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Abstract—Tracking a mobile node using a wireless sensor
network under non-line of sight (NLOS) conditions, has been
considered in this work, which is of interest to indoor positioning
applications. A hybrid of time difference of arrival (TDOA)
and angle of arrival (AOA) measurements, suitable for tracking
asynchronous targets, is exploited. The NLOS biases of the TDOA
measurements and the position and velocity of the target are
included in the state vector. To track the latter, we use a modified
form of the extended Kalman filter (EKF) with bound constraints
on the NLOS biases, as derived from geometrical considerations.
Through simulations, we show that our technique can outper-
form the EKF and the memoryless constrained optimization
techniques.

Keywords—Extended Kalman filter; localization; non-line of
sight; ultra wideband.

I. I NTRODUCTION

Ground-based wireless positioning has received great at-
tention in indoor and dense urban areas due to the limitations
of the global positioning system (GPS) [1]. The fine timing
resolution of ultra-wideband (UWB) pulses makes them robust
against multipath fading and thus, the methods based on time
of arrival (TOA) can achieve good accuracy [2]. Localiza-
tion techniques that directly exploit the TOA measurements
require accurate target-anchor synchronization. However, if
only anchor-anchor synchronization is maintained, the time
difference of arrival (TDOA) data can be exploited for local-
ization. Furthermore, the angle of arrival (AOA) measurement
of UWB signal requires no tight synchronization among the
anchors, and its accuracy improves with increasing the system
bandwidth [3]. Although the AOA measurement of UWB
signal is challenging in practice, some methods have been
recently proposed for the joint measurement of TOA and AOA
in UWB systems [4]. Indeed, exploiting a hybrid of angle and
range information can reduce the number of required line of
sight (LOS) nodes for localization.

One of the main challenges in network-based positioning
remains the non-line of sight (NLOS) problem, which occurs
due to the blockage of target-anchor view. In a NLOS scenario,
the TOA of the first detectable signal at the receiver is larger
than it would be for a direct line of sight (LOS) path, resulting
in a positively biased range measurement. Also, the AOA
measurements will be corrupted by a random perturbation
distributed within [0, 2π) [1]. The TOA-based localization
in NLOS for a single time instant is summarized in [5].
More recently, the constrained optimization technique using

sequential quadratic programming (SQP) in [6] has shown a
good performance for position and NLOS bias estimation. In
[6], the lower bound on the NLOS bias is set to zero and the
upper bound proposed in [7] is employed. When the target
is moving, the history of the past measurements along with
the state equation can help in estimating a better location over
time. In [8] and [9], the TDOA-AOA data are exploited for
cellular and UWB indoor tracking, respectively. In both papers,
Kalman filter (KF) preprocessing is applied on the received
TOA data for NLOS mitigation, and the variances of the range
measurements are estimated. In [9], further NLOS mitigation
is done by scaling the covariance matrix of the measurement
noise in an extended Kalman filter (EKF).

While these methods enable the tracking of a moving node
under NLOS conditions, they have some disadvantages. First,
the KF preprocessing cannot mitigate the effect of NLOS
effectively, especially if the nodes are initially in a severe
NLOS situation. Second, the online variance calculation of
the range measurement of a moving target might not be done
with good accuracy for NLOS links. In [10], the state vector
of the EKF is augmented with the NLOS biases in addition to
position and velocity, which helps in improving the positioning
accuracy under NLOS conditions. Similar state equations have
been used in particle filters (PF) developed for UWB indoor
tracking of a target equipped with an inertial measurement unit
(IMU) in [11], [12]. However, the computational cost of the
PF grow exponentially with the size of the state vector [12],
hence it is less suitable for practical applications.

In this paper, we propose a constrained form of the EKF
for localization of an asynchronous mobile node under mixed
LOS/NLOS conditions. The state vector of the proposed filter,
similar to [10], is augmented with the NLOS biases. The steps
of the constrained EKF follow those of the EKF, except for the
estimation of the state vector at each time instant, where the
2-norm of a linearized vector function is minimized subject
to bound constraints on the NLOS biases. These constraints
are linear and depend on the geometry and the type of
the measurements exploited. Since here, we use TDOA-AOA
measurements for localization of an asynchronous node, the
upper bound given in [7] can not be exploited. Therefore,
we propose novel lower and upper bounds on the NLOS bias
by exploiting the underlying geometry of the angle and range
difference equations. Through simulations, we show that the
proposed constrained EKF outperforms the ordinary EKF in
[10], and the memoryless constrained optimization technique
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in [6]. Other advantages of the proposed approach are its
simplicity and low computational cost, which makes it suitable
for practical applications.

The remainder of this paper is organized as follows: In
Section II, the system model is described, and the formulation
of the problem is given. The derivation of the bounds on the
NLOS biases and the constrained EKF technique are described
in Section III. In Section IV, illustration of simulation results
are presented. Finally, Section V concludes the paper.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. Range and Bearing Measurements in NLOS

We consider a 2-dimensional (2D) indoor plane on which
a wireless sensor network (WSN) withM fixed anchors
at known positionspi = [Xi, Yi]

T is deployed. The goal
is to track a mobile target with unknown positionp[k] =
[x[k], y[k]]T and velocityv[k] = [vx[k], vy[k]]

T at the k-th
time instant. The synchronized anchors are placed near the
boundary of the room in order to cover the area, as the anchor
placement has a direct effect on the localization accuracy [5].
For the sake of simplicity, let the indicesi ∈ {1, . . . , N}
denote the anchors that are in NLOS, andi ∈ {N+1, . . . ,M}
denote the anchors with LOS measurements. We assume that
the NLOS links can be identified accurately at every time
instant. To this end, NLOS identification techniques based on
hypothesis testing have been proposed in [8], [9], [13], [5].
Furthermore, NLOS identification based on the features of the
received UWB timing pulse can yield a good result [14].

The range measurement for thei-th anchor,zi[k], is ob-
tained by multiplying the corresponding TOA measurement
with the speed of wave propagation. The set of range equations
for theM anchors are

zi[k] = di[k] + ǫ[k] + bi[k] + ni[k], i = 1, . . . ,M (1)

where di[k] =
√

(x[k]−Xi)2 + (y[k]− Yi)2 is the true
range,ǫ[k] is proportional to the relative clock offset between
the target and the anchors (the clock offset is common among
the anchors as they are synchronized),bi[k] is the NLOS bias
which is a positive random variable fori ∈ {1, . . . , N} and
zero for i ∈ {N + 1, . . . ,M}, andni[k] is the measurement
noise. The distribution of the NLOS bias is location depen-
dent and time varying; therefore, assuming a priorly known
distribution is not practical. However, as the target moves, the
instantaneous value of the NLOS bias can be approximately
modelled as a random walk

bi[k + 1] = bi[k] + wb[k], i = 1, . . . , N (2)

where the incrementwb[k] is a uniform random variable with
zero-mean and varianceσ2

wb
[11], [12]. The measurement noise

in (1) is modelled as a normal random variable with zero-mean
and varianceσ2

ni
[k]. In UWB systems, the variance of this

noise can be represented as

σ2
ni
[k] = σ2

0d
β
i [k], (3)

whereσ0 is a proportionality constant andβ is the path-loss
exponent, which might have different values based on the
environment, e.g.,β = 2 for LOS andβ = 3 for NLOS have
been considered in [15].

The AOA can be measured jointly with the TOA by means
of UWB antenna arrays as done in [4]. The AOA of the
NLOS anchors are discarded as done in [9], since they are
corrupted by random perturbations uniformly distributed in the
interval [0, 2π). The AOA of the LOS anchors with respect to
a reference coordinate system are

θi[k] = tan−1
( y[k]− Yi

x[k]−Xi

)

+nθi[k], i = N+1, . . . ,M (4)

where the measurement error,nθi [k], is normally distributed
with zero-mean and varianceσ2

θ .

The clock offset parameterǫ[k] is cancelled out by subtract-
ing the measured range of each anchor in (1) from a reference
anchor, which amounts to employing TDOA measurements.
If all the anchors are in NLOS, i.e.,N = M , then the
range difference achieved through subtraction has either a
positive or negative bias. For this scenario, the techniques
in [8] and [9] can be employed, where KF preprocessing
is used for smoothing and variance calculation. However, as
mentioned earlier, KF smoothing can not mitigate the effect
of the NLOS bias efficiently. In this paper, to overcome this
limitation, we assume instead that there is at least one LOS
range measurement available, i.e.,N < M . In this case, the
range difference measurements can be obtained with respect
to a selected reference LOS anchor, which for simplicity is
indexed byM . If multiple LOS anchors are available, then
amongst them, we propose to select as reference anchor the one
which is closest to the target, i.e., with respect to which all the
LOS range differences are positive. Since a smaller measured
range is usually less likely to be in NLOS compared to a
larger range, this selection of the reference anchor is relatively
robust against false alarm in NLOS detection. Furthermore,the
choice of the reference anchor can change over time due to
the transition from LOS to NLOS. If thei-th anchor changes
from NLOS to LOS, thenbi[k] becomes zero, while if thei-th
anchor changes from LOS to NLOS then the bias changes from
zero to a positive random value. Therefore, if the reference
anchor goes through such a transition, then another anchor
which is in LOS has to be selected as the reference. If there
are two or more LOS anchors, then by rejecting the NLOS
range measurements, the location can be estimated without
ambiguity, however, the performance highly depends on the
AOA measurement error, which might have a large error in
some applications.

The range difference equations hence take the form

∆zi[k] =

{

∆di[k] + bi[k] + ∆ni[k] i = 1, . . . , N

∆di[k] + ∆ni[k] i = N + 1, . . . ,M − 1

where∆zi[k] = zi[k] − zM [k], ∆di[k] = di[k] − dM [k] and
∆ni[k] = ni[k]− nM [k].

B. Problem Formulation

Let the unknown state vector, which includes the biases, be
defined ass[k] = [x[k], y[k], vx[k], vy[k], b1[k], . . . , bN [k]]T .
The measurement equation can be expressed as

y[k] = h(s[k]) + n[k], (5)
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where

y[k] =
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)





































,

andn[k] is a normally distributed random vector with zero-
mean and covariance matrixR[k]. We assume uncorrelated
range and angle measurements, i.e.,

R[k] =

[

Rr[k] 0

0 Rθ[k]

]

, (6)

in which we let

Rr[k] = σ2
nM

[k]1M−11TM−1 + diag(σ2
n1
[k], . . . , σ2

nM−1
[k]),

Rθ[k] = σ2
θIM−N ,

where1M−1 = [1, . . . , 1]T of sizem×1, andIm is the identity
matrix of sizem×m.

The state equation is given by

s[k + 1] = Aas[k] +Bawa[k], (7)

where

Aa =

[

A 0

0 IN

]

, Ba =

[

B 0

0 IN

]

, wa[k] =

[

w[k]
wb[k]

]

,

A =







1 0 δt 0
0 1 0 δt
0 0 1 0
0 0 0 1






, B =







0.5δt2 0
0 0.5δt2

δt 0
0 δt






,

w[k] is normally distributed with zero mean and covariance
matrix diag(σ2

x, σ
2
y), wb[k], which is uncorrelated withw[k],

has a uniform distribution with zero mean and covariance
matrix σ2

wb
IN , andδt is the time step duration.

The aim is to find the position and velocity of the target
at the k-th time instant, i.e.,x[k] and v[k], based on all
the past and current measurementsy[j] for time instants
j ∈ {1, . . . , k}. A common approach is to employ the EKF as
done in [10]. However, in this work, we improve the estimation
accuracy by taking advantage of extra information, in the
form of practical constraints on the NLOS biasbi[k], which is
derived in the sequel.

III. PROPOSEDTECHNIQUE

We first determine more accurate constraints on the NLOS
biases through the geometry of the network and then propose
the improved EKF algorithm.

A. Constraint Region

We are interested in tight lower and upper bounds on
the NLOS biasbi[k] when TDOA-AOA measurements are
exploited. Note that in UWB systems, the range measurement
noise is small compared to the NLOS bias. Also the AOA
measurement error of a LOS link is relatively low. Thus, in
deriving these bounds we assume that the noise terms are
negligible, i.e.,∆zi[k] = ∆di[k]+bi[k] for i ∈ {1 . . . , N} and
tan(θM [k]) = (y[k]−YM )/(x[k]−XM). Herein, we consider
the case where only one LOS anchor is available, although the
bounds are still applicable when more LOS anchors exist.

For illustrative purposes, consider the physical setting of
the anchors and target shown in Fig. 1. The measured AOA
at the LOS reference anchor,θM [k], defines a line segment
passing through the target position and denoted asLM . Fur-
thermore, the true (unbiased) ranges,∆di[k], define a set of
hyperbolas, denoted asHu

iM and given by

‖x− pi‖ − ‖x− pM‖ = ∆di[k], i = 1, . . . , N (8)

Therefore, if we know∆di[k], then the target position can be
found by intersecting one of the hyperbolasHu

iM with the AOA
line segmentLM . Due to the NLOS condition, we measure
∆zi[k], which is biased compared to∆di[k]. If |∆zi[k]| ≤
‖pi − pM‖, then all the pointsx, for which the difference of
the distances from thei-th and theM -th anchor is equal to
∆zi[k] are located on a different set of hyperbolas, denoted as
Hb

iM and given by

‖x− pi‖ − ‖x− pM‖ = ∆zi[k], i = 1, . . . , N (9)

We note, however, that, if the bias is large, we might face
a situation where∆zi[k] > ‖pi − pM‖, and then there is no
point on the plane satisfying (9). In this case, it is convenient to
redefine∆zi[k] by thresholding it to its maximum permissible
value, i.e.,∆zi[k] ← min(∆zi[k], ‖pi − pM‖). If ∆zi[k]
is replaced by‖pi − pM‖, then (9) becomes a ray passing
throughpM . In the sequel,∆zi[k] refers to the range difference
measurement after being readjusted in this way.

Since the bias is always positive, a trivial lower bound on
bi[k] is 0. Also, since by definitionbi[k] = ∆zi[k] −∆di[k],
an upper bound onbi[k] can be found by finding a lower
bound on∆di[k]. Invoking the triangle inequality, it follows
that ∆di[k] ≥ −‖pi − pM‖. Thus, loose lower and upper
bounds onbi[k] might be set as

0 ≤ bi[k] ≤ ∆zi[k] + ‖pi − pM‖. (10)

However, we can achieve tighter lower and upper bounds on
bi[k] by taking advantage of the geometry.

Let the hyperbolaHb
iM intersects with the line segment

LM at qi[k], and defineri[k] = ‖qi[k]− pM‖. By expressing
the equation of hyperbola (9) in polar coordinates, it follows
that

ri[k] =
‖pi − pM‖

2 −∆z2i [k]

2
(

∆zi[k] + ‖pi − pM‖ cos(θM [k]− ϕi)
) , (11)

whereϕi is the angle between the horizontal axis and the line
segment connecting thei-th and the reference anchors. If the
bias does not exist in the range difference equation, thenri[k]
is equal todM [k]. However, since∆zi[k] ≥ ∆di[k], ri[k] is
biased compared todM [k]. It can be verified analytically that
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Fig. 1. Geometry of the nodes in 2-D. The anchor with indexM = 4 is the
reference LOS anchor and the other anchors are in NLOS. The time indexk
is omitted for convenience.

ri[k] in (11) is a monotonically decreasing function of∆zi[k]
with upper bound

ri[k] ≤ dM [k], i = 1, . . . , N (12)

Let us definerj [k] = max{ri[k], i = 1, . . . , N}; then
rj [k] ≤ dM [k], i.e., the distance of the target from the
reference anchor has to be at leastrj [k]. Note that in case
∆zi[k] is replaced by‖pi − pM‖, ri[k] = 0 and (12) is
satisfied. For the vectorqj [k], define in turn

∆z̄i[k] = ‖qj [k]− pi‖ − ‖qj [k]− pM‖, (13)

which means thatqj [k] is located on another set of hyperbolas,
denoted as̄Hb

iM , representing the points for which the distance
difference from thei-th and M -th anchors is∆z̄i[k]. For
example, in Fig. 1,H̄b

24 passes throughq3 where j = 3.
Similar to (11), by intersectinḡHb

iM and the line segmentLM ,
we have that

rj [k] =
‖pi − pM‖

2 −∆z̄2i [k]

2
(

∆z̄i[k] + ‖pi − pM‖ cos(θM [k]− ϕi)
) . (14)

Sincerj [k] ≤ dM [k] and rj [k] decreases monotonically with
respect to∆z̄i, it follows that ∆z̄i[k] ≥ ∆di[k]. Thus, we
can define∆z̄i[k] = ∆di[k] + b̄i[k], where b̄i[k] ≥ 0. Also,
since ri[k] ≤ rj [k], then by comparing (11) and (14) it
follows that ∆zi[k] ≥ ∆z̄i[k], and hencebi[k] ≥ b̄i[k].
Although b̄i[k] is unknown, the positive termbi[k] − b̄i[k],
which can be used as a lower bound onbi[k], is known through
bi[k] − b̄i[k] = ∆zi[k] − ∆z̄i[k]. Therefore, the lower bound
on bi[k] is obtained as

bi[k] ≥ li[k] = ∆zi[k]−∆z̄i[k]. (15)

For the upper bound, we assume that the target position is
constrained to be in a closed area with arbitrary shape, where
the coordinates of the border are known. In general it is not
easy to handle complicated physical constraint on the position
in terms of computation. Therefore, we use the geometrical
constraints on the position to impose simple bound constraints
on the NLOS bias. Let us assumem[k] is the intersection

of the AOA line segment and the border of the closed area.
Similar to the analysis leading to the lower bound, define

∆z̃i[k] = ‖m[k]− pi‖ − ‖m[k]− pM‖. (16)

According to (16),m[k] is located on a set of hyperbolas,
denoted asH̃b

iM and representing the points for which the
distance difference from thei-th andM -th anchors is∆z̃i[k].
The distance ofm[k] from the reference anchor, i.e.,r̃[k] =
‖m[k]− pM‖, satisfies

r̃[k] =
‖pi − pM‖

2 −∆z̃2i [k]

2
(

∆z̃i[k] + ‖pi − pM‖ cos(θM [k]− ϕi)
) . (17)

Since r̃[k] ≥ dM [k] and r̃[k] decreases monotonically with
respect to∆z̃i[k], then through a similar argument as used for
(12), it follows that∆z̃i[k] ≤ ∆di[k]. Also from (16) and the
triangle inequality it follows that

∆di[k] ≥ ∆z̃i[k] ≥ −‖pi − pM‖. (18)

Therefore,∆z̃i[k] is a tighter lower bound on∆di[k], thus a
better upper bound onbi[k] is achieved as

bi[k] ≤ ui[k] = ∆zi[k]−∆z̃i[k]. (19)

B. Improved Extended Kalman Filter

The underlying concept of the constrained EKF is similar
to the conventional EKF except that a constrained optimization
problem is solved at every iteration. At time instantk−1, let us
assume thats[k−1|k−1] andΣ[k−1|k−1] are the estimated
state and covariance matrix, respectively. Then at time instant
k, we can do the prediction as

s[k|k − 1] = Aas[k − 1|k − 1],

Σ[k|k − 1] = AaΣ[k − 1|k − 1]AT
a +BaQaB

T
a , (20)

where Qa is the covariance matrix ofwa[k]. Using the
predicted position, i.e.,[x[k|k − 1], y[k|k − 1]]T , an estimate
of the distancedi[k] between the target and each anchor is
computed. These estimates, sayd̂i[k] are used to compute the
measurement noise varianceσ2

ni
[k] according to the model in

(3) and henceR[k] is computed according to (6).

Next, we would like to make use of the new range differ-
ence and angle measurement vector at thek-th time instant,
i.e. y[k] to obtain the filtered states[k|k] and associated co-
variance matrixΣ[k|k]. To this end, we employ a linearization
technique based on the Taylor series expansion of the nonlinear
functionh(s[k]) in (5) around the predicted states[k|k − 1]:

h(s[k]) ≈ h(s[k|k − 1]) +H[k](s[k]− s[k|k − 1]), (21)

whereH [k] = ∂h(s[k])
∂s[k] |s[k]=s[k|k−1] is the Jacobian matrix

derived explicitly in [10]. Therefore, based on this first order
expansion we define a linearized measurement vector

ỹ[k] = y[k]− h(s[k|k − 1]) +H[k]s[k|k − 1].

≈H[k]s[k] + n[k]

If we denote the prediction error ins[k|k−1] by w̃[k|k−1] =
s[k] − s[k|k − 1], which can be considered to be zero mean
with covarianceΣ[k|k−1], then we can combine the linearized
range and angular measurements and the predicted state as

[

ỹ[k]
s[k|k − 1]

]

≈

[

H[k]
IN+4

]

s[k] +

[

n[k]
w̃[k|k − 1]

]

, (22)
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where the covariance matrix of the noise vector is

C[k] =

[

R[k] 0
0 Σ[k|k − 1]

]

.

Now we finds[k|k], the filtered estimate ofs[k] by solving
the bounded least square problem

min
s[k]

{∥

∥

∥
(C[k])−

1
2

(

[

ỹ[k]
s[k|k − 1]

]

−

[

H [k]
IN+4

]

s[k]
)∥

∥

∥

2}

s.t. li[k] ≤ bi[k] ≤ ui[k], i = 1, . . . , N (23)

Note that in ordinary EKF, (23) is minimized without con-
straints. In contrast to the unconstrained EKF, (23) is a
linear least squares problem with additional bound constraints
on the entries of the state vector, and can be solved with
moderate computational cost. In our work, we use the Matlab
routinelsqlin. We can use the nonlinear functionh(s[k])
in (23) instead of the first order Taylor series approximation,
however, the computational complexity would be much higher.
Moreover, we did not observe significant improvement in the
localization accuracy in our simulation experiments.

To update the covariance, we use as an approximation the
recursive formula of the ordinary EKF algorithm, that is

Σ[k|k] = (I −G[k]H[k])Σ[k|k − 1], (24)

whereG[k] is the gain of the EKF

G[k] = Σ[k|k − 1]HT [k](R[k] +H [k]Σ[k|k − 1]HT [k])−1.

At this stage, both the state and covariance matrix are
corrected and the algorithm continues recursively.

C. Initialization and Algorithm Summary

An initial guess of the position and biases can be made
using the single snapshot constrained optimization technique
in [6], while the initial values of the velocity components are
set to zero, thuss[0|0] is obtained. Since relatively decent
estimates of the location and biases are achievable using [6],
a relatively moderate diagonal error covariance matrixΣ[0|0]
is considered. The algorithm is summarized below.

Algorithm 1 Proposed EKF with Bound Constraints
1: Initialization :
2: Initialize position and biases using [6] and setv[0|0] = 0

3: SetΣ[0|0] = αI whereα > 0
4: for k = 1, 2, . . . ,K do
5: Prediction using (20)
6: Estimatedi[k], computeσ2

ni
in (3) and updateR[k]

7: Find s[k|k] via the constrained minimization in (23)
8: Update the covariance matrixΣ[k|k] using (24)
9: end for

IV. SIMULATION RESULTS

We considerM = 4 anchors with fixed positionsp1 =
[0, 10]T , p2 = [10, 10]T , p3 = [10, 0]T , and p4 = [0, 0]T ,
where the units are in meters. The initial position of the
target is selected randomly within the square region covered by
the anchors. The direction of its velocity vector is initialized
randomly while its norm (i.e., speed) is set to 0.4m/s. The

location of the target changes over time according to the
dynamic model in (7) where the accelerations are normally
distributed with σx = σy = 10−3m/s2. The trajectory is
evaluated forK = 200 time samples with a step sizeδt = 0.1s.
The reference anchor, located atp4, is in LOS, while the other
anchors are in NLOS. The exact range values are corrupted
by an exponentially distributed NLOS bias with a mean value
equal to0.2 of the true target-anchor range [6]. The additive
noise ni[k] is modelled according to (3) withσ0 = 10−4,
β = 2 for the LOS anchor, andβ = 3 for the other NLOS
anchors. The true angle of the LOS anchor is also disturbed by
a normally distributed error with zero-mean andσθ = 1deg.

We simulate the proposed constrained EKF described in
Algorithm I with bounding constraints on the NLOS biases
as derived in Section III-A. We considered both sets of
constraints, i.e., the loose bound (10) and the new tighter
bounds in (15)-(19), and denote the corresponding algorithms
as Constrained EKF I and Constrained EKF II, respectively.
In our implementation of these algorithms, we use the true
values ofσx, σy, σ0 and setσw = 3m, although the final
performance is robust to some amount of mismatch in these
parameters. We compare our result with the single snapshot
constrained optimization technique in [6] and the EKF in
[10]. The PF is not considered herein since the nonlinearity
is not severe and the distribution of the noise is Gaussian. In
fact, due to lacking a bound on the biases, the PF approach
might perform only slightly better than EKF [10]. The method
in [6], is implemented in Matlab by means offmincon
function with the choice of SQP technique. Again, we consider
both sets of constraints (10) and (15)-(19), and denote the
corresponding algorithms as Memoryless I and Memoryless
II, respectively. The initialization of Constrained EKF I and
Constrained EKF II are done using the Memoryless I and
Memoryless II, respectively, while EKF is initialized with
Memoryless II. For the initialization of the state covariance
matrix, we useΣ[0|0] = 10I7, which appears to be reasonable
for the considered area and the possible error in position
components and biases.

To evaluate the comparative performance of the various
tracking algorithms under study, we run Monte Carlo (MC)
simulations in Matlab for500 different starting points and
trajectories, generated randomly as specified above. The per-
formance is evaluated in terms of the root mean squared error
(RMSE) between the true and estimated vectors. The RMSE
in the velocity estimate is also investigated.

The RMSE in positioning is plotted in Fig. 2 for the
different techniques under study. We generally find that the
performance of the EKF in [10] is strongly dependent on the
initialization and its convergence is not always guaranteed
due to the absence of bounds on the NOLS biases. The
constrained optimization technique in [6] can not yield smooth
position estimates due to its memoryless nature, although on
the average its performance is satisfactory. We emphasize that
the performance of this algorithm is notably improved when
the tighter bound given in (15) and (19) is used instead of
the simpler one in (10). Initially, Constrained EKF I has a
higher RMSE compared to the unconstrained EKF, since it
is initialized with a less accurate position. However, within a
number of iterations, its performance surpasses that of EKF
and Memoryless I. Overall, constrained EKF II exhibits the
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Fig. 2. RMSE of target position vs. time steps.

best performance by a significant margin, which proves the
usefulness of our approach.

The RMSE in estimating the velocity componentsvx[k]
and vy[k] in Cartesian coordinates is illustrated in Fig. 3.
Again, the performance of the newly proposed EKF technique,
with bounding constraints on the NLOS biases, exceeds that
of EKF by a significant margin.

0 50 100 150 200
0

0.2

0.4

0.6

0.8

Time Steps

v x R
M

S
E

 [m
/s

]

 

 
EKF
Constrained EKF I
Constrained EKF II

(a) RMSE in estimatingvx

0 50 100 150 200
0

0.2

0.4

0.6

0.8

Time Steps

v y R
M

S
E

 [m
/s

]

 

 
EKF
Constrained EKF I
Constrained EKF II

(b) RMSE in estimatingvy

Fig. 3. RMSE of velocity components in logarithm scale vs. time steps.

V. CONCLUSION

A modified EKF algorithm for localization of a moving
target was proposed in this paper, where novel bound con-
straints on the NLOS bias based on geometrical considerations
were incorporated in the filtering (optimization) step of the
EKF equations. The main assumption is that at least one LOS
anchor remains available for referencing purposes. Through
simulations, it was observed that our technique significantly
outperformed EKF and memoryless constrained optimization
techniques. Our technique shows good robustness against

NLOS biases, even when most of the nodes are initially (and
remain) under severe NLOS conditions.
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