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ABSTRACT Amethod for improving the ranging performance for localization using orthogonal frequency-
division multiplexing-based communication system is proposed. The most difficult aspect of performing
localization using the time-of-arrival information of a communication system is distinguishing indirect paths
and noise from the direct path (DP), when the DP is blocked by obstacles. In this paper, the combination
of interference cancellation and an enhanced path detector is proposed to remove interference from nearby
paths and detect low-power DP. The proposed method is verified in 802.11ac environments, and it shows an
improved performance compared with conventional methods.

INDEX TERMS Direct path, interference cancellation, localization, orthogonal frequency-division
multiplexing, range estimation, super resolution, time of arrival.

I. INTRODUCTION
Recently, there has been an increasing interest in indoor
positioning techniques, which are essential for the internet
of things devices and systems. Unlike localization technolo-
gies that use sensors such as global positioning systems and
cameras, when communication systems such as wireless local
area networks or cellular networks are used for positioning,
no additional equipment is required. However, because the
channel of a wireless communication system is significantly
influenced by the surrounding environment, the performance
of localization using the communication system is greatly
affected by the surroundings, such as obstacles between the
transceivers. When performing positioning, it is essential
to estimate the length of the direct path (DP), which is a
straight line connecting the transceivers. The length of the
DP can be measured using various parameters, such as the
received signal strength, the angle of arrival, and the time
of arrival (ToA). In particular, when ToA is used, the length
of the DP can be obtained by multiplying the ToA with the
speed of light. However, it should be noted that when the

line-of-sight (LOS) is blocked by an obstacle, a path other
than the DP can be mistaken as the shortest path. The differ-
ence in distance between the two paths causes a significant
range error, which degrades the positioning performance.

Recently, some studies have been conducted to identify
ToAs in communication systems [1]–[19]. Nevertheless, few
studies have focused on solving cases where obstacles sig-
nificantly reduced the power of DP. The study of [1]–[5]
focused on the estimation of ToA with the use of a low-
complexity algorithm. However, the low-complexity algo-
rithm could not determine the DP that passed through an
obstacle, and mainly assumed a LOS environment. Corre-
spondingly, [6] and [7] did not take into account the effects
of the obstacles because the primary goal of these studies was
to overcome the sampling rate limit of the system. [8]–[10]
suggested algorithms that estimate ToA even under severe
conditions, but the algorithm focused only on low- signal-
to-noise ratio (SNR) cases. Low-DP power level cases were
not the primary considerations of these studies. References
[11]–[14] considered the interference caused by themultipath
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which affected the DP estimation, but the DP attenuation
owing to the obstacle was assumed to be small. This was
unrealistic because obstacles in a typical indoor environ-
ment, e.g., walls, desks, and partitions, generate transmission
losses in the range of 10 to 20 dB at operating frequencies
in the range of 2 to 5 GHz. These papers were only con-
cerned about the performance based on the SNR of the entire
signal.

To prevent false detection, research to find the DP in
environments where obstacles exist has been performed
[15], [16]. However, the proposed method showed that if the
DP passes through obstacles causing high attenuation, it is
not easy to detect the DP. Yang et al. [17], [18] focused
on the fact that a longer preamble signal consisting of a
pseudo noise (PN) sequence used in the communication sys-
tem yields clearer observation of the path in the correlation
function (CF) between the received signal and the preamble
signal. References [17] and [18] proposed measuring the ToA
of the path more accurately by connecting the demodulated
data to the end of the preamble signal which generates the
same effect as using a longer preamble signal. However,
this result is achieved by using data demodulation applying
the least-squares (LS) estimator in systems with low order
quadrature amplitude modulation (QAM). If the QAM order
increases, the effect of increasing noise is more significant
than the effect that the path becomes clear in the CF when
the demodulated data is placed at the end of the preamble
because of errors that arise in the demodulated data. This
method is not suitable for broadband communication systems
such as 802.11ac, because the increased noise makes the path
difficult to distinguish. Chetty et al. [19] proposed a method
that iteratively finds the highest value in the CF and subtracts
a small gain of this time index until the highest value is lower
than a threshold instead of data demodulation to distinguish
the DP from multiple paths. However, it is not suitable for
general indoor communication systems, as it requires a very
high SNR.

In this paper, we propose a new method that can be used
with high order QAM and an appropriate SNR. We introduce
two independent novel estimators and propose a method for
detecting the low power DP by combining the advantages of
both estimators. One estimator uses enhanced interference
cancellation, which estimates and repetitively removes the
interference generated from undesired strong paths around
the DP via a super resolution technique. The other is a
novel path detector that improves the detection performance
by combining the CF and the estimated channel to observe
each path more clearly. We propose performing DP detection
through the intersection of results obtained independently
from the two estimators. The proposed method is not affected
by the QAM order, because the demodulated data is not used
in the algorithm, and it is designed to operate at the SNR
of a general communication environment by combining the
result of the interference elimination with the new estimator.
The performance evaluation of the combination of the two
methods in various environments using the 802.11ac system

shows that the proposed method has better performance than
the existing methods.

The remainder of this paper is organized as follows:
Section II describes the system model and defines the
problem. Section III explains the proposed interference
cancellation technique and the enhanced path detection
method. Additionally, after explaining the reason why the
two algorithms should be combined, we describe a method
for combining the two suggested algorithms. Various envi-
ronments for performance evaluation and the corresponding
DP estimation results are provided in Section IV. Moreover,
the distribution of the DP estimation error is modeled so
that the ranging performance can be applied to localization
algorithms. Section V outlines the conclusions.

II. SYSTEM MODEL AND PROBLEM DEFINITION
In this study, ToA estimation is considered in orthogonal
frequency-division multiplexing (OFDM) systems used in
various communication systems such as Wi-Fi and long term
evolution(LTE). A typical OFDM system performs ToA esti-
mation and time synchronization using a PN-based preamble
signal which has a sharp autocorrelation function. Consid-
ering an OFDM system with N subcarriers, the transmitted
preamble in the discrete time domain x[n] can be written as

x[n] =
N−1∑
k=0

Xke
j2πkn
N , (1)

where Xk represents the preamble data transmitted over the
kth subcarrier. x[n] is passed through a digital-to-analog con-
verter (DAC) and a multipath channel h(t). The multipath
channel can be represented by the sum of several delta func-
tions, as follows:

h(t) =
Np−1∑
u=0

auδ(t − τu), (2)

where au and τu are the complex channel gain and ToA of
each path, respectively, and Np is the total number of paths.
The received signal converted to the baseband after passing
through the multipath channel is

y(t) = x(t) ∗ h(t)+ w(t), (3)

where x(t) is the transmitted baseband signal after passing
through the DAC, w(t) is the zero mean complex additive
white Gaussian noise, and ∗ represents convolution. The
received signal y(t) is converted into a discrete time domain
signal y[n] by an analog-to-digital converter. Typical OFDM
systems, such as Wi-Fi, LTE, and Wibro, obtain the ToAs of
each path by finding the peaks in the square of the cross-
correlation function C between the received signal and trans-
mitted preamble signals, where

C[m] =
N−1∑
n=0

x[n]y[m+ n]. (4)
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Here, (·) represents the complex conjugate, and m is the time
index of C .

When an obstacle interferes with the multipath, includ-
ing the direct path, the modified multipath channel h′(t) is
expressed as follows:

h′(t) =
∑
u∈O

au
ζu
δ(t − τu)+

∑
u/∈O

auδ(t − τu), (5)

where O is the set of indices of the path that penetrates the
obstacle, and ζu is the transmission loss. The goal of this study
is to find τ0 using the transmitted, received, and preamble sig-
nals when 10log10(ζ 2u ) is significantly high (approximately in
the range of 10-20 dB).

Detection of DP which passes through an obstacle is dif-
ficult for two reasons. First, there is interference from the
adjacent nonsample-spaced paths [20]. As described in [20]
and [21], if the delay of the path is not an integer multiple
of the sampling time Ts, the energy of the path leaks into
the adjacent sample-spaced taps. Interference from adjacent
nonsample interval paths causes an error owing to the leakage
of the adjacent strong path that is being incorrectly estimated
as the shortest path instead of as the low-powerDP. Therefore,
to detect the DP more accurately, it is necessary to remove
the interference from the adjacent paths. Fig. 1 shows an
example of when it is difficult to detect the DP. Fig. 1 (a)
describes the illustration of the interference from adjacent
paths. The interference generated from the adjacent paths is
leaked and adversely affects the detection performance of
the DP.

The second reason is that owing to the low power of the DP,
|C|2 does not have a sufficiently high value at the ToA of the
DP, even if the autocorrelation of the PN sequence exhibits
sharp peaks. Even without any interference, the increased
attenuation owing to the obstacle makes it difficult to distin-
guish the DP from noise. It is difficult to detect a low-power
DP using a simple thresholding technique alone. Examples of
a situation where the presence of an obstacle makes the DP
detection difficult are shown in Fig. 1 (b). LOS is blocked
by an obstacle, and the DP in the CF does not exceed the
threshold. No low-power DP are detected, and a high-power
path arriving at a subsequent time is mistaken as the DP.
An arbitrary lowering of the threshold to solve this prob-
lem may cause performance deterioration because it causes
noise with high power as well as the paths to exceed the
threshold.

III. PROPOSED METHOD
In this section, for solving the two problems mentioned
above, two independent methods are proposed to enhance
the accuracy of DP detection in OFDM-based positioning
systems. Since the tasks of removing the interference and
distinguishing the DP from the noise are independent of each
other, the two methods are performed separately, and subse-
quently their results are combined to improve the detection
performance for finding the DP.

FIGURE 1. An example of when it is difficult to detect the DP. (a) The
interference generated from the adjacent paths, (b) Low-power DP.

A. SUCCESSIVE PATH DETECTION WITH
INTERFERENCE CANCELLATION
In this subsection, we propose an algorithm to detect and
remove paths with high power from the received signal step-
by-step to remove interference from the path adjacent to the
DP. This algorithm is used to prevent paths other than the
DP from being determined as shortest paths. The proposed
successive path-detection algorithm with interference can-
cellation starts by estimating the ToA of the strong paths in
subsample units to measure the interference from the paths.
To estimate the ToA of the subsample unit, the proposed
algorithm employs a super-resolution technique with a modi-
fied maximum peak-to-leaking ratio (MPLR) algorithm [15],
which has a relatively low computational complexity and high
performance. The detailed procedure is as follows:

The estimated ToA in the MPLR is summarized as

{θ̂ , ε̂} = argmax
θ̂ ,ε̂

∣∣∣ĥθ̂ (ε̂)∣∣∣4
1
θ̂

∑θ̂−1
n=0

∣∣∣ĥn(ε̂)∣∣∣2 , (6)
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where θ̂ and ε̂ are the estimated ToAs in the sample unit and
sub sample unit, respectively, and ĥn(ε̂) is the estimated time
shifted channel, which is obtained as follows:

ĥn(ε̂) =
1
N

N−1∑
k=0

Xk−1̃yrke
j 2πk ε̂N

2πkn
N , (7)

where ỹrk is the value corresponding to the kth frequency
of the N -point discrete Fourier transform on {y[r], y[r +
1], . . . , y[r + N − 1]}, which refers to the received time-
domain signal extracted from the time sample r . r is defined
as the time sample in which |C|2 exceeds the threshold T for
the first time, and T is set to the value obtained from the white
Gaussian noise characteristic as proposed in [22]:

T =
√
− ln(PFD/L)2σ̂ 2

F , (8)

where PFD is the probability of false detection, L is the length
of the cyclic prefix, and σ̂ 2

F is the estimated noise variance.
In this study, to reduce the amount of computation, θ̂ is

set to the time index of the maximum peak (θM ) which is
obtained from |C|2. The proposed algorithm estimates σ̂F as

σ̂F =

√
2
π

(
max{|C|2}

)
, (9)

instead of using the average value of |C|2 as applied in [22].
Once the ToA of the strong paths is measured through the

aforementioned procedure, the interferences from these paths
are estimated and removed from the received signal. The form
of the interference is assumed to contain a time shifted sinc
function as in [20], but it changes when a specific filter is
applied to the transceiver. Considering the filter applied in
the transceiver, if the form of the interference is defined as
ftr (t), the sample interval interference due to the delay tp is
given by

f̂l[n] =

δ[n−
tp
Ts

], if tp = integer multiple of Ts

ftr (nTs − tp), otherwise.
(10)

The amplitude of f̂l[n] is adjusted as follows:

f̂l2 [n] = f̂l[n] ·
ĥθM (0)
max fl[n]

, (11)

so that the maximum value is equal to ĥθM (0). After the
estimated interference is modified, it is convolved with the
transmitted signal, and then removed from the received sig-
nal, as follows:

y1[n] = y[n]− f̂l2 [n] ∗ x[n], (12)

where y1[n] is the resultant signal after the interference elim-
ination process.

Finally, the proposed algorithm iteratively performs the
strong path detection and interference elimination until no
strong path remains. In the ith iteration, the signal after the
interference prediction and elimination is expressed as

yi[n] = yi−1[n]− f̂l2 [n] ∗ x[n], (13)

where yi[n] is the signal after the interference elimination in
the ith iteration. In every iteration, the ToA of the earliest path
that exceeds the threshold is stored in the setFA and compared
with the results of the algorithm presented in III-B.

B. ENHANCED PATH DETECTION USING CFAR
This subsection presents another algorithm that is indepen-
dent of the method presented in III-A. The enhanced path
detector reduces the non-detection rate due to the low power
of the DP in a manner independent of interference cancel-
lation. Since it is not easy to make the DP more clearly
observable at C by increasing the power of the DP or the
gain of the PN sequence once the communication system is
already determined, we solved the problem by suggesting a
new estimator.

We proposed the use of the product of C and estimated
channel ĥd [n] = ĥn(0) as a new function to observe the DP
more clearly and enhance the path detection performance.
C and ĥd differ from each other in their calculation method
and purpose, but each exhibits a peak at the ToA of the path
and a low value (noise) at other times; thus, if the two are
combined, the path can be observed more clearly than by
using C alone for DP detection. Since both functions are
similar to the multipath channel h[n], combining C and ĥd

can be likened to squaring C . However, one difference is
that when combining these two functions, the increase of the
noise is smaller than the increase of the value corresponding
to the path. Thus, the peak height is increased at the ToA of
the path, which exhibits the effect of increasing the SNR of
the path when C and ĥd are multiplied. Since a high SNR
improves the performance of the peak detection algorithm
using the constant false alarm rate (CFAR) method [23],
the DP detection performance can be improved by combining
ĥd andC . This can be mathematically represented as follows:
According to [17], the value of C at DP’s ToA m0 is

expressed as

C[m0] = Nh[m0]+
Np−1∑
u=1

D[m0 − mu]h[mu]

+

N−1∑
n=0

w[m0 + n]x[n], (14)

where mu is the ToA of the uth path, h[mu] is the channel in
the discrete time domain, and D[m0 − mu] is the correlation
between x[n] and x[n+ m0 − mu]. The estimated channel
using the LS method contains noise, is as follows:

ĥd [mu] = h[mu]+ g, (15)

where g is the error generated while estimating the channel
h[mu]. If P is defined as the product of C and ĥd ,

P[m] =
∣∣∣C[m] · ĥd [m]∣∣∣ , (16)
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the ratio of P at m0 to P at m1 is

P[m0]
P[m1]

=

∣∣∣∣∣∣∣∣∣∣
N {h[m0]}2+h[m0]

Np−1∑
u=1

D[m0−mu]h[mu]+g2

h[m1]
Np−1∑
u=0

D[m1 − mu]h[mu]+ g2
′

∣∣∣∣∣∣∣∣∣∣
,

(17)

where m1 is the nearest time index with m0. In a typical
communication environment, this ratio is approximated as∣∣∣∣∣∣∣∣∣∣
Nh[m0]+

Np−1∑
u=1

D[m0 − mu]h[mu]+
g2

h[m0]

h[m1]
h[m0]

(
Np−1∑
u=0

D[m1 − mu]h[mu]+
g2 ′
h[m1]

)
∣∣∣∣∣∣∣∣∣∣

≈

∣∣∣∣h[m0]
h[m1]

·
C[m0]
C[m1]

∣∣∣∣ . (18)

If the function |h| has a peak at m0, |h[m0]/h[m1]| has a
value greater than one. Therefore, P has a relatively high peak
at m0 compared with C , and the probability of successful
detection via the peak detection algorithm increases. This
certainly indicates that P is useful for DP detection.

In addition, we can further enhance the DP detection per-
formance by applying the log function to P. The reason for
using the log function is that the performance of the peak
detector is affected by the coefficient of variation (CV) [24],
which is defined as the ratio of the signal’s standard devi-
ation to the mean. In general, the peak detection process
performs well when CV is in the range of 0.1 to 5 [24].
Thus, P values (CV = 19.631) are transformed through
the log function to decrease the CV value. When the log
function is applied, the CV attains a value of 0.112, which is
appropriate for applying the peak detector. Therefore, in this
paper, we propose using E =

[
log10(P)−

{
min log10(P)

}]
for DP detection. The minimum value of the log function was
subtracted to keep the function positive.

The DP is detected by applying the CFAR algorithm at the
obtained E[n]. As ĥd has a Gaussian distribution and C has
Rayleigh distributions, the distribution of E is not expressed
by a simple distribution function such as the gamma distribu-
tion. Instead, Kolmogorov–Smirnov (K–S) tests with a large
number of experimental results reveal that E closely follows
the Weibull distribution. Table 1 compares the results of two-
sample K–S tests for several well-known distributions and
the empirical distribution of E , revealing that the Weibull
distribution has the smallest K–S statistics. In the K–S test,
the significance level was set to 0.05. The results of compar-
ing the Weibull distribution and distribution of E are shown
in Fig. 2.

Therefore, in this study, peak detection is performed by
applying the CFAR peak detector proposed in [23] with the
assumption that the noise has a Weibull distribution, and the
result is stored in FB.

TABLE 1. K–S Statistics Between Several Distributions and Enhanced
Path Detector.

FIGURE 2. Comparison of the probability density function(PDF) of
Weibull distribution and a histogram of E .

C. COMBINATION OF INTERFERENCE CANCELLATION
AND ENHANCED PATH DETECTOR
Once both interference cancellation and the enhanced path
detector are used, ToA of the DP is determined by combining
these results.

When detecting the DP, false detection is caused by high-
power noise and interference from paths with high power.
Therefore, the interference cancellation algorithm can reduce
the false detection event. However, even though the interfer-
ence cancellation can remove the influence of adjacent paths,
it is not easy to distinguish the DP from noise because the
power of the DP does not increase when the interference is
removed. Interference cancellation focuses on the reduction
of the number of false detection events.

Missed detection is caused when a high-level threshold is
applied for path detection. Therefore, it is possible to reduce
the number of missed detection events by using an enhanced
path detector–an algorithm that raises the power of the DP.
However, even though the enhanced DP detector reduces
the number of missed detection events by distinguishing the
DP from ambient noise, interferences from adjacent paths
still exist. Because the problem of interference, noise, and
the low power DP is mixed, applying only the interference
cancellation algorithm or the enhanced path detector cannot
improve the DP detection performance. Therefore, in this
study, an improved DP detection performance was obtained
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based on the combination of the interference cancellation
technique and the enhanced path detector. The ToA of the DP
is estimated by taking the intersection of the obtained results
and choosing the earliest one among them.

FC = min(FA ∩ FB). (19)

A block diagram of the entire process is shown in Fig. 3.

FIGURE 3. A block diagram of the entire process.

IV. NUMERICAL RESULTS
To evaluate the performance in a wide range of environ-
ments, we tested the performance in channel environments
obtained with a three-dimensional ray-tracing tool [25], [26].
The ray tracing results for a specific environment are shown
in Fig. 4. Fig. 4 (a) describes some of the rays traced in
an academic building (INMC). The material of each wall is
shown in color, and the line marked in black indicates the
DP. Fig. 4 (b) describes the time domain channel impulse
response. As plenty of rays exist, only some of the rays are
plotted in Fig. 4 (a), and the black line indicates the DP. The
receiver was installed at intervals of 1 m, and the performance
at each point was evaluated. Since the indoor environment has
different shapes depending on the usage, there is a difference
in the channel environment, which causes a difference in the
ranging performance. Therefore, in this study, various types
of buildings were chosen as performance evaluation sites to
consider various situations. The experimental environments

FIGURE 4. An example of ray tracing result (a) Some of the rays traced in
an academic building, (b) Time domain channel impulse response.

were selected as an academic building (INMC, ASRI on the
Seoul National University campus), a general office space
(office at the Electronics and Telecommunications Research
Institute, ETRI), and general residential space (APT). The
shape of each environment is shown in Fig. 5. In this study,
the power of the DP was reduced by 20 dB to simulate the
presence of obstacles in the path between the transceivers.
The Wi-Fi system (802.11ac), which is widely used in indoor
environments, is applied as the communication system, and
an overview of the system used in the experiment is shown
in Table 2.

Fig. 6 shows the cumulative distribution functions (CDFs)
for the absolute value of the measurement error obtained
from the Monte Carlo trial in various environments. The
proposed DP detection algorithm shows lower error than con-
ventional algorithms in all environments. Notably, the pro-
posed method has shown remarkable performance in all
cases, even though the experiment was performed not only
when the power of the DP is low but also when the DP is
the strongest path. This result differs from the conventional
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FIGURE 5. The floor plans for various environments (a) INMC (academic
building), (b) ASRI (academic building), (c) APT (general residential
space), (d) ETRI (general office space).

TABLE 2. System Parameters.

methods that show improved performance only when the DP
is the strongest or has low power. The distribution of the errors
in each building shows that the performance of the algorithm
changes drastically as the environment changes. In the case
of ETRI, i.e., which is a typical office space with a partition
for each personal space, the proposed algorithm has excellent
performance compared with conventional methods, as the
partitions serve as obstacles between the transceivers. Since
the proposed method is designed for an environment in which
obstacles exist, a larger number of obstacles increases the per-
formance difference between the conventional methods and
the proposed algorithm.However, in the case of theAPT envi-
ronment, the performance improvement of the proposed algo-
rithmwas smaller than that for the ETRI environment because
there were only a few reflective objects, such as the iron door.
Since an environment with few reflective objects produces
a channel with the DP having the highest power among the
paths, ranging requires only finding the ToA of the path
with the highest power among all paths. Thus, the proposed
method does not show a significant performance improve-
ment in this environment. Meanwhile, the performance in the

TABLE 3. RMSE of the estimated range.

ASRI and INMC environments showed a similar pattern, but
the INMC environment yielded a slightly higher performance
than the ASRI one owing to the existence of iron structures
such as iron doors and elevator doors. Table 3 compares the
root-mean-square errors (RMSEs) for the application of the
proposed method in various environments. In the ETRI and
INMC environments, the proposed algorithm has a lower
RMSE than in other environments, and it can be observed
that the accuracy of ranging increases significantly when the
proposed method is used, in all four environments.

FIGURE 6. Empirical CDF in various environments with proposed (pink),
thresholding [22] (blue), interference cancellation [17] (red), finding
maximum path [27] (green) algorithm (a) INMC (academic building),
(b) ASRI (academic building), (c) APT (general residential space),
(d) ETRI (general office space).

Additionally, Fig. 6 shows that the proposed algorithm
elicits a significantly better performance than conventional
methods. The reason why conventional algorithms elicit a
reduced performance in the test environment is as follows.

First, in an environment where obstacles exist, the DP was
not detected by identifying the path with the greatest power
as presented in [27] because the power of DP is not the
maximum between multipaths.

Secondly, the threshold-based DP detection scheme pre-
sented in [22] elicited a poor performance in both the
LOS/NLOS environments because it did not remove the
interference generated in the path with high power. Thirdly,
the interference cancellation-based algorithm presented
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in [17] and [18] assumed a four-QAM system and used
least-squares demodulation to recover data and generate an
enhanced path detector. In systems that use high QAM, such
as 802.11ac, the least-squares demodulation technique gen-
erates considerably larger error rates. The path detector that
used recovered data yielded increased error rates, that led to
significant performance degradation in the test environment.

Conversely, the algorithm presented in this study yielded
excellent performance in both the LOS and NLOS environ-
ments. Instead of using the recovered data, the appropriate
interference cancellation method was used which employed
the super-resolution method. Furthermore, the proper distinc-
tion between noise and the path achieved by an enhanced
path detector led to a performance difference compared to
conventional techniques.

To show the improvement in performance when various
environments are combined, in Fig. 7, we plot the CDF
by combining the performance for all the environments. It
can be seen that the proposed algorithm shows improved
performance, even in various environments. The median of
the absolute error of the proposed algorithm is 0.85 m, which
is significantly small compared with the conventional algo-
rithm which shows a median value of 2 to 5 m. The high-
performance results verify that combining the enhanced path
detector and the interference cancellation is feasible in indoor
environments.

FIGURE 7. Empirical CDF showing comprehensive performance
comparison in various environments.

If the ranging result obtained using the proposed algorithm
is applied to the positioning algorithm, such as [28], it is
expected to have an error of approximately 1 m. The results
show that the proposed algorithm, which does not require
calibration, has significance for positioning, considering that
the accuracy of the current indoor positioning algorithm using
fingerprinting is 1.2 m, as described in [29].

Combining the interference cancellation and the enhanced
path detector increases the computational load compared to
when the algorithms are executed by themselves. However,
the combined algorithm improves the ranging performance

significantly by making the DP detectable even in a non-
line-of-sight (NLOS) environment. Therefore, to assure reli-
able performance in various environments, it is reasonable to
combine the interference cancellation with the enhanced path
detector.

We also modeled the distribution of the error by fitting it
to various distributions for the ranging error model to be used
in positioning algorithms. The error was used as the value
obtained by subtracting the actual range from the estimated
range, and the goodness of fitting results obtained using K–S
statistics are shown in Table 4. In the K–S test, significance
level was set to 0.05. The analysis reveals that the shifted
lognormal with the distribution of

f (x;µ, σ, η) =
1

(x − η)σ
√
2π

e

{
−

[ln(x−η)−µ]2

2σ2

}
, (20)

where µ, σ , and η are the parameters of the distribution,
is most similar to the error distribution.

TABLE 4. K–S Statistics Between Several Distributions and Ranging Error.

The parameters of the shifted lognormal distribution are
estimated by the maximum likelihood estimation method
which maximizes the log likelihood. The log likelihood is
defined as follows:

lnL(X : µ, σ, η) =
α∑
β=1

ln[
1

(x − η)
√
2πσ

e
−(ln(x−η)−µ)2

2σ2 ],

(21)

whereX = (x1, x2, x3, ...xα) is the set of random observations
from the PDF of ranging error, and L(X : µ, σ, η) is the
likelihood function. By differentiating equation (21), three
equations are obtained for parameter estimation, as follows,

∂ln(X : µ, σ, η)
∂µ

=

α∑
β=1

[
ln(xβ − η)− µ

σ 2 ] = 0

∂ln(X : µ, σ, η)
∂σ

=

α∑
β=1

[−
1
σ
+

(ln(xβ − η)− µ)2

σ 3 ] = 0

∂ln(X : µ, σ, η)
∂η

=

α∑
β=1

[−
1

xi − η
+
(ln(xβ − η)−µ)2

σ 2(xβ − η)
] = 0.

(22)

Unlike the unshifted lognormal distribution, parameter esti-
mation for a shifted lognormal distribution is a problem that
requires the solution of a nonlinear function [30]. Therefore,
this study used the iterative quasi-Newton method which
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is presented in [30]. The quasi-Newton method solves the
problem using an iterative procedure as follows,

(1) Set initial value of µλ, σλ, ηλ
(2) Find pλ = −Hλg(µλ, σλ, ηλ)

(3) Evaluate (µλ+1, σλ+1, ηλ+1) = (µλ, σλ, ηλ)+ γ pλ,

(23)

where λ is the iteration step, µλ, σλ, ηλ are the estimated
parameters at the λth step, pλ is a 3×1 vector of the search
correction factors, Hλ is a 3×3 matrix of the second partial
derivatives, g(µλ, σλ, ηλ) is a 3×1 vector of the gradients
evaluated at (µλ, σλ, ηλ), and γ is the step size. The iteration
is repeated until |(µλ, σλ, ηλ)− (µλ+1, σλ+1, ηλ+1)| < χ

where χ is the tolerance value. When we set χ = 10−2,
the estimated parameters values obtained using the maximum
likelihood estimator wereµ = 1.44, σ = 1.73, and η = 1.26.
The error distribution was observed to be biased in the

positive direction. This is because when the DP is greatly
attenuated by an obstacle, the path that arrives after the DP
is incorrectly estimated as the shortest path. Since this case is
more common than the case where the power of the noise
that occurs before the ToA of the DP is especially strong
and estimated as the shortest path, the distribution of error
follows a lognormal distribution, which has a tail towards the
positive direction. Therefore, we suggest assuming that the
distance error has a lognormal distribution when using the
proposed algorithm in positioning. A comparison of the error
distributionwith the lognormal distribution is shown in Fig. 8.

FIGURE 8. The PDF of the error that occurs when using the proposed
algorithm.

V. CONCLUSION
In this work, we developed an efficient and robust DP
detection scheme for indoor positioning based on wireless
communication systems. The motivation was to perform
accurate ranging even in an environment where obstacles
block the line-of-sight. The proposed method was developed
on the basis of interference cancellation and an enhanced path

detector. By subtracting the interference from the received
signal, low power DP was distinguished from adjacent paths.
An enhanced path detector was proposed independently of
the interference cancellation method, and the results of both
methods were employed together to detect the DP. The sim-
ulation results show that the ranging performance of the
proposed algorithm tested in various environments is superior
to the conventional methods. When there are many obsta-
cles, the performance difference compared with the existing
method is particularly large. We also investigated the distri-
bution of the error by fitting it to various distributions. The
fitting results obtained through the K–S test show that the
distribution of errors is similar to a lognormal distribution.
By using the proposed algorithm and error distribution model
for ranging, it is expected that the positioning performance
will be greatly improved.
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