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Abstract 
 

This paper investigates optimization-based base station (BS) placement. An optimization 

model is defined and the BS placement problem is transformed to a lexicographical stratified 

programming (LSP) model for a given trajectory, according to different accuracy 

requirements. The feasible region for BS deployment is obtained from the positioning system 

requirement, which is also solved with signal coverage problem in BS placement. The LSP 

mathematical model is formulated with the average geometric dilution of precision (GDOP)  

as the criterion. To achieve an optimization solution, a tolerant factor based complete stratified 

series approach and grid searching method are utilized to obtain the possible optimal BS 

placement. Because of the LSP model utilization, the proposed algorithm has wider 

application scenarios with different accuracy requirements over different trajectory segments. 

Simulation results demonstrate that the proposed algorithm has better BS placement result 

than existing approaches for a given trajectory. 
 

 

Keywords: base station placement; Geometric dilution of precision (GDOP); 

Lexicographical Stratified Programming model; wireless sensor network positioning system 
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1. Introduction 

Wireless sensor network (WSN) has received significant attention from both academia and 

industry in the past decade [1]. Example applications include environmental monitoring, 

object tracking, surveillance and rescue operations. Positioning and tracking are the primary 

objective of a range of WSN-based applications and play a significant role in many other 

applications. Due to constraints on the cost and complexity of a WSN, the measurement 

accuracy of the typical off-the-shelf sensors can be low. Thus, how to improve the positioning 

performance of WSN-based positioning systems is a critical issue. 

The overall positioning performance of a WSN-based positioning system depends on a 

number of factors including the accuracy of parameter (range, time of arrival, received signal 

strength, or heading angle) estimation, the choice of the positioning approach and the 

geometric relationship between the mobile station (MS) or mobile node and the base stations 

(BS) or anchor nodes [2]. That is, in a given WSN, the positioning performance will be 

affected by the positioning approach and the BS deployment. Therefore, development of  

innovative methods and techniques for obtaining appropriate BS placement is thus of great 

interest for WSN positioning system. 

Some BS placement algorithms for positioning have been studied in the literature 

[3]-[13]. Since the Cramer-Rao bound (CRB) is usually considered as a benchmark for 

evaluating the accuracy of any unbiased location estimator, the authors of [3][4] studied how 

to optimize the BS placement to minimize the CRB for a given number of sensors and derived 

sufficient and necessary conditions for an unconstrained optimum sensor placement. It can be 

seen that for a given single point, the uniform angular array (UAA) pattern of BS placement is 

an optimal BS placement. In [5], the authors discussed a number of different BS placement 

strategies such as maximizing the Fisher information matrix, minimizing the Cramer-Rao 

bound, using the spherical codes (SC), and employing the UAA and platonic solids. They 

found that CRB-optimum sensor arrays are also FIM-optimum, but not vice versa. Meanwhile, 

the 2D SC approach is identical to the UAA method and they are more restrictive than the 

CRB-based approach. In [6], the authors proposed the necessary and sufficient conditions on 

the sensor-target geometry which  leads to the minimization of the uncertainty ellipsic area of 

position estimation with an unbiased estimator when using  range-only, bearing-only and 

time-of-arrival measurements respectively. Based on the results given in [6], the authors of [7] 

presented a unified framework to analyze the optimal sensor placements of bearing-only, 

range-only and received signal strength (RSS) measurements and also proved the necessary 

and sufficient conditions for optimal placements in 2D and 3D scenarios. 

In [8], the author proposed a BS placement for a given area by minimizing the mean CRB. 

In the case of three anchors placed in a square area, the highest positioning accuracy is 

achieved when the trio is placed at the corners of an equilateral triangle. This triangle is of 

maximum size as two anchors are placed at the corners of one side of the square area while the 

third anchor is placed at the center of the opposite side. The best anchor locations for the case 

of four anchors are the four corners of the square area, while the best location for an additional 

fifth anchor is the center of the area. Some basic guidelines are provided in [9] [10] to 

minimize the error in location estimation. The authors observed that if the field of study is 

rectangular, the best BS configuration is a rectangular pattern and BSs are at the vertex based 

on geometric dilution of precision (GDOP) and multi-lateration rules. In [11], a BS placement 

strategy for physical measurements, which maximizes coverage and minimizes the positioning 
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error, has been investigated in different scenarios. It is demonstrated that the optimal layout 

tends to be uniform placement of BS in the given area. In [12], uniform boundary placement, 

random boundary placement and random placement have been considered to evaluate the 

accuracy of the hop-count positioning system. It is shown that placing landmarks on the 

periphery of the topology yields more accurate coordinate estimation than deploying 

landmarks anywhere in the interior. Note that the above methods give a solution to BS 

placement in a given area, whereas the methods in [3]-[7] are limited to a single point. 

In [13], a BS placement approach based on GDOP analysis was proposed for the medium 

range outdoor and indoor location system design. Different from the above mentioned 

methods, this approach focuses on the appropriate BS placement when giving a particular MS 

trajectory. In [14], it is mentioned that the optimal landmark deployment follows some simple 

and symmetric patterns and the stretching/shrinking may be used to reduce localization errors. 

However, it is also pointed out that there is a conflict between the ideal landmark deployment 

for localization and deployments for optimizing signal coverage. 

From the above discussion and analysis, it can be seen that most existing BS placement 

strategies are based on a single point and a given area, little work has been done based on 

trajectories. With the advances of WSN technology, WSN positioning will be applied to many 

different applications. For the given trajectory, different positioning service may be 

corresponded to the different segments of the trajectory. Thus, the accuracy requirement of 

each segment can be different. For instance, in the case of horse racing, the position accuracy 

for the final track segment of the course should be higher. Another example is that near some 

specific landmarks the positions of the athletes need to be tracked precisely so that the 

athletes’ performance can be compared with each other or with the record.   Accordingly, the 

BS placement design should put more weight on the segment of higher accuracy requirement. 

Also, the  probability of MS on each point of the given trajectory can also be different. The 

points with higher probability play more important role in the BS placement design. Thus, for 

a given trajectory, obtaining different weights for different segments poses new challenges to 

BS placement. 

Motivated by the above observation, in this paper, we focus on studying BS placement 

for a given but not specific trajectory with different segment accuracy requirement in a 

complex environment. In particular, a simple and effective BS placement approach is 

proposed. Taking the average GDOP as a performance measure, the placement problem is 

formulated as a mathematical optimization modeling issue. To produce a unique position 

estimate, the number of the BS or the received signal must be greater than the dimensions of 

location by at least one. Meanwhile, from the viewpoint of data processing, larger number of 

the received signal can improve the positioning performance. Thus, utilizing this knowledge, 

the feasible region of the optimization model is determined with the given number of received 

BS signal. Through this processing, the problem of signal coverage in BS placement is first 

resolved. In order to cope with different accuracy requirement, the optimization model is 

further transformed to a lexicographical stratified programming (LSP) model using the 

priority parameters related to accuracy. Under different accuracy requirements, the given 

trajectory is divided into several segments. The average GDOP of each segment is chosen as 

the objective function. Based on the objective functions and feasible region, a tolerant factor 

based complete stratified series (TFBCSS) approach and a grid searching approach are utilized 

to generate the optimal solution to the BS placement. 

The remainder of this paper is organized as follows. Section 2 describes the proposed BS 

placement algorithm in detail. Section 3 presents the algorithm analysis. Section 4 tells about 

the simulation design and shows the simulation results. Section 5 draws our conclusions. 
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2. Proposed algorithm 

2.1 Some assumptions 

For the sake of simplicity, the following assumptions are taken into consideration. 

(1)  2D positioning is assumed and without loss of generality, the given region is rectangular 

and divided into NM  grids which are the potential sites for BS placement [9].  

(2) The coverage or radio range of each BS is limited to a fixed circular area with radius R. 

(3) The trajectory is divided into several segments which may have different position accuracy 

requirements. A certain number of position points are extracted from each trajectory segment, 

depending on the sampling frequency and the MS speed. 

2.2 Basic idea of the algorithm 

Fig. 1 shows the block diagram of the proposed BS placement method. In the 

mathematical optimization model, the position coordinates of the BSs are the variables, while 

the average GDOP of each trajectory segment is defined as the objective function. The BS 

placement problem is first formulated as a multiple objective optimization model. Then,  

based on the different accuracy requirement of each segment, this model is further transformed 

to a LSP model by the priority parameters. At last, a TFBCSS approach and a grid searching 

approach are adopted to produce the optimization solution and realize the optimal BS 

placement. In the following section, the proposed algorithm is described in detail. 

Note that the GDOP-based and CRLB-based criteria for BS placement design are 

identical, when the measurement noise is modelled as a Gaussian random variable [15] [16]. 

2.3 Multiple objective optimizations 

Let ),( ii yx  be the position of the i
th
 BS and there are n BSs to be deployed. The m

th 
MS 

position coordinates are denoted as ),( mm ba  and there are M MS position samples on the 

whole MS trajectory. Denote ),,,,,( 2211 nnj yxyxyxf  as the average of the GDOPs at the MS 

position points on the j
th
 segment and there are totally L trajectory segments. The average 

GDOP is a function of the positions of the BSs and MS. More details about GDOP calculation 

can be found in [13] [17]. For simplicity, define 
 

),,,(    ),,,,( 2121 nn yyyYxxxX 


  

 

Then, the objective function is defined as 
 

                              
T

L YXfYXfYXG )),(,),,((),( 1 


                                          (1) 

 



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 9, NO. 11, November 2015                                4457 

Decision variables

LSP optimization 

model

Objection function

Feasible region
Predefined number of 

received BS signal

Accuracy 

requirement
Priority 

Coordinates of optimal 

BS placement
Grid searching 

algorithm

TFBCSS 

approach

Problem formulation

Variables  to 

be solved

Prior 

information

Performance 

analysis

Multiple objective 

mathematical model

Proposed 

mathematical model
Proposed solution

Ave. GDOP 

 
Fig. 1. Block diagram of the proposed BS placement scheme 

 

The multiple objective optimizations for BS placement can be defined as: 
 

              LjYXfYX j
YX
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                                                       (2) 

 

Assume that there are at least N BSs which are within the radio range of the MS at each 

position point on the trajectory. Mathematically, feasible regions are denoted as 
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 2.4 LSP model for BS placement 

In order to accommodate the different accuracy requirement for each segment of the 

trajectory, in the next, the multiple objective optimization models are transformed to a LSP 

model. Based on the predefined priority of each segment with respect to the accuracy 

requirement, in the following, the transformation is described in details. 

Assume that there are k different accuracy requirements of the MS trajectory. Hence, the 

L objective functions can be represented as: 
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According to the discussion above, the problem of stratified multiple objective 

minimization can be defined as 
 

)]),,(()),,(),,(([min 1
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Where )2,1( ksPs  is the priority sign and describes the objective functions in the bracket 

belong to the s
th
 priority. Meanwhile 1 ss PP , ks ,1 , the sign “>>” is only the 

qualitative concept to indicate the s
th
 priority is higher than (s+1)

th
 priority. The sign “L-min” 

indicates the lexicograhhical order minimization. It means that the optimization model is 

minimized from 1P to kP . 
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Therefore, the above optimization problem can be rewritten as 
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Note that the equation (5) is the proposed LSP model for BS placement. 

2.5 Solution for LSP model 

In order to avoid the problem of a unique solution in middle priority level and reduce 

computational complexity, the TFCSS approach in [18] [19] and the grid searching method are 

utilized to solve the LSP optimization problem. The basic idea is that according to the 

predefined priority, the optimal solving set of each objective function is obtained in turn. Then 

the optimal result for the last priority level-objective function is the final solution. The 

following steps provide more details about the LSP optimization procedure. 

Step 1: Initialization 
 

),(),(1 YXDYXD  , 1s  

 

where ),( YXD  is the initial feasible region of the multiple objective model.  

Step 2: According to the different accuracy requirements, the segments with the same 

accuracy requirement are considered to have the same priority for minimization. The higher 

the accuracy requirement is, the higher the priority for minimization is.  

In the same priority, the minimization calculation ),( YXFs ),2,1( ks  can be formulated 

to be a single objective function optimization by the linear-based weight method. Thus, the 

objective function ),( YXQq ),2,1( kq    for different priority minimization in LSP model 

is defined as: 
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In the paper, for simplicity, the weight iw for each objective function in the same priority are 

identical. 
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Step 3: Performing minimization according to the lexicograhical order. 
 

),(min
),(

YXQs
DYX s

 

 

Using the grid searching approach, the optimal solution ),( ss YX and the optimal value of the 

objective function ),( ss

s YXQ are obtained. 

Step 4: Test the number of stratification 

(1) If ks  , then output the BS placement result: ),(),( ss YXYX    

(2)If ks  , then go to Step 5 

Step 5: Build the feasible region of the following stratification 
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k
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Where k is the tolerant factor. 

1 ss , go to Step 3. 

2.6 Summary 

In summary, the proposed approach consists of the following steps: 

1) Discretize the given area; Sample the MS trajectory and obtain the approximate 

representation of the given trajectory; Based on the different accuracy requirements, divide the 

trajectory into corresponding segments. 

2) According to the predefined received BS signals, obtain the feasible region of the 

optimization model by the samples of the trajectory and the coverage radius.  

3) Take average of GDOP of each segment as the objective function, the multiple objective 

optimization model is formed. 

4) By considering the accuracy requirements, the optimization model is further formulated as a 

LSP model. 

5) By utilizing the tolerant factor based complete stratified series approach and the searching 

method, the optimal BS placement can be obtained by solving the LSP model. 

Note that when the trajectory is under the same priority, the proposed algorithm is equivalent 

to the algorithm presented in [13] where analytical results with same priority are provided. 

Analytical results related to a trajectory with different priorities may be derived in a similar 

way and this would be interesting future research work. 

3. Algorithm analysis and comparison 

In order to evaluate the performance of the proposed BS placement algorithm, the prior 

works of [6] [7] [8] [13] are  chosen for algorithm comparison. 

(1) The main contribution of this paper is that the problem of BS placement is modeled as a 

LSP optimization issue, according to the different accuracy requirements. Thus, it has broader 

application scenarios, compared with the method for the given trajectory in [13].  

(2) Different from the works of [13] where the authors only considered a specific trajectory for 

BS placement, in this paper, a universal BS placement approach was proposed. Meanwhile the 

proposed algorithm considers the signal coverage as a factor affecting the placement solution. 
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In the proposed algorithm, the effect of signal coverage is first presented and utilized to obtain 

the feasible region of the optimization model. Thus, the proposed algorithm is more suitable 

for practical applications. 

(3) Although both the proposed algorithm and the method in [13] adopt the GDOP as a BS 

placement criterion, they are rather different, because the proposed algorithm is able to cope 

with any type of trajectory, instead of a particular one. Furthermore, in this paper, a tolerant 

factor which can lead all the objective function of different priority to have effect on the BS 

placement and the grid searching approach which avoids the problem of local minimum value 

ensure the performance of the proposed approach. 

(4) It is noticed that the existing BS placement strategies are developed when a single point or 

an area is given [6]-[8]. On the other hand, the proposed algorithm is derived when giving a 

specific trajectory. As a consequence, it is rather difficult to undertake comparative simulation 

studies because of the different application scenarios for BS placement.  

4. Simulation results 

Simulation results are provided to assess the performance of the proposed BS placement 

method in different application scenarios. Four BSs are assumed to be available for all 

simulation environments. The trajectory of the MS and the given areas for simulation are 

shown in Fig. 2. The trajectory contains three different segments (namely Load 1, Load 2 and 

Load 3). The Load 1, Load 2 and Load 3 are from A to B, C to D and E to F respectively. The 

sampling interval of each load is 20m so that 11 samples are obtained over each load. The 

coordinates of X-axis and Y-axis for the given area are both limited within [0m, 2000m]. The 

dimensions of each grid along the X-axis and Y-axis are both 200m. The potential coordinates 

of BS are assumed to be ))1(200,)1(200( mjmi   (for 11,1, ji ). The coverage radius 

of each BS is 1200m. Although more measurements can be used to improve accuracy, the 

predefined number of received BS signals in this paper is 4, accounting for some realistic 

scenarios. The accuracy requirement of Load1, Load2 and Load3 are high, medium and low, 

respectively. The tolerant factor which can relax the feasible region of the next stratified 

minimization is set at 1.0k . For performance comparison, the algorithm which does not 

employ priority strategy [13] (No Priority) and the method which only considers the smallest 

average GDOP of each load in the feasible region (Theory) are selected. 

4.1 Performance of the signal coverage and GDOP 

First, the signal coverage or radio range of the proposed BS placement algorithm is 

shown in Fig. 3. From the figure, it can be seen that each position of the given trajectory can 

receive 4 BS signals, which is suitable for the predefined condition. Then, the GDOP values 

are depicted in Fig. 4. In the figure, because Load 1 has the highest priority, the GDOP is 

closer to the theoretical value than that with no priority. Since the smaller the GDOP is, the 

better the performance of positioning system is, it can be concluded that the proposed BS 

placement can be utilized to satisfy different accuracy requirements for segments of a given 

trajectory. 
 



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 9, NO. 11, November 2015                                4461 

 
Fig. 2. Trajectory of the BS and the given areas for simulation 

 
Fig. 3. The signal coverage or radio range of the BSs 

4.2 Robust test 

First, the robustness of the proposed algorithm with respect to different accuracy 

requirement is described. The above mentioned accuracy requirement is denoted as case 1. In 

the following, the simulation condition where the accuracy requirement of Load1 and Load2 

and load3 are medium, low and high is denoted as case 2. Fig. 5 shows the signal coverage of 

the BSs, while Fig. 6 illustrates the GDOP of the two cases. From the figure, it can be seen that 

the obtained GDOP is closer to the theoretical value, when the priority of the segment is higher. 

Thus, the proposed algorithm is robust to different accuracy requirements. 

Then, the robustness of the proposed algorithm with respect to the tolerant factor is 

evaluated for case 1. As shown in Fig. 7 and Fig. 8, the signal coverage and the GDOP are 

examined when the tolerant factor is set to be two different values: 0.1 and 0.15. It can be seen 

that the tolerant factor does not have any effect on the signal coverage. The reason can be 
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attributed to the fact that the problem of signal coverage is solved prior to obtaining the GDOP 

optimization solution and is not utilized for objective function construction. Meanwhile it can 

be observed that as the tolerant factor decreases, the GDOP with higher priority is close to the 

corresponding theoretical value (Load 1). However, the GDOP with lower priority is far away 

from the corresponding theoretical value (Load 2 and 3). Because of the smaller tolerant factor, 

the feasible region of the each stratified objective function becomes smaller and some 

minimum value in the next stratification will be lost. Hence, the tolerant factor selection is 

important for BS placement. 

 
Fig. 4. GDOP description of the proposed algorithm and two other methods 

 
Fig. 5. Impact of accuracy requirement on signal coverage 
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Fig. 6. Impact of accuracy requirement on GDOP 

 
Fig. 7. Impact of tolerant factor on signal coverage 

 

Next, the robustness of the proposed algorithm with respect to the sample ratio of the MS 

trajectory is analyzed for case 1. In the robust test, a sampling interval of 30m is chosen for 

performance comparison. From Fig. 9, it can be readily seen that the right hand side of Load3 

does not receive signals from all four BSs. Thus, in this condition, the design requirement is 

not satisfied. Therefore, efficient sampling of the trajectory should be ensured for the BS 

placement. It can be concluded that BS placement is sensitive to sampling interval of the 

trajectory. 



4464                                                                                         Jun Yan et al.: Base Station Placement for Wireless Sensor Network 

Positioning System via Lexicographical Stratified Programming 

 
Fig. 8. Impact of tolerant factor on GDOP 

 
Fig. 9. Impact of sampling interval of trajectory on signal coverage 

 

At last, different sampling interval of X-axis and Y-axis are chosen to test the 

performance of the proposed algorithm. In the robust test, only the sampling interval of Y-axis 

is increased by 100%. Thus, the potential coordinates of BS become 

))1(400,)1(200( mjmi   (for 6,2,1,11,2,1   ji ). Fig. 10 and Fig. 11 show the 

performance in terms of  signal coverage and average GDOP. From the figures, it can be 

concluded that larger potential coordinates of BSs can lead to higher GDOP but the signal 

coverage is not affected. 



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 9, NO. 11, November 2015                                4465 

 
Fig. 10. Impact of sampling interval on signal coverage 

 
Fig. 11. Impact of sampling interval on GDOP 

4.3 Positioning performance analysis 

At last, the location performance (RMSE) of the proposed BS placement algorithm is 

compared with the optimization based method. In this simulation, the measurement noise is 

assumed to have a Gaussian distribution. Taking Load 1 and Case 1 as an example, Fig. 12 

illustrates the RMSE comparison between the proposed BS placement algorithm and the 

no-priority BS placement approach, when the standard deviation of measurement noise is 10m. 

From the figures, it can be seen that the RMSE of the proposed BS placement method is 

smaller than that of the no priority method obviously. For another, the CRLB [20] of the 
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proposed algorithm is smaller than that of the no priority method. Fig. 13 shows the average 

RMSE with different standard deviation of the measurement noise associated with Load 1. 

From the figure, it can be seen that the proposed BS placement approach has better location 

result than the no priority method. Meanwhile, the location performance of the proposed BS 

placement approach is closer to the theoretical BS placement strategy for Load 1. Thus, it can 

be concluded that the proposed algorithm can obtain better location performance when the 

accuracy requirements is high. 

 
Fig. 12. RMSE comparison of different BS placement approach 

 
Fig. 13. Average RMSE comparison of different BS placement approach 
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5. Conclusions 

In this paper, a new BS placement algorithm has been presented for scenarios where there 

are different accuracy requirements. From the viewpoint of the positioning system, the 

problem of signal coverage is first dealt with. Based on the accuracy requirement, the BS 

placement problem is formulated as the LSP optimization model. A tolerant factor based 

complete stratified series approach which lead all the objective functions of different priority 

to have effect on the BS placement design and the grid searching approach which can avoid the 

problem of local minimum value are utilized to obtain the BS placement solution. Because of 

the LSP model utilization, the proposed algorithm has broader application scenarios and more 

suitable for practical applications. Simulation results demonstrate that the proposed algorithm 

performs better than previous work when a mobile trajectory is given. 
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