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Abstract

An effective geometrical method which can locate a source based on the time-of-arrival (TOA) measurements and
the floor plan information is proposed in simple non-line-of-sight (NLOS) indoor environment where the multiple-
bound scattering signal paths can be ignored. The novelty of our work resides in converting the NLOS problem into
line-of-sight (LOS) problem based on the virtual stations (VSs), so that the localization algorithm for LOS conditions can
be applied in simple NLOS conditions.
The performance bound of the proposed method is also analyzed. Simulation results demonstrate the effectiveness of
the proposed method.
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1 Introduction
Global positioning system (GPS) has played an import-
ant role for tracking and positioning in outdoors. How-
ever, it is limited in indoor environments because the
satellite signal is seriously disturbed and the positioning
accuracy cannot meet the requirements of indoor
localization [1–4]. Therefore, indoor localization has
received a high amount of attention over the last years.
Among various indoor localization methods, which dif-
fer by the type of information and system parameters
used, the representative ones are the time-of-arrival
(TOA), time-difference-of-arrival (TDOA), direction-
of-arrival (DOA), received-signal-strength (RSS), and
their combinations.
Nevertheless, NLOS and multipath radio propagation

between base station (BS) and mobile station (MS),
which can cause biased range estimates in TOA mea-
surements, will dramatically degrade the performance of
conventional TOA localization methods. To mitigate the
NLOS impact, a variety of techniques and algorithms
have been proposed in the literature. Filtering-based
method is presented in [5] which only applies to the
tracking of mobile tags. The method in [6] struggles to
identify the NLOS paths, from a set of mixed measure-
ments including both LOS and NLOS paths. However,

this approach requires LOS measurements involved and
cannot be expected to be efficient when signals only
propagate through the NLOS paths. In [7], TOA scatter-
ing models are adopted to alleviate the NLOS error,
whereas the distributions of NLOS error may not be
available in the practical environment. A robust scheme
in [8] utilizes one-bound scattering and discards
multiple-bound scattering to improve the accuracy of
NLOS localization. But it needs bidirectional estimations
of both AOA and TOA measurements, which means
more hardware costs. The VS method has been used to
solve the NLOS and multipath problem in [9–11]. Using
the known room geometry, the reflections can be
mapped onto virtual anchors, i.e., the known positions
of virtual sources that can be used for estimating the
position of the receiver. However, the methods in [9, 10]
only resolved the multipath problem and only consid-
ered the reflections off the walls, and methods in [11]
ignored the reflections and diffractions caused by obsta-
cles as well as the effect of people in the room.
In our previous work [12], we proposed a geometrical

approach using the VS method based on TOA and
AOA measurements. But measuring AOA needs array
antennas which will increase the hardware costs. In this
paper, we present a VS method only based on the TOA
measurements for the simple NLOS environments
where the signals undergo no more than one-bound
scattering. We assume that the NLOS multipath signals
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undergo one-bound scattering (reflection of diffraction)
at most, because multiple-bound scattering can be ig-
nored as they suffer from severe fading and may be too
weak to be observed [9]. We first develop a geometric
TOA model for NLOS environments, establish the VSs,
and derive the path estimation algorithm to estimate
the realistic signal propagation paths as well as the
possible positions of the unknown MS by the TOA
measurements between every BS and MS. Then, we de-
termine the final position of the MS based on the least
squares principle. Finally, the performance bound of
the proposed algorithm is analyzed and the simulations
are run to demonstrate the effectiveness of the pro-
posed algorithm. The paper is organized as follows: In
Section 2, the proposed VS method is described in de-
tail. Section 3 will provide the analytic performance
bound of the proposed method. Section 4 analyzes the
performance of our model by simulations. Section 5
concludes the research efforts.

2 The TOA-based VS algorithm
2.1 Motivation
A typical TOA-based localization algorithm for LOS
conditions consists of two kinds of parameters: one is
distance parameters which contain the measured dis-
tances between every BS and the position of the un-
known MS; the other is position parameters which
include the positions of BSs. In the following analysis,
we will take the least squares (LS) algorithm as an ex-
ample of localization algorithm for LOS conditions.
To measure the time-of-arrival between a BS (trans-

mitter) and a MS (receiver), we usually detect the peak
of the received signal arriving on the first detectable
path, and the time delay τ of the peak is the measure-
ment of the TOA. The estimated distance between the

transmitter and the receiver is d̂ ¼ τ � c , in which c is
the speed of radio wave propagation.
Under LOS conditions, the direct path is always the

strongest path so that the amplitude is higher than the
threshold. Therefore, the first detectable path is the direct
path. However, paths arriving in close vicinity of the direct
path will shift the peak of the first path causing modest

positive ranging errors [13]. So, the measured range d̂LOS

between a BS and a MS can be expressed as [14]:

d̂LOS ¼ d þ e ð1Þ
where d is the Euclidean distance between the anchor
and the tag and e represents the Gaussian random noise
with zero-mean and standard deviation σ.
But under NLOS conditions, the direct path is blocked

by objects situated between the transmitter and the re-
ceiver and may not be detected at all. Therefore, the

measured range d̂NLOS can be given by:

d̂NLOS ¼ d þ b NLOS þ e ð2Þ
where bNLOS is the propagation delay imposed by NLOS.
Because e can be neglected in comparison with bNLOS,
the measured range is always larger than the true dis-
tance under NLOS condition

d̂NLOS > d ð3Þ

As a result, if we use d̂NLOS as the distance parameters
of conventional LS algorithm, the localization error will
be larger in NLOS conditions. So, many efforts have
been made to estimate the Euclidean distance d from

the measured distance d̂NLOS in order to reduce the dif-
ference between them [7].
But the other kind of parameters has not been at-

tached importance yet, and the positions of the BSs. In-
stead of using the locations of real BSs, we employ the
positions of VSs. We still use the measured distance in
NLOS condition as the distance parameters of LS algo-
rithm. Then, if we can estimate which path (direct path,
reflection path, or diffraction path) is the first detectable
path between every BS and the MS, the VSs can be
established so that reflections and diffractions can be
treated equivalently as signals coming from the VSs
through the direct paths from the MS’s perspective.
Therefore, the NLOS problem has been converted into
LOS problem, and the LS algorithm can be applied in
NLOS conditions via the cooperation of several VSs.

2.2 Geometric TOA model for NLOS and establishment
of VSs
Based on the above analysis, in order to estimate the dis-
tance between BS and MS, we measure the first detect-

ive path length l̂ i, which can be expressed as

l̂ i ¼ lFPi þ e ð4Þ
where lFPi represents the first detectable path length and
i is the BS number, i = 1, 2,…, M.
Consider a MS with unknown position at X = [x, y]T,

receiving signal from a BS at known positions, namely,
Xi = [xi, yi]

T, where Tdenotes the transpose operator and
i is the BS number. The TOA measurement between

the BS and the unknown MS is l̂ i .The VS is set up at

Xki
i ¼ xkii ; y

ki
i

h iT
, where ki is the VS number of the ith

real BS, and the estimated virtual path length is l̂
ζ i
vi ,

where ξi is the path type, and ξi = 1, 2, or 3 represents
the direct path, reflection path, and diffraction path,
respectively.
In indoor environments with obstacles including people,

there are mainly four kinds of signal paths: direct paths,
reflection paths, diffraction paths, and penetration paths.
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2.2.1 Direct paths
Assuming that the signal propagates from the BS at Xi

to the MS at X through a direct path, lFPi in (4) can be
expressed as

lFPi ¼ Xi−Xk k2 ð5Þ
where||·||2 represents the 2-norm.
For the consistency of the whole model, we also set VS

Xi
1 at the real BS position Xi, and the estimated virtual

path length l̂
1
vi is equal to the measured path length l̂ i

l̂
1
vi ¼ l̂ i ð6Þ

2.2.2 Penetration paths
When signal propagates through obstacles, it slows
down and gets dispersed [15]. But these effects can be
neglected in comparison with other NLOS errors. The
only effect of penetration we consider in our work is at-
tenuating the signal strength which may affect the first
detective path.
Indoor environments are often populated with people.

The experiment results in [16] revealed that no add-
itional ranging error occurs due to the presence of the
human body in TOA measurements with the proper
choice of the detection threshold. The results also
showed that the power of the direct path is strongly at-
tenuated by the presence of the human body. Therefore,
we treated human body effects equivalently as penetra-
tion effects.

2.2.3 Reflection paths
In our work, we assume that all reflections are specular
reflections [8, 9]. Assuming that the signal propagates
from the BS at Xi to the MS at X through a reflection
path, the path length we measured with the TOA

method is l̂ i . As depicted in Fig. 1a, we represent the re-
flector AjBj as a line

y ¼ mjxþ c mj≠∞
x ¼ cj mj ¼ ∞

�
ð7Þ

where j = 1, 2,…, N represents the number of obstacle.

The VS at xkii and the real station Xi are a pair of sym-
metry points of line AjBj, so the position of the VS can
be expressed as

Xki
i
¼

mjxi
yi=mj−2cj

� �
mj≠∞

2cj−xi
yi

� �
mj ¼ ∞

8>>><
>>>:

ð8Þ

It looks like that the signal transmits from xkii to X
through a direct path. Therefore, lFPi in (4) can be given as

lFPi ¼ Xki
i −X

�� ��
2

ð9Þ

The virtual path length can be estimated as

l̂
2
vi ¼ l̂ i ð10Þ

If the reflection happens, the estimated length of the
first detectable path should be larger than the distance
between the VS and the point P, which is the intersec-

tion point of line AjBj and line x̂xkii .

X̂−Xki
i

�� ��
2 > P−Xki

i

�� ��
2 ð11Þ

2.2.4 Diffraction paths
Assuming that the signal propagates from the BS at
Xi to the MS at X through a diffraction path, the

path length we measured is l̂ i. As depicted in Fig. 1b,

Fig. 1 TOA model of reflection and diffraction. a Reflection.
b Diffraction
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the diffraction happens at point Aj and its position
is considered as a known vector. So, lFPi in (4) can
be given as

lFPi ¼ Xki
i −X

�� ��
2
þ Xki

i −Xi

�� ��
2

ð11Þ

We can get xkii −xi
�� ��

2 in (12) from the floor plan
information.
We establish the VS at point Aj, so that it looks like

the signal transmits from the VS to the MS at Xt

through a direct path and the virtual path length can be
estimated as

l̂
3
vi ¼ l̂ i− Xki

i −Xi

�� ��
2 ð12Þ

If the diffraction happens,

X̂−Xki
i

�� ��
2 > Xki

i −Xi

�� ��
2 ð14Þ

In this work, we assume that the NLOS environ-
ment is simple that the signals undergo no more
than one-bound scattering (reflection or diffraction),
and multi-bound scattering can be ignored as they
suffer from severe fading and may be too weak to be
observed [8].
In NLOS indoor environment, the floor plan can be

easily obtained. Then, we can develop a group of VS for
every BS based on the above analysis.

2.3 Path estimation algorithm
After considering all possible signal paths and establish-
ing VSs for them, we choose one VS from every VS

group xk11 ; x
k2
2 ;…; xkMM ; we can get the corresponding

virtual path length l̂
ζ1
vi ; l̂

ζ2
v2; …; l̂

ζM
vM . Then, we can utilize

the existing TOA localization algorithm, least squares

for example, to obtain a possible position X̂
k1;k1; ::;kM of

the MS by (15), and so on; we can get all the possible posi-
tions of the MS, the total of which is K1×K2 ×… ×KM.

X̂
k1;k2;…;kM ¼ ATA

� �−1
ATb ð13Þ

where

A ¼ 2
xk11 −xk22 yk11 −yk22

⋮ ⋮
xk11 −x

kM
M yk11 −ykMM

2
4

3
5

b ¼
xk11
� 	2

− xk22
� 	2

þ yk11
� 	2

− yk22
� 	2

þ l̂
p

v1

� 	2
− l̂

p

v2

� 	2
⋮

xk11
� 	2

− xkMM
� 	2

þ yk11
� 	2

− ykMM
� 	2

þ l̂
p
v1

� 	2
− l̂

p
vM

� 	2
2
664

3
775

If the TOA measurements have no errors, then

∃a1∈k1; a2∈k2;…; aM∈kMXM
i¼1

X̂
a1;a2;…;aM−Xki

i

��� ���
2
−l̂

ξi
i

� 	
¼ 0

ð14Þ

But if the errors do exist, then we try to minimize the
left part of (16),

a1; a2;…; aM½ � ¼ argmin
k1∈ 1;K1½ �;k2∈ 1;K2½ �;…;kM∈ 1;KM½ �

Dk1;k2;…kM


 �
ð15Þ

where

Dk1;k2;…kM ¼
XM
i¼1

X̂tk1 ;k2 ;…;kM−Xiki
�� ��

2−l̂
ξi
i

� 	
2

Then, X̂
a1;a2;…;aM is the estimated MS position.

3 Analytical performance bound
The Cramer-Rao lower bound (CRLB) is defined as the
lower bound on the variance of the desired parameters
of the estimator (in our case, this is the localization par-
ameter X). The bound states that the variance of any
unbiased estimator is at least as high as the inverse of
the Fisher information. An unbiased estimator that
achieves this bound is said to be an efficient estimator
that provides the lowest possible minimum mean square
error.
In indoor environment, there may be several paths be-

tween a BS and a MS because of the multipath problem.
To get the CRLB of the proposed localization algorithm,

we use a new parameter pkii to represent the probability
that the path number of the measured TOA from the
ith BS is ki, ki = 1, 2, …, Ki.
When the indoor signal channel is stable and the mea-

sured path is the same path between the BS and the MS
in every TOA measurements. There is only one path
number qi

pkii ¼ 1 ki ¼ qi
0 ki≠qi

�
ð16Þ

When the indoor signal channel is complicated with
relatively large flow of people, the measured path may

be not the same in every TOA measurements, so pkii
needs to be practically measured.
The Fisher information matrix of the proposed

method can be given as
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J0 ¼ E
∂
∂w

lnf Λjwð Þ
� �

∂
∂w

lnf Λjwð Þ
� �T( )

¼
XK1�K2�…�KN

j¼1

Pj
∂
∂w

lnf Λjjw
� �� �

∂
∂w

lnf Λjjw
� �� �T

ð17Þ
where

Pj¼1 ¼ p11 � p12 �…� p1N
Pj¼2 ¼ p21 � p12 �…� p1N

⋮

Pj¼K1 ¼ pK1
1 � p12 �…� p1N

⋮

Pj¼K1�K2�…�KN ¼ pK1
1 � pK2

2 �…� pKN
N

Λj¼1 ¼ Λ1
1;Λ

1
2;…;Λ1

N

� 
Λj¼2 ¼ Λ2

1;Λ
1
2;…;Λ1

N

� 
⋮

Λj¼K1 ¼ ΛK1
1 � Λ1

2 �…� Λ1
N

� 
⋮

Λj¼K1�K2�…�KN ¼ ΛK1
1 � ΛK2

2 �…� ΛKN
N

� 
Λiki ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x−xkii
� 	2

þ y−ykii
� 	2r

þ nkii

Then, we can get

Hj¼1¼

�
x−x11
dV1

1

y−y11
dV1

1

x−x12
dV2

1

y−y12
dV2

1

⋮⋮
x−x1N
dVN

1

y−y1N
dVN

1

�
;…;Hj¼K1�K2�…�KN

¼

x−xK1
1

dV1
K1

y−yK1
1

dV1
K 1

x−xK2
2

dV2
K2

y−yK2
2

dV2
K 2

⋮ ⋮
x−xKN

N

dVN
KN

y−yKN
N

dVN
KN

2
666666664

3
777777775

ð20Þ

J0
−1 ¼

XK1�K2�…�KN

j¼1

Pj Hj
TQHj

� �−1 ð21Þ

σ2CRLB ¼ tr J0−1ð Þ ¼
XK1�K2�…�KN

j¼1

PjJ xxj þ J yyj

J xxjJ yyj−J2xyj
� 	 ð22Þ

where

J xxj þ J yyj ¼ N
σ2

JxxjJ yyj−J
2
xyj ¼

XN
i¼1

x−xkii
σdki

i

 !2XN
i¼1

y−ykii
σdki

i

 !2

−
XN
i¼1

x−xkii
� 	

y−ykii
� 	

σdki
i

� 	2
2
64

3
75
2

4 Simulation results
To evaluate the performance of the proposed VS
method, simulations have been conducted. As shown
in Fig. 2, three BSs were located at BS1 (6, 8), BS2
(14, 16), and BS3 (24, 5), respectively. The MS was
located at three test points, A (13, 16), B (6, 12), and
C (16, 1). The first detectable path between every an-
chor and every test point were assumed as the figure
shows. We also set two people, P1 and P2, so that
the LOS path may be not the first detectable path in
some conditions. When the MS was located at point
A, two paths were LOS and the other one is one-
bound scattering path; when at point B, one path was
LOS and the others were one-bound scattering paths;
when at point C, all three paths were one-bound
scattering paths.
Figures 3 and 4 illustrates the root mean square

error (RMSE) comparison and the cumulative distri-
bution function (CDF) comparison among the SDP
(semidefinite programming) algorithm [17], ML [10],
and TSWLS [10] estimators with and without using
our VS method respectively with σi = 1 m. One thou-
sand independent runs are simulated to obtain the
RMSE. The CRLB in Fig. 3 is obtained in the situ-
ation which the indoor signal channel is complicated,

and we assume that p1i ¼ p2i ¼ …pkii . As Figs. 3a and

Fig. 2 Simulation environment
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4a illustrated, when the MS was located at point A,
where most paths were LOS paths, the performances
of the five algorithms were almost the same. When
the MS was located at point B where the NLOS
problem is more serious than that at A, the algo-
rithms which used our VS method had a better per-
formance than others, as Figs. 3b and 4b show. When
the MS was located at point C, where the LOS path

did not exist, the two algorithms which used our VS
method are much more accurate than those that did
not use our VS method, and the advantage of the VS
method is more obvious.

5 Conclusions
In this paper, we have proposed a VS method for convert-
ing the NLOS problem into LOS problem by using virtual
stations, so that the conventional localization algorithm

Fig. 3 ALE comparison. a Point A. b Point B. c Point C

Fig. 4 CDF comparison. a Point A. b Point B. c Point C
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for LOS conditions can be applied to simple NLOS condi-
tions where the multiple-bound scattering signal paths
can be ignored. We utilized only TOA measurements and
the floor plan of the indoor environment and established
TOA model considering reflection, diffraction, penetra-
tion, and human body effect in NLOS environments, and
the performance bound of the VS method was also ana-
lyzed. Simulation results confirmed the robustness of our
VS method in terms of RMSE and ALE.
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