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Abstract—The paper addresses the problem of line-of-sight (LOS)
vs. non-line-of-sight (NLOS) propagation link identification in ultra-
wideband (UWB) wireless networks, which is necessary for improving
the accuracy of radiolocation and positioning applications. A
LOS/NLOS likelihood hypothesis testing approach is applied based on
exploiting distinctive statistical features of the channel impulse
response (CIR) using parameters related to the “skewness” of the CIR
and its root mean square (RMS) delay spread. A log-normal fit is
presented for the probability densities of the CIR parameters.
Simulation results show that different environments (residential,
office, outdoor, etc.) have measurable differences in their CIR
parameters’ statistics, which is then exploited in determining the nature
of the propagation channels. Correct LOS/NLOS channel
identification rates exceeding 90% are shown to be achievable for most
types of environments. Additional improvement is also obtained by
combining both CIR skewness and RMS delay statistics.

Keywords—Ultra-wideband, propagation, line-of-sight, non-line-
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I. INTRODUCTION

WB communication technology is finding widespread use

in wireless sensor networks (WSN) due to its ability to
support important applications such as precise ranging and
localization, which is mainly due to the impulse-like, high-
resolution signaling waveforms that characterize UWB signals
[1]. As such, many techniques based on processing time-of-
arrival (TOA) and time-difference-of-arrival (TDOA) data
from multiple receiving nodes have been widely adopted for
UWRB sensor positioning in WSNs, and found to perform well,
especially when direct un-obstructed LOS links are present [1],
[2]. Other methods based on angle-of-arrival (AOA) and
received signal strength (RSS) have also been proposed, but
have limitations related to complex array processing
requirements and largely varying radio channel fading
conditions [3], [4].

A major challenge that limits the accuracy of time-based
positioning algorithms is related to the presence of NLOS
propagation channels, which introduces a bias in the timing
data. It is therefore important to identify such links and in order
to apply proper NLOS bias mitigation techniques, and this has
been the subject of many recent works [5]-[7]. In particular, the
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proper characterization of the UWB multipath channel power
delay profile provides a useful mean for identifying NLOS
propagation links and improving the localization accuracy. It is
indeed possible to exploit certain statistical parameters derived
from the channel response amplitude and delay information to
determine the channel type [8]-[11]. For example, the kurtosis
of the CIR magnitude samples (defined as the ratio of the 4
central moment of the data samples to its squared variance) was
considered in [8]-[10], and found to have distinct ranges
depending on the LOS/ NLOS conditions and the nature of
environment. Likewise, the delay spread of the CIR provides
information that can discern between LOS and NLOS links [9]-
[11]. However, for certain cases such as indoor residential
environments, these parameters do not always achieve a very
high correct identification rate.

In this work, we consider a classification parameter based on
the “skewness” factor (SKW) of the CIR, which is given by the
ratio of the 3™ central moment of the amplitude samples
sequence to the 3™ power of its standard deviation. The
skewness can be easily computed and is found to provide highly
reliable identification of LOS/NLOS conditions in nearly all
environments. In addition, CIR delay information captured by
the root mean square delay (RMSD) is also found to yield
additional performance improvement when combined with the
SKW factor.

We consider various UWB channel profiles in typical
deployment scenarios such as residential & office indoors,
outdoors and industrial sites, all based on the standard UWB
channel models defined by IEEE 802.15.4a [12], [13]. Through
simulations, the statistics of the SKW and RMSD parameters
are extracted and shown to closely fit lognormal distributions,
as was also observed with similar parameters in [10], [11].
Using these closed-form probability distribution models, a
likelihood hypothesis test is then applied for the classification
of'a given CIR realization as LOS or NLOS. Several numerical
results are presented to demonstrate the viability of the
proposed LOS/NLOS identification technique under various
conditions.
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The rest of the paper is organized as follows: The UWB CIR
characteristics are introduced in Section II. Section III presents
the statistics of the skewness and delay spread parameters. In
Section IV, LOS/NLOS classification with likelihood ratio tests
for various channel profiles is discussed, and numerical results
presented to quantify the viability of the proposed techniques.
Final conclusions are given in Section V.

II.UWB CIR CHARACTERIZATION
We consider a discrete-time, multi-tap CIR based on the
common Saleh-Valenzuela model widely adopted for UWB
wireless propagation scenarios [12]. The complex baseband
response is typically represented by multi-clustered path
arrivals with decaying power delay profiles:

h(t) = Xz Xk=1 Ak €XP (jgk,l)6[t =T, — Tl (D

where L is the number of separate arriving clusters, K is the
number of resolvable multi-paths within each cluster, ay; is the
path gain of the k-th component in the /-th cluster, 8y ; is its
uniformly distributed phase, T; is the /-th cluster arrival time,
and 7, is the delay of the k-th component within the /-th
cluster, and §(.) the Dirac impulse function. The number of
clusters is modeled by a Poisson probability density function
(PDF) with mean value L:

p.(L) = (L)* exp(=L) /L! 2

It follows that the inter-cluster arrival times are exponentially
distributed with mean arrival rate A,

p(Ty|T,—1) = Ay exp[A (T, — T-))]  (3)

The intra-cluster arrivals are modeled by a mixture Poisson
PDF with rates A1 and A2 according to:

P(Tk,z|Tk—1,z) =BAh EXP[— /11(Tk,z - Tk—u)] +(1-
B, exp|— A5 (Tiy — Tim1,) ] 4

where f is the mixture probability. On the other hand, the
cluster multipath power profile is given by Nakagami-m
distributed path gains, with PDF:
maz)
exp|—— 5
p(-5 )

where I'(.) is the Gamma function and Q; is the average k-th
path gain within the /-th cluster, assumed to follow an
exponentially decaying profile:

mMmg2m-1

2
Pak,l(a) = W

E[lec,l] o« Q; exp(—T,i/v1) (6)

with Q; denoting the /-th cluster total power and y; the intra-
cluster power decay constant.

The different parameters defining the above model (with
proper adjustments) are discussed in [12], [13] for typical

deployment environments, and numerical values validated by
extensive experimental results are tabulated therein. For our
purpose, details are omitted here for brevity, and we mainly use
the general S-V model parameters with MATLAB simulation
[13] to generate a large number of realizations for typical
scenarios in order to extract the relevant CIR parameters of
interest as discussed previously (skewness and RMS delay). In
total, eight types of channel profiles defined by the IEEE
802.15.4a channel models [12], [13] and designated by CM1
through CM8, where the odd-numbered (CM1, CM3, CMS5, and
CM7) represent LOS links, and the even-numbered (CM2,
CM4, CM6 and CM8) are NLOS ones. More specifically, CM1
& CM2 are for residential indoors, CM3 & CM4 correspond to
office premises, CM5 & CM6 apply to open outdoors; and CM7
& CMS are for industrial sites. As an illustration, a typical
realization for the CM1 LOS CIR profile is shown in Fig. 1.
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Fig. 1 A typical UWB CIR profile: Example shown for CM1-
Residential Indoor, LOS link

III. SKEWNESS AND RMS DELAY STATISTICS

To proceed with the LOS/NLOS UWB parametric channel
identification, the PDFs for both LOS/NLOS links (in a given
environment) were obtained from normalized histograms with
up to 1000 CIR realizations. In addition, in order to obtain
mathematically tractable results, a PDF fitting using lognormal
models was adopted for the statistics of the CIR skewness mskw
and RMS delay spread zrmsp, which will greatly simplify the
likelihood classification tests, as will be discussed
subsequently. As noted previously, for a given CIR realization
h(t), the skewness parameter is defined by:

m _ E[(IR()|=wr)3] 7
SKW ™ (E[(h®)|~mjp)2])3/2

while the RMS delay is given by:

. _Je-tm)? ()Pt
RMS = [ n(o)|2at

®)

with 7, denoting the mean excess delay:
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To model the statistics of these parameters, we adopt the
well-known lognormal PDF model [10], given by:

_ 1 _ n@)-px)?
p(x) = xXV2moy €xp [ 202 ] ©)

where p, and o, are the mean and standard deviation of In(x),
respectively. The relevant parameters of the lognormal PDFs
for each channel type are given in Table I. As an example, to
illustrate the suitability of this model, the experimental PDFs
(normalized histograms) and lognormal ones for channel
models CM1 and CM2 (residential indoor LOS and NLOS) are
shown in Fig. 2, and it is clearly seen that a very good match is
verified. Similar conclusions were also observed with the other

compared to NLOS ones. On the other hand, the RMS delay
tends to be larger for NLOS links, although the distinction is a
bit blurred for CM1&CM2, and CM3&CM4 environments
(which will affect the identification accuracy, as reported in the
numerical results).

channel models as well.
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Fig. 3 PDFs of the skewness parameter for LOS & NLOS links
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Fig. 2 Close match between experimental and lognormal PDFs

With the highlighted approach, we can then reliably model
the PDFs of the CIR parameters by closed-form lognormal
PDFs, and this was done under LOS/NLOS conditions for all
channel models CM1 to CMS8. The results are shown for
skewness and RMS delay in Figs. 3 and 4, respectively. It can
be seen that there are clear differences between the PDFs under
LOS and NLOS conditions, and this can be exploited to identify
the CIR type reliably, as discussed next. For example, it is noted
that LOS links consistently demonstrate lager skewness ranges

Fig. 4 PDFs of the RMS delay parameter for LOS & NLOS links

IV. LOS/NLOS NUMERICAL CLASSIFICATION RESULTS

LOS/NLOS classification can be performed based on the
classical binary hypothesis likelihood ratio test (LRT) from
detection theory [14], implemented as follows. With the known
LOS/NLOS PDFs, and for a measured CIR realization of
unknown type in a given environment (e.g., office, outdoors,
etc.), the CIR SKW and RMSD parameters are computed and
used for the evaluation of the PDFs to get the LRT. From known
detection theory principles [14], if the LRT is larger than 1, the
LOS hypothesis (Hy) is chosen. Otherwise, the NLOS
hypothesis (H)) is selected instead, i.e.:

LOS
Ps( KW) (mskw)
P(NLOS)

SKW

=1
(mskw) H,

(10)
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With the aid the LRTs, simulation runs for each channel type
were carried out to estimate the accuracy (percentage) of the
LOS/NLOS identification procedure, presented in Table II.

It is also possible to use a “joint” LRT decision [10] by
multiplying the ratios in (10) & (11), which implicitly assumes
independence of the skewness and RMSD parameters, an
assumption that was supported by the low correlation of the two
parameters that was verified numerically.

TABLE II
CORRECT LOS/NLOS IDENTIFICATION RATES

arameters gy RMSD  JOINT
Channels

CM1 82.3% 60.5% 83.4%
CM2 88.9% 81.6% 90.2%
CM3 98.6% 65.1% 98.3%
CM4 95.9% 90.7% 96.7%
CM5 99.8% 93.3% 99.9%
CM6 99.6% 96.4% 99.8%
CM7 99.9% 99.7% 99.9%
CM8 99.1% 99.9% 99.6%

From the above results, it is clearly observed that highly
reliable LOS/NLOS link classification is feasible. Indeed, for
all cases, except CM1 (with SKW) and CM1-3 (with RMSD),
correct identification rates above the 90% range are always
achieved, and for many cases, rates exceed 95% correct
identification, especially for outdoor/industrial sites.

As noted previously, the performance of the SKW parameter
is superior, especially for CM 1-4, as the RMSD PDFs under
LOS/NLOS have a more pronounced overlap, which hinders
their correct identification. It is finally noted that the use of the
joint LRT criterion adds small incremental improvements to the
correct identification rates as well.

V.CONCLUSION

The paper dealt with LOS/NLOS link identification in UWB
networks for the purpose of improving localization capability
in WSN. A parametric approach was developed using the
statistics of the CIR skewness and RMSD spread parameters,
found to exhibit noticeable differences under LOS and NLOS
conditions. A close fit with lognormal PDFs was proposed for
the statistics of the two parameters, and later used with a
likelihood ratio hypothesis test to identify the LOS/NLOS
nature of the CIR observations. Numerical results showed that
very good identification rates in excess of 90% accuracy were
achievable for different channel models. The joint use of the
skewness and RMS delay also yielded slightly better
identification capability as well. Further extensions to this work
may consider the application of the demonstrated reliable
classification capability to mitigate the errors introduced by
NLOS-biased timing data in TOA localization and ranging
applications.
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