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Abstract 
Real-time asset tracking can be used to increase personnel safety, security and workflow in 

different types of facility’s or assembly lines. There is many ways this can be done but one way 

is by using an Ultra Wide-band sensor network. This thesis describes a specific part of such a 

system. The task was to construct and evaluate the server software that will handle incoming 

data from the sensor network, but also how it uses the data to calculate the position of the 

tracked asset. The goal was to create an efficient and flexible server application that can 

handle multiple assets that uses an accurate positioning algorithm. The result showed with the 

best recorded configuration that towards the middle of the test area the accuracy measured 

was nine centimeters. With the maximum amount of positions that the test server could 

handle was 6000 positions per second.  The conclusions about this thesis are that the 

positioning application is promising because of its accuracy, its dynamic ability’s and its 

performance.  

Sammanfattning 

Positioneringsalgoritm och positioneringsserver till ett positioneringssystem 

Möjligheten att spåra tillgångar kan användas för att öka personalens säkerhet, minska 

stöldrisker och förbättra arbetsflödet. Ett sätt att göra detta på är genom att använda sig av ett 

sensornätverk som i sin tur kommunicerar med Ultra Wide-band. Den här rapporten beskriver 

en del av ett sådant system. Uppgiften var att konstruera och utvärdera en servermjukvara 

som kan hantera data från ett sådant sensornätverk men som också kan beräkna positionen av 

de spårade tillgångarna. Målet var att applikationen skulle vara flexibel, kunna spåra många 

tillgångar samtidigt och bestämma dess position med hög noggrannhet. Resultatet visade att 

mot mitten av testområdet var noggrannheten nio centimeter.  Samt att testservern kunde 

hantera 6000 positioner per sekund. Slutsatsen var att positioneringsapplikationen är lovande 

tack vare dess positionsnoggrannhet, dynamiska konfigurationsmöjlighet och prestanda. 
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1 Introduction 
The first chapter will explain this thesis work background and its purpose. Including the 

complete project and why asset tracking has a lot of possibilities. 

1.1 Background 
Knowing the location of a factory’s tools, instruments and personnel can increase efficiency 

and reduce loses. There are similar benefits to other worksites such as hospitals, storage 

facilities, conferences or even kindergartens. Real-time asset tracking allows a manager or 

other support personnel to have an overview of the facility’s workflow and see problems 

develop from a much wider perspective than walking around the plan. This will also increase 

the security for workers as well as the knowledge of theft.  

It can also be used in autonomous vehicle such as cleaning robots or automatic transport. 

Tracking autonomous vehicles require tracking with good accuracy. In most cases there is no 

possibility to use GPS because the work area is located indoor. In this situation you can use a 

sensor network instead, a sensor network that can collect and send data regarding the asset or 

robot so that a position can be calculated. The calculation is then done by a server that sorts 

and use all data collected by the sensor network. The developing of such a system has been 

the goal of the so named ”Magellan project” witch was carried of as a separate enterprise. 

In this thesis we want to implement and evaluate a positioning algorithm and the positioning 

server. The positioning server and algorithm has to fulfill certain specifications. To evaluate the 

algorithm two configurations of a sensor networks will be tested, which are designed to cover 

the projects different purposes. The server will be tested by simulating a large network to see 

what performance can be expected. 

1.2 Project Description and Scope Limitation 

 

Figure 1: A simple illustration of all the components that regards the entire project. The thesis focus is on the 
component positioning server and is marked with a red square in the illustration. 
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The complete project is comprised of two major components as shown in Figure 1 each 

component and/or its sub component are constructed/implemented by a member of the 

Magellan Project. One is the sensor network and on the other is the software application. The 

sensor network is built up by stationary receivers called anchors and mobile senders called 

nodes. The amount of the components in each network varies depending on its application 

and size. A network that has to cover a larger area will have more anchors and a larger number 

of assets to be traced will have more nodes. All communication between the components in 

the sensor network are wireless.  A simplified way to think about the system is that the node 

will transmits a signal that is picked up by the anchors and a timestamp of when it was 

received is recorded. The communication is more complicated, but the exact communication is 

of little relevance to this thesis as it is handled by others in the project and therefore will not 

be explained in further detail. 

The software side has the following components the GUI, database, event engine and 

positioning server. The two that are not self-explanatory are the event engine and positioning 

server. The event engine handles alerts in the system, which is predefined for example if a 

node is entering a restricted area. The event engine will then send out an notice to alert the 

concerned party. 

The positioning server and its functions is what this thesis focused on, in the Figure 1 overview 

it is marked with a red square.  The positioning server main task is to calculate the position of 

the nodes in the sensor network. But it also has to handle data recorded by the nodes (i.e. 

temperature values, etc.) and store this for future reference. All other components will be 

handled by others involved in this project. Only constraints caused by the other components 

will be stated if necessary. 

The scope of this thesis can be divided into two parts. The first is the positioning algorithm that 

uses timestamps from anchors in a sensor network to calculate the position of a node and 

follows all other specifications described. The second part is implementing the positioning 

server that uses the positioning algorithm to track the position of all nodes in the sensor 

network. It also handles additional data sent by the nodes and follows the specifications 

described section 4.2.1.  
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2 Related Work 
This chapter will present previous work and work done by competitors. 

2.1 Positioning 
Positioning using radio is a well-researched subject. These systems can use existing cell towers 

or put up their own receivers. For this thesis the sensor network will communicate using Ultra-

wideband (UWB).  But a sensor network will only supply the data needed in order to make it 

possible to acquire the position. There is a few different methods to do this, the most common 

methods are; time of arrival (TOA), time difference of arrival (TDOA) and angle of arrival (AOA). 

A hybrid between the two latter methods and an estimation algorithm are what is focused on 

in this thesis, due to the original specification. 

Before picking an algorithm some aspects have to be considered. It has to be efficient to be 

scalable. The results from Mensing and Plass described in their article about using TDOA and 

least mean square estimation in cellular networks, show similar accuracy to more elaborate 

algorithms but with fewer iterations [1]. Few iterations is preferable because it means 

consuming less computer power, something that can be in short supply when handling a large 

sensor network. The accuracy is also a factor if the sensor network can be modified to give an 

increase. Yu and co-writers in their article reports an increase in accuracy when using more 

anchors and TDOA[2].  

To increase the accuracy further the final algorithm needs to be able to utilize AOA and TDOA 

data. Chong and Zuhang show an increase in accuracy when using a hybrid between TDOA and 

AOA in their article about hybrid positioning for wideband CDMA cellular systems[3]. They got 

the same result as in the article about geo-location estimation in CDMA wireless networks by 

Broumandan and co-writers have found that a hybrid algorithm will give better results than 

just TDOA[4].  

2.2 Competitors 
There are a few other companies who have made similar solutions using varying methods for 

positioning. The company AeroScout has a Wi-Fi based positioning system using existing Wi-Fi 

networks. They can also use distributed computing. Meaning that in addition to a server 

storing and calculating the positions their personal designed anchors can calculate positions. 

The anchors are able to calculate 300 positions per second [5]. Another company is Ubiesense 

and they are using a UWB based system. They don’t discuss how the system works but rather 

what it can do [6]. This means that they have a working software for their solution. Ekahau 

also have an asset tracking system using a Wi-Fi to acquire the position. Regarding to  their 

information they describe their server application being able to handle 50 000 nodes [7]. Also 

this suggests that making server application with good performance is possible. 

In their article about UWB positioning Lee and Kim describes the functions of their positioning 

server [8]. They say that the positioning server has the assignment of calculating the position 

of the nodes in their sensor network using their positioning algorithm. But it also handles 

communication with devices in the sensor network, map management and storing data. It is a 

description similar to the one of this thesis but it is not described in more detail. 
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3 Positioning 
This chapter will explain the techniques that will be used for this thesis. It will describe different 

methods of calculating the position of a node in a positioning system and end with a deeper 

explanation of the implemented algorithm used by the position system 

3.1 Positioning Theory 
This section will give explanation of the common techniques in sensor network positioning and 

that will be applied in the final algorithm. 

3.1.1 Ultra-Wideband 

UWB is a type of radio frequency (RF) signal encoding and it is suitable for indoor use. This is 

because it is insensitive to interference and the high bandwidth makes timing accuracy greater 

which is ideal to detect its first occurrence with the help of wave modulation[9]. When 

measuring the distance between two points using UWB the time of flight (TOF) of the signal is 

used. This is the time from when the signal was sent to when the reply signal comes back. The 

measured time will include some hardware delay. 

               

                   

                          

 This delay has to be subtracted before the distance can be obtained by multiplying the 

resulting travel time with the speed of light. 

                 

          

                

 This gives the distance plus noise, between two devices. TDOA records a timestamp of when 

the same signal is received by each anchor. This requires that the anchors have synchronized 

clocks so that the times can be compared properly [10].  

Noise can be caused by a number of sources in the surrounding environment that corrupts the 

signal, hardware delay and unsynchronized clocks. The result of a noisy signal is that the 

timestamp differs from the correct time the signal should have been received. The exact 

location can be determined in a noise free environment by solving a linearized set of equations 

for any of the positioning methods described later in this thesis. In the presence of noise, you 

can only estimate the position to some limited accuracy. When estimating the position the 

noise is assumed to be random Gaussian white noise[10]. 

3.1.2 Positioning calculation 

There are a number of methods that can be used to calculate the position; those that are of 

most relevance to this thesis are described here. Positioning algorithms are used to calculate 

the estimated position of a node. 
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3.1.3 Time Difference of Arrival 

TDOA uses the time difference between signal received by the first anchor and the other 

anchors who received the same signal. To be able to get a position of a node you need at least 

three anchors for the two dimensional position and four for the three dimensional position. 

The anchor location has to be known to be able to determine the position of the node. The 

time difference between anchors places the location along hyperbolas. Then to get the 

position is a matter of finding where the hyperbolas intersect to acquire the position of the 

node. 

                                      

                        

           

                 

                          

Using the TOA from anchor one and subtract that from the TOA of the three other anchors you 

get the TDOA. By calling the unknown position of the node for x an equation system can be 

formed that is zero when the distance between x and any the other anchors subtracted with 

the distance between x and the first node. This forms the following equation system[11, 4, 10, 

2, 9]. 

                    

      

 
 
 
 
    

             
 

             

  

 This equation system can be solved using Gauss Newton method. The accuracy of this method 

can vary. Error in the positioning calculation is due to noise interfering with the signal sent 

between the node and the anchors. Noise is more likely to occur in a Non-line of Sight (NLOS) 

environment. This is likely indoor, to get a more accurate position in these situations you can 

use an over constraint system. For n < 3 this system is under constrained so that a unique 

solution cannot be found. For n > 3 the system is over constrained and can be solved by 

linearization and using the pseudo inverse. In over constrained systems it is possible to use 

outlier detection to detect data that have a large difference from the mean. If outliers are used 

in the calculation the final result will have a larger error. 

3.1.4 Angle of Arrival 

AOA uses the angle of the signal when it reaches the anchor to calculate the position of the 

node. AOA requires that the anchors have the capability to determine the angle of the 

incoming signal and then you need at least two of them to be able to determine the location of 

the node. Otherwise you can calculate the angle using two individual anchors if you know the 

distance between them. When using this method you will need at least two antennas on the 

anchor for two dimensional positioning and for three dimensional you have to have one more 

that measures the angle to the z-axis.  Also the anchors locations and rotation has to be known 

to get the position of the node. To calculate the location you can think of the equation as two 
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straight lines from the anchors directed towards the node. The location of the node is then 

where the two lines meet. 

When calculating the AOA you need two antennas and the distance between them must be 

known. The angle for elevation can also be determined by adding an additional antenna in the 

vertical direction.  

 The time difference is measured when the signal from one node reaches each one of the 

antennas. By arranging even more antennas in a row it is possible to improve the 

measurement of the angle even further [12]. 

 

                           

                      

                           

               

         
 

 
              

The time difference times the speed of light and the distance between the two nodes forms a 

triangle as illustrated in Figure 2. The distance between the antennas is the base of the triangle 

and the time difference is the height or vice versa[13, 3, 4, 10, 9]. You can also put more than 

two antennas in a row to get more data concerning the signal received from the node and use 

that data to get a more accurate angle. 

Because of a signals propagation through a room (expanding in a circle around it sender) this 

method of calculating the AOA is only an approximation as illustrated in Figure 3. The 

approximation can be improved if the antennas are directed in the right way towards the 

nodes this is further investigated in section 5.1.5. It can also be improved by increasing the 

distance between the antennas (d). But in indoor environments large distances between 

antennas on a single anchor are impractical, because this will make the anchors larger which 

will make placement more difficult. 

Figure 2 illustrate the approximation of the angle. Figure 3 Illustration the able approximation and error. 
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With no noise the solution is exact. In the presence of noise the least mean square algorithm 

can be used to calculate an estimate the position. The actual accuracy of AOA is very poor. This 

makes the error, for positioning very large. When using it outdoor there is another drawback, 

the positioning errors scale with distance. 

3.1.5 Hybrid 

A hybrid means that two methods are used to estimate the position with the goal to make it 

more accurate. To get an estimation of a nodes position you want to use all the data you can 

get. So if you have access to both the time of arrival information and the angle using them 

both will make your estimation more accurate. The reliability of the sources can differ. That’s 

why for this thesis the goal is to implement a hybrid that takes the sources variance into 

account when calculating the estimated location of the node. This will make the final 

estimation of the position more accurate. 

It has been confirmed that hybrid algorithms using this technique between TDOA and AOA has 

given improvement to positioning in cellular systems [4, 1, 13, 10, 2]. This is compared to 

TDOA and using least mean square algorithm. The cellular system is comparable due to the 

same method are used to calculate the location but over greater range.  

3.1.6 Position Estimation 

By using only the basic linear algorithms it is not possible to get a solution due to noise.  But by 

using estimation algorithms you will be able to estimate the position of the node. It is also 

possible to use over defined systems to make the position estimation even more accurate. An 

over constrained system means that you have data from more than the least number of 

required sources. For example using TDOA you need at least four anchors to get a three 

dimension position, but in an over define system you have more than four. 

The following expressions are used for minimizing AOA error in two dimensions [4, 2]. 

          

                           

                                

                    

                                

This one is used for TDOA [10, 1, 14]. 

                
        

          
        

   

3.1.7 Extended Kalman Filter 

An Extended Kalman Filter (EKF) is another way to estimate the position. The EKF uses noisy 

measurements collected over time to calculate a position that is usually more accurate than 

the single measurement. The algorithm has two steps, it calculates a prediction from 

previously calculated state and weight merges it with new measurements [15, 16].  Because 

the new values can be updated using only the previous state the method becomes efficient. 

The KF can be used to calculate the position entirely on its own but in this thesis it will only be 

used to smooth the inaccuracy in the calculated positions [17]. 
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3.2 Used Algorithm 
We will implement an algorithm that is a hybrid between TDOA and AOA as explained in detail 

below.  

3.2.1 Specification of the Positioning Algorithm 

Certain requirements were made for the implementation of the positioning algorithm 

regarding what source of data the calculations are based upon and how the calculations are 

made. The final solution needs to be able to calculate the position using TDOA and AOA. Also 

the calculation should take into account the variance of the sources. This means that less 

reliable sources will have less effect in determining the position of the asset even though they 

hopefully will make the final estimated location more accurate.   

3.2.2 Final Algorithm 

The final algorithm follows the specification of the section above and it is the one use in the 

testing in the next chapter of the report. The calculation uses a hybrid algorithm between 

TDOA and AOA and estimating the position using a least mean square method. The algorithm 

uses a tight integration scheme which combines the information directly within least mean 

square calculation. This method in general outperforms a loosely integrated one which means 

that you use that TDOA and AOA separately to calculate the position and then integrate them 

[4]. The algorithm was chosen because it is well used, tested and documented. 

 The final method used to calculate the position for this project is a least mean square 

algorithm that takes both TOA data and AOA data. To start with, the algorithm needs a 

definition of when it is close to the target. The target is to pick coordinates that minimizes this 

definition for all given hyperbolas and lines. 

 

Figure 4, illustration if physical quantities in the coordinate system. 
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 When you use both TDOA and AOA, two minimizing definitions are required one that 

minimizes TDOA and one that minimizes AOA. The minimizing expression for AOA is the based 

on the following statement.  

      

    
  
      

    

 
                        

Then you get the following minimizing expression for two dimensional AOA equations. 

                         

But for a three dimensional system you have to take the z coordinate in to account as well. 

This means that you also have to use the angle between the direction vector and its projection 

on the XZ-plane which calls for the following modifications to the algorithm have to be made. 

                         

The angle β is between the direction vector and the XY-plane. It can be approximated in the 

same way as α if you have an additional antenna. In this thesis the definition of how it is 

calculated is explained but it is not used in any simulations due to problems with the z-

coordinate not converging, this is further explained in section 5.1.2. This however only 

minimizes the x and y coordinates error to minimize the z coordinate error the following have 

to be added.  

The following is derived from the illustration and known trigonometry. 

                     
 
                          

      

    
 
      

    

 
                          

      

    
 
      

    

 
                          

To make the expression that needs to be minimized for AOA we have to put them together. 

                              

                          

                           

And to the minimizing expression for TDOA is the following for two and three dimension. 
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The total cost functions for the two algorithms are the following. The two methods can here be 

merge together differently. This is done for example when both methods are not equally 

reliable. But in this thesis work both are valued equally.  

                 

                        
 
    

  
  
     

 
    

  
  
    

 

         

                            
 

   

 

                        
 
 
 
   

  
  
  
     

 
 
 
   

  
  
  
    

 

         

                                                     
   

                           
  

Then to estimate the position iteratively using the least mean square algorithm the following 

function is used to calculate the new estimated position. For each step     the position is 

converging towards the correct location. The algorithm is stopped when the step is small 

enough. 

    
 
 
 
    

  
  
  
    

                   

Where the follow in variables are: 

                         

                                          

                                          

                     

   
       

 

   

 
 
 
 
 
 
   
 
   
 
 
  
 
 
 
 
 

 

 
 
 
 
 
 
   
 

 
   
 

  
 
   
 
 
 
 
 

 

The derivate matrix for three dimensions: 
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The derivate matrix for two dimensions: 

       

 
 
 
 
 
 
 
 
     
  

 
     
  

 
     
  

 
     
  

     
  

 
     
  

 
     
  

 
     
  

         
 

         

        
 

         
 
 
 
 
 
 
 

 

            
        

        
          

        
        

  

And the correlation matrix is as follows for the AOA and the TDOA data. 

    
      
     

  

        
  

  
  

  
  

  
  

  
  

  

      
   

  
   
   
    

 
  

                                               

From a computer calculation point of view we want to know the time complexity of the 

algorithm. A matrix multiplication operation has the time complexity of        Due to the 

series of matrix multiplications made each iteration the final algorithm also has the time 

complexity      . Where   is determined by the amount of anchors that have received the 

signal. This means that the computer load will be low in this case because   will be small; it will 

approximately reach three to six anchors with the set up explained.  

3.2.3 Additional Kalman Filter 

Also an additional KF will be used in the simulation with the purpose to improve the accuracy 

further[18]. The filter will use positions calculated by the positioning algorithm. The generic 

model is described as follows: 

                 

           

Where    is the state of the system at time t and the transition matrix is      in the transition 

from t to t+1. The observation model is defined as: 
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Where    are the vector measurements,    the transformation matrix for the state variables 

and     is the observation noise. Finally the state estimate of the system is defined as: 

           

Where     the state is estimate and    is the estimated error at time t. The following is the 

complete definition that will be used in the simulations[18]:  

                  

                  

                  

                           

                             

       

     

 
 
  
  

  

           

      

 
 
 
 

  

  
    

   

  
  

              
              

  
  

       
       

  

  
     

  

Where   
  is the model error covariance that will estimate the movement dependent on how 

long time it is between two calculated positions. The second position added will be computed 

as following: 
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Where   
  covariance of the movement and will be estimated based on previous calculations 

for the simulation.  is the covariance matrix based upon the state prediction and   is the 

Kalman gain matrix.   is the estimation error depending on both    and   meaning that the 

error will vary with the time of the calculated positions and the total movement between the 

two. The following positions added will be computed as following. 

          

                

                     

                     

                                              

        

      
    
    

  

       

  
  

      
      

  
  

           
          

  

            
     

      
  

             
      

              
     

                                 

    
                    

The KF has is also made up by a series of matrix computations which means that it will have 

the same time complexity      . This means that the total time complexity if the both are 

calculated computed after one another for each new position will also be      .
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4 Positioning System 
This chapter will go through the specification of the complete system. It will also describe the 

final solution that was used in the simulation. 

4.1 Server Programming 
Server programming can be a little different from regular programming. Their purposes are 

often to serve many clients at once and have to be effective while doing it. That is why making 

a server application demands a good structure that can handle the extra stress. 

Most server applications are run on a multicore or multiprocessor system. This makes it very 

important from a performance perspective that a program uses a concurrent architecture. 

There are many different models for how a concurrent system should work. One of them is 

pipelining. Pipelining means that processes or threads start working on a part of a task and 

then hands that part over to the next thread. It could be viewed as an assembly line, with one 

worker adding one part only and then shipping it over to the next worker that adds another 

one and so on. How many threads a pipeline has and uses depends on what it is meant to do. 

Another model is a worker consumer system. This means that the worker creates a task and 

puts it in a queue, where a worker can get it and complete the task. This is somewhat similar 

to a pipeline but in the pipeline the thread hands the results of its work directly to another 

thread. 

4.2 System architecture 
The purpose of this thesis is to construct a positioning calculation and storage application 

server for a positioning system.  

4.2.1 Specification 

The application has many requirements to fulfill. All of them are going to be explained in this 

part of the paper. They are all specified by the employer who requested this thesis work to be 

done. 

1. The first requirement is that it has to be able to get position data from a sensor 

network. This data should then be used to calculate the position of a node in the 

network. An example of this is illustrated in the following picture. This is done by the 

positioning server component in the illustration. 
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Figure 5 Illustration of complete project. 

2. The second requirement the system has to fulfill is to be able to take positioning data 

from GPS communicated through GPRS. This requires the application has to be able to 

take incoming connections and data transfers. It also has to be able to communicate 

with a remote sensor system with data sent in the same way. Both these connections 

have to be secure to ensure that the traffic can’t be intercepted and observed. This 

requires the implementation of encryption on each communication. The following 

diagram displays how all parts of this requirement will fit together.  

 

Figure 6 illustrate one set up of the project with different facilities. 

3. The third requirement is a set of configuration that has to be handled. One with two 

separate sensor networks with each of their own setup of positioning server and data 

base. The databases will be mirrored and also have a remote backup. The other one is 

a completely remote positioning server from one or more local sensor networks. 
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Figure 7 illustrate a cloud set up of the project. 

4. The fourth and last requirement is concerning performance. One physical server 

running one server application needs to be able to handle 10 000 nodes. To have the 

possibility to handle work sites containing a large amount of assets for example large 

conferences where you want to track guest’s movement and idling.  

 

4.2.2 Server Application 

In this section the structure of the final server application is described and how it will handle 

all the requirements. The following list contains a basic description of how each requirement 

will be handled.  

 The first requirement: handling position data and calculate a position. This will be 

done using the positioning algorithm presented in the previous chapter.   

 The second requirement: be able to handle incoming position data from a remote 

location securely. To do this the server application will be listening for incoming 

locations form the network. When one is received the application will request a secure 

communication, depending on configuration, that the connection is encrypted. 

 The third requirement states that the application needs to be able to handle incoming 

connections from remote location which also includes remote nodes, such as GPS-

nodes. This will be solved similar to the second requirement. The server will listen for 

incoming connections and when it gets one it will require it to be secured. Then it will 

write the incoming positions to the database. 

 And the last requirement says that that the performance has to be good enough. To 

manage that the application server will be threaded to be able to do more than one 

calculation at the time when position data from more than one node is received. 

A basic overview of the system is illustrated as follows: 

DataPosition serverSensor network

 

Figure 8 illustrates a basic over view of the project. 
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The data originate in the sensor network and is then passed to the positioning server. The 

positioning server will then evaluate how the data should be handled and then store the 

results. The data result will be stored in a database. 

4.2.3 Dynamic Setup 

To make the server as dynamic it has to be able to tell how to handle different types of data it 

receives. To make this possible the server follows a certain pattern for all connections. Security 

handling aside the server will only wait for connections and when one is received, a data 

stream is started. The stream will then send the packages containing an identifier that will 

represent what kind of data it contains. Based on that identifier the server will know how to 

handle the package for example if it is data to be calculated or a sensor value, etc. So to 

communicate with the server the application or device only has to follow the identifier code 

and communication protocol. 

4.2.4 Data Flow 

This is the flow of the incoming data until it is stored in the database. Considering a case when 

there is a sensor network and a node this is how the data, sent by the sensor network will be 

evaluated. The starting point is the anchor that sends data collected from a node. It is first 

added by the system and put into a queue. The first part can be viewed as a sub process 

because it has to be done for every incoming packet. But not until all the related packages has 

been collected as illustrated below. 

Sub process for every incoming packet.

Start
Is the data 

suppose to be 
calculated?

Put incomming 
packet queue

Write to database
No

Is the data 
supposed to be 
sent to remote 

server?

Yes

Send to remote 
server.

YesCalculate position No

Stop

Collect all related 
incoming packages.

 

Figure 9 shows an illustration of the data flow in the positing server. 

Depending on what data the packets contains, either position data or TDO/AOA data, the 

packets is either written to the database or handed over to the next stage in the flow chart. If 

the data is supposed to be handled by a remote system it forwards to that system through the 

server’s remote server interface. If that is the case the process stops there, otherwise all the 

positioning data from the current instance of the node is collected. And for the last step the 

position will be calculated using the collected information and then the result is written to the 

database.  

4.2.5 Server Process 

The collection algorithm is the backbone of the positioning servers operation. It is made 

complicated by the fact that it is real time dependent. When collecting timestamps you have 

to wait a given amount of time before all the data collected from one node can be used to 
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calculate a position. You want to make sure that all the data from one transmission is collected 

so that you can calculate a position that is as exact as possible. The amount of time in this 

particular system is set to 0.1 seconds. This was decided within the project to be a reasonable 

amount of time to wait. Because it is enough time for the signal to reach all potential anchors 

and the time is short enough to not interfere with the next transmission.  

To achieve this functionality the algorithm is made up by three stages working like a pipeline. 

Each stage is running simultaneously on the server and works like a producer and consumer at 

the same time. This means that even if one part takes less time it can pile up work for the next 

stage in queues. The queues then become an efficient way of detecting when the application 

reaches its maximum capacity. This is because then the server has reached its maximum work 

capacity and can not handle more input at the time the queues will start to pile up. The first 

stage is the Input following the Time Waited stage and last is the Calculation stage.  

Input Stage: 

        

                            

                 

                           

                               

                                

                              

                    

     

                            

                             

Time Waited Stage: 

                            

                          

                       

                     

                          

                           

                                

Calculation Stage: 

                            

                 

                        

            

                               

                             

                               

                  

                      

                                 

                         

                                

Table 1 presents the pseudo-code for the positioning server pipeline.   

In the input stage all the data is sorted according to what node it belongs to.  So each packet 

that is received at the positioning server is stored in a location with all other data from the 

same transmission. Then when stored data has been stored for more than 0.1 second the time 

waited stage will remove the possibility to store more data in that storage space. This is done 

by removing the address from the location data structure. The time waited stage also adds all 

data collected during the time period to the queue of the calculation stage. Finally the data is 

used to calculate the position in the calculation stage.  

4.2.6 Security 

For security purposes the option to encrypt all communication with the server has to be 

available. Intruders will be able to retrieve the position of the nodes by listening in on the data 

stream if the communication is not secure. All anchor data like node number, timestamp and 

sensor value will be encrypted to prevent this. 

There are several types of methods to encrypt data, all with different properties. The different 

properties that are of most value for this stage of the project are; encryption strength, 

computational consumption and maintenance. There are a few well known encryption 

methods that are also considered to be good candidates because of the hardware constraints 

that will be described, the first is RSA. This method uses one public and one private key; this is 
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a one direction encryption and is not really suitable for this purpose[19]. But it has one 

property that is favorable, namely, the keys can be distributed dynamically by the positioning 

server for each new connection. This will put maintenance to a minimal but one of the 

drawbacks is that two-way communication is needed. Another one is that how secure it is 

depends on how large the key is, which means it less secure if you need to have a smaller key 

because of lack in computational power in the anchor. RSA can not help with verifying who is 

trying to connect, meaning that some type identification would still be needed, otherwise can 

someone spoof an anchors identity and that way detect and listen to the communication. 

The third method would be using a key changing algorithm which means that you securely 

exchange a key to encrypt the data[19, 20]. This would give all the positive aspects of RSA but 

is also two directional instead of just one. Drawback is that the method suffers from the same 

spoofing problem as RSA. 

Another method is Advance and Data Encryption Standard (AES) it is very secure for large keys. 

AES uses the same key to encrypt and decrypt the data[19, 21], so if the key is compromised it 

has to be changed. Every anchor would need its own key witch has the benefit that all the keys 

do not have to be changed if it is compromised. But if it has to be changed it is the key that 

physically has to be changed which means high maintenance compared to RSA. 

For the current implementation AES 128 bit has been selected. This has been decided with in 

the project to be the most suitable to use on the anchor hardware for now. This means that 

the keys have to be stored on each machine and have to be synchronized. And each time a 

new anchor is added a key has to be set and given to the positioning server.  
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5  Simulation and Results 
This chapter will describe how the simulation of both the positioning algorithm and the whole 

positing system will be performed. Also will the results recorded during the testing and 

difficulties encountered be presented. 

5.1 Positioning 
The positioning algorithm has to be evaluated so that its accuracy will be known. The algorithm 

is going to be evaluated in a typical user case explained below and tested with dummy data 

generated using different parameters. 

5.1.1 Configuration setup 

To generate simulation data we need to know the layout of the sensor network. As described 

in chapter 3.2.2 we need the coordinates of the anchors to calculate the position of the node. 

Two setups will be tested one in the shape of a corridor and one in the shape of a larger room 

like a factory floor. In both cases we want to know how to reach the best accuracy. But we also 

want to know where the best accuracy is in the sensor network. We want to know this because 

if you have for example something you want to track with very close accuracy you want to 

place that in the room where this is possible. This could be for example a conveyor belt or an 

assembly line. Initial testing of anchor placement showed that the following placement, along 

the sides of the room would give a good result so both configurations where setup in the 

following way. 

 

Figure 11 displays of the corridors layout and 
placement of the anchors and nodes in the test 
system. The anchors are placed along the sides and 
nodes within the borders of the room. 

In Figure 10 the layout of the room configuration is displayed with anchors on each corner 

(standard configuration) and extra anchors on each wall. Figure 11 displays the layout of the 

corridor configuration with four anchors in the corners, (standard configuration) and extra 

anchors along the length of the corridor. In the simulation each anchor are fitted with one 

extra antenna placed a known distance from the original one. The anchor will be turned 

Figure 10 displays of the room layout and placement of 
the anchors and nodes in the test system. The anchors 
are placed along the sides and nodes within the borders 
of the room. 
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towards the room so the maximal accuracy for the AOA data can be achieved. The position will 

be calculated for nodes placed in an evenly distributed grid across the room. The position for 

each node will be calculated a thousand times to get a good reading of the variance of the 

location in each position. 

The margin of error for calculating the variance in the 99th percentile in the way described is 

0.04 meters. Given that the initial variance is 0.2 meters and the margin of error can be 

calculated as follows by its definition: 

                  

       
 

       

       

        

         
 

 
          

    

    
          

5.1.2 Dimensions 

In early testing my calculations showed that three-dimensional (described in chapter 3.2.2) 

calculation using this algorithm and configuration of the system was inaccurate. Due to the 

large variation in position of the x and y position (100 meters) at the same time when you have 

a small variation in the z position (1-2 meters) between the node and the anchors the z 

algorithm becomes inaccurate. The algorithm uses the difference between the z position of 

the anchors and the guessed position.  When these two positions are close the estimated step 

becomes very large making the probability of the algorithm converging very low. When the 

initial test showed these tendencies, it was decided to change the final algorithm to only 

calculate the x and y position.   

This posed another problem, the added inaccuracy when calculating the position in only two 

dimensions (described in chapter 3.2.2), when the data is generated using the true distance 

that includes the difference in the z position. This was later ignored due to the following graph. 
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Figure 12 plots the maximum position error caused by elevation of the anchors. The error is on a logarithmic scale 
staring at 0.45 m and closing in on zero. 

The calculations are made based upon a scenario where the difference between a human 

carrying the node in its pocket approximated to one meter of the ground and the anchors 

place in 2 meters of the ground. The largest added inaccuracy is when a node is close to an 

anchor with a maximum of 0.45 meters. This large inaccuracy is encountered when the node is 

located close to the anchor but is rarely above half a meter. This makes this inaccuracy 

assumed to be background noise. Because of this the simulation will be made with the two 

dimensional algorithm. 

5.1.3 Simulation Noise 

In all simulation data a noise is added to simulate a real situation. The noise consists of two 

parts as explained in section 3.1 . The meaning of the expression noise in the simulation it 

means the total noise meaning the hardware noise and the surrounding noise.  

                                      

It is assumed to be a random Gaussian, zero mean white noise with the specified variance. For 

each simulation the variance will be set to 0.2 meters which is the known variance measured 

for the current hardware that will be used in the final sensor network. 

5.1.4 Time Difference of Arrival Simulation Data 

The set up that is explained in the section before is used to create the simulation input data for 

the evaluation. The TOA is calculated between the actual position and every anchor around it. 

The amounts of anchors that are used differ for each simulation.  Then the noise described in 

section 5.1.3. 
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For anchors with multiple antennas the TOA is calculated for each antenna with each antennas 

position. 

5.1.5 Angle of Arrival Simulation Data 

The AOA input data is calculated with the formula described in section 3.1.4. But the 

positioning algorithm also needs the variance of this data. But due to that, this formula can 

only be used to approximate the angle we will get resulting in an even poorer approximation 

when we add noise. To calculate the variance we use a large number of generated time stamps 

with a random noise for evenly distribute positions around an anchor. Then the following 

calculations are done to get the variance.  

         

                          

                     

                   

                                       

                                         

                            

           

       
  
 
              

       
     

     
             

      
        
 
   

 
                                 

By plotting the variance around the anchor it is possible to see in which direction the best 

angle accuracy can be achieved.  



Simulation and Results  

 24 

 

Figure 14, displays the variance measured in decrees (°) for each evenly distributed position around an anchor. 
The anchors antennas are place in parallel to the x-axis and the figure shows that the best AOA value will be 
achieved above or below the antennas. The colorbar shows the variance of the position in meters (m). 

As seen in Figure 14, when an anchor is placed with its antennas 

aligned in parallel to the x-axis the most accurate AOA data can 

be achieved above or below the antennas. This means that, in 

order to get the most accurate data for the simulation the 

anchors will be placed so that face (defined as in Figure 13) of the 

anchor is directed towards the room and the nodes.   

Then to get the variance that will be used as input for the 

algorithm we plot the maximum and minimum root mean square 

error (RMSE). 

Figure 13, Anchor face 
definition. 
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Figure 15 show the maximum and minimum RMSE value of different widths between the antennas on the base 
stations in degrees.  

For the simulation it has been decided to test the performance of base stations with its 

antennas 0.2 and 0.5 meters apart. From Figure 15 we can see that the maximum values are 

36° and 27° for these widths. 

5.1.6 Results: Room Setup 

First we will evaluate the room scenario. 

 

Figure 16 Chart showing the variance for each position in a room calculated using four base stations with one 
antenna each. Noticeable is that the accuracy gets better towards the middle of the room, and slightly worse by 
the walls. The colorbar shows the variance of the position in meters (m). 
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Figure 16 displays the error when calculating with the layout described earlier. In this 

simulation four base stations with one antenna each where used.  The results show that 

towards the center of the room you will get the best accuracy and towards the walls you will 

get slightly less. The accuracy is better because the variance is lower meaning that the 

estimated positions calculated during the simulations overall are closer to the nodes actual 

position. 

This is the basic case so the next step is to compare them to other more promising ones. To 

make the comparison easier I will compare the variance on a line through the middle of the 

room, starting by the left wall and going through the room to the right one. To be able to say 

that another method is better the overall error has to be lower than the basic case. 

 

Figure 17 show a comparison between the error calculated for a line through the middle of the room with and 
without the Kalman filter. 

The simulation was made the filter defined in 3.2.3 with the following observation noise: 

    
    
    

  

First we will evaluate if the Kalman Filter (described in section 3.1.7) improves the accuracy 

when it is used. Here we can see two configurations with two sets of simulation data each. 

One of each set has been calculated using a Kalman Filter. In Figure 17 we can see that the 

Kalman filter makes the variance smaller in both cases. Therefore all simulations from this 

point on are done using the positioning algorithm and the Kalman filter. 
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Figure 18 Chart displaying the comparison between multiple test cases. First three cases using only TDOA and the 
last a hybrid between AOA and TDOA. Noticeable is that the dotted line is the hybrid and it is similar at best to its 
comparable just TDOA.  

In Figure 18 we can see the variance along a line through the middle of the room for four test 

cases. First if we compare TDOA using only four antennas the results are similar to the test 

case using both TDOA and AOA. But to get AOA you need two antennas so if you are using 

those extra antennas for TDOA compare to the hybrid version the accuracy is increased, shown 

in the chart by the green line compared to the dotted one. The best accuracy we get by using 

the double amount of base stations and a total of sixteen antennas (two per base station) 

which in Figure 18 is the red line. 

 

Figure 19 illustrate the accuracy areas. 
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 10 m 20 m 30 m 

4 Base stations, 1 Antennas 0.23 0.18 0.16 

4 Base stations, 2 Antennas 0.18 0.14 0.13 

8 Base stations, 2 Antennas 0.16 0.10 0.09 

Table 2 presents the maximum error with in the area described in Figure 19. 

Table 2 shows the worst results in a quadrant starting 10, 20 and 30 meters from the wall 

illustrated in Figure 19. The best accuracy will be achieved 30 meter from the wall and when all 

the available anchors are used in the simulation. 

5.1.7 Result: Corridor Setup 

The second set up is the corridor setup. For this simulation we will use what we learnt in the 

previous section about how to improve the accuracy. Meaning that for this setup we will use 

base stations with two antennas and then try the different configurations to see where we get 

the best accuracy. 

 

Figure 20 shows the variance in accuracy for the corridor setup using six base stations. 

Figure 20 plots the variance for the corridor setup. We can see in the chart how the accuracy 

increases towards each pair of base stations. This indicates that when we add more base 

stations the accuracy will increase. 
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Figure 21, in this plot we three simulations for the corridor setup from four base stations to a total of ten base 
stations. The data represents the error of a line through going through the length of the corridor. On the two 
simulations with more than four base stations you can see a decrease in variance when close to the extra base 
stations. 

Figure 21 plots the error on a line through the room of the corridor set up. It shows a decrease 

in variance when you get close to a base station. The best simulation is the one done with ten 

base stations (red plot). 

 Max variance 

4 Base stations 1.1 

6 Base stations 0.47 

10 Base stations 0.27 

Table 3 presents the max variance in a corridor with the given setup. 

Table 3 shows the maximum variance encountered for each setup of the base stations. To 

improve the accuracy one way is to add more base stations along the walls of the corridor. 

5.1.8 Result: GPS 

By implementing the communication protocol for the positioning server I was able to send GPS 

information using an android cellphone. Because a hardware tag that sends GPS information 

does not yet exist a good way to test the concept was using a cellphone with an internal GPS. 

By implementing the communication protocol and given the data a GPS-data identifier the 

positioning server could store the position when sent. 

5.2 Positioning Application 
When testing the positioning application I wanted to know if it could handle the criteria given 

in the specification, which was that it should be able to handle 10 000 nodes. This number 

equals to 170 positions per second (pos/s) if each node transmits its position once a minute. 

And 2000 pos/s if the position is updated every five second.  To do this I had to simulate the 

data because the hardware did not exist yet and even if it did it would not be practical to 

handle that amount of nodes. 
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5.2.1 Simulated Data and Simulation Setup 

The data was generated using the formula from the positioning chapter for each adjacent 

anchor. In these simulations the amount of anchor are fixed to four with two antennas. This 

results that each position generated eight packages that had to be received, sorted by node 

and calculated by the server. To measure the maximum amount of positions the server could 

calculate per second, the amount of data sent each second where systematically increased 

over the entire simulation.  

All simulations where done on a computer with the following specification: 

Manufacture HP 

Model name EliteBook 8560p 
Chipset Mobile Intel QM67 Express Chipset 

CPU Intel(R) Core(TM) i5-2540M CPU @ 2.60GHz 
RAM 8 GB, DDR3 PC3-10600 SDRAM (1333 MHz) 
Hard drive Hitatchi HTS723232A7A364, 

Intel® Mobile Express Chipset SATA AHCI Controller 
OS Windows 7 Professional, Service Pack 1 
System Type 64 – bit Operating System 

 

5.2.2 Results 

The results are the following graph that contains all data collected during the simulation. The 

simulation was run on a single computer, so the program that sends the simulated hade to 

share the CPU power with the server application itself. 

 

 

Figure 22 Plot showing the result of the simulation. Y-axis shows the current amount for the three internal 
queues and for input/output in pos/s. The x-axis is time. Max performance is reached when the Store Queue 
starts to fill up and the Calculation rate start to even out. 

The plot contains total of five sets of data. The first three are queue data; they represent the 

total count of the three individual internal queues from the different stages in the pipeline. 

They are interesting to have in the plot because if the application reaches its maximum 

capacity one of these queues will start to fill up. For example if the application cannot handle 

the amount of positions that needs to be calculated the calculation queue will start to fill up 

each second. 
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Of the three queues the most likely to start show and indication of the applications maximum 

capacity is the calculation queue. This is because it is the most CPU consuming of the three. 

The input queue will only start to fill up if there is something wrong with the sorting process 

and the database queue only if there is something wrong with the connection to or in this case 

the system cannot handle the amount of data that need to be stored. 

But to find out the maximum capacity of the whole application we need to look at the two 

lines representing the amount of input and the amount of calculated positions. Due to the fact 

that the data during the simulation is sent in burst each second the load of the server is not 

even.  Because the load jumps a lot between no activity and maximum activity a polygon fitted 

line is added as well. The input line has the similar problem but not as severe the output line. 

In a sensor network the data that will be sent to the server will be more evenly distributed. To 

give a clearer chart original data is removed in the chart that follows.  

 

Figure 23 Plot showing the same data as in Figure 22 but now whit out the burst data. 

In Figure 23 the burst data is removed we get a clearer picture of what is happening. The store 

queue starts to fill up (the red plot) when the input rate is above 7000 pos/s. Meaning that the 

database cannot store faster and the total calculation rate starts to even out around 6000 

pos/s which then also becomes the positioning server maximum calculation limit for the 

application on this test system. 

This limit translates to the following table regarding the nodes update frequency for the 

current system. 
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Amount of nodes Maximum average update frequency (Hz) 

2000 3.00 

4000 1.50 

6000 1.00 

8000 0.75 

10000 0.60 

Table 4 contains the maximum average node update time possible for the amount of nodes on the current 
system. All values are calculated knowledge that maximum capacity of the server is 6000 pos/s. 

Table 4 presents the maximum average update frequency for the current system. And for the 

target amount of nodes the average update can be up to every 1.67 second (0.60 Hz) for the 

test system.
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6 Conclusion 
In the conclusion chapter the results are discussed and evaluated, both in the individual testing 

and the total success of the thesis.  

6.1 Positioning 
The fact that the implemented algorithm was not able to accurately calculate the z-coordinate 

was disappointing. But the reason for this got  quite obvious after all initial simulations, a 

position far from the starting guessing could not be positioned in height (z-coordinate). It 

might have been possible to correct this with simple modifications like setting a maximum and 

minimum limit on z-coordinate. But the time plan did not allow it and in the end the 

positioning for two dimensions was accurate enough for this stage of the project. For future 

improvement an algorithm less dependent on the starting guess would probably be better 

when using three dimensions. 

To get the best possible accuracy the anchors need to be placed far apart and then you will get 

the best accuracy in the middle. If you want to improve the accuracy further the original 

hypothesis that a hybrid algorithm was the way to go showed to be false. It seemed at first to 

be a promised way to work, (section 2.1) but our results told a different story. This is probably 

because the test done in those reports had been made with other technologies, antennas 

further apart and longer distances between target and antenna. These results however clearly 

showed that using more antennas on the anchors and/or adding more anchors would 

definitely improve the systems accuracy. 

Different setups were made to account for different scenarios where the goal was to 

investigate what accuracy you could get and how to make it better. In the room setup the 

accuracy with the limitations of the current hardware came down to fewer than ten 

centimeters towards the middle of the room. This is a high level of accuracy and could 

probably only be drastically improved by an increased performance in the sensor networks 

hardware. In the corridor scenario the accuracy could be improved by adding more base 

stations along the walls. This is probably not cost effective but it is one method possible to use 

with the current hardware performance. 

6.2 Positioning Server 
The positioning server did work, as far as all the simulations could tell, the way it was designed 

to do. First its dynamic design makes it possible to configure to work in all setups from the 

specification. Then the sorting and collection algorithm is promising because it has a high 

throughput. When tested it could handle a lot of data and could probably handle even more in 

systems with higher performance. So to improve it or to find out its true potential another test 

system is needed. Otherwise the already high performance is more than enough for this stage 

of the project. The specification states that server have to be able to handle 10 000 nodes. 

What the actual load will be depends on how often the nodes positions are updated. But with 

the current average max load update rate for this amount of nodes can be set to less than 

once every two seconds. This is acceptable when you take in to account that every node might 

not have to be updated as often and that a stationary node might not send it position at all. 

For future tests however and running on the target system it might be possible to update the 
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position more frequently.  Also for future testing, to find out errors and bugs a fixed test that 

could be used to specify correct function and to be able to make comparable performance 

would be useful.  

Its dynamic setup makes it possible to send GPS information. If positioning information that 

have been acquired in some other way it can also be handled by system if the communication 

protocol is implemented. This makes it easy to get other products to interact with the system. 

A drawback for the system could be the handling of security. Fixed keys are a simple way to 

solve encryption but require a lot of maintenance if the keys need to be changed. Because of 

the anchors the options are limited but would in the future be a more dynamic way to handle 

keys might be desirable. 

6.3 Final Conclusion 
The final conclusion is that the implementation is suitable for use in such a positioning 

application. The reason for this is because it has promising capacity, and is very dynamic for 

any kind of setup. The positioning algorithm could be improved as suggested but will be 

enough for this stage of the project. The accuracy can also be improved by adding more 

antennas to existing base stations or by adding extra base stations. 
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8 Appendix 
Contains class structures and larger charts from chapter 5. 

8.1 Class Structure 

+Incocomming Interface() : void

Incoming_Interface

+add() : void
+get() : object

-Queue : object

Data_Que

+start() : void

Data_Collector

+put() : void
+get() : object

-Queue : object

Calc_Que

+start() : void

Pos_Calc

+put() : void

Database_Interface

+put() : void

Dist_Interface

+load() : void

System_Parameters

 

 

  



Appendix  

 38 

8.2 Class Structure Description 
 

Class Description and purpose 

Incoming_Interface The Incoming Interface will be a thread that handles all new 

connections made from sensor networks or master servers. If the 

target server is an extra calculation server that could be needed when 

there are many nodes it will use the same interface to handle 

connection from master servers. 

Data_Que Storage for incoming data while awaiting the data collector. 

Data_Collector This threaded class will collect data from the data queue and sort it up. 

For example if a node sends a signal that reaches four anchors. Four 

packages of data will eventually be placed in the data queue. All those 

packages won’t arrive at the same time so the data collector will keep 

track and sort them as they arrive, and then put them in the position 

queue (Pos_Que). 

Pos_Que The position queue will store all the collected data until a calculation is 

done with its current task and can use the information. 

Pos_Calc The position calculation thread will calculate the position using the 

algorithm described in the previous chapter. When calculation is done 

the resulting position till be sent to the database interface. 

Database_Interface The output interface called Database_Interface has the job to store the 

position. This is done by writing it to a database.  

Dist_Interface This interface can be activated or inactivated and is used when the limit 

of positions that needs to be calculated is exceeded. When in use, the 

data collector that comes across a node that is supposed to be 

calculated elsewhere will forward the data to the remote server by 

sending it to the Dist_Interface. 

System_Parameters This class will load the sensor networks predefined parameters. This 

includes anchor positions, variance and orientation. The parameters 

are then stored so they can easily be reach by each position calculation 

thread. 
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8.3 Results Chars 

 
 
Figure 16 Chart showing the variance for each position in a room calculated using four base stations with one antenna each. Noticeable is that the accuracy 
gets better towards the middle of the room, and slightly worse by the walls.  
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Figure 22 Plot showing the result of the simulation. Y-axis shows the current amount for the three internal queues and for input/output in pos/s. The x-axis 

is time. Max performance is reached when the Store Queue starts to fill up and the Calculation rate start to even out. 
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Figure 23 Plot showing the same data as in Figure 22 but now whit out the burst data. 
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