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Abstract 

This paper concerns a study of the process of 
localizing the nodes of a multi-hop wireless net- 
works, i.e., of having the node computing their co- 
ordinates with respect to a suitable reference sys- 
tem. W e  consider networks where the nodes perform 
measurements of distance and angle of arrival from 
nodes within their transmission radius. W e  describe 
a simple localization protocol, termed Range-Based 
Centroid (RBC), that starting fmm a single node 
(the beacon) with given coordinates localizes all the 
network r ides  with reasonable accuracy. W e  then 
propose a new localization protocol that achieves 
grater  accuracy by contairhing the propagation of 
the localization emor as the process progresses away 
from the beacon. W e  quantify the improve7nents of 
the proposed protocol, termed ME@ (for Minimum 
Enclosing Circle Containment) by simulations. In  
the considered scenarios, MEC keeps the localiza- 
tion e m r  within 21% of the nodes' transmission ra- 
dius, with 20-3090 improvements over RBC. 

1 Introduction 

A number of applications for wireless multi-hop 
(or ad hoe) networks require nodes to be aware of 
their own physical location. E+o111 the implementa- 
tion of geographic ad hoc routing to the dissemina- 
tion of sensed data from specific location in wireless 
sensor networks (WSNs), the network nodes need 
to know their own coordinates with respect to an 
absolute or relative system. 

Whenever centralized positioriirlg  neth hods such 
as GPS or manual placement in known positions are 

not viable solutions for node localization, protocols 
must be defined and implemented that provide the 
nodes with the needed coordinates. 

Several techniques for localizing ad hoc nodes 
have been proposed in the literature. A coarse 
taxonomy divides the multiplicity of these proto- 
cols into two major classes: range fiee solutions 
and solutioiis that are based on inter-nodal distance 
and/or angle of arrival (AoA). The first kind of so- 
lutions is particularly suitable for networks with re- 
source constrained nodes (such as WSNs) since ad- 
ditional, expensive hardware for ranging and angle 
rneasurernerlts is mot required. 

Fhr~ge-free protocols are often depending or1 in- 
tensive message exchange, which can be extremely 
energy demanding. Moreover, the produced local- 
ization is not accurate. The localization error, de- 
fined as the misplacement between a node estimated 
coordinates and its actual position, often exceeds 
50% of the node transmission radius, even with a 
large number of beacons throughout the network. 

When accuracy is important, solutions based 
on measuring the distance (range) between nodes, 
and/or the angle of arrival have been proposed. Ei- 
ther by using the strength of the wireless signal, or, 
when available and in suitable scenarios, more so- 
phisticated techniques (e.g., TDoA, ToA, AoA, ul- 
trasound signals, smart antennas), ranging and an- 
gle information together with multi-lateration tech- 
niques are used to infer node position. In particular, 
it has been shown that the cornbined use of range 
and AoA information reduces rnessage excharge and 
the localization error is often less than 50% of the 
transmission range [I]. An additional benefit of the 
use of range and AoA is the decreased number of 
beacons in the network. Si~npIe protocols are en- 
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abled by thc krlowledge of these two measures, i11 
which a single node (called the source, the beacon, 
or the sink) starts the localization process by broad- 
casting its own coordinates. Nodes that compute 
their own coordinates based on the ones received 
by the beacon perpetuate the process in a wave- 
expanding fashion. However, the non-negligible er- 
ror in the measurements leads to an increasing lo- 
calization error while the process progresses away 
fro111 the beacon. 

Despite the host of localization protocols re- 
cently proposed for ad hoc and sensor networks, 
few works are concerned with the study and the 
definition of techniques for limiting the propagation 
of the localization error in a multi-hop setting. A 
method for error containment has been proposed by 
Niculescu et al. in [I]. Nodes compute the variance 
among many successive measurements of range and 
AoA and propagate the corresponding covariance 
matrix. This matrix is used to increase the pre- 
cision of the computation of a node's coordinates. 
A drawback of this method, however, sterns from 
the many pairwise transniissions needed to obtain 
an accurate estimation of the variance of range and 
angle measurements. Furthermore, matrix manipu- 
lation at the node can become quite computation- 
ally demanding. This rrlakes this  neth hod not viable 
for networks with resource-constrairled nodes, such 
as WSNs. 

In this paper, we are concerned with defining an 
efficient method for limiting the propagation of the 
localization error in multi-hop networks with one 
beacon. We start by defining and testing a very sim- 
ple localization algorithm, termed the Range-Based 
Centroid (RBC) method. A node receives coordi- 
nates from its own neighbors (nodes in its transmis- 
sion range) and based on the sole knowledge of mea- 
sures on range and AoA from them it estimates its 
own coordinates with respect to each one of them. 
The node's coordinates are computed as the cen- 
troid of the estimated coordinates. Although ef- 
fective in keeping the localization error below 30% 
of the nodes transmission radius, RBC applies no 
methods for limiting the propagation error. 

In this paper we define and study an error- 
containing technique that enhances RBC by sirriply 
using information about error measurements. In 
particular, upon receiving a neighbor coordinates, 
knowing technology-dependent bounds on the pos- 
sible errors on range and AoA estimates, a node is 
able to determine the area that contains its real po- 
sition. We approximate this area with a circle. At 
this point we can take advantage of the fact that the 
node exact coordinates ~riust lie in the intersection of 

all the circles correspor~ding to different neighbors. 
The node's estimated coordinates are the center of 
the minimum circle containing the points of inter- 
section of each pair of circles. We term this tech- 
nique MEC" for Minim.zmz Enclosing Circle Con- 
tainment. (The details of this method are given in 
the next section.) 

In this paper we define the RBC and MEC2 
schemes. The perforrriaxlce of the two protocols 
is corrlpared (via ns2-based si~nulatio~~s) with re- 
spect to the localieatio~l error they produce, both 
network-wide, and as a function of the distance (in 
hop) of a node from the beacon. We observed that 
MECqs  effective in reducing the localization er- 
ror produced by RBC. In the considered scenarios 
the average localization error never tops 21% of the 
transmission radius. 

The protocols RBC and MEC2 are described in 
the following section. Simulation results are shown 
in Section 3. Final remarks are given in Section 4. 

2 RBC and MEC2 

The Range-Based Centroid (RBC) solution for 
node localization works as follows. There is an ini- 
tial set up phase in which each node gets to know its 
hop distance h from the beacon, the identity of its 
neighbors at distance h - 1 from the beacon and the 
nieasurements of range and AoA from these neigh- 
bors. (We assume that each node is equipped with a 
compass, which allows consistent measurements of 
the AoA.) The beacon starts the localization pro- 
cess by broadcasting its (exact) coordinates to its 
one hop neighbors (layer 1 nodes). Based on the 
(~ossibly faulty) rr~easurerrie~~ts on range a id  an- 
gle, each neighbor of the beacon is able to coxrlpute 
its own (estimated) coordinates, which in turn are 
broadcast to the nodes that are two hops away from 
the beacon (layer 2 nodes). The generic node V 
at level h receives estimated coordinates from its 
u neighboring nodes one hop closer to the beacon 
(upstream neighbors). By using the measurements 
to each of such neighbors i and the coordinates 
(x,, yz) they sent, V computes its estimated coor- 
dinates (xv, yv) as the average over the estimated 
coordinates (zb, yb) with respect to each neighbor 
(centroid, as in [2]), i.e., for a node V in the plane, 
(XV, YV) = ; C!=, (x t  , YL). 

Clearly, the localization error increases while the 
localization process progresses away from the bea- 
con, given that a node h hops away from the beacon 
computes its coordinates based on faulty measure- 
Inex~ts and on imprecise coordinates (error proyaga- 
tion). 
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Based on RBC we propose a localization 111cthod 
that effectively contains the propagation of the lo- 
calization error experienced by RBC. We assume 
that each node is aware of an upper bound on mea- 
surement errors on the real distance d between two 
nodes (ed, expressed as a percentage of d), and on 
the AoA a (E,, an absolute value). These two 
bounds allow a node to compute the area in which 
its real coordinates car1 be found. 

Figure 1. E,, and corresponding localiza- 
tion area 

Let us consider two nodes A and B as in Fig- 
ure 1, where A is the beacon. The shaded area is 
where B can be located based on the known bounds 
011 the rneasureIneIit errors and A's coordinates. We 
approxi~nate this area with a circle LB centered on 
the u~lknown real position of B. We term LB the 
localzzatzon a r ~ a  of node B. The radius Em, called 
measurernent error radius, is obtained as the norm 
of the vectorial sum of the errors on distance and an- 
gle, and represents the error due to measurernents. 

(A derivation of Equation (1) can bc found in A p  
pendix A.) Together with its estimated coordinates 
node B transmits also its measurement error radius 
to its neighbors in layer 2. These neighbors (pos- 
sibly) receive ~riultiple coordinates and radii, arid 
compute their own coordinates and a localization ra- 
dius, which is a function of the measurement errors 
and the received coordinates. This radius bounds 
the localization error from above. (In the case of 
neighbors of the source the localizatiori radius co- 
incirtes with the rrieasure~rie~lt error radius.) More 
specifically, a generic node V' that is h hops away 

frorri the beacon receives coordi~rates (r,, y,) and lo- 
calization radii Ez from all its u neighbors in layer 
h - 1. From each of the received coordinates, given 
the measurement to the neighbors, V conlputes its 
possible estimated coordinates ( x t ,  y;.). At this 
point, instead of averaging on the estimated coor- 
dinates (as in RBC), node V considers (st, 9;) as 
the center of a circle Li whose radius I,' is given by 
the localizatiori radius E, of neighbor i increased by 
the measurernents error radius En',, (see Figure 2). 

Figure 2. Localization area in MEC2 

Each of the circles L!,, i = 1,. . . ,u, covers an 
area where the actual coordinates of node V are 
surely to be found. It  is clear that V resides in 
the intersection of such circles. Node V's final es- 
timated coordiriates are therefore computed as the 
center of the smallest circle that contains all the 
points common to the intersection of the bigger cir- 
cles (minimum enclosing circle, or MEC). 

The MEC (thicker circle in Figure 2) is V's Iocal- 
ization area Lv, whose radius &I/ is sent by V to all 
its neighbors in layer h + 1 along with its estimated 
coordinates. 

We notice that the complexity of computing the 
MEC of a set with 0 (u )  points is O(u), i.e., there is 
only quite a limited added complexity with respect 
to the simple centroid computation. 

3 Simulation Results 

We inlplernerted RBC arid MEC2 by using the 
CMU wireless extension to the network simulator 
ns2. We consider scenarios where n = 400 and 600 
nodes are scattered randomly arid uniformly in a 
square area with side L = 1400m. The nodes' trans- 
mission radius is set to 250m 

Error on distance has been rriodeled by addir~g 
to the Euclidean distance d between two nodes 
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a perce~ltage of d ra~~dornly chosen in [--&d, E ~ ] ,  
~d E [5%, 50%]. Errors on the angle are rnodeled 
by adding to the actual angle a a value randomly 
chosen in [-E,, E,] where E [5O, 4s0]. 

The points in t,he figures below are obtained by 
averaging over 100 network topologies for each n. 

In our first set of experiments we are interested 
in studying how the localization error grows as t,he 
localizatior~ process progresses away fro111 the bea- 
con (i.e., the average localization error per layer.) 

Figures 3 to 6 display the localizatiorl error per 
layer when the nurriber of nodes is 400 and GOO, for 1 2 3 a s I 

the MECGnd RBC sckiernes, respectively. In all H0Prf-m- 

our experiments, we have observed that the error 
on the angle affects localisat.io11 precision much more Figure 3. MEC2: Error per layer (TL = GOO) 

- 
than ranging errors. For AoA errors of 30 degrees 
or more the localization precision is independent on 
the distance error altogether, and these errors be- 
come noticeable only when the measurements on the 
angle produce small errors. As a consequence, we 
show "worst-case" pictures for the average Iocaliza- 
tion error per layer where the ranging error is the 
maxirnu~n coxisidered (50%) and the error on the 
angle varies from 5 (best case, little angle error) to 
45 degrees (important measurement error). 011 the 
other side of the spectrum, we also show curves for *--__--._._._._ ................ *-.-- 

the cases concerrii~ig little errors for distarlce (5%) 
and arlgle (from 5 to 15 degrees). (Each curve in 2 3 a s 7 

the figures is labeled with the associated distance Hop.homBa&on - 
and angle ~neasurements errors.) 

We observe that in all cases, there is an expected 
increase of the error with increasing distances of 
nodes from the beacon. The only exception is for 
the nodes in the first layer (beacon's neighbors), 
whose error is bigger than for the nodes in the sec- 
ond layer. This is because the beacon's neighbors 
estimate their coordinates based only on the bea- 
con's coordinates and estimated range and angle, 
and hence they cannot apply either RBC or MEC2. 
(This justifies why for both RBC and MECQhe lo- 
calization error for nodes one hop from the beacon 
is the same.) 

In Figure 3 we observe the proportional depen- 
dence of localization precision on the angle measure- 
ment error. When the distance error is 50% and the 
angle error is 45 degrees, the error car1 be as high 
as 44% of the nodes transmission range (n = 600). 
The same error increases up to 50% hi less denser 
networks (n = 400), for those nodes that are 7 hops 
away from the beacon (Figure 4). 

The higher the density, the lower the average lo- 
calization error per layer. In the case of RBC each 
node has inore coordinates to average on, and in 
the case of MEC2 a uode estimates its coordir~ates 

Figure 4. MEC? Error per layer ( 7 ~  = 400) 

as the center of the intersection of a circles enclos- 
ing rilore points. These scenarios coricerrl pretty 
high rr~easure~r~ent errors. Whenever the technol- 
ogy allows a node to estirriate range and especially 
the angle of arrival more accurately (under 5-10% 
and 15 degrees, respectively) the localk~ation error 
is much lower (it never tops 13% for nodes 7 hops 
away from the beacon and in network with lower 
densities). 

Figures 5 and 6 show the same results as the 
previous figures for the case of RBC. We observe 
that MEC%s effective in containing the propagation 
of the localization error. RBC leads to error which 
are 41% higher than those obtained by using MEC2 
(n = 600) and higher than 26% (n = 400). 

Figure 7 aid Figure 8 show the average localiza- 
tion error network-wide when n = 400 and 600, re- 
spectively, and for the best arid worst error measure- 
ment combinations among those considered. With 
RBC-5% (MEC2-5%) we indicate for RBC (MEC2) 
with distarice error equal to 5% and angle error 
equal to 5 degrees. RBC-50% (MEC2-50%) indi- 
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Figure 5. RBC: Error per layer ( r ~  = 600) 

Figure 6. RBC: Error per layer (78 = 400) 

Figure 8. Localization error network-wide 
(n = 400) 

M E C q s  always below 17% (21%) of the nodes 
transmission radius. This includes the case with 
thc worst mcasurcment crrors for both distancc and 
angle we have considered. The localization error be- 
comes negligible (always below 5%) when both mea- 
surement errors are relatively srnall (distance errors 
below 10% and angle errors 5 15 degrees). RBC 
produces an average localization error that can be 
as high as 27% of the nodes transmission radius. Al- 
though this compares favorably with previous local- 
ization protocols, we consider the 30% improvement 
of MEC2 quite remarkable. 

cates RBC (ME@) with distance error equal to 50% 
and angle error equal to 45 degrees. 4 Conclusions 

0.25 

We have cornsidered the problern of characteriz- 

0.2 
ing the localixatiorl error in networks with one bea- 
con arld nodes that are aware of the distance arid 
of the AoA from their neighbors. We have also pro- 

0.15 
,A, posed a simple arid effective method (MEC" for 

containing the error propagation as the localization I ..I process progresses away from the beacon. Simula- 
tion rcsults confirm that thc combined use of rangc 

0.05 and AoA information is effective in containing the 
localization error within the 27% of a node's trans- 
nlissiori radius, arld that MECVurther lowers the 

0 
6 10 IS 20 25 30 35 40 45 

@nak Erm (Wee) 
error by a factor of 0.3. 

Future work includes providing an analytical 
Figure 7. Localization error network-wide model for the localization error pr~pagat~ion, inves- 

( r ~  = 600) tigating the irnpact of multiple beacons on localiza- 
tion accuracy, evaluating the toll imposed by RBC 
and M E C b n  resource constrained nodes (WSNs 

We observe that for ~~etworks with 600 (400) scenarios) as well as cornparisor~s with other error- 
nodes, the average localization error obtained by containing localization protocols. 
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Appendix A 

We show how Em, the rrleasureIner~t error ra- 
dius defined in Section 2, is obtair~cd for the sin- 
gle node B. Consider Figure 1 where dl ~ d ,  and 
e, are defined as in Section 2. Values for a and 
b are easily con~puted as follows: u = dsd and 
b = 2&+ sin(?), where we define E* = (1 f E ~ ) .  
The Law of Cosines applied to the triangle dub& 
yields to E; = a2 + b2 - 2ab . cosp, where cos ,8 = 
cos(5 - y) = sin(%). In the following we indicate 
sin(?) with sin. By substitution wc obtain: 

where kl is a constant that depends on the measure- 
ment errors. Equation (2) defines &,, as a function 
of the real distance d. However, node B only knows 
the rrleasured distance d,,. Such an expression for 
E,, should therefore be defined as a functiorl of dm, 
provided that, as it happens by using dl the local- 
ization area Lg includes B's real position. This is 
guaranteed by finding an upper bound on d which 
is a function of dm. We notice that d,, is clearly 
2 &- (see Figure 1). The needed upper bound is 
thus d < 5. Since d < R (the node2 transmission 
radius) from Equation (2) we obtain: 
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