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Tone-Based Localization for Distinguishing Relative
Locations in Wireless Sensor Networks

Chih-Yung Chang, Associate Member, IEEE, Chih-Yu Lin, and Chao-Tsun Chang

Abstract—Bounding-box mechanism is a well-known low-cost
localization approach for wireless sensor networks. However, the
bounding-box location information cannot distinguish the relative
locations of neighboring sensors, hence leading to a poor per-
formance for some applications such as location-aware routing.
This paper proposes a Differentiating Relative Locations (DRL)
mechanism which uses a mobile anchor to broadcast tones and
beacons aiming at distinguishing the relative locations of any two
neighboring nodes. With the order of entering and leaving tone
transmission range, each sensor is able to identify its relative
location relation with each of its neighbors. In addition, two path
planning mechanisms are proposed to guarantee that all sensors
can identify their relative locations while the energy consumption
of the mobile anchor can be effective. Theoretical analysis is
developed to estimate the impacts of duty time of tone signals in
terms of energy conservation and accuracy of relative locations.
Experimental study reveals that the proposed mechanism
effectively distinguishes relative locations of any two neighboring
nodes and hence significantly improves the performance of loca-
tion-aware routing in wireless sensor networks (WSNs).

Index Terms—Localization, location-aware routing, relative lo-
cations, wireless sensor networks.

I. INTRODUCTION

L OCALIZATION with low cost and high accuracy is of ut-
most importance for most applications in wireless sensor

networks (WSNs). To eliminate the hardware cost on each static
sensor or even remove the requirement of deploying a number
of static anchors in the WSN, a number of bounding-box mech-
anisms [1]–[4] have been proposed based on a mobile anchor’s
assistance. Studies [1]–[4] assume that the mobile anchor can
always be aware of its own location and periodically move and
broadcast a beacon containing its up-to-date location for im-
proving the location accuracy of the nearby sensors. Upon re-
ceiving the beacon message, the sensor nodes learn the fact
that they are within the bounding-box region. Let denote
a bounding-box where and are the coordinates of left-top
and right-down points of the box. Let the transmission range
of mobile anchor be and the beacon coordinate received by
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Fig. 1. Distinguishing relative locations of neighboring sensors has a signifi-
cant impact on location-aware routing performance.

sensor be . By applying the bounding-box mechanisms,
the sensor learns that its location is within the bounding-box
region .

Though existing bounding-box approaches provide each
sensor with bounding-box location information, however,
they cannot distinguish relative locations of the neighboring
sensors. When sensors perform some location-aware appli-
cations such as routing schemes [5]–[8], a poor performance
will be obtained. Fig. 1 gives an example for illustrating that
distinguishing relative locations for neighboring sensors has
a significant impact on location-aware routing performance.
Let denote the bounding-box of sensor . As shown
in Fig. 1, sensor receives a packet and intends to apply
the location-aware routing which forwards the packet to the
neighbor closest to the sink. In this example, sensor will
forward the packet to because is likely closer to the sink
than . However, the physical location of is located at the
right-down direction of . As a result, the packet is forwarded
to an improper node, increasing the routing length.

This paper proposes a mechanism which is extension
of the existing bounding-box approaches. The proposed
mechanism not only provides each sensor with an estimated
bounding-box location but also helps each pair of neighboring
sensors distinguish their relative locations. The key idea of
the proposed mechanism is to employ a mobile anchor
broadcasting tone signals to distinguish the relative locations.
The proposed mechanism mainly consists of two com-
ponents: distinguishing relative location strategy and path
planning strategy. First of all, a set of rules are developed for
each sensor to distinguish its relative location with its neighbors
based on the order of entering and leaving tone-signal range.
Then, two efficient path planning strategies are proposed for the
mobile anchor to visit the whole monitoring region with low
power consumption while the relative locations of all sensors
are distinguishable.
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The remaining part of this paper is organized as follows.
Section II illustrates the network environment and problem
formulation of our approach. Sections III and VI present the
details of mechanism. Sections V and VI investigate the
theoretical analysis and the performance of the proposed
mechanism, respectively. Finally, the conclusions are given in
Section VII.

II. NETWORK ENVIRONMENT AND PROBLEM FORMULATION

A. Network Environment

This paper assumes that sensor nodes are randomly dis-
tributed in an area sized by . Let denote the set of all
sensor nodes in the monitoring region and let denote the
set of neighbors of sensor . In addition, a mobile anchor that
is aware of its location can broadcast three types of signals, in-
cluding two types of tone and one type of beacon message. The
beacon message contains the current location information of the
mobile anchor and the tone signal consumes smaller energy than
beacon message since it does not carry any information.

In WSNs, routing is a very important application. If each
sensor only has relative location information but is not aware
of its own physical location information, it cannot forward the
sensing data to the destination node in an efficient way. This
is because that the source node or the forwarding node does
not know the direction at which the destination node is located.
Consequently, the mobile anchor has to broadcast not only two
types of tone but also one type of beacon message that con-
tains its current physical location information. Then, by ap-
plying the existing bounding-box approaches [1]–[4] and our
proposed mechanism, the routing performance can be im-
proved significantly.

B. Problem Formulation

This paper extends the bounding-box approach aiming at dis-
tinguishing the relative location of two neighboring sensors.
One major task of this paper is to develop rules for each sensor
to distinguish its relative location with its neighbors in a dis-
tributed manner. The other task is to establish an energy-effi-
cient path for mobile anchor so that all sensors can be visited by
the mobile anchor.

Snake-like path has been generally applied in network de-
ployment and patrolling for WSNs. In this paper, the path con-
struction for mobile anchor is discussed based on the snake-like
path , as shown in Fig. 2, where the snake length and width
are and , respectively. To evaluate the energy consump-
tion of the mobile anchor, a set of notations are introduced. Let

and denote the energy consumptions required for
mobile anchor moving for a unit distance and turning a corner,
respectively. Furthermore, let denote the energy consump-
tion required for mobile anchor broadcasting tone signal for a
time unit and denote the energy required for mobile an-
chor broadcasting a beacon message. Let a broadcasting cycle
be a fix time period that mobile anchor continuously broadcasts
the tone signal and broadcasts one beacon message in the end of
the cycle. Let denote the total energy consumption for
the mobile anchor that moves along the snake-like path
for a broadcasting cycle . Furthermore, let and denote the

Fig. 2. The path construction for mobile anchor is discussed based on the
snake-like path.

transmission range and moving speed of a mobile anchor, re-
spectively. In the snake-like path , each row has length

and a beacon is broadcasted every length of . There-
fore, there are beacons broadcasted in the move-
ment of each row. The total energy consumption for
broadcasting beacon message can be measured by the following:

(1)

Since the mobile anchor always broadcasts tone signals except
broadcasting beacons, the movement length for broadcasting
tone signal is the total length minus the length for broadcasting
beacons. As a result, the total energy consumption for broad-
casting tone signals is measured by

(2)

The total energy consumption for the mobile anchor turning
corners is calculated by counting the number of turns in path

, as shown as follows:

(3)

In addition, the total energy consumption for movement is cal-
culated based on the total path length of , as follows:

(4)

Hence, the total energy consumption is the total sum
of energy consumptions for moving, making turns and broad-
casting beacon and tone signals as follows:

(5)

In order to conserve the energy consumption for mobile an-
chor, Expression (6) depicts the constraint of maximum energy
consumption

(6)

By receiving the beacons from the mobile anchor, each sensor
node can learn its location information which is a rectangular
region . This paper has two major
goals. First, we aim to distinguish relative locations for neigh-
boring sensors. Statement (7) depicts the goal of this paper that
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Fig. 3. Sensors � and � distinguish their relative locations with each other
based on their ����� tables.

any sensor can distinguish with any neighboring sensor the
relative locations in -coordinate and -coordinate directions

(7)

III. PROPERTIES

This section initially introduces the basic concepts of the pro-
posed mechanism. Then, the details of are pre-
sented.

A. Basic Concept

The basic concept of is to distinguish the relative loca-
tions of each pair of neighboring sensors based on the order of
entering and leaving the tone-single range. To achieve this, each
sensor node should maintain an table in its own cache.
The following gives an example to show the basic concept of

mechanism.
Assume that the mobile anchor moves in the right direction.

We show the operations what each sensor should perform when
it enters or leaves the tone-signal range. In Fig. 3, consider two
neighboring sensors and . When sensor enters tone-
signal range, it records its sensor ID in its table and then
broadcasts its to all of its neighbors. Upon receiving
the message from sensor , sensor records ID of in its

table. Afterward, when sensor enters the tone-signal
range, it similarly records its ID in the table and then
broadcasts a message containing its own . When re-
ceives this message, it records the ID of in its table.
According to the order of IDs recorded in tables, sen-
sors and learn the fact that sensor is located at the left
side of sensor .

Although using the order of entering tone-signal range can
generally distinguish the relative locations of each pair of neigh-
bors, however, the Table Ambiguous and Location Ambiguous
Problems exist. Fig. 4 gives an example of the Table Ambiguous
Problem. In Fig. 4, sensors and enter tone-signal range at
the same time and hence they cannot distinguish their relative
locations. Fig. 5 further depicts an example of the Location Am-
biguous Problem. In Fig. 5, sensor enters tone-signal range
earlier than but it is invalid if we conclude that sensor is
located at the left side of . This implies that the relative loca-
tion cannot be correctly determined in some cases.

B. Handling the Table Ambiguous Problem

To cope with the Table Ambiguous Problem, additional table
should be constructed to record the order of sensors

Fig. 4. Sensors � and � enter tone-signal at the same time and hence they
cannot distinguish their relative locations.

Fig. 5. Relative location cannot be correctly determined because that the shape
of tone-signal range is a disc.

leaving tone-signal range. The operations for maintaining
and tables are described below. Any sensor,

say , that enters (leaves) the tone-signal range should firstly
record its ID in its table and then broadcasts
its ID. Upon receiving the broadcasting message, all neigh-
boring sensors of should record the ID of in their own

tables.
Let notations and denote the time points that sensor

enters and leaves the tone-signal range, respectively. The fol-
lowing gives the definitions of entering and leaving orders of
any pair of neighboring sensors.

Definition 1. The Entering Order : Let denote the
order of any pair of neighboring sensors and entering the
tone-signal range, where . The values of

are , or if conditions , ,
or hold, respectively.

For instance, if enters tone-signal range earlier than , we
have . It also implies the relation of .

Definition 2. The Leaving Order : Let denote the
order of any pair of neighboring sensors and leaving the
tone-signal range, where . The values
of are , or if conditions ,

, or hold, respectively.
For instance, when leaves tone-signal range earlier than ,

denoted by , it implies that we have .
Furthermore, let represents that sensor is located at

the left side of . Next, we discuss some properties based on
the records of and tables. Three lemmas are
therefore developed to help each pair of sensors distinguish their
relative locations in a distributed manner.

Lemma 1: The relation holds if we have the facts
and .

Proof: As shown in Fig. 6(a), when sensor enters tone-
signal range, sensor must be located in the shadow region
due to the fact . Similarly, as shown in Fig. 6(b),
when sensor leaves tone-signal range, sensor must also be
located in the shadow region because of the fact .
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Fig. 6. The scenario applied in the proof of Lemma 1: (a) The moment that �
enters tone-signal range. (b) The moment that � leaves tone-signal range. (c)
The combination of Fig. 6(a) and (b).

Fig. 7. If sensors � and � enter tone-signal range at the same time, they can
distinguish their relative location relation by comparing the values of �� � and
�� �.

As shown in Fig. 6(c), we can conclude that sensor must be
located in the intersection area of the two shadow regions shown
in Fig. 6(a) and (b). This implies that the relation holds.

According to Lemma 1, each pair of sensors and can
locally distinguish their relative locations by checking their own

and tables. The following rule is accordingly
proposed.

General Rule: If the orders of any pair of neighboring sensors
and in and are and ,

respectively, the relation holds.
Although the General Rule can generally distinguish the

relative locations of a pair of neighbors, however, the Table
Ambiguous Problem still exists. The following further presents
Lemma 2 to overcome this problem.

Lemma 2: The relation holds if mobile anchor moves
in a constant speed and the conditions and

hold.
Proof: The fact implies that sensors and

enter tone-signal range at the same time, as shown in Fig. 7(a).
Let the trajectory associated with sensor , denoted by , rep-
resent the mobile anchor’s trajectory from to . Fig. 7
shows the trajectories associated with sensors and , respec-
tively. Since the mobile anchor moves in a constant speed , the
lengths of and can be calculated as follows:

(8)

From the fact , we have the relation of . In
addition, the fact implies that the relation

holds. Substitute the two relations into (8), we have the
property , which implies that the relation
holds.

The proposed Lemma 2 is useful to cope with the Table
Ambiguous Problem when the two sensors cannot distinguish
their relative location because of their timestamps of entering

tone single are identical. The following further presents another
lemma to tackle the problem that their timestamps of leaving
tone single are identical.

Lemma 3: The relation holds if mobile anchor moves
in a constant speed and we have the facts and

.
Proof: We omit the proof of Lemma 3 since it is similar to

that of Lemma 2.
The Lemmas 2 and 3 help each pair of sensors cope with the

Table Ambiguous Problem. Sensor selects any of its neigh-
bors, say , and locally checks its and tables.
If their orders in or tables are different, it repre-
sents that and enter or leave tone-signal range at the same
time. Sensors and can distinguish their relative locations
based on the following two rules.

Enter-Table Ambiguous (ETA) Rule: The relation
holds if the following two criteria are satisfied.

1) The relation holds.
2) The orders of sensors and in their tables are

.

Exit-Table Ambiguous (XTA) Rule: The relation holds
if the following two criteria are satisfied.

1) The relation holds.
2) The orders of sensors and in their tables are

.

Herein, we notice that it might cause a collision problem if
sensors and enter or leave tone-signal range at the same
time and hence they broadcast Entering or Leaving messages si-
multaneously. To cope with this problem, we additionally intro-
duce collision-free time-stamp mechanism. When a sensor en-
ters or leaves tone-signal range, it waits for a random time and
then broadcasts Entering or Leaving messages which contain
the value of . As a result, the collision problem can be avoided
while they can maintain the valid and tables.

This subsection initially proposes the General Rule for each
sensor to distinguish its relative location from each neighbor.
The ETA and XTA rules are also proposed to cope with the Table
Ambiguous Problem. The next subsection will present another
rule for handling the Location Ambiguous Problem which is
more complicated than the Table Ambiguous Problem.

C. Handling the Location Ambiguous Problem

This subsection aims to cope with the Location Ambiguous
Problem. For simplicity and without loss of generality, we dis-
cuss the Location Ambiguous Problem by considering the sce-
narios that enters tone-signal range earlier than , but
leaves tone-signal range earlier than , as shown in scenarios
shown in Fig. 8(a) and (b).

Although the and tables in Fig. 8(a) are iden-
tical to those in Fig. 8(b), the relative locations of and in
Fig. 8(a) and (b) are totally different. That is, the relation
holds in Fig. 8(a) while the relation holds in Fig. 8(b).
As a result, relative location cannot be correctly determined be-
cause the shape of tone-signal range is a disc and the two sen-
sors are too close with each other. For the ease of presentation,
scenarios shown in Fig. 8(a) and (b) are referred to a_Left and



1062 IEEE SENSORS JOURNAL, VOL. 12, NO. 5, MAY 2012

Fig. 8. Two scenarios that have the same contents in ����� and ���� tables but have different relative location relations. (a) The first scenario arisen the
Location Ambiguous Problem. (b) The second scenario arisen the Location Ambiguous Problem.

Fig. 9. If � 	 �, the relation 
 �
 holds. Otherwise, the relation 
 �
 holds.

a_Right scenarios, respectively. We observe that the only differ-
ence of the two scenarios depicted in Fig. 8(a) and (b) is that
is located at the different sides of line . To tackle the location
ambiguous problem, the following introduces some notations
for illustrating how we can identify that the current situation
belongs to a_Left or a_Right scenarios.

Let denote the distance between locations and ,
and denote the location of sensor . Consider Fig. 9
where the circle denotes the tone signal range of the mobile
anchor. Let denote the line passing through but
parallelizing to -axis. Let denote the line passing through

, but perpendicular to . Let denote the midpoint
of and , where and denote the left and right
intersection points of and transmission circle of the mobile
anchor, respectively. Let denote the intersection point
of and . The following defines Decision Value which
will be used to identify the current situation belonging to a_Left
or a_Right scenarios.

Definition 3. Decision Value : Assume that there are two
neighboring sensors and , and the relation
holds. The Decision Value is the difference value of

and . That is,

The following Lemma aims to cope with the Location Am-
biguous Problem.

Lemma 4: Assume that the ambiguous relations
and hold. The relation holds if . Other-
wise, the relation holds.

Proof: In case of , the value of is
larger than the value of . It implies that is
located at the right side of the . This implies that the relation

holds. Similarly, it can be proved that the relation of
holds in case of .

Lemma 4 helps each sensor deals with the Location Am-
biguous Problem. Sensor selects any of its neighbor and
locally checks its and tables. If the
and tables of are totally identical to those of ,
but the orders of and in the two tables collide
with those in the two tables, the Location Ambiguous
Problem occurs. Sensor can distinguish its relative location
with any neighbor by applying the following rule.

Location Ambiguous (LA) Rule: The relation holds if
the following three criteria are satisfied.

1) The orders of sensors and in their tables are
;

2) The orders of sensors and in their tables are
;

3) .

The following gives a theorem to prove that each pair of
neighboring sensors can distinguish their relative locations with
each other based on the proposed four rules: General, ETA, XTA
and LA Rules.

Theorem 1: Each sensor can apply the proposed General,
ETA, XTA and LA Rules to distinguish the relative locations
with each of its neighbors.

Proof: Let sensors and be any pair of neighboring
sensors. When the mobile anchor moves along the right direc-
tion and broadcasts tone signal, the orders of and for
entering or leaving tone-signal range can be divided into nine
cases. In Table I, each sensor checks its and
tables to identify the case it belongs and then applies the corre-
sponding rule as given in the Applied_Rule column of Table I.
As a result, it can distinguish the relative locations with each of
its neighbors, as shown in the Result column in Table I. In partic-
ular, when the situation of case 9 occurs, sensors and enter
and then leave tone-signal range at the same time, respectively.
That is, they fall on the line that is perpendicular to the -axis.
This indicates that they have the same -coordinate. Hence, the
Applied_Rule and the Result are “No Need” and “Not Impor-
tant,” respectively.

IV. MOVING PATH FOR MOBILE ANCHOR

In the previous section, four rules are proposed to distin-
guish relative location of each pair of neighboring sensors. How-
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TABLE I
APPLIED RULE AND RESULT OF RELATIVE LOCATION CORRESPONDING TO

EACH CASE

ever, the four rules should be operated under the criteria that all
sensor can receive tone signals from mobile anchor. Based on
the snake-like trajectory, this section proposes two path plan-
ning mechanisms to guarantee that all sensors can receive tone
signals while the energy consumption of the mobile anchor can
be reduced. The path planning mechanism will be implemented
on the mobile anchor. Initially, we propose a Two-Phase DRL
mechanism which simply asks mobile anchor moving along the
horizontal direction in the first phase and then moves along the
vertical direction in the second phase. To save the energy con-
sumption of mobile anchor, we propose the Single-Phase DRL
mechanism, which asks mobile anchor only moving along the
horizontal direction, while all sensors are guaranteed to receive
the tone signals as well.

A. Two-Phase DRL Mechanism With Tones

The Two-Phase snake-like path is shown in Fig. 2 where the
snake length is and the snake width is . In the first phase,
as shown in Fig. 2, the mobile anchor moves along the right di-
rection and then moves along the left direction in turn. Since the
snake width is , each sensor can receive the tone signals and use
General, ETA, XTA and LA Rules to distinguish the relative loca-
tions with each of its neighbors in terms of the horizontal direc-
tion. Similarly, the mobile anchor will move along the vertical
direction in the second phase. As a result, each sensor can also
apply the proposed four rules to distinguish the relative locations
with each of its neighbors in terms of the vertical direction.

Herein, we notice that the four rules proposed in the pre-
vious section are developed based on the assumption that the
mobile anchor moves along the right direction. When the mo-
bile anchor moves along the left direction, the results by ap-
plying four rules should be opposite. Hence, each sensor should
be aware the movement direction of the mobile anchor before
it applies the four rules. Two types of tone signal, namely
and , are broadcasted by mobile anchor to indicate that its
movement is along the right or the left directions, respectively.
Similarly, in the second phase, the mobile anchor uses two types
of tone-signal, namely and , to indicate that its move-
ment is along the north or the south directions, respectively.

B. Single-Phase DRL Mechanism With Tones

This subsection further proposes Single-Phase DRL mecha-
nism aiming at improving the energy consumption of the Two-
Phase DRL mechanism. In the Single-Phase DRL mechanism,
mobile anchor moves along the horizontal direction only, as
shown in Fig. 2. The distance between two horizontal trajec-
tories is which is identical to the communication range of the
mobile anchor. This can guarantee that all sensors can receive
tone signals from the mobile anchor and then determine the
relative locations. Compared with the Two-Phase DRL mech-
anism, the Single-Phase DRL mechanism saves the movements
along the vertical direction. The most challenge of designing
the Single-Phase DRL mechanism is that it is difficult for each
sensor to determine its relative location in terms of the vertical
direction. The following gives an example to illustrate how the
Single-Phase DRL mechanism overcomes this challenge.

Recall that the trajectory associated with sensor , denoted by
, represents the mobile anchor’s trajectory from to .

Consider Fig. 7. When sensors and enter the tone-signal
range, they can calculate and according to (8), respec-
tively. Obviously, if a sensor has longer duration time for re-
ceiving tone signal than the other, it must be closer to the mobile
anchor’s movement trajectory. That is to say, the sensor which
has larger value of is closer to the anchor’s trajectory. From
this observation, the fact of , as shown in Fig. 7,
implies that is closer to the mobile anchor’s movement tra-
jectory than . Since they are both located above the anchor’s
movement trajectory, and is closer to the anchor’s move-
ment trajectory, we imply that sensor is located below the
sensor .

To generalize the discussion of the above example, the fol-
lowing considers two cases, depending on whether or not sen-
sors and are located at the same side of the trajectory.

Case 1. Same Side of Trajectory: This case considers that
neighboring sensors and are located at the same side of the
trajectory. This implies that and are both located above or
below the anchor’s movement trajectory.

Let notation represent that sensor is located above
. There are two different results if we have . One is

that both sensors and are located above the anchor’s move-
ment trajectory. The fact implies that is closer to
the anchor’s trajectory than . Therefore, the relation
holds. The other is that if sensors are both located below the an-
chor’s movement trajectory and , the relation
holds. The following -Property reflects this observation.

-Property: The relation holds if sensors
and satisfy the following criteria.

1) Both sensors and are located below (above) the an-
chor’s trajectory.

2) holds.

According to the -Property, sensors and can distin-
guish their relative locations in terms of vertical direction. How-
ever, the -Property can work only if sensors and can know
that they are located at the same side of the anchor’s movement
trajectory. The following further discusses how sensors and

are able to know whether or not they are located at the same
side of the trajectory.
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Fig. 10. There are three possible situations that sensors � and � can know
whether or not they are located at the same side of the anchor’s trajectory.

Recall that and denote the tone signal broadcasted
when the mobile anchor moves along right and left directions,
respectively. Consider that sensors and to be a neighboring
pair and they intend to know whether or not they are located at
the same side of the anchor’s movement trajectory. Let the tra-
jectories of snake-like movement of the mobile anchor partitions
the whole monitoring region into several rows. There are three
possible situations as shown in Fig. 10(a)–(c). Fig. 10(a) and (b)
depict that both sensors and are located at the first row
and last row of the monitoring region and thus they receive only
single tone signal and , respectively, while Fig. 10(c)
depicts that they are located neither first row nor last row and
thus both of them must receive two tone signals and .
The following details how sensors and can be aware that
whether or not they are located at the same side of the trajectory
in each situation.

Situation 1. Consider Fig. 10(a). Sensors and only
receive . Obviously, this implies that both of them are
located at the first row and thus they are located at the same
side of the trajectory.
Situation 2. The discussion of this situation is similar to
that of Situation 1. Consider Fig. 10(b). Both sensors
and are located at the last row and thus they are located
at the same side of the trajectory.
Situation 3. Consider Fig. 10(c). In this situation, both sen-
sors and receives two tone signals and . Let

denote the time for sensor receiving , where
. It is obvious that sensors and are located

at the same side of the trajectory if either of the criteria
(C1) and (C2) holds

(C1)

(C2)

Based on the above discussions, we guarantee that sensors
and can be aware that whether or not they are located at

the same side of the trajectory. If it is the case, they are able to
apply the -Property for distinguishing their relative location.

Otherwise, they are located at different side of the trajectory,
which will be discussed in the next case.

Case 2. Different Side of Trajectory: This case considers that
neighboring sensors and which are located at the different
side of the trajectory. The following discusses three possible
situations.

Situation 1. The fact that sensor only receives im-
plies that sensor is located at the first row. Consequently,
we have the fact that holds.
Situation 2. The fact that sensor only receives im-
plies that sensor is located at the last row. Consequently,
we have the fact that holds.
Situation 3. In this situation, sensor receives two tone
signals and . There are two conditions. One is
that receives earlier than and another is that

receives earlier than . Since the discussions of
two conditions are similar, without the loss of generality,
we only discuss the first condition that the times for and

receiving tone signal differ a little but the times for
them receiving the tone signal differ a lot. Sensors

and can utilize the tone signal , which creates a
large difference in receiving times of sensors and , to
distinguish their relative location. That is, sensors and

can be aware the fact of since the fact
holds.

V. THEORETICAL ANALYSIS

The proposed mechanism can help each pair of neigh-
boring sensors distinguish their relative locations. However,

mechanism results in significant energy cost if the mobile
anchor always broadcasts tone signals during the process. One
approach for saving the energy consumption of is that
mobile anchor keeps silence for a while during its movement.
That is, the duty time of broadcasting tone signal is in
every time period . However, this way might introduce some
location inaccuracy, where some neighboring sensors might
not distinguish their relative locations. This section presents
the theoretical analysis for the tradeoff between energy con-
servation and location accuracy. Herein, the modified
mechanism is referred to as mechanism.

Let mobile anchor move in a constant speed . Let de-
note the length of a basic segment that mobile anchor moves
during time period . We have . Firstly, we divide
the monitoring region into several basic segments as shown in
Fig. 11(a). Let the length and width of the given monitoring re-
gion be and , respectively, where and .
This implies that there are basic segments in each row. More-
over, as shown in Fig. 11(b), the basic segment can be fur-
ther divided into two subsegments: the tone subsegment
and silence subsegment , which denote the lengths tra-
versed by mobile anchor in durations and , respectively.
Let starting tone point (STP) and starting silence point (SLP)
denote the start points of subsegments and , respec-
tively, as shown in Fig. 11(b).

Since mobile anchor has similar behaviors in each basic
segment, we concentrate our analysis on a basic segment.
Fig. 12(a) depicts one basic segment. When the mobile anchor
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Fig. 11. The monitoring region can be divided into several basic segments.

Fig. 12. Sensors located in the green regions can receive boundary tones while
sensors located in the gray regions are � or � , respectively.

moves along this segment, the region swept by its communi-
cation range will form a pipe region which can be partitioned
into gray, green and white regions. We notice that the tone
signal broadcasted at the boundary of communication range of
a sensor is very important for that sensor, since the sensor might
enter or leave the tone range at that moment. Let boundary tones
of a sensor, say , denote the tone signals that are broadcasted
at the boundary of communication range of sensor . To apply
the proposed mechanism, it is the basic requirement that the
entering boundary tone and leaving boundary tone should be
received by each sensor.

Let ambiguous sensor denote the sensor that misses entering
boundary tone or leaving boundary tone. A sensor is said to

be Missing_Enter (Missing_Leave) sensor, denoted by notation
if it cannot receive entering or leaving boundary

tones, respectively. As shown in Fig. 12(a), sensors located in
the gray regions and are and , respectively.
Fig. 12(b) gives an example to further observe the gray region.
Let sensor be arbitrary sensor located in , as shown in
Fig. 12(b). Because the starting tone point is within the commu-
nication range of sensor , sensor can not receive the entering
boundary tone. Therefore, sensor must be . Similarly,
sensors located in the gray region are . Contrarily, the
sensors located in green region can completely receive both en-
tering and leaving boundary tones and thus can successfully
distinguish their relative locations with their neighbors. In addi-
tion, the sensors located at white region (silence region) cannot
receive any tone signals and thereby cannot successfully dis-
tinguish their relative locations with each of their neighbors. To
calculate the success rate of distinguishing relative locations, we
only need to measure the number of sensors in green and gray
regions of a basic segment.

Since the mobile anchor applies snake-like movement,
without loss the generality, we assume that the mobile anchor
moves along right and left directions at odd and even rows,
respectively. Fig. 12(a) and (c) depict the basic segments be-
longing to odd and even rows, respectively. Let denote
the number of sensors in the green region of a basic segment.
For a given WSN with network density , (9) evaluates the
value of of Fig. 12(a)

(9)

Similarly, in the even row, the mobile anchor moves along
left direction and thus the green area is given as shown in
Fig. 12(c). Equation (9) can be similarly applied to derive
the value of of Fig. 12(c). Fig. 12(d) is obtained by
combining Fig. 12(a) and (c). In Fig. 12(d), zone is marked
with red shadow regions which indicate that sensors in the zone
cannot distinguish its relative location with all neighbors. This
is because that all sensors in zone are ambiguous sensors
since they can receive neither entering boundary tone nor
leaving boundary tone. As a result, all sensors in zone cannot
distinguish their relative locations with the neighbors located in
zone . Similarly, sensors located in zone cannot distinguish
their relative locations with the neighbors located in zone .
Let denote the area of zone . The value of of
Fig. 12(d) can be derived by (10) after ignoring zones and

(10)

According to (10), we can apply the concept to any column
of the monitoring region. Let denote the number of
sensors in the green region of any column of the monitoring
region. As shown in Fig. 12(e), since and
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Fig. 13. Two situations that the relative locations cannot be correctly
determined.

, the value of of Fig. 12(e) can
be calculated by (11)

(11)

Recall that . That is to say, there are columns
in the monitoring region. Hence, the total number of sensors in
the green regions, denoted by , of the monitoring region
can be calculated by applying

(12)

Let denote the success rate of sensors that are not
located in the green regions. Equation (13) derives the value of

(13)

The following analyzes the number of sensors located in gray
regions and as shown in Fig. 12(a). Recall that all sen-
sors located in are since they miss entering boundary
tone. By applying the proposed ETA and XTA Rules, some sen-
sors in might be able to distinguish their relative locations
with all its neighbors. Nevertheless, there are two situations that
the sensors applying the ETA and XTA Rules will obtain wrong
relative location information. First, the pair of neighboring sen-
sors leaves the tone-signal range at the same time, as shown in
Fig. 13(a). In this situation, applying the ETA and XTA Rules
cannot determine their relative location. Fig. 13(b) depicts the
second situation. Applying ETA Rule, sensor will believe that
it is located at the left side of , which is invalid. As a result,
the relative location cannot be correctly determined. Next, we
calculate the success probability of distinguishing relative loca-
tions in by analyzing the occurrence probabilities of these
two situations.

We firstly discuss the occurrence probability of the first situa-
tion. Let be the location of the tone point. Assume that the
current location of mobile anchor is , . Con-
sider Fig. 14(a). Let the red and blue arcs denote the boundary
of transmission range with the thickness . Let notation

Fig. 14. The mobile anchor moves from ��� ��� �� to location ��� ��� ��.

denote the area of shadow yellow arc which is the intersection
region of and blue arc regions when mobile anchor is lo-
cated at location , as shown in Fig. 14(b). If is
populated by any pair of neighboring sensors, it represents that
the two sensors will leave tone-signal range at the same time.
To calculate the occurrence probability of this situation in ,
we have to derive the value of by varying the value of .

As shown in Fig. 12(c), consider the trajectory that the mobile
anchor starts moving from the to location
during time period . The value of the current can be
derived by (14), where and denote the outer-arc and
inner-arc equations of red arc, respectively, and and
denote the outer-arc and inner-arc equations of blue arc, and

(14)

Since the number of sensors located in the shadow yellow arc
can be measured by the given network density , the probability
of any sensor located in the yellow arc can hence be
derived as follows:

(15)

The probability of another sensor also located in the yellow arc
can further be derived as

(16)

On the other hand, the following discusses the occurrence
probability of the second situation as shown in Fig. 13(b). As
shown in Fig. 15, let denote the line passing through
but parallelizing to y-axis. Let point be the intersection point
of and communication circle of the mobile anchor, and the
distance between and is . We can obtain the line

by rotating the until it reaches point . Let denote the
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Fig. 15. If any sensor located in the shadow red region, it must leave the tone-
signal range earlier than � .

angle of and . Let denote the line passing through
but perpendicular to , and point is the intersection

point of and . Any sensor located in the red region must
leave the tone-signal range earlier than , and thus the second
situation occurs.

The area size of shadow red region , as shown in Fig. 15,
is firstly calculated because it is helpful for deriving the occur-
rence probability of the second situation. Let and de-
note the equations of the communication circle of mobile anchor
and the straight line , respectively. It is obvious that lines ,

, and can form a right triangular region. Let
and denote the areas of the right triangular region and the
green region shown in Fig. 15. Let denote the distance
between locations and . The value of can be derived by

(17)

Let denote the probability that any sensor is located at the
shadow red region. Equation (18) calculates the value of

(18)

The number of is in the monitoring region. Let
denote the success probability of sensors that are located at

. Equation (19) derives the value of

(19)

Similarly, we can also evaluate the value of which is the
success probability in gray region as shown in Fig. 12(a).

Equation (20) considers the green and gray regions together
and derives the success probability of
when the mobile anchor moves along the horizontal direction

(20)

Similarly, we can also derive the success probability
of when the mobile anchor moves along the vertical
direction. Hence, the overall success probability of the

TABLE II
SIMULATION PARAMETERS

Fig. 16. The comparison of four mechanisms in terms of routing length.

proposed for distinguishing the relative locations of
any pair of sensors can be derived as

(21)

The following gives the summarized observation from the
above analysis. The value of is increased with the value
of as shown in (12) while the value of is increased with
the value of as shown in (13). As a result, the values of

and as shown in (20) and (21) will be in-
creased with the value of . We can accordingly conclude that
the performance of is increased with the value of .

VI. SIMULATION STUDY

This section compares the performances of the proposed Two-
Phase DRL and Single-Phase DRL mechanisms against the tra-
ditional bounding-box mechanisms r-BB and s-BB [4]. The only
difference between r-BB and s-BB is the way of their move-
ments. More specifically, in the r-BB mechanism, the mobile an-
chor randomly moves and broadcasts its location information to
the sensors for localization purpose. Different from the r-BB, the
s-BB moves the anchor following a snake-like trajectory. The
parameters used in our simulation are listed in Table II. Each
simulation result is obtained from the average of 100 indepen-
dent runs. The following depicts the results of our performance
study.

Fig. 16 verifies the impact of relative location information on
routing performance. The location aware routing protocol [5] is
applied to construct a route between two sensors that are at right
300 m distance away. Fig. 16 gives the general results of routing
length comparisons. The value of routing length is normalized
between 0 and 1. In general, the numbers of hop counts of the
compared four mechanisms are decreased with the transmission
range. This is because that the location-aware routing mecha-
nism always selects the node that is closest to the destination
as its next-hop relay node. The proposed Two-Phase DRL and
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Fig. 17. The ipacts of duty time � on the success percentage of distinguishing
relative locations.

Single-Phase DRL mechanisms outperform the compared
and mechanisms in terms of routing length. Since

the Two-Phase DRL and Single-Phase DRL mechanisms pro-
vide more accurate relative location information than the com-
pared two mechanisms, they have better results. The average
routing length by applying Two-Phase DRL and Single-Phase
DRL mechanisms are similar since they help most of sensors
identify the relative locations with each of their neighbors. The

and lead to a poor situation where a number of
sensors cannot identify the relative locations with their neigh-
bors due to the overlapped bounding-box.

Fig. 17(a) and (b) investigate the success percentage of distin-
guishing relative locations of any two neighboring sensors. As
shown in Fig. 17(a), three mechanisms are compared by varying
the duty time . The success percentages of and
are not impacted by parameters and always keep a constant
value. On the contrary, the success percentage of the proposed

mechanism increases with . Given a fix value of cycle
length , the number of sensors receiving tone signals is
increased with . The major reason is that each of these sensors
and its neighbors can distinguish their relative locations based
on the received tone signals. In particular, when the value is
equal to zero, it means that the mobile anchor did not broadcast
any tone signal and hence the and the proposed
mechanisms have the same success percentage.

Similarly, as shown in Fig. 17(b), given a fix value of cycle
length , the value of duty time is varied by 0, 30, 60,
and 90. In particular, the mobile anchor always broadcasts tone
signal in case that the value of is 90 while the mobile anchor
always keep silence without broadcasting any tone signal if the
value of is 0. As shown in Fig. 17(b), the success percentages
of both the proposed Two-Phase DRL and Single-Phase DRL
mechanisms are increased with the value of . This also ver-
ifies that the tone signals can improve the success percentage

Fig. 18. The comparison of the proposed mechanisms in terms of ��� .

Fig. 19. The radio propagation pattern.

for neighboring sensor to distinguish their relative locations.
Note that the proposed Two-Phase DRL and Single-Phase DRL
mechanisms have similar success percentages. Recall that the
Single-Phase DRL mechanism can save more energy consump-
tion and time than Two-Phase DRL mechanism. Compared with
the Two-Phase DRL mechanism, the Single-Phase DRL mech-
anism is more cost-effective since it achieves a similar success
percentage but save more energy and time.

The following introduces the Energy Efficiency Index (EEI) to
estimate the contribution of each unit of energy consumption in
terms of increased success percentage. The is formulated
as

Herein, we notice that the mechanism which results in the
largest value of would be the most cost-effective ap-
proach. As shown in Fig. 18, the values obtained by
applying the Single-Phase DRL mechanism are larger than
those obtained by applying the Two-Phase DRL mechanism
in all cases. In particular, when , the Two-Phase DRL
mechanism has the smallest value of and thus has the
least contribution in terms of success percentage. In this case,
the mobile anchor moves without broadcasting any tone. Thus,
a lot of energy is consumed for movement but contributes
nothing to the success percentage. On the contrary, when the
mobile anchor applies the Single-Phase DRL mechanism and
broadcasts the tone signal all the time , the value of

is largest, which indicates that it is the most cost-effective.
This is because that the Single-Phase DRL mechanism has a
shorter path length than Two-Phase DRL mechanism but can
likely help all neighboring sensors distinguish their relative
locations.

The following discusses the impact of radio propagation pat-
tern on the performance. As shown in Fig. 19, let denote
the transmission range of the mobile anchor. Let the gray and
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Fig. 20. The impacts of transmission range � and the value of � on success
percentage of distinguishing relative locations.

white regions represent reliable and unreliable regions, respec-
tively. A sensor located in the reliable region can receive the
tone signal from the mobile anchor. On the contrary, the sensor
located in the unreliable region might not receive the tone signal.

Fig. 20 investigates the success percentage of the proposed
mechanisms. Let denote ratio of unreliable region to the whole
transmission range. Note that a large value of implies signifi-
cant background noise. The Two-Phase DRL and Single-Phase
DRL mechanisms are compared by varying the transmission
range and the value of . As shown in Fig. 20 the success
percentages of two mechanisms are significantly impacted by

. The major reason is that two neighboring sensors might not
correctly apply the order of entering or leaving tone signals to
determine their relative locations. For example, consider two
neighboring pair of sensors and where location of is at
the left side of location . In case that the transmission range
is a perfect circle, sensor will receive the tone signal prior to
sensor in most cases. However, if the transmission is unreli-
able, sensor might receive the tone single earlier than sensor
in most cases, which causes an invalid decision to their relative
locations.

Let the notation denote the length of ignoring time for each
sensor. That is, each sensor will consider that it receives the first
tone signal after it actually receives tone signal for a time period
of . This extension of the proposed mechanisms should
be helpful to cope with the problem raised by unreliable region
of transmission range.

Fig. 21 investigates the error and undistinguishable percent-
ages for distinguishing relative locations of any two neighboring
sensors. The Two-Phase DRL and Single-Phase DRL mecha-
nisms are compared by varying the value of . As shown in
Fig. 21, the error percentages of two mechanisms are decreased
with . It is because that the larger value of leads to a smaller
impact on background noise. On the contrary, the undistinguish-
able percentages of two mechanisms are increased with . The
major reason is that the larger value of results in a large number
of tone signals ignored by the sensors.

Fig. 22 further investigates the impact of on the average
routing length. The location aware routing protocol [5] is also
applied to construct a routing between two sensors that are right
300 m distance away. The Two-Phase DRL and Single-Phase

Fig. 21. The impacts of ignoring time � on the error and undistinguishable
percentages for distinguishing relative locations of any two neighboring sensors.

Fig. 22. The impacts of transmission range � and the value of � on routing
performance.

Fig. 23. The impacts of network density and the value of � on location
accuracy.

DRL mechanisms are compared by varying the values of and
. As shown in Fig. 22, the average routing lengths are de-

creased with . This is because that the location-aware routing
mechanism always selects the node that is closest to the desti-
nation as its next-hop relay node. The average distance of each
hop is increased with . Hence, a larger value of results in a
smaller routing length. In addition, a larger value represents
a bigger size of unreliable region, which is the major reason for
causing an invalid decision of relative location. Consequently,
the routing length is increased with the value of .

Fig. 23 investigates the improvement of location accuracy by
applying the proposed . The value of is varied from 0
to 50 and the network density is set by 0.006, 0.013 or 0.02.
The mechanism only applies bounding box mechanism as
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the localization scheme while the applies both
and the proposed mechanisms. The location accuracy is
measured by the average size of bounding box of each sensor
and its value is normalized between 0 and 1. As a result, the
location accuracy is impacted by network density. Herein, we
notice that the neighboring sensors can help with each other
to reduce the sizes of their bounding-box. Since the number of
neighboring sensors is increased with the network density, the
location accuracy is increased when the network density is high.
In addition, a larger value of creates a higher error rate for
distinguishing the relative locations of each neighboring pair.
As a result, the location accuracy is decreased with the value of

. In general, the mechanism outperforms the
mechanism in terms of location accuracy.

VII. CONCLUSIONS

Distinguishing relative location of neighboring sensors can
help find a valid forwarder for wireless sensor networks, espe-
cially in the environment where each sensor has an inaccurate
location-information like bounding-box. This paper proposes
Two-Phase DRL and Single-Phase DRL mechanisms which
adopt tone signals to help each sensor identify its relative
locations with any of its neighbor. Firstly, a General Rule is
proposed for the general case that the order of entering or
leaving tone-signal range can be distinguished. However, for
some special cases, the Table and Location Ambiguous Prob-
lems occur. To cope with the problems, the Table Ambiguous
Rules and Location Ambiguous Rule are further proposed. The
proposed four rules can be implemented in each sensor for
identifying its relative location with its neighbors. In addition,
two path planning mechanisms are proposed to guarantee that
all sensors can receive the tone signals with low energy con-
sumption of the mobile anchor. Simulation results depict that
the proposed mechanisms not only improve the average
location accuracy of sensors but also improve the performance
of routing.
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