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Abstract: Accurate localization is the premise of many technologies and applications, such as navi-
gation, emergency assistance and wireless sensor network. For Global Navigation Satellite System
(GNSS)-denied urban or indoor environments, various localization technologies based on mobile
communication networks or other wireless technologies have been designed and developed. The
main challenge for these localization technologies is the presence of a non-line-of-sight (NLOS)
propagation environment due to dense obstacles or buildings. The virtual station method is a
promising high-accuracy target localization technique in NLOS environments, and the localization
of the scatterer is key to the virtual station method. Once one-bounce scattering signals from the
same scatterer are identified, the localization of the scatterer can be achieved easily with the existing
localization algorithm of line-of-sight (LOS) scenario, and then the localization of NLOS scenarios is
converted into a problem of LOS easily. In this paper, a hybrid time of arrival (TOA)/angle of arrival
(AOA) virtual station localization algorithm based on scattering signal identification is proposed.
Firstly, one-bounce scattering signals from the same scatterer are identified based on TOA/AOA
measurements. Next, scatterers are located based on one-bounce scattering signals with the LOS
localization algorithm, and then scatterers are regarded as virtual stations and used for mobile station
(MS) localization. Compared with the existing research on the virtual station method, the proposed
algorithm relies only on TOA /AOA measurements and does not require any assumption or prior
knowledge about the scatterer, base station (BS) or MS, which provides a solid foundation for feasible
target localization. Simulation results demonstrate, as far as we know, the proposed algorithm
outperforms the state-of-the-art hybrid TOA/AOA algorithm in localization accuracy.

Keywords: angle of arrival (AOA); localization; non-line-of-sight (NLOS); scattering signal; time of
arrival (TOA); virtual station

1. Introduction

Target localization has a variety of applications, such as emergency assistance, people
and asset tracking, location-based advertising or billing and intelligent transportation
systems. GNSS provides high-accuracy real-time localization services in outdoor open-sky
environments, but in GNSS-denied urban or indoor environments, accurate localization
is still an unsolved problem due to the unavailability or degradation of GNSS signals.
For GNSS-denied urban or indoor environments, various localization technologies based
on mobile communication networks or other wireless technologies such as WiFi, Ultra-
Wideband (UWB) has been designed and developed. For localization technologies based
on mobile communication networks or other wireless technologies, measurements in the
localization of MS typically include distance-based parameters such as TOA [1-5] and
time-difference-of-arrival (TDOA) [6,7], received signal strength (RSS) [8,9], AOA [10] or
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their combinations [11]. These algorithms are proved to be very effective for applying in
open-air environments, in which the LOS signals are dominant. However, NLOS radio
propagation between BS and MS generally exists in the localization scenarios, due to
dense obstacles or buildings, which dramatically degrade the performance of localization
algorithms. NLOS is considered the most severe source of positioning error [12]. NLOS
propagation results in time and angle measurements error. For time-based localization
systems, the extra propagation distance of the NLOS signal directly corresponds to an
overestimate of the distance between the MS and BS, for direction-based localization
systems, the angle from which the signal arrives at the MS is not in the true direction to the
BS. This leads to severe degradation of localization accuracy if standard LOS localization
estimation algorithms are employed.

To mitigate the NLOS impact, a variety of techniques and algorithms have been pro-
posed in the literature. Conventional methods to process the NLOS effect can be mainly
divided into three categories. One category identifies and discards NLOS signals so that
only the LOS signal is applied for localization [13-15]. This can achieve proper localiza-
tion performance if the NLOS signals are detected correctly and the number of remaining
LOS links is sufficient for localization (e.g., three LOS links of distance measurements for
2D scenarios and four links for 3D scenarios). This type of solution would be problematic
in scenarios, where the LOS signal is not available due to the effect of ray blocking. The
other category tries to mitigate the negative impact of NLOS measurements and exploits
both LOS and NLOS signals, such as the residual-based method [16-19] and NLOS prop-
agation model compensation [20-25]. However, the residual-based method requires a
sufficient number of LOS BSs for localization, which cannot be guaranteed in practical
localization scenarios and NLOS propagation model compensation requires explicit knowl-
edge of the NLOS propagation model or historical measurements, which has limitations
in practical applications.

The third category is the virtual station method, which locates the scatterers in the
NLOS environment first, and then uses scatterers as virtual stations, so the localization of
NLOS scenarios is converted into a problem of LOS and the accuracy of localization can be
improved greatly compared to other categories due to making full use of the additional
information of the scatterers. Therefore, the virtual station method has received immense
attention in the research society [26-32], owing to its great potential for development. The
authors of [26] proposed a scattering distance-based (SDB) algorithm using TOA and AOA
measurements from a single BS, which estimates iteratively the MS position by estimating
the unknown scatterer positions in a prior step, but this algorithm only applies to the case
of the ring-of-scatterers (ROS) model, and its performance depends on the accuracy of the
initial estimate of the position of MS, which is determined by another localization algorithm
in the NLOS environment. In [27], a maneuverable single station is introduced for the
NLOS environment. With scatterers regarded as virtual observation stations, the problem of
the single-station localization can be converted into a problem of multi-station localization.
Whereas the maneuverable BS is an unrealistic assumption in practical scenarios usually, at
the same time, this algorithm has high computational complexity or is sensitive to ranging
errors. The authors of [28-30] proposed a geometrical approach to locating virtual stations
for the NLOS environments and then located MS based on the positions of virtual stations.
However, these algorithms need floor plan information and assume that all reflectors in
the scenario are pure and have smooth and regular surfaces, which may be unavailable in
practical environments. In [31], pedestrian dead reckoning (PDR) is adopted to construct
the virtual station, then the LOS BS and virtual stations participate in the localization of
MS with minimum residual. However, when the error of the initial position estimate of
MS is large, the algorithm performance will dramatically degrade, meanwhile, PDR is
indispensable for the construction of virtual stations, which might limit its applicability
in many situations.

For any virtual station method, the localization of scatterers is key to the algorithm.
On the other hand, as long as the one-bounce scattering signals from the same scatterer are
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identified, the scatterer can be located accurately with existing LOS algorithms, and then
the localization of NLOS scenarios is converted into a problem of LOS easily. Hence, the
identification of one-bounce scattering signals from the same scatterer is key to the virtual
station method in the NLOS environment. In this paper, we propose a hybrid TOA/AOA
virtual station localization algorithm based on scattering signal identification for GNSS-
denied urban or indoor NLOS environments. Our main contributions are as follows:

1. A two-step one-bounce scattering signal identification algorithm used for localiza-
tion of scatterers is proposed, which does not require any assumption or prior knowledge
about MS, BS and scatterer.

2. With scatterers regarded as virtual stations, a virtual station localization algo-
rithm is proposed, which outperforms the state-of-the-art hybrid TOA /AOA algorithm in
localization accuracy, as far as we know.

The remaining of this paper is organized as follows. In Section 2, the first step
of the one-bounce scattering signal identification algorithm is described. The second
step of the one-bounce scattering signal identification algorithm is presented in Section 3.
Section 4 is devoted to the virtual station localization algorithm. Section 5 is simulations
and performance analysis. Finally, conclusions are given in Section 6.

2. First Step of One-Bounce Scattering Signal Identification Algorithm
2.1. System Model

The system model assumes that direct signal is either obstructed or interfered with
by multipath components, signals only propagate through the NLOS signals. Although
the exact scattering environments should involve multiple-bounce scattering signals, one-
bounce scattering is assumed because multiple-bounce scattering signals can be ignored
as they suffer from severe attenuation and are almost negligible [32], which is well-fitted
for modeling multipath propagation channels, especially in urban or indoor environments,
this assumption is also made in the work of [33].

In one-bounce scattering environments, a signal is transmitted from the transmitter
(MS) to the receiver (BS) via scatterer. For a simple scenario with one MS, two BSs and three
scatterers, the geometric position relationship of BS, scatterer and MS, as well as one-bounce
scattering signals are depicted in Figure 1. MSis located at T, S1, S2 and S3 are all one-bounce
scatterers. A and B are BS. Suppose that BS A detects two one-bounce scattering signals from
51 and S2, path 2 and path 1, respectively. BS B detects two one-bounce scattering signals
from S1 and S3, path 3 and path 4, respectively. In Figure 1, two one-bounce scattering
signals from the same scatterer S1, path 2 and path 3, are detected by BS A and B, respectively.
The scatterers like S1, whose scattering signals are detected by multiple BSs, will be located
with our proposed algorithm and used as a virtual station for MS localization.
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Figure 1. Geometry of one-bounce scattering system model.
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2.2. Idenfification under Condition of Two BSs

First, consider a simple scenario with only two BSs as depicted in Figure 1. The
coordinates of BS A and BS B are (x4,y4) and (xp,yg), respectively. BS A detects two
one-bounce scattering signals from S1 and S2, path 2 and path 1, their AOA is a7 and a3y,
respectively. Corresponding to the two one-bounce scattering signals, the distance of TOA
from MS to BS A is drs, 4 and drs, 4, respectively. Similarly, BS B detects two one-bounce
scattering signals from S1 and S3, path 3 and path 4, their AOA is $1 and B2, the distance
of TOA from MS to BS B is drs, g and drs,p, respectively.

For every pair scattering signal combination whose scattering signals are received by
two different BSs, for instance, BS A and BS B, the two scattering signal lines intersect at
a point, this point may be a scatterer. Suppose that the coordinate of the intersect point
is (xs,Ys), based on AOA, coordinates of BS and intersect point, we can obtain a linear
equation for every scattering signal line, accordingly, the two scattering signal lines satisfy
linear equations as Equation (1):

Ys —Ya = tana;(xs — x4) 10 1
{ys —yp = tanpi(xc—xp)" @

As depicted in Figure 1, for the four scattering signals that BS A or BS B receive, there
are four pairs of scattering signal combination, and four intersection points accordingly, that
is, S1, S13, 512 and S23, which are all potential scatterers from which emit two scattering
signals arriving BS A and BS B, respectively, the four intersection points are all denoted as S.

It can be observed from Figure 1 that the intersection points of two scattering signal
lines, that is, potential scatterers, can be divided into two categories: the real scatterer that
emits two scattering signals arriving BS A and BS B, such as S1; the other just intersection
point of two scattering signal lines, but not real scatterers, such as 513, S12 and S23.
Obviously, for the identification of a one-bounce scattering signal from the same scatterer,
the latter should be identified as a false scatterer, and the corresponding two scattering
signals are not scattering signals from the same scatterer.

Based on Equation (1), we can get the coordinates of potential scatterers S, that is,
(xs,Ys), so the distances between potential scatterer S and BS A, denoted by dsy4, can be
computed. The distance between potential scatterers S and BS B, denoted by dgg, is similar.
As depicted in Figure 1, if the potential scatterer S is a real scatterer between MS and BS
A, the TOA distance between MS and BS A, which is denoted by drg 4, is the sum of the
distance from MS to scatterer denoted by drs and distance from scatterer to BS A denoted
by ds4, so we can have

drsa = drs +dsa )
Similarly, for BS B, we have
drsg = drs + dsp. 3)
Hence,
drsa —dsa = drsp — dsp 4)

Nevertheless, Equation (4) does not hold for a false scatterer. Therefore, the real
scatterer can be distinguished from the false scatterer based on Equation (4). Considering
the measurement error, the identification formula is expressed as:

|ldrsa —dsa| — |drsp —dsg|| < D, )

where D is the identification threshold. Clearly, with increasing threshold value, a false
scatterer is more likely to be identified as a real scatterer, however, a real scatterer is
increasingly impossible to be identified as a false scatterer. We define false alarm probability
as the probability that a false scatterer is identified as a real scatterer, and alarm dismissal
probability is the probability that a real scatterer is identified as a false scatterer. With
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increasing threshold value, the false alarm probability will increase and the alarm dismissal
probability will decrease. Hence, the setting of identification threshold D depends on the
trade-off between false alarm probability and alarm dismissal probability.

2.3. Identification under Condition of More than Two BSs

In practical environments, there are more than two BSs, suppose there are M BSs,
the coordinate of the ith BS is (x;,y;),i = 1,2,..., M, the coordinate of MS is (x,y) and
scatterers distribute around the MS. Moreover, suppose that the M BSs receive N one-
bounce scattering signals from multiple scatterers.

For the N one-bounce scattering signals, there are C3; pairs of scattering signal combi-
nations, but only the scattering signal combinations whose two scattering signals arrive at
two different BS are related to the localization of scatterers. Assuming that the number of
scattering signal combinations related to the localization of scatterers is P, there are P poten-
tial scatterers corresponding to the P pairs scattering signal combination. Identifying with
inequality Equation (5), we assume that the remaining are Q pairs scattering signal combi-
nations. For urban or indoor environments, there are multiple scatterers usually, the Q pairs
scattering signal combination may come from different scatterers, these scattering signal
combinations should be divided into multiple groups according to their source scatterer.

For the division of scattering signal combinations according to source scatterer, firstly,
we introduce the definition of adjacent combination.

Definition 1. (adjacent combination): if A scattering signal combination and B scattering signal
combination have one same scattering signal, then A scattering signal combination is B scattering
signal combination’s adjacent combination, and the converse is true, that is, A scattering signal
combination and B scattering signal combination is the mutual adjacent combination.

For instance, A scattering signal combination consists of scattering signal 1 and scat-
tering signal 2, and B scattering signal combination consists of scattering signal 2 and
scattering signal 4, the two combinations have the same scattering signal 2, so they are
adjacent combinations.

When the number of BS is three, there are three scattering signals from a given scatterer
to BSs at most, and the three scattering signals can form three pairs of scattering signal
combinations, one is the other’s adjacent combination. When the number of BS is four,
there are four scattering signals at most from a given scatterer to BSs, and they can form
six pairs of scattering signal combinations at most, accordingly. In the six pairs scattering
signal combination, any scattering signal combination could find its adjacent combination
in the rest other five pairs scattering signal combination. When the number of BS is more
than four, among all scattering signal combinations of a given scatterer, any scattering
signal combination could find its adjacent combination in the rest other scattering signal
combinations, too. Moreover, the number of scattering signals from any scatterer should be
less than or equal to the number of BS, therefore, if the number of scattering signals from
one scatterer is larger than the number of BS in the result, corresponding data should be
excluded as wrong data resulting from measurement error.

Based on the aforementioned characterization of the one-bounce scattering signal from
the same scatterer, we can get Algorithm 1, which divides scattering signal combinations
according to source scatterers, and each scattering signal combination set in Algorithm 1
corresponds to a source scatterer.

After dividing scattering signal combinations according to source scatterer, for each
scattering signal combination set, we should further delete false scattering signal combi-
nations resulting from measurement error, which may result in large errors in scatterer
localization. To simplify the analysis, we take the deletion of false scattering signal combina-
tions of one scattering signal combination set as an example of derivation in the following
analysis, and the corresponding scatterer is referred to as target scatterer S.
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Algorithm 1: Dividing scattering signal combinations according to the source scatterer

Input: set C consisting of Q pairs scattering signal combination.
Output: multiple scattering signal combination sets corresponding to multiple scatterers,
respectively.
while set C is not empty do
Construct a new empty scattering signal combination set.
Select a scattering signal combination from C randomly and insert it into the new set.
Delete above scattering signal combination from C.
while the number of scattering signal combination of set C decreases
for each pair scattering signal combination of C do
If the new set has its adjacent combination
Insert it into new set.
Delete it in set C.
else
Remain it in set C.
end for
for each scattering signal combination set do
if the number of scattering signal > the number of BS M
Delete this scattering signal combination set.
end for

Assuming that there are R pairs scattering signal combination in the scattering sig-
nal combination set corresponding to target scatterer S, the intersection points of R pairs
scattering signal combination are all potential positions of scatterer S. Because of corre-
sponding to the same scatterer S, the R potential positions of scatterer S should overlap
with each other, but the result of estimating does not comply with this constraint for the
reason of measurement error. Assuming that the coordinate estimate of potential scatterer
S corresponding to scattering signal combination j is (£ i gsj), j=1,2,...,R, the mean of
R coordinate estimate of scatterer S is

1 & 1 &
Xs = R sz]-/ Ys = R Zysj (6)

Thus, we can obtain the distance between (a?s]., 95].) and (Xs,¥,), which is denoted by
lj. The mean of ; for all potential positions (£s;,Js;) is denoted by liuean. The scattering
signal combinations corresponding to the potential position (J?sj, ]25].), whose [; is less than
Linean, are kept for the second step of the identification algorithm. Obviously, the number of
scattering signal combinations R satisfies the following inequality

R<C}, @)

and R = C3, holds only when M BSs all receive scattering signals from target scatterer S.
Up to now, we can get multiple scattering signal combination sets corresponding
to multiple scatterers. The above procedure is the first step of the identification algo-
rithm, which is also referred to as a one-step identification algorithm for short in the
simulation analysis.
The aforementioned first step of the identification algorithm can be summarized
as Algorithm 2.
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Algorithm 2: First step of the identification algorithm

Input: N scattering signals from multiple scatterers to M BSs.
Output: multiple scattering signal combination sets corresponding to multiple scatterers.
Construct P pairs scattering signal combinations related to localization of scatterers from N
scattering signals.
for each scattering signal combination of P pairs scattering signal combination do
Compute Inequality (5).
if Inequality (5) holds
Corresponding scattering signal combination is kept.
else
Corresponding scattering signal combination is discarded.
end for
Divide the rest Q pairs scattering signal combination according to source scatterer.
for each scattering signal combination set corresponding to a source scatterer do
Compute (Xs,7,)).
for each scattering signal combination in set do
Compute /;.
end for
Compute lyyean.
for each scattering signal combination in set do
if lj < lmean
Corresponding scattering signal combination is kept.
else
Corresponding scattering signal combination is discarded.
end for
end for

3. Second Step of One-Bounce Scattering Signal Identification Algorithm

After the first step of the identification algorithm, all scattering signals can be divided
into multiple scattering signal combination sets, and each scattering signal combination set
corresponds to a source scatterer, from which each scattering signal comes BS, respectively.
The scattering signals of the scattering signal combination set can be used for the localization
of the corresponding source scatterer. However, due to measurement error, some scattering
signals may be mistakenly identified as scattering signals from the other scatterer, or some
scattering signals’ measurements of TOA or AOA may have large errors, these all would
result in large MS localization error if these scattering signals are used for localization
of scatterer and then scatterer is used as a virtual station for MS localization. In order
to improve the MS localization accuracy, we have to delete these scattering signals by
the second step of the identification algorithm. To simplify the analysis, we take the
identification of scattering signals from one scatterer as an example of derivation in the
following analysis, and this scatterer is referred to as target scatterer S.

3.1. Localization of Scatterer

Assuming there are W one-bounce scattering signals from target scatterer S to BSs after
the first step of the identification algorithm. Clearly, the number of one-bounce scattering
signal W is less than twice the number of scattering signal combinations of target scatterer S,
because some scattering signal combinations have the same scattering signal. Accordingly,
there are W BSs receiving one-bounce scattering signals from target scatterer S, assuming
that the coordinate of scatterer S is (xs, ys), the distance from the scatterer S to the ith BS is:

d; = \/(xi_x5)2+(]/i_ys)2-i:1,2,...,W (8)

Suppose the distance between MS and scatterer S is d, then the TOA distance from ith
BS to MS denoted by r; satisfies r; = d; + d. With regarding 1st BS as a reference BS, the
difference between r; and rq can be written as
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ri1="1i—1r = (di + d) — (d] + d) =d;,—d = di,lr 9)

where d; 1 is the difference between the distance from the scatterer S to the ith BS and that
of 1st BS. Moreover, we can get

i =\ (5= 32+ 0~ e — (1= 32+ (91— ) (10)
Linearizing Equation (10) and simplifying it gives

d%l — Ki + Kj

. ()

—Xi1Xs — Yi1Ys — dipdy =
where x;1 = x;, — x1,¥i1 = y;i —y1and K; = xi2 + ylz.

When the number of BS, that is, W equals three, there are two BSs in addition to the
1st BS, from Equation (11) we can obtain two equations. Exploiting the two equations, the
coordinate of scatterer S can be written in terms of d;

}. (12)

-1
| |X¥1 Y2 dyn 4t 1 d%,l - K+Ky
Ys - X31 Y31 d3,1 ! 2 d%rl — K3+K4

Putting Equation (12) into Equation (8) yields a quadratic in d1, and then substituting
the positive root of the quadratic in d; into Equation (12), (xs,ys) can be obtained.

When W is more than three, Equation (11) yields more than two equations, combining
Equation (8) gives more than three equations with three variables, xs, ys and d;, the proper
answer is the [xs, s, d1] that best fits these equations, which can be solved using two steps
weighted least square (TSWLS) of [34].

Letz = [xs, Ys, dl]T, and assuming that x;, ys and d; are independent, we can obtain

z = argmin{(h — Gz) ¢~ (h — Gz)} = (GTgo_lG)_lGT(p_lh, (13)

where ¢ = ¢>BQB, B = diag{d3,d3,...,d%}, the superscript {*}O denotes the noise-free
value, Q is covariance matrix of TDOA, c is signal propagation speed, and

X1 Y21 da d3, — K2 + K
X31 Y31 d31 d3, — K3 + K

G=- , h= . (14)
N1 YNg AN d}z\]’l — Ky + K

When the scatterer is far away from BSs, Equation (13) can be approximated as
2~ (GTQ71G) 'GTQ A (15)

When the scatterer is close to BSs, z can be solved with Equation (13) on the basis of
the initial solution provided by Equation (15).
Furthermore, remove the assumption that xs, ys and d; are independent, let

z1=x"4e, 20 =y" +ey 23 =di" +es, (16)

where e1, e; and e3 are estimation errors of z, then the vector ¢’ denoting inaccuracies in z
is found to be
r 1 110
¢ =h-GzZ", 17)
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where )
Z1— X1 1 0
/ ( )2 / , (xs — x1)2
h = (22_]/1) , G = 0 1,Z: 5 |- (18)
Z3 1 1 (ys yl)
The covariance matrix of ¢’ is
;- r T / /
¢ =E {(p ) } =4B'cov(z)B’, (19)

where B’ = diag{x" — x1,y° — y1,7%}, thus the weighted least square (WLS) estimate of z’ is

-1
o — (G/T(p/fl G/) G’Tgolflh/. (20)
Then after some operations, the final position estimate of scatterer S is obtained
from 2’ as
x x x x
|l =VZ + 1or = V7 + ' (21)
s A Ys 1

The proper solution selected is the one that follows the prior information about
the scatterer.

3.2. Identification of Scattering Signal Based on AOA

For the W one-bounce scattering signals of scatterer S, 3 ~ W signals are randomly
selected from W signals as a combination, so there are sum = C3, + Cjy + ... + Cl\y combi-
nations. For each combination, the coordinate of the scatterer (£, Js) can be estimated by
Equation (12) or Equation (21). Thus, for the scattering signal from target scatterer S to ith
BS in combination s, its estimate of AOA denoted by 6;, can be computed as follows

; = arctan <]/1—y) (22)

xi — Xs
Suppose that the corresponding measurement of scattering signal from target scatterer
S to ith BS is «;, the scattering signal should satisfy a; = 6; under the condition of absence
of measurement error. However, due to the presence of measurement error, a; = 6; is not
guaranteed. For each combination of scattering signals, the sum of absolute values of the
difference between 6; and «; can be expressed as

DF = Z|9i —ajl (23)
i

The scattering signals in the combination that minimizes DF are selected to be the one-
bounce scattering signals from the same scatterer S, which can be used for the localization
of scatterer S.

Based on the aforementioned derivation, the second step of the identification algorithm
for a scatterer can be summarized as Algorithm 3.

The complete identification algorithm including the first and second steps is demon-
strated in Figure 2 and is referred to as the two-step identification algorithm for short in
the simulation analysis.
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Algorithm 3: Second step of identification algorithm for a scatterer

Input: W scattering signals from scatterers S to W BSs.
Output: scattering signals used for localization of scatterer S.
3~W scattering signals are randomly selected to form sum scattering signal combinations.
for each combination of the sum scattering signal combinations do
Compute the coordinate of the scatterer (£, Js).
for each scattering signal of combination do
Compute |6; — a;].
end for
Compute Y ;|6; — ;.
end for
Select the scattering signals in the combination that minimize ) ;|6; — a;|.

4. Virtual Station Localization Algorithm Based on Scattering Signal Identification

On the basis of the identification of a one-bounce scattering signal from the same
scatterer, we can easily locate scatterers. Once the scatterers are located, the distance
between the scatterer and BS can be computed, and then the distance between the scatterer
and MS can be computed based on the TOA distance from MS to BS. Regarding scatterers
as virtual stations, MS can be located with the existing LOS localization algorithm.

Misidentification of scattering signal will lead to significant scatterer localization error,
which may result in a much larger MS localization error. To eliminate MS localization error
resulting from the misidentification of scattering signal, in the localization procedure of
MS, we adopt four scatterers as four virtual stations, in GNSS-denied urban or indoor
environments, four or more scatterers can be achieved. The four virtual stations are divided
into four virtual station combinations, each virtual station combination has three virtual
stations for LOS localization of MS. Consequently, there are four estimated positions of
MS. As long as the probability of scattering signal misidentification of one scatterer is
small enough, the probability of scattering signal misidentification of two scatterers will
be even smaller. For instance, if the probability of scattering signal misidentification of a
scatterer is less than 10%, then the corresponding probability of two scatterers will be less
than 10% * 10% = 1%, such that we can consider that there is at most one scatterer whose
scattering signal is misidentified in the four scatterers.

Furthermore, due to there being at most one scatterer whose scattering signal is
misidentified in the four scatterers, there is at most one scatterer that has a significant
localization error in the four scatterers. Therefore, among the four virtual station com-
binations with every three virtual stations, at most one virtual station combination has
a scatterer that has a significant localization error. So, we can consider that there is at
most one virtual station combination that has a significant MS localization error, which
results from one of its three scatterer’s scattering signals being misidentified. Hence, in
the four estimated positions of MS, corresponding to the four virtual station combinations,
at most one estimated position is far away from the MS. The estimated position, which is
relatively far away from the other three positions, should be discarded as an outlier, and the
mean of the rest three positions is adopted as the estimated position of MS ultimately. The
discarding of outliers eliminates the error resulting from scattering signal misidentification,
this kind of error may lead to huge errors in the MS localization procedure. Averaging
the other three estimated positions of MS helps further reduce MS localization errors. The
virtual station localization algorithm can be summarized as algorithm 4.
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Figure 2. Flow chart of two-step one-bounce scattering signal identification algorithm used for
localization of scatterer.
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Algorithm 4: Virtual station localization algorithm

Input: four groups scattering signal corresponding to four scatterers.
Output: localization of MS.
for each group scattering signal do
Estimate position of scatterer.
end for
Create four virtual station combinations with every three scatterers.
for each virtual station combination do
Estimate position of MS with LOS algorithm.
end for
Discard the outlier in four estimated positions of MS.
Select the mean of the rest three positions as MS position ultimately.

5. Simulation and Analysis

Simulations are carried out to evaluate the performance of the proposed algorithm.
The following scenario is considered for data generation. As shown in Figure 3, cell

radius R is assumed to be 300 m, four BSs are located at BS1 (0, 0), BS2 (ﬁR, 0), BS3

(V3R/2, 3R/2) and BS4 (V/3R/2,~3R/2), respectively. The MSis located at (R /2, R/2).
Four scatterers are randomly distributed around the MS, which satisfies the ring-of-scatterer
(ROS) model or disk-of-scatterer (DOS) model. Each of the data in the below figures is
calculated from 1000 independent trials, the measurement error of distance of TOA and
AOQOA satisfies zero-mean Gaussian distribution, the unit of distance is meter (m), and
the unit of AOA is degree (°). The identification performance is evaluated using the
identification rate (Pig), defined by Pir = N¢/Nr, with Nt being the number of all
scattering signal combinations and N¢ being the number of scattering signal combinations
that are identified correctly.

500

u H BS

400 - ® MS

300}
200}
100}

E 0 -

>

~100}
~200}
~300}

-400
| |

0 100 200 300 400 500 600
x/m

-500

Figure 3. Localization of geometry.

5.1. Performance Analysis of Identification Algorithm

First, we discuss how to choose the proper identification threshold in the first step
of the one-bounce scattering signal identification algorithm. Assuming scatterers are
generated by the ROS model, the scattering radius is 50 m and the error of TOA satisfies
N(0,1%) and the error of AOA satisfies N(0,0.5?). For the first step of the proposed
algorithm, false alarm probability and alarm dismissal probability versus identification
threshold are shown in Figure 4. With the increasing threshold value, false alarm probability
increases but alarm dismissal probability decreases, and when the threshold value is 35 m,
the sum of false alarm probability and alarm dismissal probability attains a minimum value
of 27.51%, therefore, we adopt 35 m as the threshold value in the following simulations.
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Figure 4. Effect of identification threshold on false alarm probability and alarm dismissal probability.

The Pjr versus scattering radius comparison is presented in Figure 5. The scattering
radius is 10 m, 20 m, 30 m, 40 m, 50 m, 60 m and 70 m, respectively. The scatterers are
generated following the ROS model or DOS model. The error of TOA satisfies N (0,12),
and that of AOA satisfies N (0,0.5%). It can be observed that with the increasing scattering
radius from 10 m to 70 m identification algorithm’s performance is improved, and P of
the two-step algorithm, up to 95%, the probability of scattering signal misidentification
of a scatterer is just 5%, which is small enough. The two-step algorithm outperforms the
one-step algorithm indicating that the second step is necessary. As Figure 5 shows, for the
same scattering radius, the P;r under the condition of ROS mode is superior to that of the
DOS model, this is because the distance between two scatterers under the condition of the
ROS model is larger than that of the DOS model for the same scattering radius, which is in
favor of distinguishing scattering signals.

100
95
90 r

Identification Rate (%)
~
(6)]

70
65
=% -ROS - One-step algorithm
60 —%—DOS - One-step algorithm
- ® -ROS - Two-step algorithm
55 —&—DOS - Two-step algorithm
50 : : . : :
10 20 30 40 50 60 70

Scattering Radius (m)

Figure 5. Pip versus scattering radius.

We vary the standard deviations of TOA error to evaluate the algorithm’s performance.
The scatterers are generated following the ROS model or DOS model, respectively, scattering
radius is 50 m. The error of TOA satisfies N (0, (53), dris1lm,2m,3m,4mand5m,
respectively, and the error of AOA satisfies N (0, 0.5?). As depicted in Figure 6, the growth
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of the standard deviation of the TOA error has little effect on the one-step algorithm,
whereas, with the growth of the standard deviation of the TOA error, the performance
of the two-step algorithm deteriorates. This is because, in the identification procedure,
the second step of the two-step algorithm adopts the measurements of TOA to estimate
the coordinates of the scatterer first, and then on this basis, adopts the scattering signals
combination that minimizes the sum of absolute values of the difference between the
estimates and measurements of AOA, this procedure is sensitive to the variation of scatterer
coordinate, thus, with the increasing standard deviation of the TOA, the P;g performance
of the two-step algorithm deteriorates. Similar to Figure 5, the Pir performance of the
two-step is superior to that of the one-step algorithm, and the P;r performance under the
condition of the ROS model is better than that of the DOS model.
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Figure 6. Pjr versus J7.

The Pjg versus AOA error comparison is presented in Figure 7. The scatterers are
generated following the ROS model or DOS model, respectively, scattering radius is 50 m.
The error of AOA satisfies N (O, (5;24), 545 0.29,0.4%, 0.6%, 0.8°, and 1°, respectively, and
the error of TOA satisfies N (O, 12). It can be seen from Figure 7, similar to Figure 6,
the Pig performance of the one-step algorithm is not sensitive to the variation of the
standard deviation of AOA error, but the Pjr performance of the two-step algorithm
deteriorates with the growing standard deviation of AOA error. The reason is similar to
that of Figure 6 because the second step of the two-step algorithm adopts the scattering
signals combination that minimizes the sum of absolute values of the difference between
estimates and measurements of AOA, which result in performance deterioration with the
increasing of the standard deviation of the TOA. Similar to Figures 5 and 6, the performance
of the two-step algorithm is superior to that of the one-step algorithm, and the performance
under the condition of the ROS model outperforms that of the DOS model.

5.2. Performance Analysis of Hybrid TOA/AOA Virtual Station Localization Algorithm

MS localization accuracy of the proposed algorithm is compared with the other hybrid
TOA/AOA algorithms, improved grid search algorithm (IGSA) [35], hybrid TOA/AOA
algorithm (HTA) [36] and new TOA/AOA constrained algorithm (NTA-CA) [37], with
cumulative distribution function (CDF) curve of MS localization error. The error of TOA
and AOA satisfies N (0,12) and N (0, 0.5%), respectively. As shown in Figure 8, for the case
of the DOS model, at a probability of 90%, the localization error of the proposed algorithm
is about 5 m, whereas that of IGSA, HTA and NTA-CA is about 30 m, 45 m and 60 m for
the same probability, respectively. Clearly, the proposed algorithm outperforms all other
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hybrid TOA /AOA algorithms greatly. The case of the ROS model is similar to that of the
DOS model as shown in Figure 9.

In the proposed localization algorithm, the MS localization is based on the scatterer
localization, the localization error of the scatterer will propagate to the procedure of MS
localization. The MS localization error can be divided into two parts: the localization error
derived from the scatterer localization stage and the localization error derived from the MS
localization stage. MS localization error should be greater than that of the scatterer, this
conclusion roughly agrees with Figures 8 and 9. Moreover, it can be observed that with the
increasing localization error, the CDF curve of MS gradually approaches and eventually
almost coincides with that of the scatterer, which demonstrates that, as the localization
error increases, the localization error derived from the MS localization stage is almost
gradually eliminated by the averaging of the rest three estimated positions of MS in MS
localization stage.
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Figure 7. Pir versus é4.
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Figure 8. Localization error CDFs curve for DOS model. (a) The curve of proposed algorithm; (b) The
curve of IGSA, HTA and NTA-CA.
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6. Conclusions and Future Research

GNSS provides high-accuracy real-time localization services in outdoor open-sky envi-
ronments, but in GNSS-denied urban or indoor environments, accurate localization is still
an unsolved problem due to the unavailability or degradation of GNSS signals. For localiza-
tion technologies based on mobile communication networks or other wireless technologies,
obstructions between the source and receivers will result in NLOS propagation, which
significantly degrades the localization performance. Accurate localization in the presence
of NLOS propagation has attracted considerable research focus due to it is the premise of
many technologies and applications. In this paper, for GNSS-denied urban or indoor NLOS
environments and localization technologies based on mobile communication networks
or other wireless technologies, a hybrid TOA /AOA virtual station localization algorithm
based on scattering signal identification is proposed. Without requiring any assumption or
prior knowledge about MS, scatterer and BS, and only based on the geometric relationship
of MS, scatterer and BS, a two-step one-bounce scattering signal identification algorithm is
proposed. Simulation results demonstrate that the identification rate of the one-bounce scat-
tering signal from the same scatterer can up to 95%, which provide a solid foundation for
the following virtual station localization algorithm. On this basis, regarding four scatterers
as virtual stations, we propose a novel virtual station localization algorithm, which almost
eliminates localization error resulting from scattering signal misidentification. Simulation
results show that the MS localization performance of proposed algorithm outperforms the
state-of-the-art hybrid TOA /AOA localization algorithms, as far as we know. In this paper,
we explore false alarm probability and alarm dismissal probability versus identification
threshold by simulation, and choose the identification threshold D, which minimizes the
sum of false alarm probability and alarm dismissal probability, for our simulation scenario.
For future work, the specific relationship between identification threshold D and false
alarm probability will be investigated.
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