only two
multipath reflections for each beacon signal, the same policy
for determining the correct location estimate can be applied
when more reflections are present. However, the amount of
computations and the difficulty of resolving the multiplicity
of the solutions increase exponentially with the number of
multipath reflections received, which is a drawback of this
scheme.

6. CONCLUSIONS

We present a technique by which sensor nodes equipped
with low powered transceivers can determine their positions
in a sensor network by obtaining angular bearings relative
to a set of fixed beacon nodes. Each beacon node enables
the direction estimation process by continuously transmit-
ting a unique RF signal on a narrow directional beam that is
rotated at a constant angular speed. At least three beacon
nodes are required for the localization technique to work
in an ideal case, with additional beacon nodes needed for
resolving errors from multipath reflections. We present per-
formance evaluations of the proposed scheme using results
obtained from computer simulations.

The proposed localization scheme exhibits excellent accu-
racy and requires very little additional complexity at the
sensor nodes. The main source of error is due to the beam
width of the directional beacon signals. However, the loca-
tion error has been found to be small for beam widths within
15 degrees. Since each sensor node performs its own location
discovery from the received set of beacons, the performance
of this method is not affected by the density or number of
sensor nodes in the network. An additional advantage of
the proposed scheme is that since it is based on angular es-
timates, its performance does not depend on the absolute
dimensions of the network area. This will make the scheme
useful for localization within a small area, whose dimensions
might fall below the resolution of a GPS. The major cost of
implementing the scheme lies with constructing the anten-
nas for transmitting a rotating directional beam from the
beacon nodes.
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