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Abstract. With the rapid increasing of smart devices, wireless positioning
technology has become a hot research area. Accordingly, this paper puts forward
an optimization-based localization in the wireless network, in which both the
quadratic programming (QP) and the principle of linear line of position (LLOP)
are taken into account. Moreover, a two-step improvement is proposed to
enhance the constrained optimization model, and the simulations demonstrate its
effectiveness. Among the tested localization methods, the proposed algorithm
performs the best in the non-line-of-sight (NLOS) propagating environment, and
its estimating stability over original LLOP algorithm is also obviously observed.
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1 Introduction

As early as 1996, the Federal Communications Commission (FCC) of the United States
proposed the E-911 location service requirement [1], requiring network operators to
provide location services for dialing 911 emergency phone users and ensure certain
positioning accuracy. Moreover, with the development of mobile communications and
the popularity of smart phones, wireless location technology has become an important
research direction in the field of communications [2].

The existing location technology mainly uses time of arrival (TOA) [3, 4], angle of
arrival (AOA) [5, 6], and time difference of arrival (TDOA) [7, 8]. In addition, there are
also methods based on the received signal strength (RSS) [9, 10] and channel state
information (CSI) [11, 12]. However in practical mobile communication systems, any
positioning algorithm will suffer from various errors, such as NLOS error, measure-
ment error, multi-path propagation and near-far effect, among which the NLOS error
affects the localization performance most significantly [13]. Nokia conducted field tests
on the GSM network and found that the NLOS error was up to 1,300 m [14].

In the existing positioning technology, the influence of NLOS error could be
reduced by two kinds of methods, i.e., the direct reduction and the indirect reduction.
The former identified the NLOS propagation, and then estimated position using line-of-
sight (LOS) measurements only, such as the residual method of Wylie [15] and the
hypothesis text of [16, 17]. On the other hand, the second kind of methods might
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include the weighted algorithms [18], the optimized solution algorithms [19], the
residual weight method [20].

This paper expands and improves the optimization based LLOP algorithm in [21].
On the basis of quadratic programming optimization, a new distance constraint is
introduced according to a two-step processing. First, the proposed algorithm operates
the original LLOP method to obtain coarse position estimation, and determine which
region the target belongs to. Second, a tighter distance constraint is proposed according
to the target region. Finally, the model is solved to obtain the optimal solution. Sim-
ulation results show that the improved algorithm has higher accuracy than the original
algorithm and is also superior to other NLOS algorithms.

2 The Distance Measurement Model for Localization

Generally, we can calculate the distance (Ri) between the mobile station (MS) and the
base station (BS) as:

Ri ¼ csi ð1Þ

where c and si represent the light speed and the TOA of i-th BS and MS.
Denoting (Xm; Ym) and (xi; yi) as the MS position and the known coordinates of i-th

base station, we have the distance equation according to Fig. 1

Ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXm � xiÞ2 þðYm � yiÞ2

q
ð2Þ

In Fig. 1, if there are three BSs, the MS position can be estimated by the inter-
section of lines fl1; l2; l3g. When the number of BS is greater than three, the MS
location can be obtained by the least squares estimation. Such an estimate is usually

Fig. 1. Two-dimensional space model of LLOP positioning algorithm
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called as the LLOP estimation. Moreover, Zheng et al. had extended the LLOP
algorithm to an optimization method, where the scaled range measurement was
expressed as

ri ¼ aiRi ð3Þ

where ri and ai represent the scaled range and the scaling factor. In an actual cellular
network, the measurement distance between the BS and MS must be greater than the
actual distance due to the influence of NLOS error, i.e., ai � 1.

It is clear that MS is located within the intersecting region of circles in Fig. 1, then
combining Eqs. (2) and (3), we have

a2i R
2
i ¼ ðXm � xiÞ2 þðYm � yiÞ2; i ¼ 1; 2; . . .; n ð4Þ

Let v ¼ v1; v2; � � � ; vn½ �T¼ a21; a
2
2; � � � ; a2n

� �T
, then if we can get the true value or

accurate estimation of v, we can solve (4) to accurately estimate the MS position, which
has been explained in [21]. Next, we will use the abbreviation LLOP to denote the
algorithm of [21].

3 The Two-Step Optimization Based LLOP Method

3.1 The New and Tighter Distance Constraint

For a wireless network consisting of n BSs, the lower limit of the vector v should
satisfy the following conditions [22],

a1;min ¼ max D1;2�R2

R1
;
D1;3�R3

R1
; � � � ; D1;n�Rn

R1

n o
..
.

an;min ¼ max D1;n�R1

Rn
;
D1;3�R2

Rn
; � � � ; D1;n�Rn�1

Rn

n o

8>>><
>>>:

ð5Þ

where max(�) and Di;j represent the maximum operation and the distance between the
i-th and j-th BSs.

In general, the value of vi will not exceed one, i.e., vmax ¼ 1; 1; � � � ; 1½ �. Then we
can get the constraint of v

vmin � v� vmax ð6Þ

However, the above constraint is loose, which makes the methods in [21] and [22]
insufficiently suppress the NLOS error.

In order to tackle above issue, we take into consideration the classic seven-BS
topology, where the MS is within a regular hexagon as shown in Fig. 2. Since the
regular hexagon is symmetric and without loss of generality, we assume that MS is
located in the triangle constructed by fBS1;BS2;BS3g, and denoting R as distance
between neighboring BSs, we have
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ri �R; i ¼ 1; 2; 3 ð7Þ

Besides, the distance measurements of other BSs must obey

ri � 2R; i ¼ 4; 5; 6; 7 ð8Þ

In particular, when the MS is located in the shaded area of Fig. 2, we have

ri � 3
2
R ð9Þ

In fact, formula (9) means that the MS is located in the cell centered at BS1.
Moreover, the MS must belong to a certain cell in the cellular network, and therefore
formula (9) is always correct for the cellular network, so long as we choose the MS-
belonged BS as the BS1.

According to the above discussions, so long as the MS region is known, we can
construct tighter distance constraint for the optimizations. Then, how to obtain the
knowledge of MS region will be explained next.

3.2 The Improved Two-Step LLOP Algorithm

Since we need know the coarse MS region, we propose a two-step processing in our
study. In the phase I, after the BS1 is determined, we operate the original LLOP
algorithm of [21] to obtain the coarse estimation of MS position. Then, we can judge
which region the MS belongs to. In the phase II, we can construct the constraint
according to the MS region knowledge and formula (7)–(9). However, we also observe
a small number of failure region decision, thus we will construct the proposed distance
constraint in a robust manner. Then, the simulations demonstrate the above failure does
not result in obvious performance degradation.

Fig. 2. The seven-BS topology
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We have the following optimization cost

F vð Þ ¼
Xn
i¼1

x� xið Þ2 þ y� yið Þ2�a2i R
2
i

�� �� ¼ Xn
i¼1

x� xið Þ2 þ y� yið Þ2�viR
2
i

�� �� ð10Þ

where (x; y) represents the estimated coordinates of MS. Note that the objective
function is defined as the cumulative sum of difference between two distances, i.e., the
scaled range measurement and the computed distance from the MS position estimate to
the BS.

According to Fig. 2 and (9), we revise the new constraint as

a1R1 � 1
2R

aiRi � 3
2R; i 6¼ 1

�
ð11Þ

Now the optimization model can derived as

Minimize
v

F vð Þ

s:t:
vmin � v� vmax

a1R1 � 1
2R

aiRi � 3
2R; i 6¼ 1

8<
:

ð12Þ

The model (12) can be solved by the QP tool, then the optimized vector v can be
found, and therefore the optimized ri and position estimation.

Formula (4) can be expanded as

v2R2
2 � v1R2

1 þ x21 þ y21 � x22 � y22 ¼ �2 x2 � x1ð Þx� 2ðy2 � y1Þy
v3R2

3 � v1R2
1 þ x21 þ y21 � x23 � y23 ¼ �2 x3 � x1ð Þx� 2ðy3 � y1Þy

..

.

vnR2
n � v1R2

1 þ x21 þ y21 � x2n � y2n ¼ �2 xn � x1ð Þx� 2ðyn � y1Þy

8>>><
>>>:

ð13Þ

and the matrix form is

Y ¼ AX ð14Þ

where X ¼ x y½ �T, A ¼
x1 � x2; y1 � y2

..

.

x1 � xn; y1 � yn

2
64

3
75.

To facilitate the constraint on v, we denote Y as Y ¼ Y1 � vþY2, where

Y1 ¼
�R2

1;R
2
2; 0; 0; . . .; 0

�R2
1; 0;R

2
3; 0; . . .; 0;

..

.

�R2
1; 0; 0; . . .; 0;R

2
n

2
6664

3
7775, Y2 ¼

x22 þ y22 � x21 � y21
x23 þ y23 � x21 � y21

..

.

x2n þ y2n � x21 � y21

2
6664

3
7775.

Then, we can use the least squares method to estimate the MS position:
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X̂ ¼ ATA
� ��1

ATðY1 � vþY2Þ ð15Þ

which leads to the cost function

F vð Þ ¼
Xn
i¼1

norm X
_ � BSi

	 

� viR

2
i

��� ��� ð16Þ

where norm ðxÞ means the norm of vector x. Now, by using (12), (13) and (16), we can
find the optimal solution for v and therefore the optimal MS position estimation of (16).

4 Simulation and Analysis

Assume that there are five BSs located at (0;R), (R2 ;
ffiffi
3

p
2 R), (� R

2 ;
ffiffi
3

p
2 R), (�R; 0),

(� R
2 ;�

ffiffi
3

p
2 R), and R represents the distance between adjacent BSs, i.e., R ¼ 1000m in

our study. Moreover, we address two main sources of errors: the NLOS (dNLOS) and
measurement error ðmERRORÞ, thus we have

Ri ¼ ri þ dNLOS þmERROR ð17Þ

where dNLOS is uniformly distributed between 100 m and MAX, while mERROR is a
zero-mean Gaussian with a standard deviation of 10 m. In addition, MS is uniformly
distributed in the shaded area shown in Fig. 2.

In order to demonstrate the superiority of the proposed algorithm, we compare it
with the original LLOP algorithm [21], TDOA two-step maximum likelihood algorithm
(TSML) [23] and CLS algorithm [24]. We independently operate each simulation for
1000 times.
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Fig. 3. RMSE variations versus different MAXs
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Fig. 4. The CDF of each algorithm with different BS numbers
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(A) Influence of NLOS Error
The minimum value of NLOS error equals 100 m, and we study the effect of MAX on
the localization performance in Fig. 3.

Figure 3 shows the root mean square error (RMSE) of each algorithm. It can be
clearly seen that the positioning accuracy of the proposed algorithm is improved by
about 20% compared with the original algorithm. Meanwhile, it is superior to the other
two algorithms. In addition, the larger the value of MAX, the more obvious the per-
formance advantages of the proposed algorithm. Finally, with the increase of NLOS
error, the performance of all algorithms will continue to degrade.

(B) Effect of BS Number
Here the value ofMAX is 400 m and the comparison is shown by cumulative distribution
function (CDF). Note that the TSML algorithm is only applicable to the case with more
than three BSs, thus it is not used for performance comparison in the case of three BSs.

Figure 4 shows the influence of BS number. From it, we can explicitly see that the
proposed algorithm yields obvious performance advantages for all tested BS numbers. In
detail, the proposed algorithm outperforms other three conventional algorithms, whose
CDF of 150 m error approximately equals 0.85 (3BS), 0.91 (5BS) and 0.96 (7BS).

5 Conclusion

Suppression of NLOS errors is a key and difficult issue in wireless localization. The
proposed algorithm transforms the NLOS error suppression into a quadratic pro-
gramming problem with new distance constraints. Simulations demonstrate that the
proposed algorithm can reduce the impact of NLOS errors effectively and produce
higher positioning accuracy than other conventional algorithms.
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