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Abstract—The localization of sensor nodes is a fundamental problem in sensor networks and can be implemented using powerful and

expensive beacons. Beacons, the fewer the better, can acquire their position knowledge either from GPS devices or by virtue of being

manually placed. In this paper, we propose a distributed method to localization of sensor nodes using a single moving beacon, where

sensor nodes compute their position estimate based on the range-free technique. Two parameters are critical to the location accuracy

of sensor nodes: the radio transmission range of the beacon and how often the beacon broadcasts its position. Theoretical analysis

shows that these two parameters determine the upper bound of the estimation error when the traverse route of the beacon is a straight

line. We extend the position estimate when the traverse route of the beacon is randomly chosen in a real-world situation, where the

radio irregularity might cause a node to miss some crucial coordinate information from the beacon. We further point out that the

movement pattern of the beacon plays a pivotal role in the localization task for sensors. To minimize estimation errors, sensor nodes

can carry out a variety of algorithms in accordance with the movement of the beacon. Simulation results compare variants of the

distributed method in a variety of testing environments. Real experiments show that the proposed method is feasible and can estimate

the location of sensor nodes accurately, given a single moving beacon.

Index Terms—Distributed localization, range-free, moving beacon, radio irregularity.

Ç

1 INTRODUCTION

WIRELESS sensor networks (WSNs) are the current focus
of research interest because of their broad applic-

ability in areas such as environmental observation, military
surveillance, building monitoring, and disaster relief. The
performance of WSNs is crucially influenced by how
accurately sensor nodes within the network are localized.
Sensor localization information is used in the self organiza-
tion and configuration of networks in deciding where
events take place, tracking moving targets [5], [6], [19],
assisting traffic routing [4], [12], and providing the network
geographic coverage [1]. The techniques used to identify the
position of each sensor node are central to such location-
aware operations.

Constraints of cost and power consumption make it
infeasible to equip each node in a network with a Global
Positioning System (GPS). It is possible, however, to equip a
small number of sensors. Such sensor nodes, referred to in
this paper as beacons, may be static or mobile and may be
used to identify the position of other nodes in a sensor
network. This is done with either the range-based or range-free
techniques. The range-based technique [2], [7], [8], [9], [15],
[21] detects the position of a node by using either its signal
propagation time or its signal strength degradation to
estimate the distance or relative angle between two nodes.

This technique has two drawbacks. First, the node that is
being sought must contain expensive hardware. Second, the
signal capture can be severely affected by the environmental
interference, greatly degrading detection accuracy. These
drawbacks make the range-based technique impractical for
use in localization in a large-scale sensor network. In the
range-free technique [13], [14], [24], each sensor node uses
signals from a few beacons to calculate its approximate
location. To directly receive signals, a node must fall inside
the overlapping transmission area of several beacons.
Nonetheless, the information that a node is outside the
transmission area of a beacon can also be used to set a
tighter bound on its location.

Where beacon nodes are powerful but expensive, as in a
heterogeneous sensor network, it is desirable to minimize the
number of beacons to be used to estimate the position of each
sensor node. If a beacon can move and periodically broadcast
its position to nodes in its vicinity, then a single beacon will
suffice. Such a position-aware beacon can acquire its
geographical position through GPS, or the position can be
known, because it moves along a predefined route. Using a
moving beacon that knows its position is broadly equivalent
to using many stationary beacons, each broadcasting once. A
sensor node can compute an area to confine its location if it
receives the coordinate messages from the beacon in a couple
of times. Once a sensor node has approximately determined
its position, it can help localize its neighbor nodes or even
distant nodes. Ultimately, the location estimate of each
sensor node is determined by the moving beacon. Thus, the
degree of accuracy with which a sensor node can be located is
determined by the knowledge of the route that the beacon
travels and how often it emits a signal.

In this paper, we propose a distributed method to the
localization of sensor nodes using a moving beacon. The
method allows a sensor node to locally compute its position
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estimate by using the arrival and departure information of
the beacon. For present purposes, we conceive the beacon as
having three movement patterns: the Sparse-Straight-
Line (SSL) movement pattern, the Dense-Straight-Line
(DSL) movement pattern, and the random movement
pattern. SSL would travel across a proportionally smaller
number of squares in a given grid, always turning at right
angles. DSL would travel across a proportionally larger
number of squares but would also always turn at right
angles. The random movement pattern would travel across
an indeterminate number of squares within a grid and may
travel in any trajectory. For the straight-line movement
patterns (that is, SSL and DSL), we provide an upper bound
of the position estimation error of a sensor node. The upper
bound is determined by two factors: the radio transmission
range of the beacon and the regular interval distance that the
beacon has traveled between two continuous broadcasts of
its coordinate information. Based on the theoretical analysis
given in this paper, we conclude that the position estimate of
a sensor node is more accurate when the node is covered and
distant from the line of movement of the beacon. In addition,
to improve the sensor nodes’ estimate accuracy and to reduce
the computational overhead, we present different algorithms
that the nodes can apply according to the movement patterns
of the beacon.

This paper also investigates the impact on the location
estimate accuracy of a circumstance, which can arise in a
real sensor network scenario, specifically the circumstance
in which a sensor node misses messages from the beacon
due to radio irregularity, especially when the beacon
displays the random movement pattern. We propose that
in such cases, the sensor nodes can minimize estimation
errors by applying the practical localization method taking
care of message missing. We further show the simulation
results of the proposed distributed method in a variety of
testing environments, where radio irregularity exists. The
results demonstrate that both the distance and route that a
beacon travels directly affect the localization accuracy. The
localization accuracy, when the random pattern is applied,
can be improved by increasing the distance that the beacon
travels. The DSL movement pattern is the best movement
pattern among the three patterns, for it can not only localize
all the nodes but is also accurate under any network
topology. Finally, we implemented the proposed method in
a real outdoor environment, where dozens of sensor nodes
were randomly distributed in a flat ground, and a beacon
moved in the SSL, DSL, or random movement patterns.
Although the testing environment displays its impact on
the localization accuracy, the estimate errors are small in the
experiments. The computed localization errors from the
experiments are larger than the simulation values, because
the real outdoor environment could make the transmitted
wireless signal even more unstable. Similar to the simula-
tion results, the DSL movement pattern achieved the best
location estimate of sensor nodes.

This paper is organized as follows: In Section 2, we
describe the related work in the area of sensor node
localization. Section 3 presents the estimation error analysis
and its upper bound when a node locally localizes its
position under the SSL or DSL movement patterns of a
beacon. Section 4 provides algorithms that each node can
use to compute its position within an area when the beacon
is moving according to the SSL, DSL, or random pattern.

Section 5 proposes a practical localization method under the
radio irregularity model (RIM). Section 6 illustrates the
simulation results of algorithms in both the ideal and real
situations with radio irregularity. Section 7 shows the
location estimate performance in the real outdoor experi-
ments. In Section 8, we discuss some design issues and
future work. Finally, we offer our conclusions in Section 9.

2 RELATED WORK

Most localization methods are static. That is, both the sensor
network and beacons are static. The static localization
methods are either range-based or range-free. Range-based
localization first uses AOA, RSSI, TOA, or TDOA [2], [7],
[8], [9], [15], [21] to measure the distance or angle between
an unknown node and a beacon and then uses trilateration,
triangulation, or Maximum Likelihood to estimate the
position of the unknown node. These methods have
two significant drawbacks: they require costly additional
hardware support, and fading and noise can cause distance
measurement errors [20]. Range-free localization methods
are meant to overcome these drawbacks, as they do not
require the hardware support for measuring distances or
angles. Instead, they exploit the communication and
sensing ranges. He et al. [13] proposed an area-based APIT
algorithm that, if nodes are in the triangular regions
constructed by beacons, refines the area where nodes might
be located. The satisfactory performance of this algorithm,
however, requires a high ratio of beacons to nodes and a
dense node connectivity.

Mobile localization [3], [16], [17], [18], [24] using moving
beacons avoids the problems of static localization methods.
Galstyan et al. [3] proposed a distributed online algorithm
using a moving beacon to localize static sensor networks.
This was extended to a general model using an unknown
target, in which radio communication and sensing con-
straints minimize the area in which a node might be located.
Hu and Evans [17] proposed the Monte Carlo Localization for
sensor networks, in which both nodes and beacons can be
mobile. The position of a node was iteratively refined using
in-relationship or out-relationship information among nodes
and beacons as a filter. Neither method, however, sought to
account for how the movement of the beacon might influence
the accurate estimate of the positions of sensor nodes. In fact,
the movement pattern of the beacon directly links to the
accuracy and accomplishment of the localization task.

In a real environment, the radio irregularity shows its
impact on the location estimate accuracy of sensor nodes.
How the radio irregularity can precisely be measured is
defined by the Received Signal Strength (RSS) calculation
model. The model [11] calculating RSS reflects the path loss
by using parameters such as a referenced distance, path loss
exponent, and a random variation. Recent work [10], [22],
[23] proposed more accurate RSS models. In [10], Zhou et al.
proposed the RIM. In this model, path loss is treated to be
nonisotropic, and sending power should follow a normal
distribution. Li and Martin [22] introduced a ray-sector
model for indoor 802.11 networks, in which the RSS is
calculated by adding signal bias associated with different
sectors. Our proposed method differs significantly from the
previous work in that it uses a single powerful moving
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beacon, is robust and scalable, and can be applied to a real
connected sensor network of any topology, because it
incorporates the radio loss and irregularity model.

3 DISTRIBUTED LOCALIZATION USING A MOVING

BEACON

This section presents a range-free distributed localization
method that uses a mobile beacon to estimate the positions
of sensor nodes. The method is based on the weak
assumption that if a node can receive a signal from the
beacon, their distance is within the radio transmission
range r of the beacon. In this section, we first study how a
node uses the broadcasting signal message from the beacon
to confine its estimation area when the beacon is moving in
a straight line. Then, we will show the upper bound of
estimation error to the real position of a node.

3.1 Arrival and Departure of Beacon

Assume that a beacon moves in a straight line in a sensor
network area, and at a certain distance interval, called the
broadcasting interval s, it broadcasts a message containing its
current position. The position of the beacon denotes the
physical point at which it broadcasts a message. We also
assume that a node can receive messages from the beacon
only if it is inside the transmission range of the beacon. We
define two states for every node:

1. In. The node is within the broadcasting range of the
beacon.

2. Out. The node is out of the broadcasting range of the
beacon.

We also define two dynamic transitions from these
two states:

1. Arrival. A node receives the current scheduled signal
of beacon but did not receive the scheduled signal
from the beacon’s previous position. The status of
the node is reset from out to in. The beacon is now at
the arrival position. Its previous position is called the
prearrival position.

2. Departure. A node received the preceding scheduled
signal from the beacon but does not receive the
scheduled signal from the current position of the
beacon. The status of the node is reset from in to out.
The previous position of the beacon is called the
departure position, and the current position of the
beacon is called the postdeparture position.

These two transitions are useful for estimating the position of
a sensor node. The fact that transitions always occur in a pair
limit the possible position of a node into a small area, as
shown in Fig. 1. Suppose that a beacon is moving from left to
right along the x-axis. Initially, the state of nodeG is set to be
out. When the beacon arrives at position B, node G hears the
beacon for the first time, and its state resets to in. NodeG can
calculate the prearrival position A according to the arrival
position B. Node G must fall inside the area in the circle
centered atBwith radius r and out of the circle centered atA,
forming an arrival constraint area as in the left-hand crescent
shape in Fig. 1. When the beacon moves forward, it will walk
out of the range to contact node G. Let C be the departure
position and D be the postdeparture position. The state of
node G is reset to out, and it must fall inside the area in the

circle centered atCwith radius r and out of the circle centered
at D, forming a departure constraint area as the right-hand
crescent shape in Fig. 1. The arrival constraint area and
departure constraint area will create an overlap called the
Arrival and Departure Overlap (ADO). Thus, nodeGmust be in
ADO. The intermediate broadcasting positions between the
arrival and departure positions do not provide valuable
information, because they cannot help narrow down the area
of ADO.

To estimate its position, a node should obtain four critical

positions of the moving beacon to compute its ADO:

1. prearrival position,
2. arrival position,
3. departure position, and
4. postdeparture position.

It is obvious that the ADO is symmetrical along thex-axis. The

half ADO (HADO) above the x-axis is called the upper HADO,

whereas the other HADO is called the lower HADO. Assume

that we can determine whether a detected node is above or

below the line of movement of the beacon (we show the way

in Section 4.1). Without loss of generality, we analyze the

upper HADO to show the location estimate.

3.2 Half Arrival and Departure Overlap Analysis

In this section, we provide the error upper bound of the
position estimate of a node G when the transmission range
is r and the broadcasting interval is s. Let the coordinates of
node G be ðxG; yGÞ. Without loss of generality, we assume
that the beacon starts moving along the x-axis from the
coordinates (0, 0), and the node G receives the first signal
from the beacon when the beacon is at ðs; 0Þ and the last
signal when the beacon is at ðks; 0Þ, where k is the number
of signals that the node hears between the arrival position
and the departure position. The arrival constraint area of G
can be presented as

x2 þ y2 > r2; ð1Þ

ðx� sÞ2 þ y2 � r2; ð2Þ

and the departure constraint area of G can be presented as

ðx� k � sÞ2 þ y2 � r2; ð3Þ

ðx� ðkþ 1Þ � sÞ2 þ y2 > r2; ð4Þ
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where 1 � k � b2r=sc þ 1, guaranteeing that the arrival
constraint area and the departure constraint area overlap. Let
the position estimate of node G be at point O ðxO; yOÞ. As a
result, the maximum horizontal error MAXfjxO � xGjg and
maximum vertical error MAXfjyO � yGjg depict the upper
bounds of estimation errors in the x-coordinate and
y-coordinate, respectively.

The HADO area can shrink to a point or be shown as

four-point HADO, five-point HADO, and three-point

HADO in Figs. 2b, 2c, and 2d, respectively. The shape

of the HADO is related to the value of k, which indicates

the total number of times that node G receives signals

from the beacon. The extreme case in which the HADO

shrinks to a point happens at most once when

ks ¼ 2rþ s. In this extreme case, the coordinates of the

point ðkþ1
2 s;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � ðk�1

2 sÞ2
q

Þ, which is ðrþ s; 0Þ, denote the

real position of node G. The five-point HADO could exist

when 2r� s < ks < 2r, and the three-point HADO exists

once when 2r � ks < 2rþ s. The four-point HADO re-

flects the most common situations when s � ks � 2r� s.
In the four-point HADO, the coordinates of four inter-

sected points (A,B, C, and D) of circles calculated according
to (1), (2), (3), and (4) are

A :
kþ1

2
s;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2� k�1

2
s

� �2
s0

@
1
A; B :

kþ2

2
s;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2� ks

2

� �2
s0

@
1
A;

C :
kþ1

2
s;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2� kþ1

2
s

� �2
s0

@
1
A; D :

k

2
s;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2� ks

2

� �2
s0

@
1
A:

If k is small, the y-coordinate of these points are large, which
means that the HADO is far from the x-axis. Point O is
defined as the midpoint of line ðA;CÞ. Thus, the maximum
vertical error is jyA � yOj (which is the same as jyC � yOj),
and the maximum horizontal error is jxB � xOj (which is the
same as jxD � xOj). Therefore, given different k, the
maximum horizontal error remains the same (which is

equal to s=2), and the maximum vertical error isffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2�ðk�1

2 sÞ
2

p
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2�ðkþ1

2 sÞ
2

p
2 .

In the five-point HADO, we denote the intersection

points as A, B, and D (the intersected points among circles)

and E and F (the intersected with the x-axis). The

coordinates of E and F are ððkþ 1Þs� r; 0Þ and ðr; 0Þ.
The coordinates of O is defined as ðxA; yA=2Þ. Thus, the

maximum horizontal error is s=2, and the maximum

vertical error is

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2�ðk�1

2 sÞ
2

p
2 .

In the three-point HADO, we denote the intersection

points as A, E, and F . The coordinates of E and F are

ðrþ s; 0Þ and ðks� r; 0Þ. The coordinates of O is defined

as ðxA; yA=2Þ. The maximum horizontal error is jEF j2 , which

is smaller than s and is equal to 2r�ðk�1Þs
2 , and the

maximum vertical error is the same as in the five-point

HADO

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2�ðk�1

2 sÞ
2

p
2 .

Based on this analysis of three HADOs, we conclude that
the maximum horizontal error using node O as the position
estimate of node G under all situations is

s=2; if s � ks � 2r;
2r�ðk�1Þs

2 ; if 2r < ks � 2rþ s;

�
ð5Þ

and the maximum vertical error is

fðk� 1Þ � fðkþ 1Þ; if s � ks � 2r� s;
fðk� 1Þ; if 2r� s < ks � 2rþ s;

�
ð6Þ

where fðkÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
r2�ðk2sÞ

2
p

2 . From (5), it is obvious that the

upper bound of the x-coordinate estimation error of node G is

equal to s=2. From (6), we know that the upper bound of the

y-coordinate estimation error of node G is equal to
ffiffiffiffiffiffiffiffiffiffiffi
2rs�s2
p

2

when k ¼ 2r
s � 1 (in a real movement of a beacon, k should

be an integer, and this upper bound still holds). The upper

bound of the position estimation error of node G decreases

when s decreases, which implies that to obtain an accurate

localization of sensor nodes, the moving beacon should

shorten its message broadcasting interval.

4 MOVEMENT PATTERNS OF THE BEACON

The route that a moving beacon traverses seriously impacts
the location accuracy of sensor nodes. In this section, we
will study three different movement patterns of the beacon:
the SSL, DSL, and random movement patterns. Before the
beacon starts moving, it first informs all nodes of its
movement pattern and broadcasting interval s by flooding.
In the two straight-line movement patterns, we virtually
divide the whole area into grids.1 Each square in the grid
(cell) has an edge length of r, which is the radio
transmission range of the beacon. The beacon travels along
predefined straight lines and turns at right angles. In the
random movement pattern, however, the beacon will, after
a certain distance, randomly change its direction. To cope
with these patterns, a node must use a different localization
algorithm for each pattern. These distributed localization
algorithms allow each node to estimate its position locally
after receiving coordination messages from the beacon.
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Fig. 2. (a) Formation of different HADOs. (b) Four-point HADO.

(c) Five-point HADO. (d) Three-point HADO.



4.1 Sparse-Straight-Line Movement Pattern

In the SSL movement pattern, a beacon will traverse a grid,
as shown in Fig. 3. Each horizontal line that the beacon
traverses is increasingly numbered in series from the bottom
line up. The beacon starts at the bottom left point O and
traverses the grid until the whole area is covered. The line
distance of movement space is 2r. In order to guarantee that
each node can obtain its HADO estimation area, the start and
end points of each horizontal line are r length wider to the
boundary. For example, on line 1, the start point is O, and
the end point is P . Using SSL, the beacon can “almost” cover
the whole network. Only a small space, as shown in Fig. 6a,
will not be covered by two successive circles.

If a sensor node receives signals from the beacon, its
position can be constrained into two HADOs (either in the
upper HADO or in the lower HADO), which is symmetric
along the movement line of the beacon. When a node can
decide its position above (below) a line, its real position
should reside in the upper (lower) HADO. In order to
improve the position estimate accuracy, we need to decide
within which HADO the node resides. We denote that a
node receives a signal from a line as the node receives a
signal from the beacon moving along the line in this paper.
Clearly, when a node receives a signal from the bottom line,
a node can confine its location as being within the upper
HADO, and when it receives a signal from the top line, it
can confine its position as being in the lower HADO.
However, if a node receives a signal from lines between the
top and bottom, a node cannot classify itself in the upper or
lower HADO. It is possible, however, to clearly identify the
position of a node by using valuable location information
obtained from neighbors whose positions are known.

To assist a node in estimating its position when it
receives a signal from the ith line, we propose the following
rules. Let A be the node that must locate its position either
above or below the ith line and let B and C be the nodes
with determined positions. Suppose that node A can contact
node B but not C. We denote the known HADOs of B and C
as HADO(B) and HADO(C), respectively. Let the possible
HADO area of node A above the ith line be HADOupperðAÞ
and below as HADOlowerðAÞ. That an area can contact
another area means that any line connecting them has a
length shorter than r. If we cannot find such a single line,
those two areas cannot contact each other:

Rule 1. If B is in the row immediately above the
ði� 1Þth line, the position of A is below the ith line. If B

is in the row immediately below the ðiþ 1Þth line, the
position of A is above the ith line.

Rule 2. If HADO(B) cannot contact HADOupperðAÞ, the
position of A is below the ith line. If HADO(B) cannot
contact HADOlowerðAÞ, the position of A is above the
ith line.

Rule 3. If HADO(C) can contact HADOupperðAÞ, the
position of A is below the ith line. If HADO(C) can contact
HADOlowerðAÞ, the position of A is above the ith line.

Fig. 4 presents examples to show how these three rules
work. Node B1 is immediately above the second line,
whereas node B2 is immediately below the third line.
Suppose that node A needs to determine whether it is above
(shown as A) or below (shown as A0) the third line. Fig. 4a
shows that A has a localized neighbor B1 in the row
immediately above the second line. If so, according to
Rule 1, A is below the third line. The example in Fig. 4b
shows a situation in which a localized neighbor B2 or
HADOðB2Þ cannot contact HADOupperðAÞ. In this situation,
according to Rule 2, A is below the third line. If A cannot
find any neighbors that satisfy Rules 1 or 2, it must seek help
from other nodes. Fig. 4c provides an example featuring
node C, in which HADO(C) can contact HADOupperðAÞ. In
accordance to Rule 3, A is below the third line.

Now, we study the localization algorithm for nodes that
capture signals from the beacon in the SSL movement
pattern. We denote nodes of the ith line as the nodes in the
row either immediately above or immediately below the
ith line. The localization process consists of two phases:
individual localization and cooperative localization. In
the first phase, as the beacon travels according to the
SSL movement pattern, each node who receives a message
from the beacon determines at which line it is located and
calculates two possible HADOs symmetric along the line.
Note that the nodes of the first line can determine its
position, as it is definitely above the first line. The second
cooperative phase allows each node to determine either the
HADOupper or HADOlower in which it resides by using the
localized neighbor information. The second phase proceeds
as follows: Initially, any node in the row immediately above
the first line can determine its position, as it is definitely
above the first line. Then, it floods its HADO to nodes of the
second line. If an unknown node of the second line can
determine its estimate area by using any one of the above
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three Rules from received messages, it propagates its
location to other lines. This localization wave continues till
each node finds its location. According to above three Rules,
the localized nodes of the ith line should flood a message
containing its geographic HADO to nodes of the ði� 1Þth,
ith, and ðiþ 1Þth lines. More specifically, if we divide the
whole area into grids with length of transmission range r, a
localized node only needs to flood geographic information
to the nodes in its own and neighboring girds. As a result,
we set a small Time-to-Live (TTL) value for the flooding
messages to reduce the communication overhead. The
flooding message generated from a single localized node
will be broadcast to all nodes who are within a distance of
TTL � r. Obviously, this communication overhead is related
to the network topology and the TTL value, as we will show
it in the simulation. The localization algorithm for the
SSL movement pattern is shown in Algorithm 1:

Algorithm 1: algorithm for the SSL movement pattern.

Input: nodei, ADO, TTL

Output: the position estimate pi of nodei
1: if nodei is of the first line then

2: flood the upper HADO;

3: compute pi by using the upper HADO;

4: output pi;
5: else

6: for each received HADO do

7: if Rule 1 or Rule 2 or Rule 3 is satisfied then

8: get the correct HADO;

9: flood this HADO;

10: compute pi by using this HADO;

11: output pi;

12: end if

13: end for

14: end if

4.2 Dense-Straight-Line Movement Pattern

The beacon following the DSL movement pattern can cover
and localize every sensor node. The dense movement
pattern allows a more accurate position estimate of a node
than does the sparse movement pattern. The dense straight
movement is shown in Fig. 5, in which the distance between
two adjacent lines is r.

In this pattern, a node can detect its position once or twice.
The scenario in which a node can detect its position only once
happens when the node stays in the uncovered space, as
shown in Fig. 6a. The node does not receive any signal from

lines above or below. However, it can obtain one ADO when
the beacon moves along the line across the uncovered space.
The position of the ADO can help identify the uncovered
space in which the node resides. Note that the uncovered
space is symmetrical along the line of movement, and we do
not know whether the node is above or below the line.
Because the uncovered space is relatively small, this space
itself is a good position estimate, and it is not necessary to
distinguish whether it is above or below. As analyzed in
Section 3.2, the x-coordinate of the center point of the ADO is
kþ1

2 s. Thus, there are two possible intersection situations of
uncovered spaces with a verified ADO. The first situation is
shown in Fig. 6b, where the ADO intersects with only one
uncovered space when kþ 1 is an odd number. We choose
the center node O in the uncovered space as the estimate
position. The second situation is shown in Fig. 6c, where the
ADO intersects with two uncovered spaces when kþ 1 is an
even number. To minimize the estimation error, we
choose the connection point O of two uncovered spaces as
the estimate position. No matter what the situation is, the
coordinates of node O are ðkþ1

2 s; ylineÞ, where yline is the
y-coordinate of the movement line.

The scenario in which a node detects its position twice
happens for most of the nodes if the node stays outside the
small uncovered area. Each detection creates an estimate
area. This estimate area can be easily distinguished as the
upper or lower HADO. A node hearing a signal from the ith line
is below the line when it has already received a signal from the
ði� 1Þth line. Otherwise, the node is above the ith line. Thus,
a node in this scenario can be delimited into a more accurate
area, which is the overlap of two HADOs. These two HADOs
provide a complementary estimate of a node to narrow down
the possible area, because if a node is close to one movement
line of the beacon, it is far from the other line. Note that the
farther a node is from the line of movement, the smaller the
HADO area will be. In order to simplify the position estimate
for nodes who obtain two HADOs, we first calculate the
central point of each HADO separately and then set their
midpoint as the estimate position. The localization algorithm
for each sensor node in the DSL movement pattern is shown
in Algorithm 2:

Algorithm 2: algorithm for the DSL movement pattern.

Input: nodei, ADOs

Output: the position estimate pi of nodei
1: if nodei has two ADOs then

2: find two overlapping HADOs;
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Fig. 5. Traverse route of the beacon in the DSL movement pattern.
Fig. 6. Uncovered space when the beacon moves along upper or

lower straight lines.



3: compute the central point of each overlapping HADO;
4: set pi to be the midpoint of the central points;

5: output pi;

6: else

7: set pi to be ððkþ 1Þs=2; ylineÞ;
8: output pi;

9: end if

4.3 Random Movement Pattern

In this pattern, the beacon would travel across an
indeterminate number of grids in a sensor network area
and may travel in any trajectory. If it moves to the boundary
of the network area, it bounces back. This means that it no
longer necessarily travels in a straight line. The beacon
should broadcast its previous position, current position,
and next position (supposing that it has decided where to
move), where it emits signals, because a node can no longer
calculate the prearrival and postdeparture positions. A
sensor node can compute an ADO area when it detects the
prearrival, arrival, departure, and postdeparture positions
of the beacon. These four positions could no longer be in a
straight line, so the ADO area could not consist of
two symmetrical parts. In order to localize the position of
a node, we expect that at least two ADOs must be obtained.

That the beacon changes its direction randomly leads to
the coverage density varied in different areas. If the distance
of a route that a beacon has traveled across is short, there may
exist a small portion of nodes incapable of being localized.

A sensor node G can estimate its position from k (at least
two) calculated ADOs. Because the beacon moves randomly,
the placements of ADOs are irregular. The overlap of ADOs
creates a single kernel overlap area (KOA) in most cases, and the
node should stay inside it. Thus, wecan use the centerposition
O of the KOA as the position estimate. If more than one KOA
exist,however, the nodewill notbe localized. Suppose that the
KOA consists of n vertices. Let the coordinates of those
n vertices (from v1 to vn) be ðx1; y1Þ; ðx2; y2Þ; . . . ; ðxn; ynÞ. The
coordinates of nodeO is defined asPn

i¼1 xi
n

;

Pn
i¼1 yi
n

� �
;

which denote the estimate position of node G.
In the random movement pattern, it is critical to efficiently

and correctly obtain the n ðv1; . . . ; vnÞ vertices of a KOA to
estimate the position of node G. We present the following
procedure to attain this goal, even if node G misses crucial
messages from the moving beacon, which means that some
ADOs may be wrongly represented. If node G can acquire
the information of k ADOs, it gets the k prearrival positions,
k arrival positions, k departure positions, and k postdepar-
ture positions of the beacon. We can draw circles at these
4k positions with radius r. Let the point set P contain all
the intersection points of these 4k circles. Then, we have 8i,
vi 2 P (P may contain other points as well). We define the
OutPoints as a set to encompass both the prearrival and
postdeparture positions, whereas the InPoints is a set
encompassing both the arrival and departure positions.
Therefore, 2k Inpoints and 2k OutPoints form the center
positions of beacon broadcasting messages. We calculate a
degree for each point in P in either the ideal or real situation.
The points with the highest degree constitute the vertices

ðv1; . . . ; vnÞ of KOA. Given a point u in P , its initial degree is
set to 0. If the distance between u and an InPoint is not
more than r, its degree is increased by 1. The degree can also
be increased by 1 when the distance between itself and an
OutPoint is not less than r. In the ideal situation without
message missing, the degrees of each vi is 4k. Other points in
P do not have this attribute, and their degrees are less than
4k. Thus, we can find these n vertices with degree 4k from
the point set P accordingly. In real situations where node G
may obtain wrong ADOs because of messages missing,
n vertices, which are close to G, still show a higher degree
than others in P , although they may not reach the degree
of 4k. The localization algorithm in the random movement is
shown in Algorithm 3, and such an algorithm is robust to
handle the radio-irregular situation, as described in the
next section:

Algorithm 3: algorithm for the random movement pattern.

Input: nodei, InPoints, OutPoints

Output: the position estimate pi of nodei
1: compute all the intersection points P ;

2: for each point u in P do

3: u:degree ¼ 0;

4: for each point a in OutPoints do

5: if jauj � r then

6: u:degreeþþ;

7: end if

8: end for

9: for each point b in InPoints do

10: if jbuj � r then

11: u:degreeþþ;

12: end if

13: end for

14: end for

15: fetch the points in P with the highest degree;

16: compute pi to be the central point of these points;

17: output pi;

5 LOCALIZATION IN THE REAL ENVIRONMENT

In a real environment, the radio irregularity shows its
impact on the location estimate accuracy of sensor nodes. A
sensor node might not capture a signal from the broad-
casting beacon, even if it falls inside the normal transmis-
sion range, due to environmental interference. This
phenomenon could confuse the real location of nodes and
thus increase estimate errors. To obtain accurate location
estimates of sensor nodes, we need to use a model to
appropriately reflect the RSS for sensor nodes in a real
environment. In this section, we first present a model that
can accurately indicate the RSS in the real implementation,
and then, we describe how the localization algorithms can
be calibrated for the explored three movement patterns
respectively using this model.

5.1 Model for Received Signal Strength Calculation

The RSS is dominated by the Radio Frequency (RF) sending
power, path losses, frequency selective fading, and shadow-
ing losses. Among these factors, path losses are deterministic
to the power consumption. Frequency-selective fading is
much correlated with frequency. Shadowing is caused by
static or random-moving obstructions that impact the signal
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transmission. To calculate RSS in a real environment, the log-
normal shadowing model [11] is the most widely used, in
which path losses, that is, the key factor of power consump-
tion, are treated to be isotropic. However, based on the
experiments conducted by Zhou et al. [10], path losses should
be nonisotropic, which means that the path losses vary in
directions. Meanwhile, they concluded that the RF sending
power should not be invariable and it follows a normal
distribution. According to these observations, the model for
RSS calculation can be represented as follows based on [10]:

RSS ¼V SP Adjusted Sending Power�
DOI Adjusted Path Lossþ Fading:

ð7Þ

Here, the Degree of Irregularity (DOI) is used to define the
maximum variance of path loss at every direction, whereas
the Variance of Sending Power (VSP) follows a normal
distribution:

V SP Adjusted Sending Power

¼ Sending Power � ð1þNormalRand � V SP Þ;
ð8Þ

DOI Adjusted Path Loss ¼ Path Loss �Ki; ð9Þ

Ki ¼
1; i ¼ 0;

Ki�1 �Rand�DOI; 0 < i < 360 ^ i 2 N;

�
where jK0 �K359j � DOI:

ð10Þ

Equation (10) produces a value for each of the
360 directions. The usage of this model is complex,
because we should know the angle direction composed by
two sensor nodes. We simplify this model by replacing (9)
and (10) with the following:

DOI Adjusted Path Loss ¼ Path Loss
� ð1� Rand �DOIÞ: ð11Þ

Thus, we have a new way of calculating the RSS in
response to radio irregularity through (7). We use a random
value to present the variance of path loss, and this random
value ðRandÞ follows a Weibull distribution. Parameter DOI
determines the maximum variance. Through this new way
of calculating the RSS, we not only maintain the property
that the variance of path loss is distinct in every direction
but also show that pass losses in the same direction may be
varying due to the dynamic changing of environment.

5.2 Practical Localization Method

In a real environment, that a sensor node can receive a valid
packet from another sensor node indicates that the received
signal is stronger than the product of the Signal-to-Noise
Ratio (SNR) value and background noise level around itself.
Suppose that the strength of background noise is varying in
a specific range according to the environment. We define
that two nodes are within range if the RSS between them is
larger than a threshold P . We also define the transmission
range r to be the distance at which the RSS is P when both
DOI and VSP are equal to zero. Thus, if the RSS is stronger
than threshold P , the distance between two nodes falls
within the transmission range r. The RSS denotes the real
strength that a sensor node obtains as follows:

distance � r; if RSS � P;
distance > r; if RSS < P:

�
ð12Þ

We first study the impact of the radio irregularity in the
case of SSL and DSL movement patterns. In reality, the
arrival position and departure position of a beacon will be
different from the positions in the ideal situation, and we
need to distinguish the actual arrival/departure position of
the beacon to a sensor node. The captured arrival/
departure position may be one or several broadcasting
points before or after the ideal arrival/departure position
due to the radio irregularity. In Fig. 7, in range (out of range)
means that the sensor node receives (does not receive)
signals from the beacon. Fig. 7 shows the possible scenarios
that the state of in range interleaves the state of out of range,
and vice versa. Without loss of generality, we take the
arrival position into consideration (the departure position
can be derived similarly) and suppose that the beacon is
moving from left to right. A sensor node collects the
signals captured locally when a beacon is passing. When
a signal is captured, the state is denoted as in range.
Without receiving a signal from the beacon at a predicted
position, a sensor node conjectures the out-of-range state by
knowing the moving direction and broadcasting interval s
from the beacon. We determine the actual arrival position of
the beacon according to two observations. If the number of
out-of-range points is larger than the one of in-range points
in the arriving direction, we reset those in-range points to
be out of range. Otherwise, those out-of-range points are
reset to be in range. For example, in Fig. 7a, the fact that
points B and C are out of range implies that point A should
be out of range and the arrival position of the moving
beacon should be at point D. In Fig. 7b, point C will be set to
be in range, and the arrival position is at point A.

After the identification of the actual arrival and departure
positions of the beacon, each node computes its position
estimate by using the method presented in the ideal situation.
It is possible, however, that we can no longer obtain an
ADO area, as shown in Fig. 1, because of the deviation of the
identified arrival (departure) position of the beacon from the
one in an ideal environment. When such a scenario occurs, it
is easy to conclude that the node is very near the moving line
of the beacon. Thus, a good location estimate of the node
could be obtained when we set the midpoint of arrival and
departure positions as its x-coordinate and the latitude of the
moving line as its y-coordinate.

We need to study the impact of radio irregularity in the
random pattern as well, because a sensor node could obtain
an outlier ADO unexpected in the real environment. Due to
the random-moving route of the beacon, we cannot use the
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identification method proposed above for the SSL and DSL
movement patterns to lower such an impact. However, if a
node obtains more correct ADOs than wrong ADOs, the
estimation error may limit to a small value. This is because
correct ADOs will form a KOA, from which the node can
attain its most likely location. If wrong ADOs have no
overlap with the kernel area, they are detected as outliers.
The algorithm shown in Algorithm 3 can still be applicable,
and we request at least three ADOs to localize each node. A
single wrong ADO is acceptable, since it shows little impact
on the position estimation accuracy.

6 PERFORMANCE EVALUATION

In this section, we show the simulation results of the
proposed localization algorithms in response to the
three movement patterns of the beacon—the SSL, DSL,
and random movement pattern—in both the ideal environ-
ment and the real environment, where the RSS calculation
model is applied to reflect the impact of radio irregularity.

6.1 Performance in the Ideal Situation

In the ideal situation, suppose that 300 nodes are randomly
distributed in an area of 500 m � 500 m. The total distance
that the beacon travels, that is, the traveling distance, in the
SSL or DSL movement pattern is determined by both r and
the sensor deployment area. This traveling distance is not
fixed in the random movement pattern. In order to measure
their performance on a comparative and fair basis, the
default traveling distance in the random movement pattern
is set to be the same as in the DSL movement pattern.
The three movement patterns are measured in terms of the
Root Mean Square Error (RMSE) of the localized nodes, the
percentage of the localized nodes out of all the nodes, and
the percentage of the accurately localized nodes whose
estimation errors are below a threshold of 0.2 m. We tested
the movement of the beacon 100 times over the same area,
with a new random distribution of nodes each time. We also
show the impact of the average node degree on the
percentage of localized nodes in the SSL movement pattern
and the impact of the traveling length of the beacon not only
on the percentage of the localized nodes but also on the
position estimate accuracy of each node.

6.1.1 Comparisons of the Three Movement Patterns

We compare the performance of the SSL, DSL, and random
movement patterns in two simulation scenarios. In our first
simulation scenario, we compare the RMSE of successfully
localized nodes, with r (transmission range) varying from

30 to 50 m and s (broadcasting interval) varying from 1 to 9 m.
The performance results of the three movement patterns are
shown in Fig. 8. No matter which movement pattern the
beacon takes, the RMSE is proportional to s. A small s leads to
a small calculated HADO. When r varies, the RMSE changes
little, because the shape of HADO remains almost un-
changed. This is because, first, the maximum horizontal
error remains the same and, second, the maximum vertical
error depends on the distance of the node from the movement
line of the beacon, and in most situations, this error does not
vary much. In the SSL movement pattern, the RMSE is
comparatively worse than in the other two patterns. The
RMSE is less than 1 m only when s is set at 1 m. The
DSL movement pattern can achieve the best results, because
almost every node is localized by two complementary
HADOs. When s ¼ 1, the RMSE can be less than 30 cm. Even
when s ¼ 4, the RMSE is less than 1 m. The random
movement pattern has its RMSE being less than that in the
SSL movement pattern, for it takes longer moving length, and
at least two ADOs are computed to guarantee accuracy. When
s is not longer than 3 m, the RMSE can achieve an accuracy of
about 1 m or even less. In this simulation, the percentage of
successfully localized nodes in the DSL movement pattern is
kept at 100 percent, whereas the percentage in other
two movement patterns are lower than 100 percent.

In the second simulation scenario, we study the percentage
of accurately localized nodes whose estimate errors are under
0.2 m. As shown in the performance of RMSE, the position
estimate error is not much related to the communication
range r. Thus, we fix r to be 40 m as a default. Fig. 9 displays
the percentage of accurately localized nodes in three move-
ment patterns. The percentage decreases with a larger s. SSL
has the lowest percentage under any broadcasting interval.
When s is small, the percentage in the DSL movement pattern
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Fig. 8. RMSE comparisons among three movement patterns under different r and s. (a) RMSE in the SSL movement pattern. (b) RMSE in the DSL

movement pattern. (c) RMSE in the random movement pattern.

Fig. 9. Percentage of accurately localized nodes.



is bigger than the random movement, which is mainly
because of the obtained small HADOs and their complemen-
tary relationship. When s is large, the percentage in the
random movement pattern exceeds that in the DSL move-
ment pattern a little. This is a consequence of the beacon
passing more frequently through some areas and providing
more ADOs to localize some sensor nodes.

6.1.2 Performance of the Sparse Straight Line

Movement Pattern

In this section, we first analyze the communication over-
head in the SSL movement pattern, which is related to the
network average node degree and TTL value set in the
flooding scheme. Then, we study the percentage of
localized nodes under different parameters such as average
node degree, TTL, r, and s.

As mentioned in Section 4.1, a localized node can provide
valuable information to nodes who are in the same or
neighboring grids. As a result, we define the flooding coverage
of a node ui to be the percentage of nodes in the same or
neighboring grids that can receive the flooding message
from ui. Fig. 10a shows the average flooding coverage under
the setting average node degree and TTL values. More
neighboring nodes can capture the valuable flooding mes-
sage from ui when we increase the TTL value in a dense
network (that is, bigger node degree). When the average node
degree is 7.5 and TTL is set to 3, the flooding coverage is over
90 percent, which reflects that most nodes are able to receive
the localization information from their neighbors. Fig. 10b
demonstrates the corresponding flooding cost. We measure
the flooding cost in terms of the number of messages
broadcast by each node. The flooding overhead increases

sharply, along with the increase in both the TTL and average

node degree. When the average node degree is over 10, the

broadcasted messages from each node could be a lot if the

TTL value is over 3. In a default setting with 300 nodes

distributed in an area of 500 m � 500 m, the average node

degree is around 7.5, and the flooding cost is tolerable when

TTL is equal to 3.
Fig. 11a shows the impact of the average node degree

and TTL value on the percentage of localized nodes in the

SSL movement pattern, where r ¼ 40, and s ¼ 5. The

percentage increases, along with the increment of node

degree, because of more nodes being able to use informa-

tion from their neighbors (Rules 1, 2) to distinguish whether

they are above or below the movement line of the beacon.

When the average node degree of a node is more than 7.5,

the percentage increases slowly. The slow increment comes

from some nodes located in the uncovered space or adjacent

upper and lower HADOs of some nodes unable to be

identified. Although the increase in the TTL value can

improve the percentage a little, TTL is not a major factor to

impact the percentage of localized nodes. Thus, we only

need to set TTL to 3 to reduce the communication overhead.

Different r and s will also affect the percentage, which is

shown in Fig. 11b. The percentage of localized nodes

increases when r increases and decreases when s increases.

If r is large, more nodes can communicate with each other,

which, in turn, increases the node connectivity. However, if

s is large, the area of HADO will be large, making it difficult

to use Rules 2 and 3 to determine a node’s position.
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Fig. 10. Communication overhead in terms of the TTL and network average node degree in the SSL movement pattern. (a) Flooding coverage.

(b) Flooding cost.

Fig. 11. Percentage of localized nodes in the SSL movement pattern. (a) Under different TTL values and average node degrees. (b) Under different

r and s.



6.1.3 Impact of Traveling Distance in the Random

Movement Pattern

As the traveling distance of the beacon increases, more
nodes are covered, and those nodes are able to obtain more
ADOs, which results in more accurate position estimates
and higher percentage of modes to be localized. Assume
that r ¼ 40, s ¼ 5, and the traveling distance of the beacon
varies from 0.5 to 5 times a default metric. In the default
traveling distance, which has the same length as in the DSL
movement pattern, the RMSE is less than 1.4 m, and the
percentage of localized nodes is slightly less than 50 percent.
Fig. 12 displays that when the traveling distance increases,
the RMSE decreases, and the percentage of localized nodes
increases. In order to acquire the same RMSE as in the DSL
movement pattern, the beacon needs to travel almost
two times longer distance in the random movement pattern.

6.2 Performance in Real Situations with Radio
Irregularity

In this section, we conduct two sets of simulations to
evaluate localization algorithms in a real environment. The
simulation encompasses 50 nodes randomly distributed in
an area of 30 m � 30 m, with the default communication
range 6 m. The first and second sets investigate the impact
of the broadcasting interval and transmission range of the
moving beacon, respectively.

6.2.1 Broadcasting Interval

In the first set of simulations, where DOI ¼ 0:05, and
V SP ¼ 0:5, the broadcasting interval of the beacon is
increasing from 0.25 to 1.5 m.

Fig. 13a shows that location algorithms under the
respective movement patterns (the SSL, DSL, and random
movement patterns) can yield accurate estimates where the

real location of each sensor node can be confined within a
distance (less than 1.8 m) to the calculated one. The RMSE
moves upward with a larger broadcasting interval. The DSL
gives rise to a more accurate estimate with a smaller RMSE
than the SSL does under the same conditions. The RMSE of
the random movement pattern is the smallest, because we
require at least three ADOs, which will further confine the
possible area in which a node may reside. Fig. 13b shows
the percentage of localized nodes. The DSL movement
pattern can guarantee all nodes to be localized, whereas the
random movement pattern localizes the fewest nodes. The
percentage in the SSL and random movement patterns falls
with larger broadcasting intervals. The reason for SSL,
similar to the ideal situation, is that a larger broadcasting
interval will generate a big HADO. In the random move-
ment pattern, a larger broadcasting interval will slightly
reduce the number of nodes that are able to capture
three ADOs, and thus, the percentage falls accordingly.

6.2.2 Transmission Range

Note that the transmission range of the moving beacon can
be adjusted using various RF powers. Given the broad-
casting interval s ¼ 0:5 m, DOI ¼ 0:05, and V SP ¼ 0:5,
Figs. 14a and 14b show the RMSE and percentage of
localized nodes for the three movement patterns, respec-
tively. The RMSE is kept small when the transmission range
is short, because a short transmission range causes a
relatively small variance of DOI and VSP. The percentage
is 100 percent for the DSL (which is capable of localizing all
nodes), whereas it is less than 100 percent for both the SSL
and random movement patterns. The percentage curves of
SSL and random show distinct trends. The SSL curve moves
upward, along with the transmission range increment,
partly because a wider transmission range can increase the
node connectivity and further help localize each other.
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Fig. 12. Impact of the traveling distance of the beacon. (a) RMSE.

(b) Percentage of localized nodes.

Fig. 13. Performance under various broadcasting intervals, with

DOI ¼ 0:05, and VSP ¼ 0:5. (a) RMSE. (b) Percentage of localized

nodes.

Fig. 14. Performance under various transmission ranges, with

DOI ¼ 0:05, and VSP ¼ 0:5. (a) RMSE. (b) Percentage of localized

nodes.

TABLE 1
General Performance Comparison, with a

Transmission Range of 1.8 m



However, the curve of the random movement pattern
remains almost unchanged, since the transmission range
increment will reduce the total traveling distance, which
neutralizes its effect.

7 EXPERIMENTS

In this section, we show the performance of our distributed
localization method in a real outdoor environment. The
method assists the sensor in computing its location locally
and applying distinct algorithms according to the movement
patterns of the mobile beacon. We conducted two sets of
experiments using the Berkeley Micaz motes without
equipping any sensor boards. In the first set of experiments,
we used one sensor node as a moving beacon and randomly
distributed 14 sensor nodes on a smooth ground of 8 m � 8 m.
The transmission range of the moving beacon is set to be
1.8 m by adjusting the transmission power. We evaluated the
localization estimate errors of sensor nodes in both the DSL
and SSL movement patterns with two different broadcasting
intervals from the beacon: 0.3 and 0.6 m. In the second set of
experiments, we used one sensor node as a moving beacon
and randomly distributed 29 sensor nodes in an area of
15 m � 15 m. The tested transmission range of the beacon was
3.3 m. We studied the DSL, SSL, and random2 movement
patterns of the beacon when it broadcast messages to sensor
nodes within intervals: 1.2 and 2.4 m. In these two sets of
experiments, the performance of the different algorithms
applied in sensor nodes to estimate their positions according
to movement patterns of the beacon is measured in terms of
the RMSE, Maximum error, Minimum error, and percentage
of localized nodes. The Maximum error denotes the largest
deviation of the real position from the estimate position
among all localized nodes, and the Minimum error denotes
the smallest deviation. In the SSL movement, the flooding
message from a sensor node contains an initial TTL value of 3.

Table 1 and Fig. 15 show the obtained results in the
first set experiments. Table 1 illustrates the results of the
RMSE, Maximum error, Minimum error, and percentage
of localized nodes when the beacon broadcast signals at
intervals of 0.3 and 0.6 m in both DSL and SSL
movements. As expected, the performance of DSL is
superior to the performance of SSL, that is, smaller values
of the RMSE, Maximum, and Minimum errors and a

higher percentage of localized nodes. A smaller broad-
casting interval (0.3 m) can achieve better results in both
DSL and SSL than a bigger broadcasting interval (0.6 m)
does. In the circumstance of DSL, all nodes can estimate
their positions within a distance of at most 0.491 m. In the
circumstance of SSL, part of them (only 64.3 percent and
35.7 percent) can do the position estimate, whereas others
lack messages from the beacon to make a final estimate.
Figs. 15a and 15b show the detailed estimate error
information of each localized node. When the broad-
casting interval is 0.3 m, as shown in Fig. 15a, the estimate
error of each localized node in DSL is smaller than that in
SSL. We only connect nine points in the SSL movement
pattern, which denotes that these nine nodes are success-
fully localized. The detailed estimate error results when
the broadcasting interval s is 0.6 m are shown in Fig. 15b.
The major difference is that the estimate error becomes
larger and fewer nodes (only five nodes) are localized in
SSL. Fig. 15c presents the comparison of estimate errors
between s ¼ 1:2 m and s ¼ 2:4 m when using the DSL
movement pattern. Although the accuracy shows some
variance, most of the nodes are localized more accurately
when the broadcasting interval is set to 0.3 m.

Table 2 and Fig. 16 illustrate the performance results in
the second set of experiments. The estimate errors in the
second set experiment are normally larger than that in the
first set, because the transmission range and broadcasting
interval of the moving beacon are wider. Nevertheless, the
results in the second set of experiments show a similar
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2. The total traveling distance is set to be the same as the one in the DSL
movement pattern.

Fig. 15. Performance results in the first set of experiments, with a transmission range of 1.8 m. (a) The DSL movement pattern versus the SSL
movement pattern, with a broadcasting interval of 0.3 m. (b) The DSL movement pattern versus the SSL movement pattern, with a broadcasting
interval of 0.6 m. (c) Broadcasting interval of 0.3 m versus broadcasting interval of 0.6 m when using the DSL movement pattern.

TABLE 2
General Performance Comparison, with a

Transmission Range of 3.3 m



conclusion as in the first set of experiments with regard to
the movement patterns of the beacon. Among them, the
performance of DSL is the best. The SSL and random
movement patterns have close performance results with
regard to the percentage of localized nodes. However, the
traveling distance of the beacon in the random movement
pattern is almost twice longer than that in the SSL movement
pattern. Figs. 16a and 16b display the detailed estimate error
of every localized node for both DSL and SSL. When the
broadcasting interval of the beacon is 1.2 m, all nodes (29)
can be successfully localized in DSL, and this number
decreases to 20 in SSL. When the broadcasting interval
increases to 2.4 m, the number of localized nodes in SSL
further decreases to 19. The experimental results meet the
previous theoretical analysis that the DSL movement can
cover all sensor nodes no matter what the sensor node
distribution topology is, whereas the SSL cannot. Thus, we
only connect these localized nodes in Figs. 16a and 16b for
comparison. We also observe that most of the nodes are
localized more accurately in DSL. Fig. 16c compares the
setting of s ¼ 1:2 m with the setting of s ¼ 2:4 m in DSL.
Similar to the first experiment, a smaller broadcasting
interval yields better results.

8 DISCUSSION AND FUTURE WORK

Although previous work has addressed the sensor position
localization using mobile beacons, it lacks the crucial
analysis of movement behavior from beacons. The move-
ment pattern of a beacon could severely affect the accuracy
and even the successful location of each sensor node.
Thus, we proposed three distinct movement patterns for a
single beacon, that is, the SSL, DSL, and random move-
ment patterns, and present their performance in this
paper. Given these patterns, the position estimate of each
node is calculated using the broadcasting information of
the beacon locally. Note that the area constraints of the
nodes’ selves, including the positive communication
constraints among neighbors and the negative constraints
among nodes that cannot communicate directly, can
further increase the accuracy of position estimate or help
localize nodes that are residing in uncovered spaces.
However, using these constraints information to assist
localization needs a large computation, and sensor nodes
do not have such computation capability. One possible
solution is to use the central computation on a powerful

computer rather than on each sensor node. Finding a
simple solution to use these constraints in a distributed
low-cost way is our future work.

A range-based technique is unlikely feasible for static
localization because of additional expensive hardware. In
mobile localization, the powerful beacon can be equipped
with such hardware support to measure the distance
between itself and each node and then send back the
distance information. This can further reduce the estimation
errors on the basis of our mobile range-free localization.
Combining the range-free and range-based localization in
an effective and efficient way is also our future work.

9 CONCLUSION

We present a distributed range-free localization method that
needs to use only one moving beacon within asensor network.
The basic idea is to narrow down the possible location of a
node by using the arrival and departure constraint areas
derived from the moving beacon. The moving behavior of the
beacon is an important aspect for localization accuracy. We
have described three beacon movement patterns, that is, SSL,
DSL, and random, each allowing sensor nodes to be localized
with a different degree of accuracy. According to the different
movement patterns of the beacon, sensor nodes should apply
the correspondingly proposed algorithms to efficiently
compute their positions. In a real environment, where the
RSS could be severely affected by the environment, a sensor
may wrongly conjecture constraint areas to affect its location
estimate precision. Thus, we adopt a practical RSS model to
calibrate the localization method into a real environment to
remove radio irregularity as much as possible. Both our
simulation and experiment results show that the DSL move-
ment pattern is invariably the most effective. This movement
localizes all nodes with small degrees of error, even in real
outdoor environments, that is, where transmission is un-
stable, and beacon messages are missing.
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interval of 2.4 m. (c) Broadcasting interval of 1.2 m versus broadcasting interval of 2.4 m when using the DSL movement pattern.
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