
    
 

 

 

MASTER THESIS 

 

 

STUDY OF LOCALISATION TECHNIQUES 

FOR DENSE 802.11 AVIONIC NETWORKS 

 

 

TELECOMMUNICATION ENGINEERING 

AUTHOR: CRISTIAN BLANCO GUERRERO 

 

 

DIRECTOR: OLIVER LÜCKER 

SUPERVISOR: VICTOR ARIÑO 

TUTOR: FERRAN CASADEVALL 

OCTOBER 2015 

  



    



    3 

 

 

 

 

 

 

 

 

 

 

 

“The future has many names: For the weak, it means the unattainable. For the fearful, it 

means the unknown. For the courageous, it means opportunity.” 
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ABSTRACT 

Localization techniques in indoor environments have become an important field of 

study due to the tremendous growth of wireless local area networks (WLANs), and that 

growth is being possible through the Standard IEEE 802.11.  

The aim of the project is to study the different localisation algorithms used in wireless 

technology. Knowledge of the physical location of one device can be useful in various 

ways (e.g. network configuration, network maintenance). In order to locate the target 

unit, the method studied relies on the double differentiation of four parameters, referred 

to a set of nodes, and called arrival times. This basic principle characterises the 

Differential Time-Difference of Arrival (DTDoA) techniques. 

In this Master Thesis, and for the "in cabin" location purpose, a simulator has been 

created, representing the aircraft seat map with the different Screen Units (SU). 

Different algorithms have been used, on top of DTDoA, to estimate the physical 

location of the SU, taking into account that the most important aspect in this kind of 

environment is the accuracy. 
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1.  INTRODUCTION 

1.1.   Introduction 

Nowadays, one of the most popular technology for localizations is the global 

positioning system (GPS/GALILEO). Unfortunately, GPS does not perform well in 

urban canyons, close to walls, buildings, trees, and in underground/indoor environments 

due to the signal from the GPS satellites is too weak and is easily attenuated, making 

GPS ineffective for indoor location. 

On other side, the IEEE standard has been a tremendous success since it was born in the 

late 90s. Such 802.11 networks are being deployed nowadays inside airplanes for 

passenger connectivity and In-flight Entertainment, where terminals may be very 

densely distributed. Knowledge of the physical location of the wireless passenger 

devices can be useful in various ways. 

This network proliferation alongside with the effectiveness of GPS, has contributed to 

increase the interest on developing location ware technologies. Location techniques are 

then the basis for a new class of services, called Location Based Services (LBS), aiming 

to provide services like emergency and rescue assistance, security, protection and 

control, users location and navigation, and so on, in different scenarios as shopping 

malls, hospitals, airport, airplane and university campuses, etc. 

Having in mind the complex nature of indoor environments like small environments, 

big number of terminals, obstacles… results in the appearance of non-line of sight 

(NLOS) scenarios. For getting good and accurate results, a positioning system must be 

able to handle these problems and, on other side, being able to provide results with high 

accuracy, one of the most important and determinant factors in indoor location. 
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Several techniques are used for the indoor localization purpose, the prominent one being 

Lateration. In this technique, three or more sensor nodes are responsible to track the 

target in the area.  

For location purposes, the distances between the device and the sensor must be 

measured (ranging). Different approaches are used to compute the distance, like 

Received Strength Signal (RSS), that rely on power measurements but have low 

accuracy. It is possible to increment the accuracy with the Fingerprinting technique but 

it requires very high computation. Another approach is based on time of arrival 

measurements that increase the accuracy [1]. However, the most common methods that 

use this technique requires node synchronisation that implies additional wired 

infrastructure or wireless protocols with the result of more energy consumption, higher 

bandwidth and computation resources. Therefore, a system based on time of arrival able 

to work without any synchronisation across nodes result very interesting in the indoor 

localisation field. In that sense, the method studied in [2] relies exclusively on reception 

timestamps and does not require any from node synchronisation. 

1.2.  Background 

Location Based Services (LBS) are leading a big number of research and investigation. 

The main techniques used for localization are: Received Signal Strength (RSS), Angle 

of Arrival (AoA) and Lateration-based techniques or Time of Arrival (ToA). 

In RSS, the different distances are measured using the path loss that a signal has when 

it’s being propagated trough the space. In [3] it is mentioned that the better algorithm 

that can be used in LBS is RSS, but despite RSS technique it’s one of the most 

important, is not the most accurate. In [4] an analysis of the RSS technique including 

the influence factors such as: reflections on metallic objects, superposition of electro-

magnetic fields, diffraction at edges, refraction by media with different propagation 

velocity, polarization of electromagnetic fields, etc., is shown. By using measured link 

quality indicator (LQI) as distance estimation, the theoretical model had an error of 2.6 

m and in a real environment they get 5.3 m. 

As can be seen, RSS is not very accurate because of complexity of the calculation of the 

path loss due to appearing factors like fading. Different studies [5] [6] evidence that it’s 
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possible to improve the accuracy of this method using a high number of Access Points 

(AP), from down below anchors, with fingerprinting maps and using algorithms based 

on Weighted Centroid Location (WCL) [5] method with Commercial on The Shelf 

devices (COTS) achieving an accuracy of 1m but with a higher computational effort. 

Another class of approaches is based on time measurements [7]. As signals travel at 

constant speed, the relation between reception time and distance is tighter than for 

received power, therefore, time-based localisation is intrinsically superior to RSSI-

based methods in terms of potential accuracy [2]. In [8] the authors propose 

modifications in the OFDM receiver for the ToA (Time of Arrival) detection and they 

validate their approach in a MATLAB simulation. The localisation error indicated by 

the simulation is in average 2 m. At the 60 GHz band, it is developed in [9] a system 

based on ToA using OFDM baseband processor, with data rates up to 3.9 Gbps and 

resolution up to centimetre range. As node synchronisation is very decisive in ToA 

methods, asynchronous techniques have been studied (e.g. using linear least squares 

[10]). Using Time-Difference of Arrival (TDoA) the synchronisation between the 

device and the access point (AP) can be avoided, but still needs tight synchronisation 

between the anchor nodes for an accurate localisation [11].  

In order of being able to locate devices using COTS, these limitations must be 

overcome. In [12] it is developed a DTDoA (Differential Time-Difference of Arrival) 

algorithm for Bluetooth indoor localizations system that consist of sending a data packet 

containing a correlation code. Then, the mobile answers by sending the same data 

packet again. In that way it is possible to achieve an accuracy of 1 m. In [13] the authors 

create a DTDoA algorithm for WLAN timestamping platform called Smart Integrated 

Localisation Extension (SMILE), which omits the usual concept of cross-correlation in 

a central entity. Localisation is done at physical layer and achieves an accuracy of 20 

cm. 

Furthermore, with the emergence of protocol 802.11ad, which uses beamforming, 

Angle-based techniques are being studied. In [14] the authors have explored the ability 

of simple statistical models to capture key features of indoor MIMO wireless channel 

using Angle of Arrival (AoA). 

Note that in all the main previous work on time-based localisation in asynchronous 

networks rely on the knowledge of tight control of transmissions times and anyway 
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require some form of involvement by the tracking device, furthermore it is done in the 

physical layer. To avoid this issues, in [2] the authors create a DTDoA algorithm for 

COTS receivers, without any additional clock synchronisation mechanism with sub-

meter accuracy, in an application layer. 

1.3.  Objectives 

The main goals in these thesis are to investigate and study the state of the art in the field 

of localization algorithms for 802.11 networks, best-practice approaches for the 

algorithms, effects of localization on the 60 GHz band, evaluate achievable localization 

accuracy with some candidate configurations and algorithms, suited for localization in 

the dense aeronautical environment, implementation of a simulator of best localization 

algorithm, in order to simulate concrete scenarios and then improve the selected 

algorithm for our use case. 

1.4.  Timetable 

The master thesis has to be completed in a period of six months. The planning for this 

thesis has been done as follows (Table 1.1):  

Month 1 &Month 2 Month 3 Month 4 Month 5 Month 6 

- Research of state-

of-the-art in the field 

of localization 

- Localization 

Algorithms 

- Algorithm 

design 

- Python 

simulation 

- First basic 

scenario 

- Finish 

implementation 

- Multi-path 

Simulation 

- Simulate 

concrete 

scenarios 

- Improvements: 

implementation 

and evaluation 

- Writing and 

reviewing 

Table 1-1, Timetable 

During the first two months, a research of state-of-the-art was done in order to get 

acquainted with the different localization techniques, taking into account which are the 

most useful localization algorithms, and research for theoretical knowledge about this 

field. 
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In a second stage, in the third month, the selected algorithm was implemented in a 

python environment resulting in the first basic scenario with line of side (LOS), three 

anchors, the tracking device, hereafter blind node, and one anchor working as a pivot. 

After the implementation of this first scenario, a research of the effect of multipath in 60 

GHz were done and added to the basic python simulation obtaining a complete 

localisation simulator for this frequency band. 

In a third stage, in the fifth month the localisation simulator was adapted for our “in 

cabin” scenario, with the improvements and the considerations necessary to 

particularize the general location simulator. 

Once all the objectives were accomplished, the results obtained were documented and 

the master thesis was written. 

1.5.  Document Structure 

The rest of the thesis is structured as follows: Section 2 summarizes the different 

location techniques, algorithms and performance metrics alongside the important 

aspects of protocol 802.11ad. In the section 3, the implementation of location system is 

given, describing the mathematical formulation of the tracking methodology step-by-

step, for a basic scenario of receive-only anchors. In this section can be found the 

different scenarios that will be simulated (LOS and NLOS). Section 4 presents the 

implementation on Python software of the tracking system and the results obtained from 

the simulations of the full system. In the final section, concluding remarks and future 

directions are discussed.  
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2.  LOCALIZATION 

 

With the growth of demanded rates due to the dense number of users inside airplanes 

and the higher throughput needed by multimedia data streams, new technologies are 

being studied on the basis of IEEE 802.11 standard. Services like location aware 

technologies, location estimation, location identification, etc., are being developed. 

Among the different protocols in the 802.11 standard, the protocol 802.11ad has been 

created for high transfer rates and that is the reason because localization services using 

this protocol have been studied in this master thesis. 

2.1.1.   Protocol 802.11ad 

Wireless Gigabit Alliance (WiGig) has developed a specification for wireless 

transmission of data in the 60 GHz band (between 57 and 66 GHz) at speeds in the 

multi-Gigabit range. This band enables high performance wireless data and offers 

transfer rates up to 600 Mbit/s, about as fast as 8 antennas in 802.11ac transmission, and 

nearly ten times faster than the highest 802.11n rate, while maintaining compatibility 

with existing Wi-Fi devices.  

To achieve these high transfer rates, the 60 GHz band is used due to the availability 

worldwide. In this band, short-range wireless links are used in direct line of sight 

(without obstructions such as walls or ceilings) using small wavelengths (approx. 5mm). 

Despite the benefits, the 60 GHz band have two important disadvantages: high 

attenuation of the propagated signal (e.g. 68 dB for 1 m, 91 for 10m) and oxygen 

absorption. 
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In order to get over this disadvantages, beamforming can be used to increase the power 

received in the receiver, focusing the transmitted beam. 

Among the specifications of the protocol 802.11ad, the most important are:   

•   Bandwidth of 2,16 GHz 

•   Physical layer enables low power and high performance WiGig devices, 

guaranteeing interoperability and communication at gigabit rates 

•   Support for beamforming, enabling robust communication at distances beyond 

10 meters. The beams can move within the coverage area through modification 

of the transmission phase of individual antenna elements, which is called phase 

array antenna beamforming. 

   Channels 

Four channels are defined for this band and the central carrier frequencies assigned for 

each channel are defined in table 2.1, but they are not universally available. The second 

channel is available in all regions and is, therefore, used as the default channel. 

Channels Center [GHz] Min [GHz] Max [GHz] 

1 58.32  57.24 59.4 

2 60.48  59.4 61.56 

3 62.64  61.56 63.72 

4 64.80  63.72 65.88 

Table 2-1, Channels in 60 GHz band 

2.2.  Location Detection Families   

 In wireless based localization systems, there are different technologic approaches 

usually considered: Lateration, Proximity and Angulation as show in Figure 2-2. 
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Figure 2-1, Location Systems 

2.2.1.   Proximity [15] 

Proximity detection or connectivity based is one the easiest techniques to implement a 

location system. The target is located depending to the access point (AP), called cell of 

origin (CoO), it is connecting to. When different APs detect the target, it simply 

forwards the position of the nearest AP where the strongest signal is received. 

Therefore, the system accuracy is related with the range and the number of the APs in 

the system, taking into account that there is a limit for the accuracy even the number of 

APs increase.  

This technique requires a very high cost due to the infrastructure needed. 

2.2.2.   Lateration [15] 

Lateration or Trilateration is the process of determining locations using the distances 

between target location and reference locations and computing the intersection point 

(figure 2-3). 

 This method is based on the measurement of the propagation-time. 

Location	  
systems

Lateration Proximity Angulation
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2.2.3.   Angulation [15] 

Angulation estimates location coordinates using the angles formed between the target 

location and the reference locations or AP as can be seen in the method "Angle of 

Arrival" in the section 2.3.2. 

2.3.  Location techniques and algorithms 

Starting from the previous classification, the location families can be divided as is 

shown in the figure 2-4. 

 

Figure 2-2, Location systems and Techniques. 

Location	  
systems

Lateration

Signal	  Strength

RSS Fingerprinting

Propagation	  
Time

ToA TDoA DTDoA

Proximity Angulation

Received	  Angle

AoA

Figure 2-2, Trilateration estimation 
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2.3.1.   Signal Strength 

Signal strength can be measured at receiver side when a signal is transmitted and 

received in the AP. The strength between the power received (Prx) and the power 

transmitted (Ptx) signal is related through the attenuation of the path. Using this path 

attenuation or propagation loss, it is possible to find the distance between the two nodes 

as long as the transmission power is known. 

   Received Signal Strength 

Received Signal Strength (RSS) is the technique used to calculate the distance from 

attenuation, called trilateration through propagation model. 

According to Friis’s free space transmission equation, the detected signal strength 

decreases quadratically with the distance to the sender [5]: 

P"# = 	  P&# ∙ G&# ∙ G"# ∙
λ
4πd

-

 
( 1 ) 
 

Where: 

Ptx = Transmission power of sender 
Prx = Remaining power of wave at receiver 
Gtx = Gain of transmitter 
Grx = Gain of receiver 
λ = Wave length 
d = Distance between sender and receiver 
  

RSS methods have a low accuracy since in real environments the received power is 

affected by different factors like reflections, superposition of electro-magnetic fields, 

refraction by media with different propagation velocity, polarization of electro-magnetic 

fields and fading, among others. These factors produce fluctuations in the received 

signal affecting the accuracy. 

   Fingerprinting 

In order to improve accuracy of RSS-based methods, fingerprinting technique use 

detailed power loss pattern models in specific environments. 
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Fingerprinting requires a robust RSS database to create signal strength maps, collecting 

features of the scene at every location. The location of an object is determined by 

matching online measurement with the closed location against the database [15]. 

 

Figure 2-3, Fingerprinting technique [16] 

2.3.2.   Received Angle 

The main variables measured are the angles between target and reference locations.  

In order of being able to use this technique, special hardware is needed. 

   Angle of Arrival  

AoA is a method to measure the angle of arrival between the target and the different 

base stations. Once the different received angles are determined, comparing the 

direction of signal arrival with a reference orientation, the position estimation can be 

computed. The receiver may also know it is own orientation for better angle 

measurement [17].  

 

Figure 2-4, Angle of Arrival Technique 
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Once the angles are measured, geometric relationships can be used to estimate the target 

location. 

For being able to use this method, highly directional antennas or antennas arrays are 

required. Also AoA is affected by NLOS propagation of signals and multipath. 

2.3.3.   Propagation Time 

Propagation time is the time duration of a signal from it is send by transmitter until it 

reaches the receiver. Due to the propagation speed through the space is constant (c	   =

	  3e8	  m/s), it is possible to find distance using propagation time. 

Propagation-based techniques have the better accuracy [1], due to the relation between 

time and distances is tighter that for received power, but it must be mentioned that every 

nanosecond of inaccuracy causes approximately 0.3m ranging error. 

   Time of Arrival 

ToA is used in centralized communications systems. This ranging method measures the 

distance between transmitter and several receivers (at least 3) using the arrival time in 

the receiver. Once the different distances are calculated, lateration technique can be 

used to estimate the target position.  

In this method, all nodes must use a common synchronous clock reference, for this 

reason the system is highly affected by device clock inaccuracy, APs clocks inaccuracy 

and calibrations delay. 

Localization can be done using two different methods: one way ranging and two way 

ranging. 

From one side, in one-way ranging, the transmitter timestamps the packet. When the 

packet arrives to the receiver, the difference between the received time and the send 

time timestamped in the packet is made, and the distance computed using the travel time 

(time of flight) of the signal. 

From other side, in two-way ranging, node ‘A’ sends a packet to node ‘B’ and the latter 

answers back with a reply packet, including the processing signal time between the 

reception and the transmission of the reply packet. Making the difference between the 
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transmission time and the receiving time and subtracting the processing time, time of 

flight is determined and, therefore, is possible to compute the distance between ‘A’ and 

‘B’.  

This method requires that the tacked device take an active part in the ranging phase, 

alongside an accurate knowledge of both transmission and reception times, but does not 

require clock synchronisation between the nodes [15]. 

   Time Difference of Arrival 

In this method an emitter node can be localised using a set of receivers in known 

positions, measuring only the receiving time. TDoA does not require synchronization 

with the target node, but it does between the set of receivers. 

   DTDoA 

DTDoA relies exclusively on reception timestamps collected by the anchor nodes, 

according to their local clocks, that overhear packets transmitted by the target node and 

by other transmitting node in known position [2]. For that purpose, an extra receptor is 

required to work as ‘pivot’.  

Localisation can be done in a physical layer using a signal correlator [7] [18] or in the 

application layer using IP packets. 

DTDoA omits the requirement for highly accurate clock synchronization between the 

target nodes and anchors the same way as between the different anchors, due to the 

measurement of time differences [13]. 

2.3.4.   Comparative table 

In Table 2-2 key performance of the different methods are summarized.  

Taking into account that the main purpose is to localize screen units inside airplanes and 

processed the data offline, DTDoA method meets the requirements needed due to the 

high accuracy compared with Proximity and Angle of Arrival and does not requires a 

high computation (instead fingerprinting) nor node synchronisation.  
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Measurement 

type 

Indoor 

accuracy 

Line of sight 

(LOS)/ non-

line of Sight 

(NLOS) 

Affected 

by 

multipath 

Notes 

Proximity: 

Signal type 

Low to 

high 

Both No - Accuracy can be improved by 

using additional antenna. However, 

it will increase the cost.  

- Accuracy is on the order of the 

size of the cells. 

Angle of 

arrival (AoA) 

Medium LOS Yes - Accuracy depends on the antenna’s 

angular properties. 

- Location of antenna must be 

specified. 

Time of arrival 

(TOA) /Time 

difference of 

arrival (TDoA) 

High LOS Yes - Time synchronization needed 

- Location of antenna must be 

specified 

Differential 

Time of 

Difference 

Arrival 

High LOS Yes - Location of antenna must be 

specified 

- AP working as Pivot is needed 

Fingerprinting

: Received 

signal strength 

High Both No - Need heavy calibration 

- High computation required 

- Location of antenna is not 

necessary 

Table 2-2, Comparisons of indoor location techniques [15] 

2.4.  Performance Metrics 

The performance criteria associated with localization systems can be classified into the 

following areas [15]: 

•   Responsiveness: this property determines how fast can react the tracking system 

when the target is moving.   

•   Scalability: this property suggest how well the system performs when a huge 

number or targets are being tracking at the same time. 
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•   Coverage: to determine the performance area of the system is important to 

evaluate the effectivity of a positioning system.  

•   Adaptiveness: adaptiveness refers to how the system can cope with 

environmental influence that affect the localisation. Systems able to adapt to 

environmental changes can provide better accuracy compared with systems that 

cannot adapt. 

•   Security and privacy: personal data must be protected, that’s why the system 

should add security and privacy when different data (like user’s position) is 

being transmitted.  

•   Cost and Complexity: the cost of a location system and the complexity are 

related directly. As much complex the system (infrastructure, demanding 

energy, bandwidth used …) more expensive it results 

Having in mind this concepts, the ones applicable for our “in cabin” environment are 

scalability, due to the dense number of devices in a small space, coverage and cost and 

complexity. It can be seen that the protocol 802.11ad and the DTDoA method are the 

most suitable tools to meet this performance metrics. 

2.4.1.   Accuracy  

Inside location services based on time, a distortion of 10ns results in 3m of 

measurement error, for that reason one of the most important aspects in the location 

system design is the accuracy. Accuracy can be reported as an error distance between 

the estimated location and the actual mobile location. Sometimes, accuracy is also 

called the area of uncertainty; that is, the higher the accuracy is, the better the system is 

[15]. 

2.4.2.   Accuracy Limits 

There are several factors that influence accuracy introducing random error in the 

estimated location. The more representative are: noise term, time synchronization and 

none-line-of-side (NLOS). These factors introduce random, time and spatially varying 

errors into the estimate resulting in reduced accuracy. 

Because the introduced errors are stochastic [19], the errors can never be eliminated, but 

it is possible to mitigate these effects. 
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2.4.3.   Clock synchronization  

Clock synchronization error is introduced when the reference clock is different in two or 

more devices. Classical in time-based localization, when two wireless devices, ‘A’ and 

‘B’, perform range estimation, ‘A’ send a timestamped message to ‘B’. A basic method 

is to differentiate in ‘B’ the received time and the transmitted time using the information 

stamped in the packet send, and this is when the synchronization error could be added if 

the ‘A’ and ‘B’ clocks are not perfectly synchronized. The required time 

synchronization is too stringent for most systems.  

Some methods have been used to mitigate the impact of frequency offsets in wireless 

systems [2] using Differential Time-Difference of Arrival (DTDoA). 

   Clock Drift 

Clock drift denotes the value of the relative frequency deviation of one device because 

of the clock oscillation respect to its nominal frequency. This value can be modelled as 

a normal distribution with zero mean and, therefore, mitigated with the average of 

different samples. 

2.4.4.   Noise 

In wireless techniques, when a signal is send, it is affected by different factors that add a 

certain delay in the receiving time and, therefore, in the measured times. Noise term 

includes slowly-varying errors (e.g. fluctuations due to temperature/ electronic 

variations) and fast-varying errors (e.g., random delays in the receiver processing chain, 

truncation error, etc.). 

It is well investigated how the noise and the finite channel bandwidth affect the 

precision of the time of flight (ToF) measurement. The Cramer-Rao lower bound 

(CRLB) gives a bound for the minimum distance measurement variance [9]: 

σ"- ≥
c-

4π-B-E9
N;

1 +
1
E9
N;

 

 

( 2 ) 
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E9
N;

= t9B ∙ SNR 
( 3 ) 

where: 
B: signal bandwidth  
SNR: signal to noise ratio 
ts: duration of the signal 

 

Eq. (1) shows how the variance is reduced when the signal bandwidth is increased. Due 

to this fact, precise ranging can be easily done in systems that exploit high channel 

bandwidths like the 60 GHz band. 

2.4.5.   NLOS 

In indoor radio propagation, non-line-of-sight occurs when the direct signal transmitted 

from the transmitter is blocked and the signal received in the receiver comes from a 

reflection (multipath).  

If a signal is received from NLOS, the reception time increase considerably and is 

impossible to localize the target using time-based techniques. For that reason, NLOS 

propagation is a critical factor in localization systems. 

 

 

 

 

 

 

 

 

 

 



 34 

 

3.  METHODOLOGY 

Taking as a reference the work developed in [2], the location of a target node in an 

unknown position, from down below “blind node”, is analysed step by step in this 

chapter using DTDoA. 

DTDoA, relies only on the reception times collected by a set of three anchors in known 

positions, meeting the following requirements:  

•   The blind node transmits packets to the different anchors, but it does not take 

any active part to the localisation process, this only includes the anchor nodes in 

known positions. 

•   The entire system is seen as an asynchronous system with asynchronous nodes 

and signals, due to no need for synchronism between any of the nodes involved. 

The system is divided in two different stages as can be seen in figure 3-1. In the first 

stage or differential range estimation, anchor and pivot positions alongside with anchor 

timestamps are taken as input, obtaining a vector with differential ranges, the latter is 

used as input alongside with the anchors positions, to the second stage or position 

estimation, obtaining the estimated position of the blind. 

 

Figure 3-1, Procedure flow diagram 
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3.1.  System model 

As can be seen in figure 3-2, the basic scenario analysed consists in three different 

elements: a set of three anchors, pivot node and blind node. The pivot and blind node 

work as transmitters and the set of anchors work as receivers. The only requirement in 

the system is that the set of anchors must timestamp every received packet, thereafter, 

the collected timestamps alongside with the identification of the blind node is sent to a 

central computation server in charge of running the localisation algorithm. 

 

Figure 3-2, Basic Scenario 

3.2.  Notation and basic equations 

Using as reference the work developed in [2] regarding this section, the following 

notation is introduced:  

•   The letters ‘p’ and ‘b’ are used to label the packets transmitted by the blind and 

the pivot respectively. 

•   The index n is used to index the anchor nodes, with 𝑛 = 3. 

•   ti
b [resp. ti

p] denotes the transmissions time (according to an ideal absolute 

clock) of the ith packet transmitted by the blind node [resp. pivot]. 

•   ri,n
b [resp. ri,n

p] denotes the reception time (according to an ideal absolute clock) 

at anchor node n of the ith packet transmitted by the blind node [resp. pivot]. 

•   si,n
b [resp. si,n

p] denotes the reception timestamp recorded at anchor node n 

according to its local clock for the ith packet transmitted by the blind node [resp. 

pivot]. 
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•   pb, pp and pn denote the position vectors, respectively of the blind, pivot and 

generic nth anchor. 

•   dBC = 	   pC −	  pB  and dB
F = 	   pF −	  pB  denote the Euclidean disctances 

between anchor k and, respectively, the blind need and pivot node. 

Differential ranges are defined taking the first anchor as the reference anchor: 

∆BC	  ≜ 	  dBC − dIC = pC −	  pB − pC −	  pI  ( 4 ) 

∆B	  
F ≜ 	  dB

F − dI
F = pF −	  pB − pF −	  pI  ( 5 ) 

The reception time of a packet in an anchor from a pivot and blind node can be 

expressed as (n = 1, …, N): 

rK,BC = tMN +
dBC

c  

 

( 6 ) 

rK,B
F = tM

O +
dB
F

c  

 

( 7 ) 

 

Once the packet arrives to the anchor, this is timestamped. The relation between the 

timestamp and the reception time can be modelled as follows: 

sK,BC = 	  αB + rK,BC + nK,BC  ( 8 ) 

sK,B
F = 	  αB + rK,B

F + nK,B
F  ( 9 ) 

Wherein: 

•   αB denotes the initial temporal offset of node n. 

•   nK,B denotes the noise component that could be represented with CRLB. 

Some considerations have been taken in the Eq. (8) and (9) compared with the Eq. (10) 

an (11) shown in [2]: 

sK,BC = 	  αB + 1 + βS rK,BC + hS(rBC) + wB
C ( 10 ) 

sK,B
F = 	  αB + 1 + βS rK,B

F + hS(rB
F) + wB

F ( 11 ) 
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From one side, as seen in [2], the component βS (relative frequency deviation) can be 

safely neglect it, since the relative error caused by this component on the final position 

estimate is negligible. 

On other side, the components hS(rBC) and wB
C (clock error due to slowly-varying and 

fast-varying respectively) are unified and modelled with nB by means of Cramer-Rao 

lower bound, as mentioned in section 2.2.4. 

3.3.  Timestamp Differentiation 

Consider a pair of packets transmitted by the blind node and the pivot node, and 

received in the set of anchors (the reference anchor and another two generic) as shown 

in figure 3-2. For these packets we can differentiate the reception timestamps in the 

reference anchor using (8) and (9) [2]: 

sI,I
F − sI,IC = (rK,I

F + nI,I
F ) − (rK,IC + nI,IC ) ( 12 ) 

And for a generic anchor (n = 2, 3): 

sI,B
F − sI,BC = (rK,B

F + nI,B
F ) − (rK,BC + nI,BC ) ( 13 ) 

Taking the difference of (12) and (13) we obtain: 

sI,I
F − sI,IC − sI,B

F − sI,BC = rK,I
F − rK,IC − rK,B

F + rK,BC + (nI,I
F − nI,IC − nI,B

F + nI,BC ) ( 14 ) 

Recalling (4) and (5): 

∆BC= 	  ∆B
F + c ∙ 𝑆M,Z + N&[& ( 15 ) 

wherein 

𝑆M,Z = sK,I
F − sK,IC − sK,B

F − sK,BC  

N&[& = c ∙ +(nI,I
F − nI,IC − nI,B

F + nI,BC ) 

3.4.  Averaging and differential range computation 
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In order to reduce the noise power, Eq. (15) can be averaged over multiple packet pairs. 

This Eq. (15) is the output of the first stage (figure 3-1): 

∆BC= 	  ∆B
F + c ∙ 𝑆\,Z + N&[& ( 16 ) 

This output, (∆BC), can casted into a least square (LS) optimization problem in order to 

minimize the error added by the noise term. 

3.5.  Localization Algorithm 

In this second stage, position estimation algorithm is shown step-by-step. The algorithm 

used combines estimation using LS by means of pseudo-range or differential range data. 

Taking the differential range as input with n=3, Eq. (4) can be rewrite in a vector form: 

∆BC=
∆-C

∆]C
=

pC −	  p- − pC −	  pI
pC −	  p] − pC −	  pI

 

 

( 17 ) 

Assuming some initial conditions (X;,	  Y;) the blind node coordinates (X`	  , Y`	  ) can be 

expressed as Eq. (18):  

X`	   = 	  X; + ∆x`
Y`	   = 	  Y; + ∆y`

 
 

( 18 ) 

The main objective is to compute the position deviations ∆x` and 	  ∆y`, for that purpose 

distance between anchor n and the guessed position and differential ranges (Eq. (4)) 

must be reformulated following the previous assumption: 

dBC = 	   pC −	  pB = 	   XB	  – X` - +	   YB	  – Y` - ( 19 ) 

f X`	  , Y` = ∆BC= dBC − dIC = XB	  – X` - + YB	  – Y` - − XI	  – X` - + YI	  – Y` - ( 20 ) 

By using Taylor serial development (1st order), Eq. (20) is linearized:  

f X`	  , Y` = f X; + ∆x`	  , Y; + ∆y` = f X;, Y; +
∂f X;, Y;
∂X;

∙ ∆x` +
∂f X;, Y;
∂Y;

∙ ∆x` 
 

( 21 ) 

Linear expression coefficients are obtained by Eq. (22): 
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∂f X;, Y;
∂X;

= 	  
XI − X;	  
dIC

−
XB − X;	  
dBC

= 	  −axB

	  
∂f X;, Y;
∂Y;

= 	  
YI − Y;	  
dIC

−
YB − Y;	  
dBC

= 	  −bxB
 

 

( 22 ) 

Defining f X;, Y; = 	  ∆BC the estimated position obtained from Eq. (16) and ∆d as the 

difference between the estimated position and the real position, the latest can be 

expressed as: 

∆d = ∆BC − ∆BC=
XB − X;	  
dBC

−
XI − X;	  
dIC

∙ ∆x` +
YB − Y;	  
dBC

−
YI − Y;	  
dIC

∙ ∆y` 
 

( 23 ) 

Following the next notation: ∆d = ∆d-
∆d]

 H = ax- bx-
ax] bx]

 ∆x = 	   ∆x`∆y`
 Eq. (23) can 

be rewrite as:  ∆d = H ∙ ∆x 

The solution can easily be found with the inversion of matrix H: 

∆x = HiI ∙ ∆d ( 24 ) 

∆x`
∆y`

=

X- − X;	  
d-C

−
XI − X;	  
dIC

Y- − Y;	  
d-C

−
YI − Y;	  
dIC

X] − X;	  
d]C

−
XI − X;	  
dIC

Y] − Y;	  
d]C

−
YI − Y;	  
dIC

iI

∙
∆-C − (d-C − dIC)
∆]C − (d]C − dIC)

 

 

( 25 ) 

Once ∆x` and ∆y` values have been obtained, the initial conditions X0 and Y0 are then 

set to X0 + Δx and Y0 +Δy and ∆x` and ∆y` values are computed again in a iterative 

way until Δx and Δy are sufficiently small. It is possible to set a limit for Δx and Δy 

limiting the iterative process using a “algorithm accuracy” value as follows: 

∆x`- + ∆y`- ≤ "Algortihm_Accuracy" 
( 26 ) 

3.6.  Flow chart 

Figure 3-3 synthetized in a flow chart the previous equations: 
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Figure 3-3, Flow Chard  
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3.7.  Extrapolate to 3D  

The algorithm in the previous section, is defined on a bi-dimensional system but can be 

extrapolated to a 3D coordinate system as follows: 

∆x`
∆y`
∆z`

=

X- − X;	  
d-C

−
XI − X;	  
dIC

Y- − Y;	  
d-C

−
YI − Y;	  
dIC

Z- − Z;	  
d-C

−
ZI − Z;	  
dIC

X] − X;	  
d]C

−
XI − X;	  
dIC

Y] − Y;	  
d]C

−
YI − Y;	  
dIC

Z] − Z;	  
d]C

−
ZI − Z;	  
dIC

Xu − X;	  
duC

−
XI − X;	  
dIC

Yu − Y;	  
duC

−
𝑌I − 𝑌;	  
dIC

𝑍] − 𝑍;	  
duC

−
𝑍I − 𝑍;	  
dIC

iI

∙
∆]C − (d]C − dIC)

∆]C − (d]C − dIC)

∆uC − (duC − dIC)

 

 

( 27 ) 

 

3.8.  Preliminary Considerations 

In order to implement the designed algorithm, some considerations have been taken: 

•   The compound noise term (N&[&) is modelled as zero-mean random variable 

since by definition is the linear combination of zero-mean variables with a 

standard variance equal to the Cramer-Rao lower bound (see equation 2). 

•   As the method used is based on Taylor-series approximation, it is shown in [2] 

that the accuracy increases when the reference anchor is the closest to pivot. 

This preliminary consideration will be reviewed and tested in the following 

sections. 
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4.  IMPLEMENTATION AND RESULTS 

4.1.  Work tools 

The algorithms implemented and shown in figure 3-3 have been developed and 

implemented using Python programming language. The reason for having chosen 

Python is because it is widely used general-purpose, high-level programming language, 

object-oriented, open-source software and it has a large and comprehensive standard 

library. 

Simpy library has been used with the purpose of recreate the asynchronous networking 

with multi-agent involved. Numpy, the fundamental package for scientific computing 

with Python, has been used for mathematics operations, and Matplotlib has been used in 

order to create a graphical environment. 

4.2.  Environment 

The environment considered (Fig. 4-1) consist in the seat map inside an aircraft due to 

the main goal is to localize the screen units that are located in each seat. 

 

Figure 4-1, Seat map Airbus A320-200 [20] 



4. IMPLEMENTATION AND RESULTS    43 

In the environment considered, the different screen units have the function of blind 

nodes, and for the anchor and pivot, two options have been evaluated: 

•   2D location. In this environment a set of screen units in known positions work as 

anchors and pivot nodes. 

•   3D location. In this environment the different Wi-Fi APs in known positions 

work as anchors and pivot nodes. 

In the following sections, 2D location has been chosen as the main option evaluated 

owing to the complexity of using the screen units as anchors and pivots, despite the fact 

that the location is in 2 dimensional could be seen as easier, due to the geometrical 

relation with the rest of the different screen units in the airplane. Nevertheless, 3D 

location have been proved and tested, and the results are shown in section 4.4.  

4.3.  2D Location 

4.3.1.   Simulation Basics 

The main program is designed under the following structure (figure 4-2): 

 

Figure 4-2, Program structure 

1.   The first step in the process is call the function simulation. This function, using 

the environment available in the library Simpy, creates a scenario where the 

nodes are distributed as in body model map. 



4. IMPLEMENTATION AND RESULTS    44 

2.   The blind and the pivot node transmit a packet to the set of three anchors 

situated in known positions. Every anchor records the receiving time for each 

packet received from the blind node and the pivot node.  

The function simulation has as input the three nodes positions and the duration 

of the simulation (T). 

3.   Once all the packets have been send, every anchor have two vectors of the 

different receiving times. These vectors are taken as input in the function 

n_packet_averaging who taken the N packets and average them obtaining as a 

result the sx,BC = [sx,IC , sx,-C , sx,]C ] and sx,B
F = [sx,I

F , sx,-
F , sx,]

F ]. The function 

n_packet_averaging can be seeing as the central point where the data is 

collected and commutated. 

4.   In the next step, vectors sx,BC  and sx,B
F  are taken as input alongside with the vector 

∆B	  
F = [∆-	  

F , ∆]	  
F ] to the diff_blind function, who return the vector ∆B	  C = [∆-	  C , ∆]	  C ]  

using the equation defined in Eq. (16). 

5.   Finally, the vector ∆B	  C  and the anchors position are taken as input to the 

position_estimation_algorithm function that returns the estimated position of the 

blind node using the algorithm described in Eq. (25).  

Note that the data can be processed offline, due to that a node can assume any role 

(Anchor, Pivot, Blind). 

* A short description of all the function used with the input and output parameters can 

be found in the Appendix A. 

In time-based location techniques, signal propagation is affected by different aspects 

like reflections, obstacles, multipath, etc., for that reason, two different scenarios had 

been studied: line of sight (LOS) environment and non-line of sight (NLOS) 

environment.  

4.3.2.   Noise term 

As mentioned in section 2.2.5, the noise term component can be calculated by means of 

Cramer-Rao lower bound. The terms involved in CRLB are: 

•   Signal noise ratio (SNR) 
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•   Time of symbol (t9 =
I
{|

) 

•    Bandwidth (B).  

The value for the bandwidth in the IEEE 802.11ad protocol is 2,16 GHz, and for the 

value of the SNR, as every time that a signal is transmitted the SNR value changes 

depending of the degradation of the signal, the mean value of the SNR has been set at 

20 dB [21], [22] and [23]. 

Therefore, 

σ"- ≥
c-

4π-B-E9
N;

1 +
1
E9
N;

=
c-

4π- 2,16 ∙ 10� -E9
N;

1 +
1
E9
N;

= 0.0569	  𝑚 

��
��
= t9B ∙ SNR =	  0.1dB	  

The variance σ"- is added in the received time of every anchor as a random zero-mean 

Gaussian variable when a packet is send as shown in Eq. (28) and (29): 

sK,BC = rK,BC +
σ"-

𝑐  
( 28 ) 

sK,B
F = rK,B

F +
σ"-

𝑐  
( 29 ) 

Note that the initial temporal offset of node n (see equations (8) and (9)) has not been 

taken into account being that this value is eliminated in DTDoA method. 

4.3.3.   LOS: features 

When the system is considered under LOS conditions, assuming that there is no 

obstacle in the propagation path affecting the signal, the packets are received with direct 

visibility without errors related with reflections.  

In a first trial, NLOS was not considered in order to create a first basic simulator and set 

the different features of the system, affected only by the noise term, as it can be seen 

hereafter. 

   Location algorithm and IEEE 802.11ad 
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As one of the main goals is to simulate a 60 GHz environment, if the distance between 

the transmitters, pivot and blind, and the receivers, the set of anchor nodes, is bigger 

than 10 m (following the specifications of the IEEE 802.11ad protocol), the procedure 

related with this blind node does not start; in other words, the packets sent to the set of 

anchors are dropped. 

   Default scenario  

Considering the seat map of an AIRBUS A320-200 showed in figure 4-1, this is divided 

into three different areas: 

•   First class (rows 1-3) 

•   Economy Plus (rows 7-21)  

•   Economy (rows 22- 38).  

The latest, have the smaller seats (figure 4-3) and therefore the number of screen units is 

bigger than in the rest of the areas. For that reason, the area formed by the seats in the 

Economy class is considered as the default scenario. 

 

Figure 4-3, Seat Map Details [20] 

   Discrimination Algorithm 

As the real position of the screen units correspond with the seat position and this 

information is included in the seat plan, it is possible to compare the guessed and the 

real positions and, in this way, distinguish which seat correspond the guessed position 

of the screen unit (figure 4-4). 
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Figure 4-4 Discrimination example 

For that purpose, a discrimination Algorithm has been developed. The algorithm 

compares the guessed position with all the screen units in the seat map, and if the 

distance between the real and the guessed position is lower than the distance between 

seats divided into 2, the screen unit corresponding to the seat is added to the data base 

as found.  

The minimum distance between seats in the Economy class is 0,5285 m. For that 

reason, the distance in the discrimination algorithm should be lower than half of this 

value (approx. 0,25 m). Equation (30) summarizes the process above: 

•   Real Position (𝑋�, 𝑌�) 

•   Guessed Position (𝑋�, 𝑌�) 

𝑑 = (𝑋� − 𝑋�)- + (𝑌� − 𝑌�)-	   ≤
𝑚𝑖𝑛. 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒	  𝑏𝑒𝑡𝑤𝑒𝑒𝑛	  𝑠𝑒𝑎𝑡𝑠

2  
 

( 30 ) 

   Scenarios evaluated 

One of the most important aspects to take into account in the location systems time-

based is to determine the position of the different anchors. In the the 2D location 

considered, a set of screen units take the role of anchors and pivot.  

The economy area has 96 screen units, that gives a number of 79727040 different 

combinations (𝑣��u = ��!
��iu !

) of sets of anchors-pivot nodes. These combinations have 

been computed in order to find the the best two scenarios for the 2D localisation, basing 

the decision on the number of screen units possible to be found, the number of found 

and the position error, i.e. the distance between the estimated and true positions (five of 

the most characteristic scenarios can be found in the Appendix B). 

The selected scenarios are shown in figure 4-5: 
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(a) Scenario 1     (b) scenario 2 

Figure 4-5, Scenarios selected 

 

From different scenarios evaluated, it can be concluded that the algorithm performs 

better when the set of anchors and pivot does not coincide in the same column or row. 

   Initial Conditions 

The algorithm studied in (25) need two initial conditions (X;,	  Y;) as is shown in Eq. 

(18), this values change depending of the scenario formed by the set of anchors and the 

pivot. Due to that, every scenario has a different value for the initial conditions, but 

some aspects must be considered as general features (based in the analysis of different 

scenarios):  

•   Initial Conditions should be inside the square formed by the anchors 

•   Initial Conditions should not be near of the reference anchor 

Figure 4-6 shows the main error related with the initial conditions selected for each 

case. Note that the x and y coordinates represent the map of the airplane (x for the 

length and y for the width) and the z coordinate represent the error in meters. Using this 

information, the initial conditions for the algorithm were set as (X; = 5,	  Y; = 2). 

Detailed information of the main error can be found in Appendix C, where also can be 

seen the number of blind nodes able to be found for every value of the initial conditions. 

 
(a) Initial conditions scenario 1 xy   (b) Initial conditions scenario 1 xyz 
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 (c) Initial conditions scenario 2 xy   (d) Initial conditions scenario 2 xyz 

Figure 4-6, Comparison between initial conditions and error (m) 

   Algorithm Stepping 

During the testing of the algorithm in Eq. (25) based of Least Linear Squares, it was 

noted that the algorithm had errors depending on the position of the blind node. These 

errors were caused by the ∆x` and ∆y`values that represent the increment of the 

position between the real and the guessed position. As the algorithm is used in a 

iterative way, if the initial conditions (X;,	  Y;) are far from the guessed position, the 

increment ∆x` and ∆y` is high and that causes an iterative oscillation of the ∆x` and 

∆y` values that increases their value instead of reduce it. This issue was solved dividing 

the position increments ∆x` and ∆y` by 10 in every iteration of the LLS algorithm. The 

value of 10 was chosen simulating values between 1 and 20 and analysing the number 

of devices found and the error associated in the two scenarios selected in section 4.3.3.4.  

 

 
(a)  Number of SU found scenario 1   (b) Average error (m) scenario 1  
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(c)  Number of SU found scenario 2   (d) Average error (m) scenario 2  

Figure 4-7, Comparison between stepping, number of screen units found and average error 

From one side, it can be seen in figure 4-7 (a), (c) that the number of screen units found 

is maximum, from 10, in both scenarios. From other side, in figure 4-7 (b), (d) the 

average have minimums (d) or low error (b) when the value is 10. 

Finally, the equation (18) can be rewrite as it follows: 

X`	   = 	  X; +
∆x`
10

Y`	   = 	  Y; +
∆y`
10

 

 

 

( 31 ) 

Note that the remaining steps in the methodology remain the same. Information related 

with the number of screen units found and the average error can be found in Appendix 

D. 

   Graphical environment: LOS 

Once the location of the different blind nodes is made, the information is used to create 

a graphical environment that simulates the aircraft seats with the different screen units. 

In the first version of the graphical environment designed for location under LOS 

conditions, the seats are represented in green, the estimated position of the devices are 

represented in orange, the set of anchors and pivots positions are represented in red and 

blue respectively, and the coverage radius of the anchors and the pivot is represented by 

circles with a radius of 10 m and centred at the different points of the set. 

Figure 4-8 shows the graphical environment when one packet is sent using the scenario 

1 in section 4.3.3.4.: 
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Figure 4-8, Scenario 1: graphical output one packet 

4.3.3.7.1.   Location and number of packets 

Once all the different features were fixed, the performance of the algorithm under test 

related with the number of packets sent was studied.  

Figure 4-9 shows the graphical scenario where the averaging is done with different 

number of packet sent, and table 4-1 and shows the number of SU found, the number of 

SU possible to be found and the error associated. 

 
(a) 10 packets averaging    (b) 20 packets averaging 

 
 (c) 40 packets averaging    (d) 100 packets averaging 

 
(e) 200 packets averaging    (e) 400 packets averaging 

Figure 4-9, Scenario 1 with different averaging of the number of packets sent 
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Num. Packets Found Possible to be found Error (m) 

1 78 78 0,1178 

10 77 78 0,0406 

20 78 78 0,0321 

30 78 78 0,0265 

40 77 78 0,0207 

50 77 78 0,0158 

100 77 78 0,0137 

150 77 78 0,0108 

200 77 78 0,0083 

300 78 78 0,0090 

400 78 78 0,0062 
Table 4-1, Comparison of packets sent, number of SU found and main error 

It can be seen how the error decrease when the number of packets increase, as shown in 

figure 4-10: 

 

Figure 4-10, Comparison between number of packets and error (m) 

With the objective to increment the algorithm accuracy, Slice & Prune technique was 

studied [2]. The idea behind this technique is to run the localization procedure X times 

with a sub-sets of L packets, resulting in a set of X values for each screen unit. Then the 

element that are far from the mean of the X sub-sets is prune, reducing to X-1 data 

points and then re-compute the position. This process is done iteratively until a Xmin is 

reached. In other words, the points with high error are rejected. 
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It can be seen in table 4-2 that the error associated to 8 different values when 50 packets 

are sent, even using the Slice & Prune technique, will never be as low as the error 400 

packets sent as it is shown in table 4-1. For this reason, Slice & Prune technique was not 

taken into account in the algorithm. 

Num. Packets Localized Possible to localize Error (m) 

50 77 77 0,019138653 

50 77 77 0,020376939 

50 76 77 0,015979951 

50 76 77 0,017851407 

50 77 77 0,018888231 

50 76 77 0,020604248 

50 77 77 0,019293874 

50 76 77 0,018612906 

Average:   0,022813904 
Table 4-2, 8 sub-sets of 50 packets 

   Reference anchor’s position 

As mentioned in the preliminary considerations, the authors in [2] say that the algorithm 

performs better when the reference anchor is closer to the pivot. It can be seen in figure 

4-11 that the error using a random anchor inside the set, and choosing the anchor nearest 

to the pivot perform in the same way, and there is not any significant difference. 

 

Figure 4-11, Scenario 1 comparison between ref. anchor random and ref. anchor nearest to the pivot 

errors (m) 
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4.3.4.   NLOS: features 

It is mentioned that NLOS results are worse than LOS. Our scenario might be heavily 

affected by multipath and that will result in errors in the localization process. In order to 

create a simulator more real and see how the simulation perform under those conditions, 

NLOS was included in the system designed. 

NLOS conditions were modelled as a percentage of blind nodes without direct vision to 

the anchors, by following the next steps: 

•   A number of blind nodes were determined as NLOS nodes where the percentage 

of NLOS is taken as input. 

•   A systematic error is added when a packet is received in the anchor coming from 

a blind node with NLOS conditions. This error is constant for each blind-anchor 

pair. 

•   The systematic error, hereafter virtual distance (Eq. (32)), is modelled as a 

uniform variable between 0 and 10 m. The value of 10 m was chosen because 

the maximum distance that it is possible to receive packets in the 60 GHz 

technology is 10 m, for that reason a uniform variable between 0 and 10 m will 

be the worst case possible. Note that if the virtual distance is higher than 10 m, 

the process does not start as mentioned in sections 4.3.3.1. 

𝑑�M����� = 	  𝑑���� + 𝑢𝑛𝑖𝑓𝑜𝑟𝑚	   0, 10 ≤ 10	  𝑚 ( 32 ) 

The results of the algorithm with different percentage of NLOS are shown in figure 4-
12: 

   

Figure 4-12, Scenario 1 with different number of blind nodes under NLOS conditions 

Table 4-3, Comparison between percentage of blind nodes with NLOS and number of SUs found 
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   Graphical environment: NLOS 

The graphical environment showed in section 4.3.2.8 was modified in order to include 

the guessed positions coming from the NLOS conditions. 

As it is shown in figure 4-13, in the new graphical environment, the guessed positions 

from LOS and NLOS are represented with a light orange and pink respectively, the 

result of using the discrimination Algorithm is represented in the positions of the SU 

with dark orange for the guessed (matched) positions from LOS and with dark pink for 

the guessed (matched) position from NLOS. An additional function was created for 

those SU where two or more guessed positions coming from LOS or NLOS coincide, 

representing this SU with black.  

 

Figure 4-13, Scenario 1 with 50% of blind nodes with NLOS and 100 packets transmitted 

From one side, a blind node can be located coming from NLOS conditions. When this 

happens, even if the discrimination algorithm matches the guess position with the SU, 

this can be a wrong matched position. Also, when the discrimination algorithm matches 

a SU with the wrong guessed position, it is important to identify these errors too. To 

avoid this kind of incidents, a scenario’s match algorithm was implemented. 
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From other side, as it can be seen in the image, if a blind node is affected by NLOS, the 

localization of this node is not possible because the designed algorithm need LOS 

conditions to perform correctly. For this reason, an iterative scenario's match Algorithm 

was implemented. 

4.3.5.   Scenario’s match algorithm 

The main idea in this algorithm is to execute the location procedure with two different 

scenarios. Once the procedure is done, the algorithm matches the guessed matched 

positions of the two scenarios with the unique identification of each SU. If the position 

and the identification matches in both scenarios, the blind node is stored in a database as 

found. This process is done with all the blind nodes found in the scenarios and then they 

are represented in a graphical environment (figures 4-14, 4-15 and 4-16). 

 
(a) Scenario 1     (b) Scenario 2 

 
(c) Matched Scenario 

Figure 4-14, Scenario's match process with 10% of NLOS and 100 packets 
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(a) Scenario 1     (b) Scenario 2 

 
(c) Matched Scenario 

Figure 4-15, Scenario's match process with 50% of NLOS and 100 packets 

 
(a) Scenario 1     (b) Scenario 2 

 
(c) Matched Scenario 

Figure 4-16, Scenario's match process with 100% of NLOS and 100 packets 
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4.3.6.   Iterative Scenario’s match algorithm 

For the creation of this algorithm, active anchors were considered. As the anchors used 

consist of SUs, they are capable of both transmitting and receiving (and therefore 

timestamping) the packets or beacons from other SUs. This can be translated as all the 

SUs can work as anchors or pivots once they are located, obtaining a diversity of 

elements to use as initial set. 

The algorithm settings were designed as follows: 

•   Taking into account the simplicity when the location of the set of anchors and 

pivot are introduced in the database, only the SUs in the first column are marked 

as known.  

•   Two new scenarios were considered (figure 4-17). These new scenarios are 

easier and faster to configure in the database, but they perform worse compared 

with the scenarios 1 and 2.  

•   The algorithm compares the found blinds of two different scenarios iteratively. 

•   In every itineration, two new and different subsets of known nodes are selected 

as new anchors and pivots. 

•   The process ends when all the blind nodes are found. 

 

(a) Scenario 5     (b) scenario 6 

Figure 4-17, Initial scenarios selected 

The location process can be found in Appendix E step by step with figures. 

4.4.  3D Location 



4. IMPLEMENTATION AND RESULTS    59 

As mentioned in section 4.2., the location can be done using the Wi-Fi access points 

inside the airplane in a 3D location. 

For this purpose, the algorithm was modified to work under three-dimensional 

environment. In normal conditions, to being able to use the algorithm described in Eq. 

(27) an extra anchor would be necessary, but as the height of the blind (1,3 m) and the 

Aps (2 m) are know, it is possible to take them as input to the new algorithm. 

In this new environment, the different Wi-Fi APs distributed along the airplane take the 

role of anchors, and the pivot node role is developed by the seat in the first column and 

row. Two different scenarios were studied as it can be seen in figure 4-18: 

 
(b) Scenario 3 

 
(b) Scenario 4 

Figure 4-18, 3D Scenarios, 100 packets send and LOS conditions 

Figure 4-19 shows the comparison between number of packets and error in both 

scenarios analysed: 
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(a) Scenario 3     (b) Scenario 4 

Figure 4-19, Comparison between number of packets and error (m) 

Table 4-4 shows the relation between number of packets sent, number of SU found, 

number of SU possible to be found and the average error with the two scenarios. 

Note that the second scenario is able to localize more devices compared with the first 

one. 

Scenario Num. Packets Found Possible be found Error (m) 
S3 1 72 81 0,47 

 10 71 81 0,24 
 20 74 81 0,22 
 30 74 81 0,15 
 40 72 81 0,09 
 50 76 81 0,11 
 100 75 81 0,08 
 150 74 81 0,07 
 200 74 81 0,04 
 300 77 81 0,05 
 400 73 78 0,03 

S4 1 75 81 0,31 
 10 79 81 0,12 
 20 79 81 0,08 
 30 79 81 0,05 
 40 80 81 0,06 
 50 81 81 0,04 
 100 79 81 0,05 
 150 80 81 0,04 
 200 81 81 0,05 
 300 80 81 0,04 
 400 79 81 0,03 

Table 4-4, Comparison between percentage of blind nodes with NLOS and number of SU found 
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5.  CONCLUSION AND FUTURE WORK 

5.1.  Conclusions 

In this master thesis a complete localisation simulator for theoretical environments 

under LOS and NLOS conditions for in cabin localization was developed, relaying 

exclusively on the reception timestamps collected by multiple anchors for the packets 

transmitted by the blind and pivot nodes were analysed. 

Different localisation families were studied to arrive to the DTDoA technique, that does 

not need synchronisation between the agents implicated, and it was particularized for 

the IEEE 802.11ad protocol, however it can be adapted to different wireless 

technologies. 

The accuracy obtained with the “Iterative scenario’s match algorithm” is optimal and 

can be assume no error in the location of the blind node. 

Taking into account the accuracy and the relative ease of adoption of the DTDoA 

algorithm, it is surprising that methods like TDoA have attracted more attention by the 

wireless networking community. 

5.2.  Future work 

The first line of research proposed is to create a real radio-frequency environment to see 

how the system could perform using commercially on the self devices. 
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Another line of research that has been considered is to combine different techniques, 

like angle of arrival (AoA) or received signal strength (RSS) with the algorithm 

designed in this master thesis. Furthermore, 2D location and 3D location could be 

combined in an iterative way as it is seen in section 4.4.3.  

Finally, as the technology to work with the 60 GHz band still not available at the time 

writing, if the algorithm is wanted to be implemented, the possibility to change to the 

2,4 or 5 GHz band should be studied. 
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7.  APPENDIX 

7.1.  Appendix A 

In this appendix the main functions of the simulator are shown, with the input/output 

parameters of each one of them. 

class Link: 

Definition: in this class the link between each anchor and the pivot and blind is created. 

Using that link the packet is send. Anchor node is noticed when the packet is received 

and with the receiving time, adding the error due to the noise term. 

class Node 

Definition: this is the main class for all the agents involved. 

Input: element position, element name, environment (Simpy). 

class Anchor 

Definition: this class extends from class Node and receive packets from blind and pivot 

nodes. The receiving time and the message sent from the blind and pivot nodes are 

stored in “self.time_packet_blind” and “self.time_packet_pivot” respectively. 

class Pivot 

Definition: this class extends from class Node and sent packets using the class Link to 

the anchor. 

class Blind 

Definition: this class extends from class Node and sent packets using the class Link to 

the anchor. This class contains the variable NLOS with the purpose of change the value 

between “True” or “False” depending if the blind node is affected or not by NLOS. 
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Function dist_node: 

Definition: given two nodes as input it calculates the distance between them. 

Function diff_pivot: 

Definition: differential ranges with Pivot. 

Input: pivot and anchors. 

Output: ∆B	  
F vector. 

Function environment_simulation: 

Definition: using the Simpy library it creates the asynchronous environment. If the 

blind node is affected for NLOS, a random uniform value (between 0 and 10) is added. 

Input: environment (Simpy), duration of the simulation, noise term (σ"-) and pivot and 

anchors. 

Function n_packet_averaging: 

Definition: this function makes the average of the N packets. 

Input: anchors. 

Output: sK,BC , 	  sK,B
F  vectors. 

Function diff_blind: 

Definition: this function executes the algorithm in Eq. (16). 

Input: n_packet_averaging, pivot and anchors. 

Output: ∆B	  C vector. 

Function position_estimation_algorithm: 

Definition: this function executes the algorithm in Eq. (25). 

Input: Initial conditions (𝑋;, 	  𝑌;), anchors and ∆B	  C vector. 

Output: Guessed position (𝑋�, 	  𝑌�). 
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Function noise_CRLB: 

Definition: Cramer Rao Low Bound for Noise. 

Input: SNR, BW and ts.  

Output: σ"- value. 

Function plot_scenario: 

Definition: plots the graphical scenario. 

Input: device measures, seat measures, airplane measures, anchors, pivot, seat position, 

guessed position from LOS, guessed position from LOS match, guessed position from 

NLOS, guessed position from NLOS match and equal repeated position. 

Output: graphical scenario. 

Function plot_scenario2: 

Definition: plots the graphical scenario of the “Iterative scenario’s match algorithm” 

Input: device measures, seat measures, airplane measures, anchors, pivot, seat position 

and match files. 

Output: graphical scenario. 

Function discrimination_algorithm: 

Definition: Matches the guessed position with the blind list, if the distance between 

them is lower than the accuracy, the blind element is added to “position match”. If the 

blind element is already in “position match”, is added to “repeated”. 

Input: number of columns, number of rows, omitted row, seat measures, guessed 

position and blind list. 

Output: position match and position match. 

Function blind_list: 

Definition: Return a list of number of columns * number of rows omitting the central 

row (hall), and the number of the seats. 
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Input: number of columns, number of rows, omitted row and seat measures. 

Output: blind list  

Function equal_position: 

Definition: given two nodes as input it calculates the intersection (elements which are 

contained in both sets) of the two input lists. 

Output: equal position. 

Function equal_repeated_position: 

Definition: Return a list of number of columns * number of rows omitting the central 

row (hall), and the number of the seats. 

Input: guessed position from LOS match, guessed position from NLOS match, repeated 

position from LOS and repeated position from NLOS. 

Output: equal repeated position. 

Function blind_list_nlos: 

Definition: return a list of NLOS random blinds with the dimension of 

percentage*blind list 

Input: percentage NLOS and blind list. 

Output: blinds with NLOS conditions. 

Function main_simulation: 

Definition: the simulation is executed. 

Input: BW, SNR, ts, anchors, pivot, device measures, seat measures, airplane measures, 

number of rows, number of columns, omitted row, initial conditions, duration of the 

simulation and percentage of NLOS 

Output: guessed position from LOS match, guessed position from NLOS match, equal 

repeated position, guessed position from LOS, guessed position from NLOS, error and 

number of SUs found. 
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7.2.  Appendix B 

Five of the most characteristic scenarios are shown in figure 7-1: 

 

(a) Scenario 7            (b) Comparison between number of packets and error 
S7 

 

(c) Scenario 8            (d) Comparison between number of packets and error 
S8 

 

(e) Scenario 9            (f) Comparison between number of packets and error 
S9 
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(g) Scenario 10          (h) Comparison between number of packets and error 
S10 

 

(i) Scenario 11           (j) Comparison between number of packets and error 
S11 
Figure 7-1 Different scenarios and comparison between number of packets and error (m) 

The number of SUs found is an important parameter to take into account with the 

different scenarios shown in the figure 7-1 and it is summarized in the table 7-1: 

Scenario Number of SUs 

found 

Number of SUs possible to be found 

(average) 

S7 25 78 

S8 58 75 

S9 70 75 

S10 10 93 

S11 40 93 
Table 7-1 Number of SUs found and possible to be found for each Scenario 
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7.3.  Appendix C 
To compute the error, each combination of initial conditions was run 4 times. 

IC_X IC_Y Num. found: Error (m) 
0 0 77 0,009281894 
0 1 77 0,009454292 
0 2 77 0,009793663 
0 3 76 0,010158881 
0 4 4 10,18048984 
1 0 77 0,00901953 
1 1 76 0,008411953 
1 2 77 0,009106464 
1 3 77 0,009468628 
1 4 73 0,552796589 
2 0 76 0,008833711 
2 1 77 0,009141024 
2 2 77 0,009131179 
2 3 76 0,008967235 
2 4 76 0,009783315 
3 0 76 0,009814311 
3 1 77 0,01036025 
3 2 77 0,009354024 
3 3 77 0,00898201 
3 4 76 0,009209554 
4 0 77 0,00926189 
4 1 77 0,009723464 
4 2 76 0,0091599 
4 3 76 0,009418642 
4 4 76 0,009196075 
5 0 77 0,009632014 
5 1 76 0,008751655 
5 2 76 0,009539297 
5 3 77 0,009418801 
5 4 76 0,009609347 
6 0 77 0,008792954 
6 1 76 0,008681771 
6 2 76 0,009148536 
6 3 77 0,008609413 
6 4 77 0,009610865 
7 0 76 0,008569938 
7 1 76 0,009686779 
7 2 77 0,008855741 
7 3 77 0,00962138 
7 4 77 0,009269629 
8 0 77 0,009921834 
8 1 76 0,009862869 
8 2 76 0,009159877 
8 3 77 0,009356275 
8 4 76 0,00835768 
9 0 76 0,009215046 
9 1 76 0,009283256 
9 2 76 0,009401536 
9 3 77 0,009164201 
9 4 76 0,008399317 

Table 7-2 Scenario 1 Comparison between initial conditions, number of SUs found and error 
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IC_X IC_Y Num. found: Error (m) 
0 0 78 0,039846443 
0 1 78 0,041303015 
0 2 78 0,032275972 
0 3 77 0,035182772 
0 4 1 0,760993056 
1 0 78 0,040156796 
1 1 78 0,037822418 
1 2 77 0,035596004 
1 3 78 0,03432624 
1 4 4 0,018000189 
2 0 78 0,034682034 
2 1 78 0,037430642 
2 2 78 0,0356669 
2 3 78 0,03748359 
2 4 78 0,040299533 
3 0 78 0,037124924 
3 1 78 0,038815443 
3 2 78 0,039139589 
3 3 78 0,037349953 
3 4 76 0,076581482 
4 0 78 0,042238005 
4 1 78 0,039840872 
4 2 78 0,033494752 
4 3 77 0,038539584 
4 4 76 0,041242357 
5 0 78 0,034999218 
5 1 78 0,040824753 
5 2 78 0,037618832 
5 3 78 0,036985379 
5 4 72 0,060582468 
6 0 78 0,040751284 
6 1 78 0,0378434 
6 2 78 0,043511602 
6 3 78 0,039753627 
6 4 70 0,044430105 
7 0 76 0,034061512 
7 1 78 0,036236594 
7 2 77 0,039231867 
7 3 78 0,112931495 
7 4 67 0,114311507 
8 0 62 0,128775352 
8 1 77 0,106195109 
8 2 70 0,123060779 
8 3 68 0,037680636 
8 4 64 0,048425898 
9 0 0 1 
9 1 78 0,039432466 
9 2 69 0,131463793 
9 3 67 0,040226722 
9 4 60 0,048928423 

Table 7-3 Scenario 2 Comparison between initial conditions, number of SUs found and error 
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7.4.  Appendix D 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 7-4 Scenario 2 Comparison between stepping, number of SUs found and error 

7.5.  Appendix E 

In the figure 7-2, the iterative scenario’s match algorithm is shown step by step. The 

images in the left shows the output of the scenario’s match algorithm, and the images in 

the right shows the cumulative number of SUs found. 

 

(a) match algorithm output iteration 1  (b) cumulative number of SUs iteration 1 

 

(c) match algorithm output iteration 2  (d) cumulative number of SUs iteration 2 

Stepping Num. found: Error (m) 
1 1 0,006690022 
2 26 0,011837972 
3 51 0,009759087 
4 74 0,527989604 
5 76 0,009943788 
6 76 0,00765451 
7 77 0,008866413 
8 77 0,010372053 
9 76 0,008744708 
10 76 0,008405425 
11 76 0,009647641 
12 77 0,009796107 
13 77 0,009453036 
14 77 0,008918632 
15 77 0,010645753 
16 76 0,010046177 
17 76 0,010250414 
18 76 0,008538532 
19 77 0,009414889 
20 77 0,008311826 
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(e) match algorithm output iteration 5  (f) cumulative number of SUs iteration 5 

 

(g) match algorithm output iteration 10  (h) cumulative number of SUs iteration 10 

 

(i) match algorithm output iteration 15  (j) cumulative number of SUs iteration 15 

 

(k) match algorithm output iteration 20  (l) cumulative number of SUs iteration 20 

 

(m) match algorithm output iteration 25  (n) cumulative number of SUs iteration 25 

 

(o) match algorithm output iteration 30  (p) cumulative number of SUs iteration 30 
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(q) match algorithm output final iteration (36) (r) cumulative number of SUs final iteration 1 (36) 

Figure 7-2 Iterative scenario’s match algorithm step by step 

 


