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Abstract—Ultra-Wideband (UWB) has a high interest in
research and industry for accurate indoor positioning. This
technology comprises signals with a bandwidth of at least 500
MHz at a power decay of -10dB. This large bandwidth con-
feres the capability of resolving multipath, penetrating through
obstacles and accurate ranging. However, NLOS (Non-Line-Of-
Sight) conditions produced by obstacles in indoor environments
severely degrade performance, as they introduce a positive bias
in ranging estimation. In this paper we present a robust UWB
indoor positioning which is able to accurately operate in a highly
complex indoor scenario, where NLOS condition is predominant.
For that purpose, the system uses a NLOS detection algorithm
based on the skewness of the estimated channel impulse response
and it mitigates NLOS by using an Extended Kalman Filter. The
use of this detection/mitigation algorithm shows an improvement
of the RMSE in positioning about 67%.

Index Terms—Localization, Ultra-Wideband (UWB), Non-
Line-Of-Sight (NLOS), Extended Kalman Filter (EKF).

I. INTRODUCTION

Ultra-wideband indoor positioning systems have been pro-
posed for highly accurate solutions, where other radio-
frequency technologies as WiFi, Zigbee or Bluetooth cannot
offer those accuracy levels. There are several research works
that propose the use of UWB for positioning on industrial
wireless sensor networks [1], [2]. Also, there are already
some commercially available solutions for industry and the
so-called Internet of Things (IoT) [3], [4]. Most of the highly
accurate UWB positioning systems available in literature seem
to work in very controlled environments [S5]-[7]. However,
under NLOS (Non-Line-Of-Sight) conditions, which is the
common case in complex indoor environments, there is a
severe loss in the positioning precision of UWB systems [8],
due to the fact that obstacles produces a positive bias in
ranging estimation, which depends on the dielectric properties
of the obstacle [9].

For that reason, there is a high research interest in NLOS
mitigation for UWB indoor positioning. Several works have
dealt with those errors for UWB by using algorithms for
identifying the NLOS conditions and for mitigating them [10]-
[12], although this problem had already been researched before
for mobile phone localization [13], [14]. Detection algorithms
are mostly based on channel statistics, such as kurtosis, delay
spread or a running variance of the estimated Time Of Arrival
(TOA); for more information see [15] and references therein.

978-1-4799-7800-7/15/$31.00 ©2015 IEEE

Most of the previous research in NLOS detection/mitigation
for UWB use the simulated channel model to validate algo-
rithms; although there are some exceptions that use real data
[11], [12], [16].

In this work we improve the positioning accuracy of an
UWB indoor positioning system presented in [17] by using
an NLOS detection and mitigation algorithm. We propose
the use of the skewness of the estimated channel impulse
response as a parameter to detect the NLOS condition and
an Extended Kalman Filter for accurately positioning in harsh
environments. The robustness of the positioning system is
verified by means of experimental data.

The rest of this manuscript has been organized as follows:
Section II provides a review of the UWB indoor positioning
system; Section III describes the signal processing techniques
used for TDOA estimation and it presents the NLOS identi-
fication and mitigation algorithm, whereas Section IV shows
some experimental results of the measurement campaign with
the positioning system. Finally in Section V, we derive the
conclusions from this work.

II. UWB PLATFORM

The UWB platform proposed in [17] is an asynchronous
DS-UWB indoor positioning system developed with Commer-
cial Off-The-Shelf (COTS) components. It is formed by N = 4
emitting beacons placed on the ceiling of a highly complex
environment and a receiver that works out its position. Fig. 1
shows a block diagram of the UWB indoor positioning system,
not only for the emitting beacons but also for the receiver.
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Figure 1. Block diagram of the UWB system, for the emitting beacons (left
part) and for the receiver (right part).

The emission is controlled by a Xilinx Virtex II FPGA,
which transmits simultaneously four Loosely Synchronized
(LS) spreading sequences [18] of length L = 1039 bits at a
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bitrate of 500 Mbps. The baseband signals are then multiplied
by a 3.5 GHz carrier wave, which directly translates the
transmitted signals to that central frequency with a bandwidth
of 577 MHz at a power decay of —10 dB. Each of these
signals is passed through a bank of Power Amplifiers (PA)
and emitted simultaneously and periodically.

The received signal is passed through a Band-Pass Filter
(BPF) to amplify only the frequencies of interest. Then it is
directly down-converted to baseband by using a 3.5 GHz local
oscillator. This baseband signal is again filtered with a Low-
Pass Filter and amplified to adjust the signal levels to the ADC
span. The receiver is controlled by a Xilinx FPGA Virtex 6
that processes the acquired samples from a 10-bit resolution
ADC with a sampling rate of 5GS/s. As stated previously,
the UWB positioning system is asynchronous, so the receiver
does not have information about the transmission time from the
beacons; for that reason the receiver must acquire a frame long
enough to ensure that it contains the transmitted signal from
each beacon. In contrast to a majority of the UWB positioning
systems presented in literature, which use TDMA to avoid
multiple access interferences and near-far effect, this platform
uses a CDMA scheme, thus reducing the input buffer size
required to ensure the acquisition of a complete frame.

After acquiring the frame, the receiver computes the Time
Differences Of Arrival (TDOAs) between the receiver and each
beacon and it applies a Gauss-Newton hyperbolic positioning
algorithm [19]. For more implementation details, refer to [17].

Fig. 2 depicts the scenario where the UWB platform is
deployed. It is a dynamic and complex environment, where
people, furniture and different objects obstructs the arriving
signals from most of the beacons.

Figure 2.

Environment in which the UWB positioning system is deployed.

Under this complex conditions, the UWB platform de-
scribed in [17] has a poor performance. Here we will provide
robustness to this UWB indoor positioning system to work
precisely under harsh environments by deriving an NLOS
detection/mitigation algorithm.

III. SIGNAL PROCESSING

As has been previously commented, the UWB platform
uses CDMA instead of TDMA. The main challenges of
CDMA is near-far effect and Multiple-Access Interferences
(MAI), which typically are dealt by using bulky power control
systems [20] and complex interference mitigation algorithms
like Successive Interference Cancellation (SIC) [21]. On the
contrary, the UWB platform shown here deals with near-far
effect and MALI in an efficient form by using LS codes.

Given two ternary and unitary codes of length L,
{su[l], 8o [l]}; 0 <1 < L —1, they are LS codes if their
discrete aperiodic correlation function, Cs, s, [7], is as follows

(1):

L—1—1
Coso [T =D sulll -0l +7)
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0, for0< || <W wu#w

where W is the Zero Correlation Zone (ZCZ), which
allows to jointly estimate the channel impulse response and
effectively mitigate MAI. To ensure that all the correlation
peaks are within the ZCZ (thus avoiding near-far and MAI)
the maximum feasible TDOA for a given coverage area should
be lower than the ZCZ size. Here we have use LS codes with
length L = 1039 bits which have a ZCZ length large enough
to meet the previous restriction.

In order to estimate the first arriving path, the receiver
follows the steps depicted in Fig. 3. At each position, the
receiver performs the correlation of the received signal with
the four transmitted signals; later the absolute value of each
correlation signal is carried out and the receiver uses a window
of 201 samples around the overall maximum correlation peak
to estimate the time of arrival for each transmitted signal.
Fig. 4 shows the absolute value of the aperiodic correlations
between the received signal and each of the transmitted signal
as well as the window applied for searching the first arriving
path for every link.

Inside this window, the algorithm searches back the first
sample that exceeds a given threshold. In this system it has
been considered the 40% of the maximum correlation value
for each beacon.

A. NLOS Detection

After the TDOAs are computed, the algorithm estimates
the LOS/NLOS condition for each of the transmission link.
We propose the use of the skewness of the channel estimation
for that purpose as it is a natural form of determining the
mass of the channel impulse response, which can be efficiently
estimated thanks to the ideal aperiodic correlation function of
LS codes within the ZCZ and the existence of fast correlators
[22].
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Figure 3. Block diagram of the signal processing carried out for TDOA
estimation.
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Figure 4. Aperiodic correlations between received signal and each transmitted
signal.

The skewness of a probability density function (pdf) is a
measurement of its asymmetry around its mean. It is defined

as (2):
E[(C[7] — pn)°]
E[C[r] — w)]?)3/2

where C[7] is the aperiodic correlation function defined in
(1) inside a window W. A negative skewness refers to an
asymmetry in the pdf to the left whereas a positive skewness
refers to an asymmetry to the right. For that reason, it is
expected a lower skewness in NLOS than in LOS condition.
Fig. 5 shows the absolute value of the correlation function for a
window W = 201 samples and centered around the maximum
correlation peak. As expected, the LOS condition has a larger
skewness (i.e. its mass is more concentrated to the right side).
Considering this parameter, we can classify the LOS/NLOS
condition by using a likelihood ratio test, equal to [10]:

- 2
7( 2
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Assuming that P(NLOS) = P(LOS) the binary classifier
can be expressed as [11]:
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Figure 5. Correlation functions in NLOS and LOS conditions.

where the threshold )\ is the intersection between the
conditional pdfs, i.e. the value at P(y/LOS) = P(y/NLOS).

Several works use a similar approach by using a joint
likelihood ratio test and considering parameters such as delay
spread, energy of the received signal, kurtosis of the channel
impulse response, assuming they are independent random
variables [10], [11]. Here we will show that the use of the
skewness is a sufficient parameter to significantly improve the
system performance.

In order to determine the skewness of each correlation
function, it is chosen a window of WW = 201 samples within
the IFW and around the maximum correlation peak of each
correlation. Then the classifier in equation (4) is applied to
every windowed correlation function. If the link between the
receiver and the reference beacon is obstructed, the error will
affect the computation of all the TDOAs. For this reason, if
that link is classified as NLOS, the three resulting TDOAs
(number of beacons, N = 4) are considered as affected by
NLOS, regardless the condition of the other links. On the
other hand, if the link between the receiver and the reference
beacon is classified as LOS, the TDOA state will depend on
the particular link condition.

B. NLOS Mitigation

After the NLOS condition has been detected for every
TDOAs measurement, they are used along with an Extended
Kalman Filter (EKF) to determine the position of the receiver.
In this work we have used the EKF as a smoother of the
NLOS errors; hence we do not use the prediction stage of the
EKF, as the mobile does not change its position during the
computation of its location. The update stage are defined as
[23]:

K, = P, -HI - [H, P, H} + Ry}
X, = )A(]Z + Ky - (Zk - h()A(;))
Py (I-Ky-Hy) Py &)
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where K, is the Kalman gain at time instant k; P, is the
a priori covariance matrix at time instant k; zj is the TDOA
measured vector at k; and X, = [#, 9] is the state vector
which is equal to the 2D position of the mobile at k. The
observation noise matrix, Ry, is defined as

2 2 2 2
01 to3, 01y o1k
Ry = 2 . 2 6
k o1k . o1k 6)
2 2 2 2
o1k Olk Ol TONE
and the entry values {0, ,...,0% .} depend on the NLOS

condition measured for each link as we show later.
The vector h(x, ) is defined as

hi(xy,)
h(x; ) = : (7N
hy-1(%;)

where h;(x;), 1 < i < N —1 is the a priori estimated
TDOA and equal to [24]:

hi(xy;) = \/(i‘E —@it1)? + (G — Bir)? + (2m = 7i1)?
e~ + @ B+ - ®)

where z); is the receiver height and (o, [S,,7v,) are the
cartesian coordinates of the beacon n,1 <n < N.

The observation matrix Hj, is defined as the following
Jacobian:

Ohy (X)) Ohy (X))
o3, e
Hy = : : )
Ohn_1(%5)  Ohn_1(X)
i, o9,

where the partial derivatives are defined as depicted in
equations (10) and (11).

The a priori covariance matrix P is initialized at k = 0 as
P, = 20-Iin meters and the initial state vector X is obtained
from a Gauss-Newton hyperbolic positioning algorithm. For
each time instant k, if the identification stage detects a TOA
measurement affected by NLOS, the variance 01-2, ;. of the noise
matrix Ry is set to 3 meters whereas in any other case it is
set to 0.5 meters. In this way, the EKF reduces the confidence
on TDOAs measurements affected by NLOS and it minimizes
the variance of the positioning errors.

IV. RESULTS

For the following results, the receiver has computed 100
ranging measurements from each beacon for 48 different po-
sitions within the coverage area. Table I shows the coordinates
of the beacons in metres.

In order to determine the trueness of the positioning system,
the ground truth is determined by using the junctions of the
40 x 40 cm floor tiles. The UWB antenna has been placed

Table 1
POSITIONS IN METRES OF THE BEACONS IN THE EXPERIMENTAL SETUP.

[Beacon (n) | an [ Bn [ vn |
1 —0.281 4.19 2.80
2 —0.226 —1.39 2.80
3 7.14 —1.38 2.81
4 5.84 2.09 2.82

at a height of 1.57 m, which is lower than the height of the
furnitures in the room. Also the FPGA of the receiver has been
replaced by a 5GS/s digital sampling oscilloscope to evaluate
the goodness of the proposed mitigation algorithm and future
improvements under the same channel conditions. Therefore,
the NLOS detection/mitigation algorithm has been run in a
laptop with MATLAB. Fig. 6 depicts the projections on the
floor of the 48 test positions and the four beacons as well as
the distribution of the furnitures in the room.
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Figure 6. Projection of the 48 test positions and the beacons on the floor.

The threshold A, used for NLOS detection of each link,
has been experimentally determined at A = 1.99. Table
IT shows the global RMSE (Root Mean Squared Error) in
metres for each axis among the 48 test positions when no
NLOS detection/mitigation algorithm is applied and with the
explained algorithm. It shows an average improvement in the
RMSE about 67% compared to the one obtained without
NLOS mitigation.

Table 11
GLOBAL RMSE IN POSITIONING FOR EACH AXIS CONSIDERING 48 TEST
POSITIONS.
RMSE z | RMSE g
No mitigation 1.42 0.85
EKF 0.43 0.38

In order to show the robustness of the DS-UWB system to
near-far effect and NLOS, below we depict the positioning
results in two test positions close to a given beacon with
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Figure 7. CDF of the positioning error (x, y) in the coordinates (0.4, 0, 1.57)
before and after mitigation.

On the other hand, Fig. 8 shows the 100 positioning
estimations without any NLOS correction (i.e. the results
obtained with a hyperbolic Gauss-Newton algorithm) and the
estimations when using the NLOS mitigation algorithm in
the position (1.20,2.80,1.57). It can be observed how this
algorithm greatly improves the trueness of the positioning
system, achieving RMSE values for this position equal to 41
cm in the z-axis and 22 cm in the y-axis.

V. CONCLUSIONS

UWB promises high accuracy for indoor positioning sys-
tems. Nonetheless, in practice this occurs under very con-
trolled environments, where LOS condition predominates. In
a more realistic scenario, UWB indoor positioning systems
are severely degraded by a bias in ranging estimation caused
by objects. In this paper we have shown a DS-UWB indoor
positioning system deployed in a realistic scenario, where
transmitted signals are obstructed by moving people, furnitures
and a range of different objects. Under these conditions, the
systems have a large RMSE in positioning. To deal with these
NLOS errors, we have proposed the use of a NLOS iden-
tification and mitigation algorithm. For NLOS identification,
we have used the skewness of the estimated channel impulse
response, which can be efficiently estimated thanks to the

use of LS codes. Furthermore, NLOS mitigation has been
achieved by modifying the noise matrix of an EKF according
to the identification results for each link. The results of this
algorithm show an improvement of the trueness in positioning
approximately in a 67%.
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