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Abstract—Using time of arrival (TOA) to determine the distance
between the transmitter and the receiver is the most popular tech-
nique for accurate indoor positioning. The accuracy of measuring
the distance using this method is sensitive to the bandwidth of the
system and the multipath condition between the wireless terminal
and the access point. In general, as the bandwidth increases
beyond a certain value, it is expected that the measured TOA error
approaches zero. However, for the so-called undetected direct path
(UDP) conditions, the system exhibits substantially high distance
measurement errors that cannot be eliminated with the increase in
the bandwidth of the system. In this paper, we provide an analysis
of the behavior of superresolution and traditional TOA estimation
algorithms in line-of-sight (LOS), non-LOS, and UDP conditions
in indoor areas. The analysis is based on wideband frequency-
domain measurements of the indoor radio channel propagations in
several indoor areas, with special attention to the UDP conditions.

Index Terms—Direct path blockage, indoor geolocation, non-
line-of-sight (NLOS) geolocation, superresolution algorithms,
time-of-arrival (TOA) estimation, undetected direct path (UDP),
wideband channel measurement.

I. INTRODUCTION

N RECENT years, a growing interest in location-finding

systems has emerged for various geolocation applications.
Two existing location-finding systems, namely, the Global Po-
sitioning System (GPS) and wireless enhanced 911 (E-911),
have been used to provide relatively accurate positioning for
the outdoor environment [1]. These technologies, although
accurate, could not provide the same accuracy when applied to
indoor positioning. The different physical requirements of the
indoor environment necessitate alternative systems to provide
accurate positioning. Therefore, the design and development
of indoor positioning systems require in-depth modeling of the
indoor wireless channel.

Manuscript received October 21, 2004; revised April 18, 2007. This
paper was presented in part at the Wireless Communications and Networking
Conference, Atlanta, GA, March 2004.

N. Alsindi and K. Pahlavan are with the Center for Wireless Information Net-
work Studies, Department of Electrical and Computer Engineering, Worcester
Polytechnic Institute, Worcester, MA 01609 USA (e-mail: nalsindi@wpi.edu;
kaveh@wpi.edu).

X. Li was with the Center for Wireless Information Network Studies,
Department of Electrical and Computer Engineering, Worcester Polytechnic
Institute, Worcester, MA 01609 USA. He is now with the Department of
Electrical Engineering, University of North Texas, Denton, TX 76203 USA
(e-mail: xinrong @unt.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIM.2007.904481

Although many wideband radio propagation models for
telecommunication application exist in the literature, their rele-
vance to geolocation systems is distant [2]. In telecommunica-
tion applications, the critical parameters are the distance-power
gradient and the multipath delay spread of the channel [3].
However, in geolocation applications, the parameters of interest
are the relative power and the estimated time of arrival (TOA)
of the direct line-of-sight (DLOS) path. Therefore, the accuracy
of the measurement and modeling of these parameters limits the
achievable performance of indoor geolocation systems. How-
ever, due to severe multipath conditions and the complexity of
radio propagation, the DLOS path cannot always be accurately
detected [2], [4]. Improving its detection and TOA estimation
requires improving the time-domain resolution of the channel
response to resolve the multipath and enhance the accuracy of
estimation.

Spectral estimation methods, namely, superresolution algo-
rithms, have been recently used by a number of researchers
for time-domain analysis of different applications [5], [6].
Specifically, they have been employed in the frequency domain
to estimate multipath time-dispersion parameters, such as mean
excess delay and root mean square (RMS) delay spread [7]. In
addition, [8] used superresolution algorithms to model indoor
radio propagation channels with parametric harmonic signal
models. Recently, however, superresolution algorithms have
been applied to accurate TOA estimation for indoor geolocation
with diversity combining schemes [9]. The MUItiple SIgnal
Classification (MUSIC) algorithm was used as a superresolu-
tion technique, and it was shown to improve TOA estimation.

In indoor positioning, the behavior of TOA estimation in dif-
ferent environments is another important factor in determining
the performance of geolocation systems. Besides physical clas-
sification of line-of-sight (LOS) versus non-LOS (NLOS), [2]
has shown that there exists further classification that depends
on the channel profile and the characteristics of the DLOS path.
The first category of this classification is the dominant direct
path (DDP), where the DLOS path is detected and it is the
strongest. The second category is the non-DDP (NDDP), where
the DLOS path is detected but it is not the strongest. The last
category is the undetected direct path (UDP), where the DLOS
path is undetected.

This paper presents the results of a measurement campaign
that was created for the classification of channel profiles, with
emphasis on finding more UDP cases. The performance and
behavior of the distance error, which is directly related to
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the TOA estimation error, is analyzed in all of these different
scenarios. In addition, the performance of different TOA esti-
mation algorithms, namely, the inverse Fourier transform (IFT),
direct-sequence spread spectrum (DSSS), and superresolution
eigenvector (EV) algorithms, is compared for different environ-
ments and bandwidths. The classification of channel profiles
and the performance analysis that are presented in this paper
provide a deeper insight into wireless channel modeling for
indoor geolocation.

This paper is organized as follows: Section II describes
the indoor channel characteristics. Section III describes the
procedure and instrumentation that was used to measure
the different indoor channel profiles. Section IV introduces
the TOA estimation algorithms that we studied. Section V
provides performance evaluation of the different algorithms
in different environments and bandwidths. The conclusion is
provided in Section VI.

II. INDOOR CHANNEL CHARACTERIZATION FOR
TOA ESTIMATION

Wideband radio propagation channel modeling for indoor
geolocation application requires examining the channel profiles
in different environments. The behavior of the channel profile
or, specifically, the TOA of the DLOS path depends on the
physical location of the receiver with respect to the transmitter.
In this section, two classification schemes that are based on the
channel profile of the measurement data are discussed. Then,
the UDP phenomenon will be examined in more detail.

A. Classification Based on Physical Characteristics

One of the major classifications in the study of channel
modeling is based on the physical properties of the indoor
environment. LOS and NLOS are easily distinguishable from
the measurement scenario. In the former, both the transmitter
and the receiver have no physical obstructions between them,
enabling accurate TOA estimation of the DLOS path. In the
latter, however, the obstruction, which is usually one to several
walls or other objects such as cabinets or elevators, further
degrades the accuracy of the estimation. In fact, for some cases,
the DLOS path is undetectable, causing a major ranging error.

B. Classification Based on Measurement Characteristics

The second classification is based on the measured channel
characteristics that are apparent in the time-domain profile.
Regardless of physical obstructions, the measurement is clas-
sified according to the availability and the power of the TOA
of the DLOS path. For this classification, a threshold was used
to identify if the DLOS path is detected or not. The method
in computing and implementing this threshold is discussed in
more detail in the measurement section. DDP is the easiest to
detect from the profile, as shown in Fig. 1(a), because it has
a distinct strong DLOS path, which enables receivers to lock
onto it and estimate the TOA accurately. When the power of
the DLOS path gets weaker and is no longer the strongest, then
the channel characteristics fits in the NDDP category, which is
shown in Fig. 1(b). For this case, the significant loss of accuracy
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in TOA estimation can be reduced when a more complex RAKE
receiver is used to resolve the multipath. In Fig. 1(c), when the
DLOS path power falls below the threshold and is therefore
undetected, the channel condition is classified as UDP. In this
unfavorable situation, neither the GPS nor the RAKE receiver
can accurately detect the TOA, and this, specifically, causes
the most significant error in indoor positioning applications.
As a result, it is important to understand how and why UDP
situations arise in indoor environments. The succeeding sec-
tions attempt to shed some light on this rather important case,
where a measurement campaign was set up to better analyze
and understand this situation.

C. UDP Challenge

With these different channel characteristics described, UDP
poses the most significant challenge to limiting the accuracy of
indoor geolocation systems. For reliable geolocation in indoor
environments, it is necessary to identify and mitigate (if possi-
ble) range estimates that are corrupted by UDP error. Localiza-
tion algorithms that operate without knowledge of the channel
condition will face substantial performance degradation.

A measured channel profile that describes the characteristics
of the UDP case is shown in Fig. 1(c). It is clear that the other
paths have significant power when compared with the DLOS
path. This relative power drop is beyond the dynamic range
of the measurement system. In most cases, this is caused by
the existence of a metallic obstruction in the direct path. In
other instances, there might be a number of walls that attenuate
the DLOS path considerably, relative to the other paths. In
both cases, the paths arriving from other directions are much
stronger.

In situations where UDP is unavoidable, the next step is to
find ways to resolve it or reduce its effect on TOA estimation.
One way is to apply estimation algorithms to try to resolve the
multipath and perhaps reduce the error in UDP conditions. A
second approach might consider the bandwidth of the system.
In many cases, when the bandwidth of the system increases,
the time-domain resolution and, thus, the accuracy of TOA
estimation increase. Both the use of estimation algorithms and
the system bandwidth will be discussed later, and its effect on
the TOA estimation error will be analyzed.

The special case of UDP did not receive significant attention
in the past, and the previous measurements were classified
according to LOS and NLOS. As a result, a measurement
campaign was created to collect more UDP measurements for
statistical analysis. Before that, a description of the measure-
ment system and the measurement database that was used in
the analysis will provide both clarification and justification for
the measurement approach that we employed.

III. MEASUREMENT OF DIFFERENT CHANNEL
PROFILE CLASSES

A. Measurement System

One of the most popular techniques for experimentally cal-
culating the TOA is through the use of the frequency-domain
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Fig. 1. Sample of measured indoor channel profiles. (a) DPP. (b) NDDP. (c) UDP.

measurement system that was described in [10]. The main
component of this system is a network analyzer that sweeps the
channel from 900 to 1100 MHz. After passing through a 30-dB
amplifier, the output is connected to the transmitter antenna by a
cable. The receiver is connected to an attenuator and then to the
receiver port of the network analyzer. Both antennas are 1-GHz
monopole quarter-wave adjusted on square plates. The analyzer
has a sensitivity of —100 dBm. The measurements are further
calibrated to remove the effects of the lossy cables, power
amplifiers, and other system imperfections. The frequency-
domain measurements were conducted by fixing the transmit
antenna and moving the receiver around the desired locations.
After data collection, the measured frequency-domain data are
passed through a Hanning window to further suppress the
unwanted sidelobes. Then, the IFT is applied to estimate the
time-domain channel profile. As mentioned earlier, a threshold
is used to characterize the channel profile according to the
power of the DLOS path. Estimating the time-domain power
delay profile requires estimating the relative amplitudes and

delays of the arriving multipath components. Distinguishing
between actual paths and measurement system noise required
the implementation of a noise threshold. Since the noise floor
of the measurement system is —100 dBm and the Hanning
window has sidelobes of —31 dB below the peak of the profile,
a threshold is selected according to the larger value of the
two. Then, the first path that has power greater than the noise
threshold is the first detected path.

B. Measurement Database

A measurement database was created by combining previous
measurements that were produced by the Center for Wireless
Information Network Studies (CWINS) and recent measure-
ments that were conducted on the third floor of the Atwater
Kent (AK) Laboratories, Department of Electrical Engineering,
Worcester Polytechnic Institute (WPI). The previous measure-
ments include LOS measurements that were taken on the sec-
ond and third floor of AK reported in [11] and, mainly, NLOS
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Fig. 2. Setup 1 measurement campaign on the third floor of AK.

measurements reported in [12]. After analyzing and classifying
these measurements, it was apparent that they lacked sufficient
UDP cases for statistical analysis, where they contained only
16 measurements. Therefore, the recent measurement campaign
was also conducted on the third floor of AK, with special
attention to the generation of more UDP cases. To analyze the
behavior of the DLOS path in such unfavorable conditions, it
was necessary to create a database that is tailored to this kind
of classification.

The search for UDP required thorough analysis of
transmitter—receiver locations within the building to vary the
attenuation effect on the DLOS path and examine its effect on
the channel profile. The recent campaign produced 105 mea-
surement points. Fifty-two of those measurement locations are
UDP, another 52 are NDDP, and only one measurement point
is DDP. The measurement database is used in analyzing the
performance of different estimation algorithms under those
different multipath conditions. Including the earlier reported
CWINS measurements, a total of 256 measurements were
collected, of which 71 are LOS and 185 are NLOS. Overall,
the database contains a total of 68 UDP measurement points,
along with 100 NDDP and 88 DDP points that were used for
statistical analysis.

C. Measurement of UDP Condition

The measurements were conducted on the third floor of
the AK building at WPI. The AK building was built in 1906
and had two major remodeling and additions in 1934 and
1981. Therefore, in some areas within the building, there is
more than one exterior-type wall. The exterior walls of this
building are made of heavy brick, the interior walls are made of
aluminum studs and sheet rock, the floors are made of metallic
beams, the doors and windows are metallic, and many other
metallic objects are spread over different laboratory areas. The
excessive number of metallic objects and internal walls makes
this building a very harsh environment for radio propagation.

The measurement campaign is based on two measurement
setups that approach the possibility of UDP occurrence differ-

ently. In setup 1, a deterministic approach is followed, where
the selected receiver measurement points were expected to
exhibit UDP characteristics because of the physical geometry
and the actual obstruction in the DLOS path. In setup 2, a
more random approach was followed, as several measurement
points were taken, but their nature was not expected in advance.
The actual distance between the transmitter and receiver is
physically measured and later compared with the estimated
distance.

Setup 1 took advantage of a metallic chamber, which is
better known as the Faraday Chamber, residing in the CWINS
Laboratory (AK320). The transmitter was placed inside the
laboratory, and the receiver was moved around it through the
corridors. Fig. 2 shows the third floor plan of AK building,
along with the location of the transmitter and receiver points
for setup 1. Notice the metallic chamber that is designated by
gray shading in the figure. The receiver points that are shown in
the figure were taken 1 m apart. This helped to provide closely
spaced snapshots of the channel profile as the receiver moves
from one point to the next.

Prior to conducting the measurements, it was desired to see
what happens to the DLOS path as the receiver moves in a
straight line from one point to another. Specifically, the pattern
in which the channel might switch between the three different
classifications would provide further insight into the nature of
the problem. The expectations for this part of the measurement
campaign were as follows: The occurrence of UDP would
be localized to the region that is shadowed by the metallic
chamber, as shown in Fig. 2. In addition, it was expected that
the other measurement points that were not covered by the UDP
region would most likely exhibit NDDP characteristics.

After conducting the measurements and analyzing their
channel characteristics, the outcome is interesting. In Fig. 2,
the light dots represent NDDP measurement points, while the
dark ones represent UDP. As expected, the region that was
shadowed by the chamber exhibited UDP characteristics. There
are two points, however, in this region that appeared as NDDP.
A possible explanation for this could be that, since these two
points are located exactly around the corner of the corridor,
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Fig. 3. Setup 2 measurement campaign on the third floor of AK.

the diffracted path is very close to the direct path, and this
might have appeared to be a stronger DLOS path than expected.
Another interesting observation is that, in addition to the region
that was affected by the chamber, there are four UDP points that
occurred in the corridor around the CWINS laboratory. This is
an indication that this unfavorable condition occurs in different
locations because of metallic objects or other obstructions that
are not accounted for. All in all, from this particular measure-
ment setup, 60% of the points are UDP, and the majority of
these were the outcome of the metallic chamber.

Fig. 3 shows the location of the transmitter and receiver
points for setup 2. The transmitter was fixed in the corridor to
the right of AK320, and the receiver was moved to different
points around the adjacent corridors. Contrary to the earlier
setup, the outcome of this approach was not known in advance,
and in addition, fewer UDP points were expected. However,
after analysis, a substantial number of UDP points, i.e., about
32% of the measurements, were measured at different locations.
In some cases, UDP occurs between NDDP points; in other
cases, it occurs one after the other. For the former case, this is
mainly because of shadow fading that is caused by obstacles,
in addition to walls, that suddenly attenuate the DLOS path
power significantly. However, for the latter case, the walls are
the main contributors to the loss of the power. It is interesting
to note how these unfavorable scenarios are not localized to
a certain region or corner of the floor plan but rather exist in
“spots,” strengthening the notion that the DLOS path can be
lost in locations that system designers might have not predicted
because of additional obstacles apart from the walls.

IV. TOA ESTIMATION ALGORITHMS
A. IFT

A simple and conventional TOA estimation algorithm, IFT
provides a time-domain representation of the channel profile
from the frequency-domain measurement data. When the time-
domain response over part of the time period is desired, the
chirp-z transform (CZT) is preferred, providing flexibility in

the choice of time-domain parameters with the cost of longer
computational time, as compared with the IFT. As mentioned
earlier, a Hanning window is also used to avoid leakage and
false peaks by reducing the sidelobes of the time-domain re-
sponse at the cost of reduced resolution. The peak detection
algorithm then selects the first peak above a certain noise
threshold. In this paper, the term IFT will generally mean the
application of the CZT, unless otherwise stated.

B. DSSS

Another estimation algorithm uses cross-correlation tech-
niques with DSSS signals. To simulate the DSSS signal-based
cross-correlation technique, the frequency response of a raised-
cosine pulse with a rolloff factor of 0.25 is first applied to the
frequency-domain response as a combined response of band-
limitation pulse-shaping filters of the transmitter and receiver.
Then, the resultant frequency response is converted to time-
domain response using the IFT for TOA estimation.

C. Superresolution [EV/Forward-Backward
Correlation Matrix (FBCM)]

In this paper, a form of MUSIC algorithm is used as a super-
resolution technique in TOA estimation for indoor geolocation
[9]. The indoor radio channel suffers from severe multipath, and
the equivalent low-pass impulse response is given by

Ly—1
h(t) = oxd(t — 1) (1)
k=0

where L, is the number of multipath components, and oy, =
| |e7%% and 7y, are the complex attenuation and propagation
delay of the kth path, respectively. The Fourier transform of (1)
is the frequency-domain channel response, which is given by

L,—1
H(f) = Z ape 32T ITE )
k=0
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A harmonic signal model can be created by exchanging the
role of the time and frequency variables in (2), which yields

Ly—1
H(r) = Z e IR 3)
k=0

This model is well known in the spectral estimation field
[13]. Therefore, any spectral estimation techniques that are
suitable for the harmonic model can be applied to the frequency
response of the multipath indoor radio channel to perform time-
domain analysis. In this case, the MUSIC algorithm is used as a
spectral estimation technique to convert the frequency-domain
data to the time-domain profile that is needed to determine
the DLOS path and TOA. The discrete measurement data are
obtained by sampling the channel frequency response H(f) at
L equally spaced frequencies. Considering additive white noise
in the measurement, the sampled discrete frequency-domain
channel response is given by

x(l) =H(fi) +w(l)
Ly—1
— Z ake_jz‘“'(fO‘HAf)Tk + w(l)
k=0

4)

where [ =0,1,...,L —1, and w(l) denotes additive white
measurement noise with zero mean and variance (o,,)?. The
signal model in vector form is

x=H+w=Va+w 5
where V = [v(r) v(m) v(rz,-1)] T and
v=[l e ¥mAfTk e I2m(L=V)AfTR)T " The MUSIC

superresolution algorithm is based on the eigendecomposition
of the autocorrelation matrix of the signal model in (5). The
autocorrelation matrix is given by

Ry = E{xx"} = VAV# 1 521 (6)

where A = F{aa'}, and the superscript H indicates the
Hermitian conjugate transpose of a matrix. Therefore, the
L-dimensional subspace that contains signal vector x is split
into two orthogonal subspaces, which are known as signal
subspace and noise subspace, by the signal EVs and noise EVs,
respectively. Since vector v(7), 0 < k < L, — 1 must lie in
the signal subspace, we have
P,v(rz) =0 @)
where P,,v(7};) is the projection matrix of the noise subspace.
Thus, the multipath delays 7, 0 < k < L, — 1 can be deter-
mined by finding the delay values, at which the following
MUSIC pseudospectrum achieves the maximum value:

!
1P (7))

1
e E— ®)

-1 5
> lawv(r)|
k=L,

Swmusic(T)
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Fig. 4. Mean and STD of ranging errors for DDP, NDDP, and UDP using the
IFT algorithm.

where qy, are the noise EVs. In practical implementation, when
only one snapshot of length NV is available, the data sequence is
divided into M consecutive segments of length L, and then, the
estimate of the correlation matrix is further improved using the
FBCM that was described in [9]. In this paper, a slight variation
on the MUSIC algorithm is used, which is known as the EV
method. The pseudospectrum is defined as

1

&)

SEV(T) = L—1
> 5 laliv(n))?

where \;, L, <k < L —1 are the noise eigenvalues. Effec-
tively, the pseudospectrum of each EV is normalized by its
corresponding eigenvalue. The performance of the EV method
is less sensitive to an inaccurate estimate of parameter L,
which is highly desirable in practical implementations [13]. In
this paper, the EV method with FBCM was used to estimate
the TOA of the DLOS path. EV/FBCM refers to the type of
MUSIC algorithm that is applied throughout this paper, unless
otherwise stated.

V. BEHAVIOR OF ALGORITHMS IN
DIFFERENT ENVIRONMENTS

From the previous sections, it was clear that UDP is a serious
problem for indoor geolocation applications. The measurement
campaign showed that indeed this troublesome phenomenon
occurs with high probability. The existence of metallic cabi-
nets that might be installed after the geolocation system has
been deployed will substantially affect the performance. In this
section, a quantitative analysis will show the extent that UDP
affects TOA estimation errors and the possible ways to mitigate
the problem.

A. Evaluation of Distance Error in UDP Conditions

Fig. 4 shows how the mean and standard deviation (STD)
of the ranging error for UDP are substantially larger when
compared with the other cases using the IFT algorithm. In fact,
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at 20 MHz, it has a mean error that is five times that of DDP and
1.5 times that of NDDP. Note how the distance error decreases
as the bandwidth increases. For example, at 160 MHz, the mean
of the distance error for UDP is almost 7 m, while DDP is a
mere 0.29 m. Again, these are due to higher bandwidths having
higher resolutions in the time domain and, thus, lower error
values. While the other channel cases tend to approach zero
error as the bandwidth increases, UDP seems to level off at
a certain error. Better TOA estimation algorithms reduce the
average distance error but have limitations for UDP. The loss of
the DLOS path creates a situation where a large distance error
is unavoidable, even with an increase in the bandwidth of the
system.

B. Performance of TOA Estimation Algorithms in
Different Multipath Conditions

The algorithms’ abilities to resolve multipath and enhance
the time-domain channel profile vary from one condition to
another. Fig. 5 shows the mean and STD of the ranging errors
for the DDP condition. The algorithms exhibit similar perfor-
mances, particularly, at higher bandwidths. The strong DLOS
path facilitates its detection and the reduction in the distance
error. To further analyze this case, Fig. 6 shows a measurement
sample of a DDP channel profile at 40 MHz, illustrating the
performance of the three algorithms. The vertical dash—dotted
line is the expected TOA. Notice that the DLOS is detected
successfully for the three algorithms.

For NDDP cases, Fig. 7 shows that the EV/FBCM algorithm
performs significantly better than the other two algorithms. In
this category, the DLOS path usually combines with the sub-
sequent paths and forms a cluster. The conventional algorithms
detect the peak of the cluster as the DLOS path. This erroneous
detection causes serious problems for TOA estimation. The
higher resolution of the EV/FBCM algorithm “splits” the
cluster and estimates other paths that were not detected conven-
tionally. In some cases, the algorithm detects the DLOS path; in
other cases, the second or even the third is detected. Regardless
of the path detected, Fig. 7 shows that, on average, EV/FBCM
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exhibits the lower mean of the ranging error when compared
with the other algorithms. This performance can be justified
by examining Fig. 8, which shows a typical measured NDDP
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Fig. 9. Mean and STD of ranging errors for UDP using different TOA
estimation algorithms.
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Fig. 10. Measured UDP profile obtained with the three estimation algorithms
at 40 MHz.

profile at a system bandwidth of 40 MHz. The vertical
dash—dotted line is the expected TOA, and it is clear how both
the IFT and the DSSS are unable to detect the correct path.
Overall, it is true to say that, in NDDP conditions, EV/FBCM
provides the best performance in terms of the mean of ranging
errors.

In UDP scenarios, EV/IFBCM provides an advantage relative
to the other algorithms. Although the DLOS path does not
exist, nevertheless, EV/FBCM is expected to perform better
than the other algorithms. Fig. 9 shows the mean and STD of the
ranging error for UDP conditions. On average, the EV/FBCM
outperforms the other algorithms and exhibits lower error, even
at higher bandwidths. By examining Fig. 10, it is possible to
see how the three algorithms compare. In the absence of the
DLOS path, it is clear that EV/FBCM detects a closer path
and improves the TOA estimation when compared with other
algorithms. The weakness of the DLOS path makes it difficult
to resolve the multipath and detect it. As a result, the UDP
condition introduces unavoidable errors, and regardless of the
bandwidth or the estimation algorithm used, the positioning
system will exhibit substantially large errors. This degraded
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Fig. 11. Measured UDP distance error versus system bandwidth for the
different multipath conditions.

performance requires that, in the deployment of an indoor
geolocation system, care must be taken to avoid coverage
areas with UDP conditions. This will further reduce the error
and enhance the accuracy of TOA detection and estimation.
Alternatively, cooperative localization can depend on multiple
measurements to different sensors, thereby establishing some
kind of spatial diversity to mitigate the error that was introduced
by this condition.

C. Effect of System Bandwidth on TOA Error in UDP

Finally, after assessing the performance of the different esti-
mation algorithms and their effect on the multipath conditions,
it is important to analyze the effect of system bandwidth on
UDP. A general fact that has been noticed in the analysis section
is that, as the bandwidth of the system increases, the estima-
tion error decreases due to enhanced time-domain resolution.
For the other conditions, the system bandwidth significantly
enhances the estimation of the DLOS path. Fig. 11 shows a plot
of the absolute distance error for the three multipath conditions
with varying system bandwidths. Note that the ranging error
in DDP conditions drops to values below 2 m and then drops
significantly after 30 MHz. For NDDP, the error drops from
18 m to about 1.5 m at 50 MHz. As the bandwidth reaches
200 MHz, the error rolls off to zero. Unfortunately, such en-
couraging results cannot be concluded for UDP. The increases
in bandwidths have limited effects. In fact, after 100 MHz, the
error stays around the same value of 8.5 m, which is a very
significant deficiency in indoor geolocation. As a result, it is
possible to see that this adverse condition introduces serious
problems in detecting the DLOS path. Finally, it is evident that
the bandwidth of the system has limitations in improving the
TOA estimation error, particularly for UDP.

VI. CONCLUSION

In this paper, the behavior of TOA estimation algorithms and
the effect of different multipath conditions have been analyzed.
A measurement campaign that is targeted at gathering UDP
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indoor channel profiles helped in establishing a comprehensive
database for statistical analysis in different multipath condi-
tions. In DDP, the performance of the estimation algorithms
was very close to each other, and the introduction of advanced
estimation algorithms does not provide any advantage. Due to
multipath, NDDP scenarios introduce a larger margin of error
when compared to DDP and can create significant inaccuracies
in TOA estimation. It is possible to see that, in this case, resolv-
ing the multipath and detecting the DLOS path are achievable
with EV/FBCM, as it offers the best performance in this cate-
gory. UDP showed the worst algorithm performance. Increasing
the bandwidth of the system can improve the accuracy of TOA
estimation if the DLOS path is detected. More importantly, the
substantial errors that were introduced by UDP conditions are
unavoidable, even by increasing the bandwidth of the system
and using complex TOA estimation algorithms.

The occurrence of a large ranging error in indoor environ-
ments, due to the UDP condition, is a limiting factor to accurate
localization. The ability to detect and mitigate this situation
in real-time measurements is the next challenge in improving
indoor localization performance. To this end, statistical analysis
of time-domain channel parameters such as rms delay spread,
the ratio of the power of the first detected path versus the
strongest path, and the clustering of the neighboring arriving
paths to the DLOS could all provide important characterization
of the UDP condition. Such research efforts would focus on
collecting more measurements and analyzing, statistically, the
difference in behavior of the aforementioned parameters in each
of the channel categories. In the end, a mobile user would esti-
mate the channel parameters and, from that information, assess
the quality of the range estimate and the probability of being
in UDP. Finally, extensive measurements and modeling of the
ranging error in different building structures and scenarios (e.g.,
outdoor—indoor and indoor—indoor propagation) are needed to
design reliable and accurate indoor geolocation systems.
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