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Abstract—In this paper, a single mobile beacon based method
to localize nodes using principle of maximum power reception is
proposed. Optimal positioning of the mobile beacon for minimum
energy consumption is also discussed. In contrast to existing
methods, the node localization is done with prior location of
only three nodes. There is no need of synchronization, as there is
only one mobile anchor and each node communicates only with
the anchor node. Also, this method is not constrained by a fixed
sensor geometry. The localization is done in a distributed fashion,
at each sensor node. Experiments on node-source localization are
conducted by deploying sensors in an ad-hoc manner in both
outdoor and indoor environments. Localization results obtained
herein indicate a reasonable performance improvement when
compared to conventional methods.

1. INTRODUCTION

The problem of localization is important in wireless sen-
sor networks (WSN) applications like military surveillance,
vehicular technology, agriculture monitoring. Various meth-
ods based on received signal strengths (RSS) [1] and other
measurements like Direction of Arrival (DOA) [2], Time of
Arrival (TOA) [3], Time Difference of Arrival (TDOA) [4],
Angle of Arrival (AOA) [5] can be used for the localization.
A distributed approach of localization has been shown with
the help of simulations in [6]. In [7], the trajectory followed
by the mobile anchor may not be energy-efficient. A guiding
mechanism to minimize energy consumption for the mobile
anchor is proposed in [8] . Although [8] uses only one anchor
but we show that the energy consumption for this anchor is
significantly higher. Energy efficient clustering algorithms are
described in [9], [10]. In [11], a range-free energy efficient
algorithm is presented and [12] describes a distributed target
localization method in WSN. In this paper the terms beacon
and anchor node are used synonymously. Source assumed in
this paper refers to the mobile beacon at particular instant.

In this paper, maximum power reception based node-source
localization is presented which initially requires location of
three sensor nodes. The mobile anchor traverses and is posi-
tioned to an optimal location for further localization. The al-
gorithm is called energy efficient because after the location of
initial set of three nodes is calculated, the GPS of these nodes
is switched off, as enabling GPS is energy consuming. This
method performs optimal node-source localization at every
instant, since the beacon moves incrementally to a position that
requires minimal energy to communicate with its neighbouring

nodes. Also, it does not require synchronization since each
node computes its position using information transmitted from
the anchor and does not require any information from the
neighbouring nodes.

The following notations are used in this paper. Matrices or
one dimensional column vectors are shown in bold faced letter
(upper or lower case). ()7 and (.)* represent the transpose
and optimal value respectively. ||.|| is a 2-norm and used for
showing the Euclidean distance between two one dimensional
vectors. {; represents the Gaussian noise. 2-space is denoted
by R2.

The paper is organized as follows. Section II describes the
energy efficient optimal node-source localization. In Section
III, experimental performance evaluation is presented. A brief
conclusion is presented in Section IV.

II. ENErGY EFFICIENT OPTIMAL NODE-SOURCE LOCALIZATION

In this Section, the basic framework of node source lo-
calization is discussed first. The proposed node-source lo-
calization method using maximum power reception principle
is then discussed. Optimal placement of the mobile anchor
for incremental node-source localization is also described. An
algorithmic description for the same is provided and finally
significance of constrained multilateration on node localization
is also illustrated.

A. Basic Framework for Node-Source Localization

The sensor network is modelled as an undirected graph,
G = (x, E, P), where y and E are the set of sensor nodes and
edges between each of pair of nodes respectively. p;; € P is
the signal strength between anchor i and sensor nodes j. Also,
Di,j = pj; s considered i.e., channel is invariant in both the
forward and reverse directions.

Let y + {(N+1} = {1,2,---,N,N + 1} is the set of
nodes, out of which {1,2,---, N — 3} are the unknown nodes.
{N—-2,---,N + 1} represents the three nodes whose locations
are initially known and one anchor node . The problem of
localization is to find v = (x;,y;) Vi = 1,2---,N -3 with
the help of priori known coordinates (xy-2, Yn-2), - , (Xn, YN),
(x™,y™) and p; ;. Also, m;, = (x;f‘,y;f‘) and m, = (x}*,y}") is used
to denotes location of anchor at time #; and temporary position
of anchor. In the aforementioned framework, the distance



between the anchor and the nodes needs to be computed and
Friis transmission model [1] is used in this context.

In free space, Euclidean distance between the mobile
anchor & node is calculated by Friis transmission model [1]

2
Py~ P, + 101og (GG,) + 10nlog (7-) = 10n. log (K) (1)

where, P, and P, represents the received power (in dB) at
sensor node and transmitted power of the mobile anchor
respectively. The transmission and reception antenna gain are
represented by G; and G, respectively. n, is the path loss
exponent. K is the distance between the mobile anchor node
and unknown sensor node and A is the carrier wavelength.

B. Node-Source Localization based on Maximum Power Re-
ception Principle

The anchor node is moved in the direction of approximate
maximum power, to find the most densely clustered nodes
locally. Otherwise, the anchor could keep on traversing un-
necessarily in sparsely deployed regions and hence the path
might not be optimal and can consume more energy.

The method works with discrete time instants e.g.,
t1,ty, -+ ,ty. Initially three nodes (S,,S5,S.) as shown in
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Fig. 1. Figure illustrating the placement of nodes and movement of anchor

Fig. 1 whose coordinates are {(xy-2,Yn-2),- - ,(xn,VN)} are
located using GPS or location aware devices. Subsequently,
the location aware devices are disable to save energy.

The deployment is shown in Fig. 1. Note that square regions
marked in Fig. 1 are considered for the purpose of localization.
Additionally, the mobile anchor always traverses in straight
line and assumes a direct line-of-sight communication between
sender and receiver.

A mobile anchor is dropped at (x;7, ') in the area of interest
(AOI) of the network. This mobile anchor (x}, y;") will trans-
mit signals to the nodes (S, Sp,S ) within its transmission
region. The Euclidean distance K, K> and K3 between (x,y8)
and these nodes (S 4, Sp, S ) is estimated by Equation 1. There
maybe some error between the estimated distance and the
actual distance as described by:

Ki = 1IX; = X'l + &, Vi=1,2,---,N 2)

T T
where, X; = [xi yi] , X = [x;" y}"] , ¢; accumulates all
the noise and interference existing in the environment.

(xr,ymyis caleulated by  (ATA)'ATB  using
(xN-2,YN-2),- "+ ,(xn,yn) and K|,K, and K3, where A
and B are as defined in subsequent Section. The mobile
anchor communicates to the remaining nodes (node 1) located
in (Ty), through the radio message of their location. These
unknown nodes (node 1) also calculate the Euclidean distance
to the mobile anchor. So, remaining nodes (node 1) located
in (T),);, are localized with help of location of the mobile
anchor using the constrained optimization approach, which
is described in subsequent Section. Hence, we follow a
distributed approach for localization.

1) Initial Node-Source Localization under Centroid Am-
biguity: When more than two hyperbolic curves intersect,
the following approach is used to resolve the centroid [1]
ambiguity. In general, Euclidean distance relation between
known sensor node (x;,y;) and unknown node (x,y) can be
expressed as a constrained optimization problem.!

Minimize ||AZ — B>
Subject to
xZ‘—TmeSxZ‘+Tm

3
Vi =T <y <y +Tn

where, x’," yf" T,, is the azimuth, elevation at time ¢, and the
transmission range of mobile anchor respectively. Hereafter,
we denote a =xZ’—T,,,,b= xZ‘+Tm,c =yZ‘—Tm and d =
yZ‘ + T,,. Also,

X1 — Xn Y1 = Yn

A=2 : : 7= H
. . y
X(n-1) = Xn  Yn-1) —Yn

2 2 2 2
4a _xn+y1 _yn+Zl
B = :

2 2 2. 2
Xty =% T Yooy = n +Zn-1y

In matrix B, Z; = K; - K7, fori=1,--,(n-1) . K, Ky, -+, K,
can be found out by Equation 1. A and B is calculated by the
proposed algorithm.

C. Optimal Placement of the Mobile Anchor for Incremental
Node-Source Localization

As described in the previous Section, initial location of
the mobile anchor is used to determine the location of the
neighbouring nodes. However, to localize the rest of the nodes
covered in AOI, an optimal location of mobile anchor needs
to be determined in the subsequent node-source localization
process. The proposed method to determine such an optimal
location requires the movement of mobile anchor to an inter-
mediate position. Prior to determining optimal placement of
the mobile anchor, two steps are required which are described
herein.

IThe solution is derived in the appendix.



1) Determining the Intermediate Location of the Mobile
Anchor: The measurement of power in different directions
is done at unknown nodes (x,yr1)- Based on the magnitude
of maximum power, the direction of movement of anchor,
¥, is chosen. The measurement of this angle  is done by
drawing a line parallel to x axis. Now the anchor traverses to
location (x}*,y}") described by Equation 6 in the direction of
approximate maximum power with certain angle ¢ following
a straight path. When traversing from (x], yp')to (x7", "), the
anchor will communicate to unknown nodes at-least three
times in the vicinity of (T5,);,.

Xy =Yl = —ti-)Viy, =d, Vi, j=12,--- .M (4)

WU =12 ()

X — X;j

Y = arctan(

where, X =[xy, o =[x ] and Vi, s the
velocity of the mobile anchor between time #; and #;_;.

Let the solution of Equation 4 and 5 be represented by
(xp,yp). In general,

x{' = X' + x, cos()
it =Yy + Ypsin(y)

We get the position (x7",y}") using Equation 6.

2) Determining the Optimal Location of the Mobile Anchor:
Optimal positioning of anchor is described in this Section such
that it consumes minimal energy while communicating to the
nodes at a particular time instant.

The anchor traverses in the direction of approximate max-
imum power received (cluster of nodes 2-4), following a
straight path from (x],y;’) to m, and arrives at temporary
position (x}",y/"). If the anchor is at m,, surrounding few
nodes 2-4 receive maximum power, but placing the anchor
at optimal position (x;;’,yg’) around nodes 2-6, which lie in
the transmission range minimizes energy of the anchor, while
communicating to the nodes. (x7,,y;;) is the optimal position
which is to be calculated in this Section. A mobile anchor
is being positioned in each time unit such that it consumes
minimum energy while communicating to the sensor nodes.
(x",¥/") is used as a initial point to iteratively solve for the

(6)

optimal position [9] (", y;") of anchor.
Ny
Minimize Z(ux — X"|DEx
k=1
Subject to
X5 = X0 M= T )
Ny
Ejeomy) = Z Ey;
k=1
Eij>0

where, X = [xk yk]T and XJ? = [x;," yZ‘]T is the position
of sensor node and mobile anchor respectively. H(m) is the

set of total number of virtual anchor locations. E; denotes
energy transmitted by the anchor per unit of distance while
communicating to the sensor nodes. N, is used for the set of
nodes within the communication range of anchor, m at time
1 excluding the nodes which have been localized previously.

At (27, ¥/, the anchor node communicates and sends radio
message_to node (2-6) in its transmission range T}, and subse-
quently the distance is calculated with Equation 1. (x7, y;7) and
estimated location of nodes are used for further localization
of remaining nodes. This process is repeated till all the nodes
in the network are localized.

D. Algorithm for Optimal Node-Source Localization

The algorithmic description of the proposed method is listed
in Algorithm 1.

Algorithm 1 Optimal node-source localization

1: Initialization Take G = (v,E,P) and i, =
Xk Xk+1> Xks2), Where, xxyi = (Xgeis Vi) for i = 0,1,2
is assumed known.

2: Initial reduction of set of nodes : v’ = y - x.

3: Calculate initial position of anchor : Find m, = (x7/, y})
using Equation 3.

4: Identification of remaining unlocalized nodes : Find all
Xi € (Thy)y, transmission range of mobile anchor m at time
t. If y = {¢} go to step 9.

5: Calculate the Euclidean distance : Find the Euclidean
distance d(m,,, ;) between mobile anchor m, and y; at
time #; YV y; in step 4 using Equation 1.

6: Apply the constrained multilateration method : Apply
Equation 3 using at-least 3 mobile anchor location V y; €
(Tyn), using yin and d(my,, x;) in step 5.

7: Reduction of set of nodes : y”" = ' - {¥ yxi € (T}

8: Traverse in direction of approximate maximum power
: Traverse a distance d = V % (¢, — ;) at an angle  to m
at time t,.

9: Find a temporary or intermediate position, (x/",y)") of
mobile anchor : Use Equation 6 to calculate this.

10: Find new position, (x7),y;) of mobile anchor :
Equation 7 to calculate the new position.

11: Calculate the Euclidean distance : Again, find d(m,,, x;)
such that y; € {(T}n),} - {already estimated y; in step 6}

12: Apply the constrained multilateration approach : Es-
timate position of V y; in step 11.

13: Condition check : Is y = {¢}. If no, go to step 7.

14: Termination : Output v.

Use

E. Significance of Constrained Multilateration on Node Lo-
calization

As it can be seen from Algorithm 1 that a node requires
atleast 3 mobile anchor location to localize itself. More than
3 location transmission from mobile anchor can also be
used to effectively localize the node using the multilateration
technique. As more number of transmission locations are used
to localize the node, the location of node can be more accurate.
In order to illustrate this, average localization error versus



transmission from mobile anchor in Fig. 2 is investigated. This
method is also compared with other methods [6], [7].
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Fig. 2. Comparison of average localization error versus number of virtual
anchor locations

It can be noted that the proposed algorithm performs rea-
sonably better than other methods. Centroid algorithm [6] has
highest average location error of around 37m for 5 anchor
nodes. Results from [6] and [7] are reproduced in the Fig. 2.
[6] has an average error of 35m for number of anchors varying
between 3 and 9. With 20 anchors, [6] shows an average error
of 21.6m while the Centroid algorithm used in [6] shows an
error of 28m. It is also illustrated that the proposed method
has lower average localization error with respect to [7] with
and without filter.

III. PErRFORMANCE EvALUATION

In this Section, localization error analysis is presented.
Subsequently CRLB analysis is illustrated, and finally, ex-
periments on node-source localization in a real deployment
scenario are also conducted.

A. Localization Error Analysis

Localization error analysis using average error deviation
(AED) is presented.

Fig. 3 shows the average error deviation plots of obtained
location for four different methods. It can be seen from Fig.
3 that proposed algorithm shows lesser standard deviation of
error compared with the work in [6] and [7]. Additionally,
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Fig. 3. Symmetrized average radial error deviation of four different methods

localization error is calculated for independent experiments
conducted at different times. Fig. 4 shows the results obtained
by performing the experiment 35 times and correspondingly
plotting the instantaneous localization error. We can see from
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Fig. 4. Localization error versus number of independent trials

Fig. 4 that average localization error for outdoor environment
is around 12m. For indoor average error is 2m and it remains
consistent.

B. Cramer-Rao Lower Bound Analysis

The lower bound on error variance is analyzed using the
Cramer-Rao lower bound estimators [13].

2 FRxx + FRyy
02— ®)
FraxF Ryy — F Rxy
It can also be represented as:
-2
, 1 DlicH(m) dk,i 9
Tk = b driijdi ®

M 2
ZieH’(m) Zj:i+1( dfidf/ )

where, Fryx, Fryy, Fryy, b, dr1j and d;; are as described in
[13]. H(m) is the set of M nodes whose location is already
estimated and H’(m) represents the set of first M — 1 localized
nodes. Similarly, for each of the sensor node CRLB can be
written as in Equation 8 & 9. Fig. 5 shows the CRLB analysis
result on actual data. It can be noted from Fig. 5 that minimum
variance achieved is 7.4m which means that error fluctuation
is less.
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Fig. 5. CRLB plot on simulated data

C. Energy Efficiency of the Proposed Algorithm

In order to illustrate the energy efficiency of the proposed
algorithm, total energy consumption of various algorithms
are computed and shown in Table I. The proposed algorithm
performs better than the BB—AGM and DB—AGM [8] in terms



of total energy consumption. An energy of 0.02W is used for
transmitting the beacon, while 1W energy is consumed by the
anchor for a unit distance movement [8].

TABLE I
TOTAL ENERGY CONSUMED BY AN ANCHOR USING VARIOUS ALGORITHMS

Algorithms Total Energy (KW)
Proposed Algorithm 143.5
DB-AGM [8] 282.5
BB-AGM [8] 3944

D. Experiment on Node-Source Localization

In this Section, the performance of the proposed algorithm
is evaluated by randomly deploying sensor nodes in a real
deployed scenario.

1) Experiment on Localization in Outdoor Environment:
The performance of proposed algorithm in an experimental
deployment is shown in Fig. 6. We use National Instruments
(NI) WSN- 3202, 3212 and gateway NI 9792. The nodes
communicate through IEEE 802.15.4 protocol and have an
outdoor range of 300m.

Fig. 6. Experimental deployment showing mobile anchor node, static sensor
nodes, routers and gateway

The experiment is conducted during daytime on IIT Kanpur
field of size 100m x 100m in pre-winter. One node acts as a
mobile anchor that is moved manually and other nodes are
kept static in a random fashion. At each instant, static nodes
continuously measure the link quality. Equation 1 is not a reli-
able estimate for location estimation from the link quality. This
is because link quality does not depend only upon the power
received. It actually represents the confidence with which the
packets are received. Hence experiments were conducted to
establish the dependency of the link quality on distance which
varies with the wireless channel. If experimental conditions
remain approximately same, the results are consistent.

Fig. 7, represents the CRLB plot on experimental data for
the outdoor range. Experimental data is obtained by conduct-
ing sensor deployment on the field. Minimum variance of the
localization error is 0.223m of a 1mXx 1m, which is comparable
to [13]. For 100mx 100m, it shows reasonably improved result.

We get Equation 10, similar to Equation 1 using curve fitting
technique, which maps link quality to distance. The third and
fourth term of Equation 1 is combined into a constant 102.9 in
Equation 10. Non-linear least square method is opted here as
it gives minimum error (RMSE= 8.106). Several trials of the
experiment are conducted at different times to ensure reliable

estimate of distance.

(L.Q.), — (L.Q.), + 102.9 = 37.45log(K) (10)
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Fig. 7. CRLB plot on experimental data for outdoor

where, (L.Q.); and (L.Q.), are the transmitted and received
link quality, and K is the distance between mobile anchor and

sensor node in meter.

2) Experiment on Localization in Indoor Environment: The
experiment is conducted indoor to evaluate the performance
of proposed algorithm. Crossbow MTS310 sensor board,

15 () Mobite mote
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I oo
o 00

0 X Axls 15

Fig. 8. Figure illustrating the placement of motes and movement of mobile
mote in indoor

XM2110 IRIS board and MIB520 USB mote interface board
acting as a gateway is deployed indoor of area 15m X 15m
as shown in Fig 8. The motes communicate through IEEE
802.15.4 protocol. One of the motes is acting as a mobile
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Fig. 9. CRLB plot on experimental data for indoor

anchor and other motes are kept randomly in the area of
interest. Several trials of experiment is conducted to map a
received signal strength (RSS) to a distance and establish the
relation 11. Equation 11 is similar to Equation 1, where third
and fourth term of Equation 1 is combined into a constant
—49.74.

P, — P, —49.74 = 37.45 log(K) (11)

where, P, and P, are transmitted and received power respec-
tively in dBm. K is the distance between mobile anchor and



motes in meter. The non-linear least square method to map
RSS into a distance is opted because it gives minimum error
(RMSE= 2.593).

Fig. 9 shows the CRLB plot on experimental data collected
through motes deployed indoor. The minimum variance ob-
tained through this plot is very small which is consistent with
the localization error plot as shown in Fig. 4.

IV. CoNcLusION

In this paper, an energy efficient method of node-source
localization over randomly distributed wireless sensor nodes
is proposed. The algorithm performs sensor node localization
with the prior knowledge of location of only three nodes. The
proposed method does not require synchronization since each
node computes its position using information transmitted from
the anchor and does not require any information from the
neighbouring nodes. The additional novelty of the proposed
method lies in the movement of the anchor in the direction of
approximate maximum power. Additionally, the mobile anchor
is placed such that minimal energy is required to communicate
with the neighbouring nodes. The experimental results on an
ad-hoc wireless sensor network deployment on the field are
used to validate the high degree of reliability of sensor node
localization. New methods that can use a mobile anchor that
traverses a network where sensor nodes are also mobile is
currently being explored on a real experimental set-up.
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APPENDIX

A. Solution to the constrained optimization problem in Equa-
tion 3

Let Z* = [x* y*]” and A* are the solution of primal and dual
problem with strong duality holds. For this problem Karush-
Kuhn-Tucker (KKT) condition [14] is satisfied. Taking the
gradient of the Lagrange function and setting it equal to zero-

L(Z, X, 1) = (Z) ATAZ" —2(Z")"ATB + B'B+
Ay Xk = tubound,) + A (Wiboundy, — Xk) + Ay, Vk — Uubound, )+
Ay, (Uubound, = Vi)
For the solution of x, M(Zﬁii”) =0 gives
xX=x

n—1 n—1 n—1
2)6?2&’? +2y;‘2a/jﬁj —ZZa/jyj +/lu] —/l[l =0
J=1 J=1 J=1

Case A: /lul—O Ay, >0andx =a

= 261(2, 1(12) + 2y (Z a]ﬁ,/) 2(21 1017/) /lll =0
= -yi(X LaB)) < G(Zj=1 a?) j:l ajy;

Case B: /l,l =0, Ay >Oandx =b

= 2b( ] Q,Z) + Zy,( a’jﬁj) 203 a’j’)’j) =0

:>yi( ajﬁ)< b( 2)+Zj10]7]

Case C: 1,, =0, 4, =0anda<x; <bh
o = T @y (S @B))

i rz]la_

A solution to y can be proposed on similar lines and the
optimal solution is :

a, if —y; (X @B) <a(Tis o) - X ajy;

+ _ Jb, if yi(X e < -b(X] 2)+Z, 197

27 1 95Yi™Y <Z7ill a;B))
Z;’_l a2

¢, if - x(Z

, otherwise

@) < (X2 B = T2 By

yi=dd i xS @B < ~d(E55 B + X0 By

S0 By (B i)
= ’
— Xn, Bi =i

.n—1.

otherwise

Where, a; = x;
Vi=1,..

_ 22,2 2
=y and y; = X7 — X, +y;i =y, +Z;



