
1274
IEICE TRANS. FUNDAMENTALS, VOL.E93–A, NO.6 JUNE 2010

LETTER

Sensor Localization Based on AOA-Assisted NLOS Identification

Takahiro ASO†, Student Member and Teruyuki MIYAJIMA††a), Member

SUMMARY In ubiquitous sensor networks, the estimation accuracy of
a node location is limited due to the presence of non-line-of-sight (NLOS)
paths. To mitigate the NLOS effects, this letter proposes a simple algorithm
where NLOS identification is carried out using angle-of-arrival (AOA).
Simulation results show that the use of AOA improves NLOS identifica-
tion rates and location estimation accuracy.
key words: ubiquitous sensor network, positioning, NLOS error mitiga-
tion, time of arrival

1. Introduction

In potential applications of ubiquitous sensor networks such
as environmental monitoring and search-and-rescue opera-
tions, sensor node localization is a fundamental and crucial
problem [1]. A major concern of the localization is the effect
of non-line-of-sight (NLOS) situations where the transmit-
ted signal only reaches the receiver through reflected paths.
In the NLOS situations, large errors in range and angle mea-
surements may occur and seriously degrade localization per-
formance.

There have been various ways to mitigate adverse
NLOS effects [2]–[7]. The first way is based on pattern
matching that uses a database consisting of previously mea-
sured radio characteristics at known positions [2]. This ap-
proach requires high cost to set up and maintain the database
especially in time-variant environments. The second way
is to introduce an NLOS channel model and determine the
node location from the model [3]. In practical situations,
it is difficult to obtain an accurate model. In the third way
[4], [5], initial estimates are determined from a set of range
measurements and residual information is formed. The final
estimate is obtained from a subset of selected measurements
based on the residual information. In the residual weighting
algorithm [4], since the initial estimates are computed for
possible combinations of measurements, its computational
complexity becomes higher as the number of anchors in-
creases. An algorithm in [5] not only needs to set an ap-
propriate threshold to identify an NLOS measurement using
residual range errors, but also cannot provide satisfactory
estimation performance because of its poor NLOS identifi-
cation capability.
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This letter attempts to improve the performance of the
algorithms in the third category. We propose a simple local-
ization algorithm that uses residual angle-of-arrival (AOA)
errors to identify NLOS measurements, instead of residual
range errors as in [5]. Moreover, the proposed algorithm can
determine a threshold automatically and requires only small
computational effort.

2. Localization Algorithm

The unknown sensor location is denoted as x = [x y]T . Let
there be M anchors whose location Xi = [Xi Yi]T , i =
1, 2, · · · ,M, is known. Let ti and θi be the ith measured
time-of-arrival (TOA) and AOA, respectively. The mea-
sured TOA and AOA include the effects of measurement
noise and NLOS propagation (if exists). The range mea-
surement is denoted by ri = c · ti where c is the speed of
light. If the ith path is NLOS, the AOA θi is assumed to take
a value in an interval [φi − Φ0, φi + Φ0] where φi is the eye
direction from the sensor node to the ith anchor and we refer
to Φ0 as angular spread.

The proposed algorithm consists of three stages. In the
first stage, the initial location estimate is obtained by the
least squares (LS) method [6] with all range measurements
as

x̃1 = arg min
x̃

JF (x̃), F = {1, · · · ,M} (1)

where, for a range measurement index set C =

{i1, i2, · · · , im}, the objective function is give by

JC(x̃) =
∑
i∈C

∑
j∈C
j>i

(ai j x̃ + bi jỹ − ci j)
2 (2)

= ‖Ax̃ − c‖2

where ai j = Xi − Xj, bi j = Yi − Yj, ci j = {(X2
i − X2

j ) + (Y2
i −

Y2
j ) − (r2

i − r2
j )}/2, x̃ = [x̃ ỹ]T , and

A =
[

ai1i2 ai1i3 . . . ai1im ai2i3 . . . aim−1im
bi1i2 bi1i3 . . . bi1im bi2i3 . . . bim−1im

]T

c =
[

ci1i2 ci1i3 . . . ci1im ci2i3 . . . cim−1im

]T
.

In the second stage, NLOS measurements are identified
and the initial estimate is refined. The eye direction from the
initial location estimate to the ith anchor is defined as

φ̃i = arctan(Xi − x̃1), i = 1, 2, . . . ,M (3)
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where arctan(·) denotes four-quadrant inverse tangent with
the result in the interval [−π, π]. The angle residual error
can be formed as

ei = θi − φ̃i. (4)

As shown in Fig. 1, the eye direction φ̃i largely differs from
the AOA θi in the presence of NLOS as long as the initial
estimate x̃1 is not so far from the true location x. Based on
this observation, NLOS measurements are identified by the
following rule:

ξi =

⎧⎪⎪⎨⎪⎪⎩
NLOS if e2

i > T

LOS if e2
i ≤ T

(5)

where T denotes the threshold determined by

T =
1
|F |
∑
i∈F

e2
i . (6)

Next, we can form a set L = { j; ξ j = LOS} by removing
the measurements identified as NLOS. The sensor location
is re-estimated by LS with the selected range measurements
as

x̃2 = arg min
x̃

JL(x̃). (7)

A large angle spread Φ0 is preferable to distinguish
NLOS from LOS. When the angular spread Φ0 is small it
is anticipated that the performance of the NLOS identifica-
tion degrades. In addition, interestingly, the removal of the
NLOS measurements does not necessarily improve estima-
tion accuracy [6]. These facts suggest that x̃2 is not always
a better estimate than x̃1. Thus, in the third stage, we select
a better one from the two estimates x̃1 and x̃2. We evaluate
how good an estimate is by the mean squared residual range
error

S C(x̃) =
1
|C|
∑
i∈C

(ri − ‖x̃ − Xi‖)2 (8)

where |C| denotes the number of entries of a measurement

Fig. 1 LOS and NLOS paths in a sensor network.

index set C. The final estimate is determined by

x̂ =
{

x̃1 if S F (x̃1) ≤ SL(x̃2)
x̃2 if S F (x̃1) > SL(x̃2)

. (9)

3. Simulation Results

There are four anchors (M = 4) which are located at
[0 0], [0 100], [100 0], and [100 100], respectively. The path
from one of anchors is assumed to be NLOS and is longer
by R0 than the corresponding LOS path. There is one sen-
sor node set at random in the area surrounded by the square
formed by the anchors. The AOA of the NLOS path is cho-
sen uniformly from [φi−Φ0, φi+Φ0]. A range measurement
noise is assumed to be modeled as a zero-mean Gaussian
variable with the standard deviation σr = 1 (m) which is
common among anchors. Similarly, an AOA measurement
noise has the common standard deviation σa = 2.5 (deg).
A performance measure is the mean squared position error
defined as

ε =
1
K

K∑
k=1

‖x̂k − xk‖2 (10)

where K is the number of trials, which is set to 1,000. For
the purpose of comparison, we also evaluate an algorithm in
[5], which uses the range residual error to identify an NLOS
measurement and requires a predetermined threshold.

In Fig. 2, NLOS identification rates of the proposed and
conventional algorithms as a function of NLOS error are
shown where the angle spread is set to Φ0 = 15◦, 45◦, 90◦,
and 180◦. As expected, the performance of the proposed
algorithm improves as the angle spread increases. Clearly,
the proposed algorithm outperforms the conventional range
residual error based method. The reason of the performance
degradation of the conventional algorithm is as follows. In
the presence of an NLOS path, the initial estimated loca-
tion tends to be away from the anchor with the NLOS path
and thus the range residual error (difference between mea-
sured and estimated range) becomes small. Then the NLOS
measurement is likely to be misjudged to be a LOS mea-
surement. On the other hand, in the proposed AOA-based

Fig. 2 NLOS identification rates.
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Fig. 3 Location estimation error performances.

Fig. 4 Position error when NLOS error R0 = 4 m.

algorithm, the angle residual error tends not to be affected
by the initial location estimation error.

Figure 3 shows the location estimation errors as a func-
tion of NLOS error. It also contains the results of the LS, i.e.,
x̂1, that of the conventional algorithm with a carefully cho-
sen threshold of 0.95, and a lower bound of ε obtained from
the Cramér-Rao lower bound (CRLB). Assuming the range
measurement noise is spatially white, the range measure-
ment r = [r1 · · · rM]T obeys a multivariate Gaussian dis-
tribution with mean µ(x) and covariance matrix σ2

rI where

the ith entry of µ(x) is
√

(x − Xi)2 + (y − Yi)2. The CRLB
sets a lower limit for the estimate error covariance matrix
and is given by the inverse of the Fisher information ma-
trix as σ2

r(GT G)−1 where G = ∂µ(x)/∂x. The trace of the
CRLB matrix provides a lower bound for ε. We can ob-
serve that the performance strongly depends on the angle
spread Φ0 and becomes better as Φ0 increases. The conven-

tional algorithm is worse than even LS because of its poor
NLOS identification capability.

In Fig. 4, the location estimation errors as a function
of the standard deviation of AOA measurement noise σa
are shown when NLOS error is R0 = 4 (m). We can ob-
serve that the proposed algorithm significantly outperforms
the conventional algorithm for all σa values and becomes
better than LS when σa is less than about a half of the angle
spread Φ0.

4. Conclusion

In this letter, we have proposed a simple sensor localization
algorithm based on NLOS identification using AOA resid-
ual errors. Simulation results have shown that the perfor-
mance of the proposed algorithm becomes better as the an-
gle spread of AOA increases. Though not shown, the pro-
posed algorithm can also be applied to cases where there are
more than one NLOS paths.

If the initial location estimate is poor, the proposed al-
gorithm may fail to identify NLOS measurements. The fac-
tors making impact on the initial estimate are range mea-
surement noise, anchor geometry, and a location estimation
method. Although we used LS, which may provide poor
initial estimate for a certain geometry, we can adopt any
location estimation method. The use of other than the LS
method with range measurements in stages 1 and 2 would
improve the performance in various situations.
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