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ABSTRACT

It is hard to obtain a general error model for range-based
wireless indoor target tracking system due to the complicated
hybrid LOS/NLOS environment. In this paper, we employ a
dynamic Gaussian model (DGM) to describe the indoor rang-
ing error. A general Gaussian distribution is constructed first-
ly. The instantaneous LOS or NLOS error at a typical time
is considered as the drift from this general distribution dy-
namically. Based on this modeling method, we propose an
adaptive likelihood method of particle filter. Our method is
adaptable for dynamic environment and achieves accurate es-
timation. The simulation and real indoor experiment demon-
strate that the estimation accuracy of our algorithm is greatly
improved without imposing computational complexity

Index Terms— indoor target tracking, adaptive likeli-
hood, particle filter, dynamic Gaussian model.

1. INTRODUCTION

One major challenge for indoor target tracking system is
the ranging error. Due to the complicated infrastructure and
hybrid line-of-sight/non-line-of-sight (NLOS/LOS) trans-
mission channel, the measurement error is quite high and
makes the estimation unreliable[1]. Some references mod-
el the noise as Exponential, Rayleigh, Weibull or Gamma
distribution[2]. However, these model is suitable for some
typical static position. The parameters and type of distribu-
tions can be quite different in different positions due to the
complicated infrastructure of indoor environment.

In this paper, we propose a dynamic Gaussian modeling
(DGM) method to describe the measurement error for real
indoor environment. First, a general Gaussian distribution
model is constructed to approximate the ranging error based
on histogram. For a typical scenario, we consider the instan-
taneous ranging error from LOS or NLOS as the drift from
the general Gaussian distribution. Based on DGM model, the
hybrid LOS/NLOS indoor ranging error, can be modeled dy-
namically within a uniform framework.

Although it is not an accurate model, it is suitable and
adaptable for non-linear filters with low complexity. The ma-
jor contribution of this paper is that: we propose a new par-

ticle filter with adaptive likelihood fusion method according
to DGM for indoor wireless target tracking system. The like-
lihood function is constructed not only based on the range
measurement but also based on the predicted state and a tun-
ing parameter 𝜃. The optimal 𝜃 is derived using minimum
Kullbeck-Leibler divergence (KLD). Then the particle filter
can generate particles randomly without considering the pre-
vious weight. Thus, the complexity is reduced. Besides, our
algorithm can achieve high estimation accuracy. The pro-
posed method is evaluated in the indoor target tracking sim-
ulation and real experiment, which demonstrates the perfor-
mance of our algorithm and DGM.

2. RANGE-BASED MEASUREMENT ERROR
MODELING

2.1. Range based Wireless Positioning System

We consider 𝑁 wireless nodes deployed in a 2D plane to for-
m a network. The nodes with known positions are denoted
as anchors and the mobile device with unknown position is
denoted as the target. The anchor’s positions are assigned as
𝑎𝑗 = (𝑎𝑥𝑗 , 𝑎

𝑦
𝑗 ) where 𝑗 ∈ [1, ..., 𝑁 ]. The target position is

denoted as 𝑥𝑡 = (𝑝𝑥𝑡 , 𝑝
𝑦
𝑡 ). According to the Bayesian esti-

mation model, the state 𝑥𝑡 is evolved with the previous state
𝑥𝑡−1 according to the prediction equation:

𝑥𝑡 = 𝑓𝑡(𝑥𝑡−1) + 𝑞𝑡 (1)

where 𝑓𝑡() is the prediction function, 𝑥𝑡−1 is the previous
state and 𝑞𝑡 is the additive prediction noise, which follows the
normal distribution 𝑞𝑡 ∼ 𝒩 (0, 𝑄𝑡), implying the prediction
error of 𝑥𝑡.

Anchors measure the ranging values and forward the mea-
surements to the fusion center. At time 𝑡, the fusion center
formulates a noisy measurement vector 𝑧𝑡 with the available
ranging value. The relationship between 𝑥𝑡 and 𝑧𝑡 follows the
measurement equation of Bayesian estimation model:

𝑧𝑡 = ℎ𝑡(𝑥𝑡) + 𝑣𝑡 (2)

where ℎ𝑡() is the measurement function, and 𝑣𝑡 is the mea-
surement noise at time 𝑡. The range measurement obtained
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from TOA, TOF or RSS for anchor 𝑗 is formulated as:

𝑧𝑗𝑡 = 𝑑(𝑥𝑡, 𝑎𝑗)− 𝑏𝑗 + 𝑣𝑡 (3)

where 𝑑(𝑥𝑡, 𝑎𝑗) is the distance between the target and anchor
𝑗:

𝑑(𝑥𝑡, 𝑎𝑗) =
√

(𝑝𝑥𝑡 − 𝑎𝑥𝑗 )
2 + (𝑝𝑦𝑡 − 𝑎𝑦𝑗 )

2 (4)

and 𝑏𝑗 is the offset which is caused by the asynchronous clock
of anchors and target.

2.2. Dynamic Gaussian Model

Since it is not easy to obtain an accurate distribution mod-
el for indoor ranging measurement error, we attempt to use
a dynamic Gaussian model (DGM) to approximate such er-
ror. Firstly, we obtain a general Gaussian distribution to de-
scribe the ranging error. The Gaussian distribution function
is a symmetrical function, however, the TOA ranging error
is always positive and not symmetrical. Thus, we can not
use a real Gaussian distribution function to represent the er-
ror distribution. Our general Gaussian model is to use the
part of the shape of the Gaussian distribution function to rep-
resent the distribution. The negative values of the Gaussian
distribution is discarded. The expectation of the construct-
ed Gaussian distribution is the maximum probability point of
the error distribution, and the standard deviation indicates the
shape of the error distribution. Unlike Gaussian distribution
fitting method, which uses the mean and standard deviation
of the errors to construct a Gaussian distribution, our method
does not attempt to construct a real distribution but rather a
function to approximate the error.

The general Gaussian model fitting is illustrated in Fig. 1.
The mean value for the general Gaussian model represents the
maximum probability of the distribution function. The stan-
dard deviation attempts to tune the shape of Gaussian function
to fit the error distribution. The negative values are discarded.
For the histogram, which is fitting with any typical distribu-
tion in Fig. 1(f), the general Gaussian model attempts to cover
all the error values with a proper shape of Gaussian function.

The parameters of Gaussian distribution are obtained
from the histograms of extensive ranging experiments in the
indoor environment. As illustrated in Fig. 2, the general
Gaussian distribution is derived from the general histograms.
No additional information is required and the histograms are
not restrict to LOS or NLOS. Then the distribution based
on the instantaneous error at this time is considered as the
drift from the generic Gaussian distribution accordingly. As
illustrated in Fig. 2, The dash curve represents the generic
Gaussian model for ranging error. The star marks an instan-
taneous error at a typical time. Then, the expectation of the
error distribution moves to the position of star from the gen-
eral Gaussian model with the same standard deviation, just
as the solid curve depicted. Thus, when the instantaneous
measurement is available, the error distribution is biased by

−20 −10 0 10 20 30 40
0

0.005

0.01

0.015

0.02

0.025

Error (m)

P
ro

ba
bi

lit
y

Range Error Histogram
General Error Distribution
Dynamic Model
Instantaneous Error

Fig. 2. Dynamic Gaussian Modeling for Indoor Ranging Er-
ror.

the instantaneous error. In this case, the error distribution is
dynamically modeled based on the Gaussian distribution.

DGM indicates that the instantaneous error is still within
the Gaussian distribution framework, no matter what actual
distribution is. Therefore, non-linear filters is implemented
easily without considering an accurate error model. Besides,
DGM illustrates how the error influences the estimation. Take
particle filters for example: the estimated distribution of the
target state is based on the measurement likelihood. When
the measurement 𝑧𝑡 and particle samples {𝑥𝑖

𝑡}𝑁𝑠
𝑖=1 are avail-

able, the measurement likelihood for each particle is calculat-
ed as[3]:

𝑝(𝑧𝑡∣𝑥𝑖
𝑡) = 𝜋𝑣(𝑧𝑡 − ℎ𝑡(𝑥

𝑖
𝑡)). (5)

where 𝜋𝑣() is the probability density function (PDF) of mea-
surement noise 𝑣𝑡.

In (5), 𝑧𝑡 is a beacon, and the likelihood for particle 𝑥𝑖
𝑡

dependents on the difference between 𝑧𝑡 and ℎ𝑡(𝑥
𝑖
𝑡). In this

case, 𝑧𝑡 is assumed to be a reliable measurement without any
noise, which is indicated as the dash curve in Fig. 2. However,
if we extend the imprecise 𝑧𝑡 with error 𝑣𝑡 in the real case, (5)
is expressed as:

𝑝𝐸(𝑧𝑡∣𝑥𝑖
𝑡) = 𝜋𝑣(ℎ𝑡(𝑥𝑡) + 𝑣𝑡 − ℎ𝑡(𝑥

𝑖
𝑡)). (6)

in which, 𝑝𝐸() denotes the probability containing errors, 𝑧𝑡 =
ℎ𝑡(𝑥𝑡) + 𝑣𝑡 and 𝑣𝑡 is an instantaneous value at time 𝑡. Thus
𝑝𝐸() contains an unpredictable value 𝑣𝑡. Thus, the likelihood
based on (6) is denoted as the solid curve in Fig. 2. If 𝑣𝑡 is
small, the difference between the real measurement likelihood
and noise measurement is not big. But if 𝑣𝑡 is large in the
most of time, the measurement likelihood function is biased
significantly just as Fig. 2 shows.

3. LIKELIHOOD ADAPTATION

Likelihood adaptation attempts to construct the likelihood
function based on DGM. We employ the predicted measure-
ment and belief factor 𝜃 to adjust the instantaneous error back
to the general Gaussian model.
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(e) Weibull distribution
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Fig. 1. General Gaussian model fitting for different indoor ranging error distributions. The negative values of Gaussian function
is discarded.

3.1. Predicted Measurement

Predicted measurement is calculated as follows: �̂�𝑡 denotes
the prediction value of 𝑥𝑡 according to (1):

�̂�𝑡 = 𝑓𝑡(𝑥𝑡−1) (7)

where 𝑥𝑡−1 is the estimation at previous time 𝑡 − 1. When
considering the predicted noise 𝑞𝑡, we denote �̂�𝑡 as:

�̂�𝑡 = 𝑥𝑡 + 𝑞𝑡 (8)

Then we obtain a predicted measurement for sensors:

𝑧𝑡 = ℎ𝑡(�̂�𝑡) = ℎ𝑡(𝑥𝑡 + 𝑞𝑡) (9)

3.2. Belief Factor 𝜃

The adaptive likelihood function is constructed as:

𝑝𝐴𝐿(𝑧𝑡∣𝑥𝑖
𝑡) = 𝜋𝑣(𝜃𝑧𝑡 + (1− 𝜃)𝑧𝑡 − 𝑧𝑖𝑡) (10)

where 𝑝𝐴𝐿() indicates the adaptive likelihood.
We employ Kullback-Leibler divergence (KLD) as a met-

ric to find optimal 𝜃 which minimizes the distance between
the general Gaussian model and 𝑝𝐴𝐿(𝑧𝑡∣𝑥𝑡). Then, the KLD
function is constructed as:

𝐷𝐾𝐿(𝑝𝐴∣∣𝑝𝐴𝐿) =

∫
𝑝𝐴(𝑧𝑡∣𝑥𝑡) log

𝑝𝐴(𝑧𝑡∣𝑥𝑡)

𝑝𝐴𝐿(𝑧𝑡∣𝑥𝑡)
𝑑𝑧𝑖𝑡 (11)

The optimal 𝜃 is attainted with minimum 𝐷𝐾𝐿(𝑝𝐴∣∣𝑝𝐴𝐿):

𝜃 = argmin𝐷𝐾𝐿(𝑝𝐴∣∣𝑝𝐴𝐿) (12)

If 𝑝𝐴() and 𝑝𝐴𝐿() are based on the same Gaussian distribution
function, (11) is expressed as[4]:

𝐷𝐾𝐿(𝑝𝐴∣∣𝑝𝐴𝐿) =
∣∣ℎ𝑡(𝑥𝑡)− [𝜃𝑧𝑡 + (1− 𝜃)𝑧𝑡]∣∣2

2𝑅𝑡
(13)

Since 𝑅𝑡 is independent on 𝜃, we simplify the objective func-
tion as:

𝜃 = argmin ∣∣ℎ𝑡(𝑥𝑡)− [𝜃𝑧𝑡 + (1− 𝜃)𝑧𝑡]∣∣2 (14)

Here, we use first order Taylor series expansion at 𝑥𝑡 to lin-
earize (9) :

𝑧𝑡 ≈ ℎ𝑡(𝑥𝑡) +
∂ℎ𝑡(𝑥𝑡)

∂𝑥𝑡
𝑞𝑡 (15)

where ∂ℎ𝑡(𝑥𝑡)/∂𝑥𝑡 is the partial differential of ℎ𝑡(𝑥𝑡) with
respect to 𝑥𝑡. And substitute (15) and 𝑧𝑡 = ℎ𝑡(𝑥𝑡) + 𝑣𝑡 into
(14), we obtain:

∣∣ℎ𝑡(𝑥𝑡)− [𝜃𝑧𝑡+(1−𝜃)𝑧𝑡]∣∣2 ≈ ∣∣𝜃 ∂ℎ𝑡(𝑥𝑡)

∂𝑥𝑡
𝑞𝑡+(1−𝜃)𝑣𝑡∣∣2 (16)

Therefore, the problem is solvable analytically by expressing
the objective as the convex quadratic function[5]:

𝐹𝑡(𝜃) = 𝜃
∂ℎ𝑡(𝑥𝑡)

∂𝑥𝑡
𝑄𝑡[

∂ℎ𝑡(𝑥𝑡)

∂𝑥𝑡
]𝑇 𝜃𝑇 + (1− 𝜃)𝑅𝑡(1− 𝜃)𝑇

(17)
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where 𝑄𝑡 is the covariance of 𝑞𝑡 and 𝑅𝑡 is the covariance of
𝑣𝑡 using the general Gaussian model. Then, the optimal 𝜃 can
be obtained if and only if:

∂𝐹𝑡(𝜃)

∂𝜃
= 2𝜃

∂ℎ𝑡(𝑥𝑡)

∂𝑥𝑡
𝑄𝑡[

∂ℎ𝑡(𝑥𝑡)

∂𝑥𝑡
]𝑇−2𝑅𝑡+2𝜃𝑅𝑡 = 0 (18)

And the unique 𝜃 is derived:

𝜃 =
𝑅𝑡

∂ℎ𝑡(𝑥𝑡)
∂𝑥𝑡

𝑄𝑡[
∂ℎ𝑡(𝑥𝑡)

∂𝑥𝑡
]𝑇 +𝑅𝑡

(19)

Particle filter is designed as follows: the particles {𝑥𝑖
𝑡}𝑁𝑠

𝑖=1

are generated randomly using the predicted state; then, the
weight 𝑤𝑖

𝑡 for each particle is prone to the adaptive likelihood
function (10); finally, re-sample the particles with significant
weight and attain the estimation using �̄� =

∑𝑁𝑠

𝑖=1 𝑤
𝑖
𝑡𝑥

𝑖
𝑡.

4. EXPERIMENT

4.1. Simulation Results

Our scheme is evaluated in the simulation of target tracking.
We randomly deploy 100 sensors in a two-dimensional square
100𝑚×100𝑚 region. One target randomly walks with a con-
stant speed 0.5𝑚/𝑠. The sensors measure the ranging value
based on time-of-flight (TOF). To simulate the indoor envi-
ronment, the measurement noise follows Gamma distribution.
We employ two algorithms: the first one is the bootstrap parti-
cle filter (PF); the second one is our proposed algorithm based
on DGM. To improve the estimation accuracy, the likelihood
calculation for PF is based on Gamma distribution function,
with the same parameters of the simulation settings. Our al-
gorithm, which is named A-PF, uses DGM for adaptive like-
lihood function. The results are averaged according to 1000
Monte-Carlo trials, which is shown in Fig. 3. The solid curve
represents the mean square error (MSE) of PF, while the dash
curve is the results of A-PF. It is clearly observed that the es-
timation error of PF converge to a higher value than A-PF.
Therefore, A-PF is accurate and DGM is suitable for indoor
noise modeling.

4.2. Real Indoor Target Tracking Results

We employ an indoor localization reference system to evalu-
ate our proposed algorithms. In this system, we deployed 17
wireless sensor nodes either along the corridor or in the of-
fices of our research building. A robot carrying a sensor node
as the target moved along the corridor of the building with
constant speed while recording its own positions[6]. The er-
ror of record positions is less than 15 cm, which can be seen
as a the actual positions. We also implement PF and A-PF in
this experiment.

The building layout is illustrated in Fig. 4. The triangles
mark the anchor’s positions. Various kinds of trajectories are
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Fig. 4. Estimated trajectories for real indoor target tracking
application.

tested within this reference system. The solid curve lists one
of the actual trajectories. Others are the estimated trajectories.
The root mean square error (RMSE) of bootstrap particle filter
is about 2.37m while the RMSE of our method is 1.4m, as
shown in Talbe 1. Thus, our method is better than PF and
suitable for the real indoor environment.

Table 1. Performance comparison
Algorithm RMSE(m) min error(m) max error(m)

PF 2.3722 0.0493 6.6393
A-PF 1.3950 0.0139 3.5162

5. CONCLUSION

We propose a new fusion method which constructs adaptive
likelihood function for particle filters based on the dynamic
Gaussian error model. Dynamic Gaussian model is suitable
to describe the indoor ranging noise. The proposed particle
filter does not need to consider the previous weight and is
adaptable in the highly dynamic environment. Experimental
and simulation results demonstrate that our method has a very
accurate estimation for indoor target tracking.
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