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Abstract 

In the case of an emergency in an underground facility, the harsh environment make 

the rescue missions a difficult and taxing task for the first responders. 

Disorientation, stress and lack of communication are fatal in that territory. In order 

to overcome all this difficulties and provide a system to coordinate and help locate 

emergency responders, a new Indoor Positioning System (IPS) is proposed. The 

system shall be scalable so it can expand its coverage over the site, it would adapt 

and remain reliable in the harsh conditions of the environment. 

The main goal of this project is to present an analysis of the current wireless 

technologies, their advantages and disadvantages and a comparison between them. 

Build a new solution and present the results of the performance of the network. The 

tests recreate the characteristics of the underground territory and present a good 

analysis of the system. 

This thesis project report the process, to build a scalable, adaptable and reliable 

wireless network to be used as the framework of a positioning system. The system is 

constructed using the ZigBee protocol stack and the nRF52840 hardware. A 

graphical user interface is developed to facilitate the configuration of the network. 

At the end the results gives proof that the system can be used in the underground 

facilities as long as the network is deployed carefully. 

Keywords: Analysis, Emergency, nRF52840, Underground, Positioning System, 
Wireless Network, ZigBee,  
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Sammanfattning 

Vid en nödsituation i en underjordisk anläggning, på grund av den svåra miljön, 

räddningsuppdragen blir en svår och beskattande uppgift för de första svararna. 

Desorientering, stress och brist på kommunikation är dödliga inom det området. För 

att övervinna alla dessa svårigheter och tillhandahålla ett system för att samordna 

och hjälpa till att hitta nödlägen, föreslås ett nytt inomhuspositioneringssystem 

(IPS). Systemet ska vara skalbart så att det kan utöka sin täckning över webbplatsen, 

det skulle anpassa sig och förbli tillförlitligt under de svåra miljöerna. 

Detta arbete har huvudmål att presentera en analys av den nuvarande trådlösa 

tekniken, deras fördelar och nackdelar och en jämförelse mellan dem samtidigt 

bygga en ny lösning och presentera resultaten av nätverkets prestanda. Testen 

modellerar egenskaperna hos det underjordiska territoriet och presenterar en bra 

analys av systemet. 

Detta arbete rapporterar processen för att bygga ett skalbart, anpassningsbart och 

pålitligt trådlöst nätverk som ska användas som ett ramverk för ett 

positioneringssystem. Systemet är konstruerat med ZigBee-protokollstacken och 

hårdvaran nRF52840. Ett grafiskt användargränssnitt utvecklas för att underlätta 

konfigurationen av nätverket. Resultatet bevisar att systemet kan användas vid de 

underjordiska anläggningarna så länge nätverket distribueras noggrant.  
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1. Introduction 

1.1 Background 

When there is an incident in an underground facility there is a lot of difficulties that 

make them challenging for the first responders to overtake. In underground 

incidents, such as in mines, there can be catastrophes and dangers like fire or other 

hazards can put at risk the life of the rescuers and victims. The demanding conditions 

of an underground incident, such as lack of infrastructure as the terrain may change 

after giving away, the depth of the facility, fire, smoke, power outages (leading to 

complete darkness), water leaks, among others,  makes rescuing missions a 

strenuous and stressful labor to undertake for the emergency responders.  

In order to prevail over all the difficulties and perform an effective rescuing mission 

a great coordination among the task forces is essential. For the command leader the 

ability to position rescuers and casualties inside the facility would help him to 

execute the operation more safely and in a more efficient manner, giving him an 

overview of the situation facilitating the coordination of the rescue team. 

Additionally, the US National Fire Protection Association (NFPA) identifies 

disorientation of the first responders as the major cause of injuries and deaths 

among firefighters [1]. Smoke affects the firefighters vision and they perform as if 

they were partially or completely blind, causing them to lose their sense of direction 

[2] which could lead them to a risky and maybe deadly situation where they can 

return to a dangerous zone. Therefore knowing their position and direction is crucial 

for their security and to help them return safely to the surface, hence a positioning 

system to help and provide more information as they undertake the mission is 

needed. 

There are a diverse variety of Indoor Positioning Systems (IPS) available at the 

moment, but in order to give the rescuing teams a viable solution the nature of the 

underground terrain must be taken into account as it represent a crucial factor to 

select a proper system, as many of the current positioning systems cannot function 

accurately giving the characteristics of the environment [5]. 
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The difficult environment that represent the underground incidents impose certain 

requirements to be taken into account for the selection of the positioning system. For 

example, one of the most used and accurate positioning systems nowadays, the 

quintessence of wireless localization, is the Global Positioning System (GPS) [3]. It 

provides a relatively high accuracy, its correct functionality depends on satellite 

visibility, and it requires a minimum of four satellites in its line of sight to obtain a 

precise position [4], so its performance is immensely diminished when used in 

enclosed spaces. Therefore, as the incidents of interest occurs in the underground, 

the use of a GPS is discarded and a more reliable solution capable of working in 

enclosed spaces is needed, hence an Indoor Positioning System (IPS) is required.  

To overcome the limitations of the GPS in interiors there has been a great 

development of IPS in the recent time. Nowadays, there are several commercially 

available solutions that provide excellent accuracy in indoors. Nevertheless, many of 

this IPS are not suitable to use in this kind of scenarios, as they require a previous 

survey of the environment in order to calibrate and deploy their sensors. In 

underground emergencies the terrain is unknown, as there may be collapses, fire can 

destroy the previously known infrastructure, and some areas may not be accessible 

anymore.  

In the Article “Localization and Positioning Systems for Emergency Responders: A 

Survey” [5], Ferreira and Fernandez, divide the environments in three different 

categories: structured or known, semi-structured and unstructured or unknown.  

 Structured or Known: The structure is previously defined, the IPS can take 

advantage of an established map to provide a more accurate position. 

Equipment can be configured based on surveys of signal propagation and 

installed in strategic places to provide a more precise localization. 

 Semi-Structured: The structure is defined as well, but in this case some 

assumptions of the environment are made, such as the existence of hallways, 

stairs, this to facilitate the localization process. 

 Unstructured or Unknown: Here the environment is not previously known. 

The IPS does not have a predefined map or any knowledge of the terrain, nor 
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information about the propagation of signals. The information that the IPS 

gets is from sensors carried by the emergency responder.  

The last, is the most challenging and most probable scenario that the task forces 

would face. It is challenging as the information of the site needs to be obtained as the 

system is deployed and there is not guarantee that the environment would stay the 

same because accidents can still occur and change the landscape. 

An Indoor Positioning System (IPS) then becomes essential for the emergency 

responders, as it will provide them with essential information and give them the 

much needed situational awareness of the intervention scenario [5]. With the 

positioning information they could keep track of the danger zones, send help where 

it is most needed, monitor the position of casualties, made a safe evacuation plan 

based on the history of the path of the rescuers, etc. Therefore having such a system 

can help greatly the emergency task forces. Nevertheless the system must be 

deployable, must be able to function properly in harsh environments and must be 

reliable as lives will depend on it. 

1.2 IPS Overview 
Indoor localization system, as defined in [6], is “a system that can determine the 

position of something or someone in a physical space such as in a hospital, a 

gymnasium, a school, etc. continuously and in real time.” They can be classified 

according on the type of sensor that they use in order to get the signal measurement 

needed to calculate the position, they can be either exteroceptive or proprioceptive.  

 Exteroceptive sensors receive the signal from the outside, for example 

wireless transceivers receive a signal from another device allowing them to 

calculate the distance from the received packet timestamp, power, etc.  

 Proprioceptive sensors receive the stimuli from the object or person they are 

attached to, for example accelerometer, gyroscopes attached to a person can 

detect the movement of the leg and calculate distance from it. 

Both type of sensors can be used in an IPS in order to perceive the movement of an 

object, using the acquired data. As well the data of both kind of sensors can be 
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combined using data fusion algorithms, making a third hybrid category. If done right 

the combination of different type of sensors will increase the accuracy and reliability 

of the system, as it will allow to combine different technologies allowing to 

complement the weakness of each one of them.  

1.3 Distance Measuring Techniques and Methods 

In order to have a reliable IPS the measuring technique or the combination of several 

of them, should provide a trustworthy location. The measuring distance techniques 

can be classified in two different main categories according to the type of sensor 

utilized for it [5]. By using wireless communication technologies properties and the 

second one by measuring physical quantities.  

 

Figure 1. Different Measuring Techniques 

The use of wireless distance measurement and location is varied and rapidly 

growing, as there are different methods to obtain the positioning information from 

a wireless link. The terrain, accuracy, reliability and complexity also take part on 

determining the type of distance measure system to apply in a scenario, although 

sometimes several methods can be applied in parallel for a more accurate result [3].  

The techniques based on wireless technologies are built from three different 

properties of a wireless signal that enables to calculate and measure distance, these 

are Received Signal Strength (RSSI), Time of Flight (TOF), and Angle of Arrival 

(AOA) [3] 
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Figure 2. Received Signal Strength (RSSI) and Angle of Arrival 

 Received Signal Strength: It is the measured power of the received signal, is 

calculated using the physical law of electromagnetic power density. For 

example in Figure 2 it shows how the device will receive a bigger signal 

strength from the closest transmitter.  

A disadvantage of RSSI is that in indoor environments the relation between the 

transmitted power and the received may be nonlinear, this is due the obstructions in 

the environment, as well as they can be other physical characteristics of the radio 

signal that can hinder the received signal such as signal reflection and diffraction. 

 Time of Flight (TOF)/Time of Arrival/Round Time of Flight: It is the time that 

it takes to the signal to be transmitted from the source to the recipient, for the 

round time it is the time that it takes to go back to its source. Distance can be 

calculated by knowing the time of reception and multiplying it by the 

transmission velocity, which in radio transmission is equal to the speed of 

light.  

A drawback of Time of Flight is that it requires synchronization between sender and 

receiver, as an error in synchronization could lead to an error in the calculated 

distance.  

 Angle of Arrival (AOA): Angle at which the signal wave front arrives in Figure 

2 the angle is 60°. Distance cannot be found using only the angle of arrival, it 
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is required at least two AOA and TOF or RSSI measurements in order to 

determine the position. 

As seen in Figure 1 there are as well some other techniques which can be utilized if 

the environment is static, these are hop count and fingerprinting.  

 Hop Count: It assumes that the nodes are separated in a known distance, 

therefore by knowing from how many nodes the signal has been retransmitted 

the user can calculate the distance that it has travelled. 

 Fingerprinting: It refers to the method used to create a “radio map” [7] of 

environment by scanning it and creating a “fingerprint” with the radio 

characteristics of the surroundings and matching them with a position. After 

it will determine the location of the device by comparing the obtained 

parameters of the signal with the “radio map”. 

The disadvantage of these techniques are that they require a previously defined 

setting, both need a high density of nodes in order to provide an accurate position, 

so their use in emergency cases is not practical as it requires a static environment 

which does not exist in this cases. 

For the techniques based on physical measurement they can be divided in [3]: 

 Direct Measurement: It refers to the sensors that use physical properties to 

measure the distance from an object, for example ultrasound sensors that 

measure the proximity to objects by bouncing sound waves into them and 

approximate the distance by using the physical properties of sound reflection.  

The disadvantage of this type of measurements is that they are directional, so they 

only work for one fixed position, for emergency cases it will be necessary to mount 

this sensors in order to cover as many angles as possible, this will mean a high 

density of devices and will not be practical.  

 Measure by inertial or motion sensor: It measures acceleration, velocity and 

orientation of the body the sensor is attached to, with that information it can 

compute its movement and from there the distance it has travelled.  Another 
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approach is to sense when a person make a step and from a preconfigured 

value of the step distance it can calculate the distance travelled. 

A disadvantage of this kind of sensors it that the error they present is cumulative, 

because of the way the measurements are taken. A better estimation of the position 

can be achieved using a combination of different sensors. 

1.4 Localization Methods 

For the IPS to calculate the position, they use the data gathered from the sensors, 

wireless or inertial. The localization method is the essential part of any IPS as it 

defines the precision, accuracy and resolution of the system. They can be improved 

by the combination of several of the techniques described in Section 1.3 [5], in order 

to reduce the error and to overcome the disadvantages of a particular sensor.  

There exist several kind of methods utilized for IPS, but as the emergency responders 

are bounded to enclosed and non-structured environments, only the methods that 

does not rely on a previous configuration or existing infrastructure will be explained 

in detail. These methods utilize the fingerprint approach to get an understanding of 

the environment and along with the received signal calculate the position. These 

methods are: centroid analysis, particle filters, pattern recognition, visual analysis 

and map matching. [5] 

The methods that are usable for emergency responders in underground incidents 

are: proximity, geometric approaches (e.g., triangulation, trilateration, and 

maximum likelihood estimation), dead reckoning methods and Kalman filters for 

data fusion. [5] 

 Proximity method: The sensor node determines its position based on the 

closest antenna positions. This method estimates the proximity either by 

Time of Flight or the receiver RSSI. The precision of this method increases as 

the number of network nodes increases as well.  

RSSI is not recommended for the usage in enclosed spaces, as there are many 

obstructions that can hinder the relation between transmission and distance. It can 

be useful for knowing if a receiver is close to the transmitter when the RSSI surpass 
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a threshold value, but its precision would be best when the receiver is super close to 

the transmitter and the resolution will be only few meters away of the transmitter. 

That is why is better to use it in combination with another technique to guarantee a 

better accuracy. 

 Angulation/Trilateration methods rely on geometric properties of triangle. 

They use angle/distance measurement for estimating of the target position. 

For estimation in 2D or 3D space 2 or 3 angles and distances measurements 

are needed. The position of the mobile node is computed through the 

intersection of imaginary lines or circles created from these angle or distance 

measurements. The distance to calculate the position is obtained from 

methods such as TOF and AOA. 

The drawback of this methods is that they require information from at least three 

nodes to give a better position estimation. They will provide a greater accuracy and 

resolution for the system, in exchange of computational power and network 

overhead. 

 Dead Reckoning is the process of calculating one's current position by using 

a previously determined position and the new obtained data.  

The drawback of this method is that the positions provided will drift over time due 

to errors in measurements being integrated. The drift can be reduced by different 

algorithms as well as combination with other sensors. Despite these limitations dead 

reckoning is the only completely self-contained location technique that requires no 

prior knowledge of the environment. 

Dead reckoning with the combination of RSSI and TOF seems to be the best 

alternative to provide the system with the best accuracy and resolution.  

1.5 Requirements for Emergency Responders 

To create an IPS for emergency responders it is first needed to get a good grasp of 

their needs and requirements. As mentioned before, in order for an IPS to become 

an asset it must work in an unstructured environments and function reliably in them. 

These general requirements (Not limited to underground incidents) are categorized 
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based on the following characteristics: (a) accuracy, (b) information accessibility, (c) 

system’s adaptability, (d) system’s architecture, (e) system’s autonomy, and (f) cost 

[5]. This categorization is particularly well presented and suitable for this case. In 

this report we will keep the same categorization. This project’s requirements is 

presented and incorporated in every section of general requirement description. A 

taxonomy of IPS requirements for emergency responders is presented in Figure 1. 

 

Figure 3. Taxonomy of the IPS. Requirements for Emergency Responders. 

RISE in Vasteras has identified the requirements necessary for emergency 

responders in Sweden, in a previous study conducted by the institute these are listed 

following the structure in Figure 3. 

1.5.1 Accuracy 

The accuracy is an important requirement for emergency responders IPSs. In the 

mine case the vertical accuracy is important, as there are many levels in a mine and 

the fire fighter might move between different levels. The room level accuracy can be 

translated to the ability of roughly positioning the fire fighters in different mine 



Positioning System for Rescuing Missions in Underground Facilities.  

Implementation of the Wireless Network. 

10 
 

galleries which is useful. RISE has identified, in a previous survey that the maximum 

resolution of the system is of 10 meters, which is calculated as the average Euclidean 

distance to the real position of the target. It is also important to notify the emergency 

responder or the incident commander if the position estimation is not accurate [5], 

or if the emergency responder is going out of the range of the system.  

1.5.2 Information Accessibility 

The position estimation shall be clearly presented to both the incident commander 

and the emergency responders. The location presentation shall not interfere with the 

activities of the first responder. It is important that the position of the emergency 

responder, victim, hazard or other object of interest are presented in a context like a 

map. The map would need to be constructed as the first responder advances into the 

incident zone. If the map of the site is available, then it can be used as a starting point 

for the system, but it would need to be updated as the emergency responders traverse 

the zone. 

Location update rate shall also be considered. The too fast update rate will affect the 

battery usage of the battery powered nodes and if it is too sparse the location 

information will not be up-to date. The information needs to represent the position 

of the emergency responder it should work for cases where he/she is walking, 

running or crawling.  

RISE has identified that it is important to be able to update the position of the nodes 

so we can track a walking person for example if nodes are 12m apart, the response 

time should be less than 30 seconds. And as mention in the accuracy requirement 

the rescuer is not allowed to proceed further without a working communication  

1.5.3 System Adaptability 

The IPS in underground mines shall be independent of infrastructure where there is 

no need to have prior information about the mine or tunnel or permanent structures 

installed in it which means that the localization methods based on pre-installed tags 

are not possible. It shall be independent of prior collected data and that means that 

the fingerprinting methods are of no use in here. They shall be independent of maps 

as there might not be available. 
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It is also good if the system is not affected by changes in the environment. Finally, 

the system shall be scalable so it can expand its coverage over the site. 

1.5.4 System Architecture  

The IPS shall be easily scalable to the number of first responders and able to be used 

in different emergencies scenarios. The modules shall be small and they shall be light 

enough so a sufficient number of them can be carried by the first responders. 

According with a survey performed in the United States among firefighters the 

maximum volume of the modules should be of 107.34 𝑐𝑚3and 1.15 kg per module 

[30]. 

With the harsh characteristics of the environment it becomes necessary that the 

nodes have Ingress Protection (IP Casing) so the adverse conditions does not affect 

its performance. 

1.5.5 System autonomy   

As mentioned the system shall be independent of the infrastructure in the mine or 

tunnel so it means the system shall be battery powered as it cannot rely on cabling 

and electricity. RISE has identified that the system should be independent of any 

external power source at least for 48 hours.  

1.5.6 Cost 

The cost should be sufficiently low that damage to several, or even all nodes should 

not have users hesitate to deploy them. This cost limit is estimated by RISE is roughly 

1000 SEK per node. 

1.5.7 Requirement Summary 

At the end the requirement for emergency responders can be summarized in the list 

below. 

Requirements: 

 Accuracy: 5 to 10 meters. 

 Response Time: 30 seconds. 

 Battery Time: 48 hours single charge. 
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 Independent of the environment. 

 Scalable. 

 Size and weight: They should be small and light so many can be carried by 

an emergency responder. 

 Cost: Less than 1000 SEK per node. 

1.6 State of the Art 

The Precision Personal Locator (PPL) is a system developed by developed at 

Massachusetts’ Worcester Polytechnic Institute. This system is designed for 

emergencies in buildings [5]. The system consist of a base station, transceivers 

mounted on trucks or ladders and portable units carried by the first responders. The 

portable units contain military-grade IMU (Inertial Measurement Unit), a pulsed 

radio to reduce multipath error. The position is calculated using a fusion algorithm 

that combines the TOF of at least three different fixed transceivers. The system 

showed a sub-meter accuracy in residential buildings, however the system relies on 

many fixed transceivers to be deployed. The position is displayed in the base station. 

The autonomy of the system is of 24 hours as it is powered by batteries. 

Relate Trails combine ultrasound technology with a foot mounted IMU [16] for the 

localization of emergency responders. The ultrasound beacons are deployed and 

used as “breadcrumbs” trails to give a relative position and to correct Pedestrian 

dead Reckoning (PDR) estimation trajectory, and provides assisted navigation to the 

emergency responders. The IMU uses Zero Velocity Update (ZUPT) algorithm, and 

Kalman filter to estimate the position and reduce the positioning error due to IMU 

drift. The system complements itself as it can rely only in the responder relative 

position to the nearest ultrasound beacon, or if beacons are not available calculate 

the position using the mounted IMU. The error is 8% of the total distance.  

The system is accurate in a room level resolution as the ultrasound does not 

penetrate the walls. The position is shown in the emergency responder’s head mount 

display. A Simultaneous Localization and Mapping Algorithm (SLAM) is used to 

improve the accuracy of the positioning. The power source and system autonomy are 

not given. 
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Virtual Lifeline combines pedestrian dead reckoning (PDR) with relative position 

information from Radio Frequency (RF) and ultrasound beacons. The PDR is 

calculated using a foot-mounted IMU that continuously estimate the position. The 

RF beacons are utilized to correct the PDR system and reduce the impact of 

incremental error accumulation. The ultrasound nodes are used for short range high 

accuracy position and heading realignments. Compared with the ultrasound beacons 

the RF nodes have a lower position accuracy, but a longer range, this may lead to 

detection of several RF nodes at one location. The RF nodes and the ultrasound 

beacons are deployed as the emergency responder enters the facility.  

A particle filter is used to fuse the information collected from the PDR, the RF 

transceiver RSSI and the ultrasound sensor. The accuracy of the system is assigned 

by the PDR, it is 3.88 meters in normal walking mode and 8.66 meters extended 

search mode. If the RF position is known the system accuracy improves to 2 meters. 

No data of the system autonomy is provided [17]. 

The Geospatial Location Accountability and Navigation System for 

Emergency Responders (GLANSER) is an indoor and outdoor localization 

system. This IPS consist of three units Geospatial Locator Unit (GLU), the Anchor 

Panel Unit (APU) and the Commander Display Unit (CDU).  

The GLU is responsible for the communication with the incident commander, 

navigation, and localization of the firefighters. The APUs are mounted on the 

emergency vehicles and provide support functions to the GLUs. The CDU is 

responsible for the graphical interface with the incident commander and by the 

graphical construction of the building. Each firefighter has a GLU attached to the 

breathing gear that combines a military IMU, a GPS receiver, Doppler radars to 

correct velocity, a pressure sensor to measure changes in altitude, and a Ultra-Wide 

Band (UWB) radio transceiver to measure the range to APUs and other nearby GLUs.  

A data fusion algorithm is used to combine the data from all sensors and provide the 

position. The reported accuracy of the system is 3 meters, the measurements of the 

accuracy were made without the use of the UWB radio. The position is displayed in 

the CDU. The system has an autonomy of 4 hours and its battery operated. 
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TRX NEON is and IPS and mapping system developed for the firefighters. The 

system sensors, IMU and pressure, are positioned in a belt and the firefighter shirt 

and the feedback to the user is given by an Android application where a fusion 

algorithm fuse the radio data and inertial sensor data [18]. The system can utilize 

previous building layouts to use geo-referenced UWB or Bluetooth Low Energy 

(BLE) beacons enhancing the positioning accuracy to sub-meter. No data of the 

system accuracy without the geo-referenced information if provided nor data of the 

system autonomy. 

A comparison of all these IPS is made in the Table 1. 

 

Characteristic PPL Relate Trails Virtual Lifeline GLANSER TRX Neon 

System 

Architecture 

Combination 

of IMU and 

RF nodes 

Ultrasound and 

IMUs. 

Combination of 

Ultrasound, RF 

nodes and IMUs 

Combination of 

Ultrasound, 

IMU, radars 

pressure sensors 

and UWB 

Combination of 

IMU and radio 

signal. 

Localization 

Principle 

Fusion 

algorithm 

using TOF 

Relative Position 

or PDR. 

Particle Filter for 

the PDR system 

and room 

positioning by the 

RF nodes. 

Fusion 

algorithm. 

Fusion 

algorithm of the 

IMU and WI-FI 

Accuracy Sub-meter 8% of total 

Distance 

3.88m walking. 

8.66 m in search 

mode.  

3 meters - 

System Autonomy 24 hours - - 4 hours - 

Table 1. IPS Comparison 

As it can be noted from all the previous IPS, a combination of several sensors is 

essential to provide a good position at the end. The idea of combining IMU and a 

radio is the most frequent among all of them, as it may be the best approach for 

infrastructure less scenarios. 

1.7 Hypothesis 

With all the background information covered up at this point. This thesis will explore 

the idea that a reliable underground positioning system that can guarantee the 
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fulfillment of all the requirements described in Section 1.5, can be achieved using an 

adaptable and scalable wireless network as an infrastructure. The wireless network 

will be reliable under the harsh conditions of an underground incident.  

1.8 Purpose 

The thesis will investigate how to implement a reliable underground positioning 

system needed for underground rescuing missions. As regular positioning systems 

cannot function without a previously defined infrastructure, a solution utilizing a 

more adaptable and scalable wireless network will be explored. First an investigation 

of state of the art wireless networks will be conducted and then an implementation 

of an adaptable, scalable and most importantly a trustworthy wireless network using 

the most adequate technology will be performed.  

The purpose of the thesis is to research the different currently available wireless 

technologies, in order to choose the one that is more suitable and reliable for 

underground incidents. Use the more adequate technology and use it to develop the 

hardware nodes for the network, program and test an adaptable, scalable and 

reliable network infrastructure that the rescue teams can depend on, finally prepare 

the network to be used as the infrastructure for the positioning system.  

1.9   Goals 

Present an analysis of the current wireless technologies, their advantages and 

disadvantages and a comparison between them. 

At the end the chosen technology would be used to develop the network 

infrastructure for an adaptable, scalable and reliable underground wireless network 

which would be used for the positioning system. 

Present the test cases and results of the network to prove that the system is indeed 

reliable. 

1.10 Method 
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The project will use the empirical method in order to test the available wireless 

technologies and to finally develop and test the underground wireless network which 

would be used for the positioning system. 

1.11 Organization 

The task that have been done for the thesis are: 

 Investigate the current wireless technologies that could be used for the 

system.  

 Analyze the technologies and choose the ones that meet the requirement.  

 From the chosen technologies, research their characteristics, made a 

comparison of them and pick the one that satisfies the requirements.  

 Choose the Hardware. 

 Test the Hardware.  

 Develop a network solution.  

 Test the network.  

 Analyze its performance.  
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2 Proposal and Wireless Networks Analysis 

2.1 Proposal 

After all the investigation of the emergency scenarios in underground facilities 

summarized in Chapter 1, the conclusion is that it is not possible to depend on 

current Indoor Positioning Systems (IPS) as they normally rely on a previously 

stablished static infrastructure. After an incident there is not any information of the 

state of the underground facility. As mentioned in Section 1.5 the system shall be 

deployed on site and it should be scalable so it can expand its coverage over the 

emergency area, this is why a more adaptable and reliable underground positioning 

system that can overcome the difficulties of the environment is necessary. The 

proposed solution is described in terms of the hardware, localization method, 

wireless technology, and functionality of the system. 

2.1.1 Hardware  

With the requirements already stablished in Section 1.5 the proposal for the 

Hardware can be seen in Figure 4. 

 

Figure 4. Proposed Hardware 

There are three different hardware modules, the Control Node, the Waypoint, and 

the Mobile Node. The functionality of each node is described next. 

 The control node is the “central point” where all the data from the other nodes 

is collected and transmitted to the PC for its analysis.  
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 The waypoint node is responsible to expand the reach of the network, it is as 

well in charge of collecting the signals from the mobile nodes, and 

retransmitting this information to the control node. 

 The mobile node is the one in control of taking the data input from the 

emergency responders, it has sensors that will detect their movement and 

send the data to the waypoints. The nodes will be attached to the uniform of 

the emergency responder. 

For the waypoints and the mobile nodes the encasing is important. The environment 

in this emergencies scenarios is harsh, therefore the hardware should be enclosed in 

an Ingress Protection (IP) enclosure with at least IP57, protecting it from dust and 

water immersion, as well they should be able to withstand high temperatures. Also, 

the waypoints must be able to be placed in any surface, so a good adhesive is 

desirable.  

2.1.2 Network  

To make the system practical for the emergency responders the network should be 

not dependent of existing infrastructure, therefore it need to be created as they move 

inside the underground environment.  

The selected type of network is the Ad-hoc network that as described by techpedia is 

[8]: 

“A network that is composed of individual devices communicating with each other 

directly. The term implies spontaneous or impromptu construction because these 

networks often bypass the gatekeeping hardware or central access point such as a 

router. Many ad hoc networks are local area networks where computers or other 

devices are enabled to send data directly to one another rather than going through 

a centralized access point.” (Techopedia.com, 2019) 

The impromptu property of this kind of network is what makes it suitable for the 

system. A network with this characteristic needs to be selected. The selection process 

will be discussed in Section 3. 
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2.1.3 Localization Principle 

For the IPS to estimate the position of the emergency responders a method of 

localization is required. As noted in Section 1.4 one of the best approaches is to 

combine different sensors to obtain a better accuracy.  

It is good to mention that due to the timing constraints of the thesis only the wireless 

network will be developed and the localization principle is just a proposal for future 

development. It is proposed to utilize the proximity method combined with inertial 

sensors. For the proximity method the received RSSI of the packet can be utilized to 

estimate the position of the firefighter, the closest that it is to a waypoint node the 

bigger the RSSI should be. This will provide a higher position precision when the 

mobile node is closer to a waypoint. In addition an Inertial Measurement Unit (IMU) 

would be used alongside the RSSI to give a better and more accurate estimation. The 

IMU would be the one in charge of estimating the position of the waypoints when 

the emergency responder deploys them. When deployed the position will be set for 

that particular waypoint, this will help to correct the IMU position drift as it will 

provide a relative position. 

2.1.4 Functionality  

As seen in Figure 4, the control node consists in a radio transceiver in charge of the 

wireless communication, a Microcontroller Unit (MCU) and a serial connection to 

the computer. The waypoints and mobile nodes in addition include a variety of 

sensors that will enable them to monitor the environment, and for the mobile nodes 

the movement of the emergencies responders, also as they should be transportable 

and autonomous they contain a battery to power them. 

The application of the system would start with the Emergency Responders arriving 

to the site. A practical approach might be the installation of few IP casing, fire 

resistance waypoints in known positions where the mobile nodes can check-in and 

obtain and send its position data plus other information as seen in Figure 5.   
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Figure 5. Real-World Scenario 

A real-world scenario to explore the deployment and functionality of each node will 

be, as seen in Figure 5, a fire emergency in a mine: 

 First, the Firefighters arriving to a mine will stablish a command center near 

the entrance. Here the control node will be set up and the network will be 

started. The control node is ready to receive data from the mobile nodes, and 

ready to accept new waypoints to join the network. 

 Secondly, the firefighters start preparing to enter the mine, they gather their 

equipment which includes the integrated mobile node in their uniform and 

some waypoints in their belt. The mobile nodes start transmitting the 

movement information of the firefighters. 

 After, the waypoints start being placed and initialized by the firefighters as 

they start progressing into the mine. The installation of the waypoints is 

essential for the correct operation of the network, the waypoints should show 
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if the connection is optimal in the dropping point, this can be achieved with a 

visual aid i.e. a LED showing to the emergency responder that the connection 

is stablished, after seeing the visual cue the responder can keep proceeding 

into the mine.  

 The placed waypoints would start connecting to the network and their 

position is recorded in the central unit. The position is gotten from the 

position information received from the mobile nodes, when the waypoint is 

placed the central unit take the current position as the position of that 

waypoint. The waypoint, closest to the entrance acts as the main connection 

to the command center outside the mine.  

 As the firefighters make their way into the mine more waypoints are placed 

and the network keeps growing. As well the mobile nodes keep sending the 

movement information. As the firefighters secure the zone the waypoints 

convey the data between the firefighter and the command center. 

According to RISE, the firefighters are obliged by law to progress into the mine 25 

meters at a time, therefore it can be useful to place the waypoints at least once every 

25 meters. If obstacles or barriers obstruct the path more waypoints should be placed 

in order for the radio signal to traverse through them.  

2.2 Wireless Technologies 

In Section 2.1.2 it was described that in order to comply with the requirement of have 

a no dependability of the infrastructure a wireless ad-hoc network should be used. A 

variety of protocols fulfill this requirement, where among the most popular ones are 

ZigBee, Thread and the most recent Bluetooth Mesh. 

2.2.1 IEEE 802.15.4 Standard 

The IEEE 802.15.4 was developed to fill the gap leaved by other standards [11]. The 

standard arises from the necessity to provide a framework for a low cost wireless 

communication, low data rate and low power [9] [10]. The low power characteristic 

of the standard gives the opportunity to build systems based on batteries. ZigBee 

modules and Thread modules can even operate from coin cells batteries as they can 
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transmit and sleep for long periods of time. The low cost parameter is proven by 

finding radio modules below the 1 dollar mark. 

One of the main characteristics of the standard is that it provides the means to 

stablish a network with little to non-existent infrastructure [9]. It provides a 

maximum data transfer of 250 kbps [9], with a minimum distance coverage of 10 

meters. The main characteristics can be seen in Table 1. 

Characteristic   

Frequency 2.4 GHz 

Max Data Rate 250 kbps 

Min Distance 10 m 

Low Cost  

Low Power  

Table 2. IEEE 802.15.4 Characteristics  

As well the standard describes the supported network topologies, star and peer-to-

peer communication.  

Star Topology: One central node called coordinator, with which all nodes 

communicate. 

Peer-to-Peer: A coordinator exist as well, but the communication can happen 

between different nodes, without depending of the coordinator. 
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Figure 6. Star Topology 

The standard only defines the MAC and PHY layers, leaving the top layers to be 

defined for other protocols. ZigBee and Thread use this standard as a foundation.  

2.2.2 ZigBee 

The ZigBee protocol use the IEEE 802.15.4 as base, additionally if provides a routing 

and networking functionality [10]. The main characteristics that differentiate it from 

the standard are that ZigBee aims to be highly reliable, easy to use, and a secure 

protocol, adding little overhead to the stack [11].  

 

Figure 7. ZigBee Mesh Network 

ZigBee, besides the characteristic inherited from the 802.15.4 standard, aggregates 

the use of a mesh network. The mesh network enables the connection between a node 
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to as many nodes as possible in order to create different paths to route the data from 

point A to point B as seen in Figure 7. This aggregated paths makes the network more 

reliable, because if one path fails to deliver the data, then another one could be used 

to deliver it. For example in Figure 8, if the connection between node C and B is lost, 

node C can deliver a packet to the coordinator via node A. The number of hops that 

a message can travel to the coordinator depends on the hardware and stack being 

used, for example the Smarthings stack has a maximum capacity of 30 hops for one 

message. [31] 

 

Figure 8. ZigBee Mesh Lost Connection 

Additionally ZigBee provides more reliability by having acknowledgments between 

each node, and an End-to-End acknowledgment to make sure the data reached its 

destination [11]. As well the stack is easy to use because the nodes automatically start 

forming the network without user involvement, if a connection is lost it has a “self-

healing” property in which the node will try to reconnect to the network, to work the 

child polls their parent node, a user defined amount of time, if the polling fails, at 

least one other node with a path to the coordinator should be visible for the child to 

connect and “heal” the path [10].  The protocol takes care of the acknowledgments 

and retries if needed. Messages can be either send by broadcast to all nodes, 

multicast to a group of nodes or unicast to a single node.  
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The lower data rate of the ZigBee devices allows for better sensitivity and range, but 

of course offers less throughput. The primary advantage of ZigBee lies in its ability 

to offer low power and extended battery life. [10] 

The protocol defines three different types of devices, a coordinator, router and end 

device. The coordinator is in charge of stablishing the network, the routers extend 

the network, and the end devices can be seen as the actuators or sensor of the 

network, as they only receive or send information without managing the network.  

2.2.3 Thread 

The protocol was defined in 2015 by the Thread Group [12], focused on 

implementing IPv6 addressing architecture on top of the 802.15.4 standard. It was 

designed for the connected home applications market where having an IP address is 

desired [13]. 

As well as ZigBee, Thread uses a mesh network to provide a better reliability. 

Additionally from the IPv6, it adds two main characteristics security and “No Single 

Point of Failure”. The security comes as every node must be authorized to join the 

network, otherwise it is rejected. This can be helpful for the project in the future if 

the application needs a more robust security. The “No Single Point of Failure” 

characteristic means that if a child in the network loses connectivity to their parent, 

the child can chose another parent, after the parent does not answer after a 

predefined amount of time, this failure prevention is all done automatically without 

the user intervention.  
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Figure 9. Thread Network. 

The device types for the Thread protocol are: Border Router, Router and End Device. 

The router and end device have the same functionality as in the ZigBee protocol. The 

Border Router acts as the link between the network and the internet, there can be 

more than one border router in a network as it can be seen in Figure 9.  

2.2.4 Bluetooth 5: Mesh Network Capabilities 

Bluetooth is based on the IEEE 802.11 standard [14] operating in the same frequency 

as Thread and ZigBee at 2.4GHz. The Bluetooth Special Interest Group defined the 

protocol in 1998 with the purpose of creating a wireless link to replace infrared links 

and other communications in a short range, later it evolved to create small radio 

LANs [14]. In 2017 the Bluetooth Special Interest Group added to the Bluetooth 5 

specification the mesh networking capabilities, with the purpose for the developers 

to use it to for Internet of Things (IoT) applications [15]. As well in the newer 

Bluetooth 5 there were other improvements, such as bigger range and faster 

transmission rate which make it a more suitable option for IoT and other 

applications. 
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Characteristic   

Frequency 2.4 GHz 

Max Data Rate 2 Mbps 

Max Distance 40 m 

Low Cost  

Low Power  

 

Table 3. Bluetooth 5 Characteristics. 

One of the main advantages of Bluetooth is that is one of the most adopted 

technologies, as it can be found integrated in many products such as, smartphones, 

laptops, earphones, etc. With the integration of the mesh network in the protocol, 

Bluetooth can start competing for the IoT market dominated by ZigBee and Thread 

solutions. As seen in Table 3 Bluetooth 5 offers a theoretical distance limit of 40 

meters, but it should be pointed that this is for indoors, and a theoretical maximum 

throughput of 2 Mbps. [29] 

As it can be seen from the previous points, ZigBee, Thread and Bluetooth Mesh are 

all networks that fulfill with the ad-hoc characteristic. Due to the thesis time 

constraint it is not practical to develop the network using all three protocols and 

chose from their performance, therefore a decision to pick one between the three 

should be made. For this an analysis of the three networks should be perform. This 

investigation can be seen in the next chapter.  
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3 Design 

3.1 Selection of Wireless Technology 

To start with the design of the system, first as seen on Section 2.2 there were three 

main protocols that could potentially be used for the project. As the project is time 

constrained there are not enough resources to test all different implementations of 

the network in each one of the protocols. Therefore one must be selected between 

the three contenders.  

As the time of writing this report it was only possible to find one paper comparing 

and benchmarking this three technologies. SiliconLabs in their application note 

“Mesh Network Performance” [19] compare these technologies using their own 

hardware and stack for each protocol. The comparison is being made between 

Thread, ZigBee 2.0 (as they mention no IPV6 capabilities, the IPV6 capabilities of 

ZigBee where introduced in the ZigBee 3.0 revision), and Bluetooth 4 with mesh 

capabilities.  

Their test setting was the following: 

 Same hardware for all the protocols.  

 Same setting for the test. Enclosed space with other 2.4 GHz networks in 

the vicinity.  

 Test made in networks with 2 to 192 devices. 

 The maximum number of hops for the packet to reach its destination was 

6 hops. 

For comparing the three networks they measure throughput, latency, where the 

parameters being changed for each test were, size of the payload and size of the 

network. 

The results of the paper can be summarized in the next points.  

 In small networks, when the transmitted data is small, Thread, ZigBee, and 

Bluetooth mesh perform similarly.  
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 As payload increases Bluetooth Mesh is outperformed by Thread and ZigBee. 

Thread and ZigBee increase and stay relatively closed. 

 For all as the network grows, latency increases. Bluetooth shows the bigger 

growth. 

 Bluetooth mesh works best when short messages (<=11B) are used especially 

for multicast messages [19]. 

As it can be noted from the summary Thread and ZigBee according to different tests 

scenarios behave in a very similar way. Therefore Thread and ZigBee are the main 

contenders for being used as the network for the project. The only thing to decide 

between them as stated in the SiliconLabs note is the preferences of the designer. 

Having a comparison between the technologies will show as being show in table 4 

that ZigBee is a more mature technology so more support can be found online for it. 

With all this in perspective then one of the main decisions points should be the 

accessibility and price of the Hardware.  

 ZigBee Thread Bluetooth Mesh 

Market Focus Industrial, Home Commercial, Home Home  

Routing  Mesh  Mesh Managed Flooding 

Application 

Layer 

Cluster User Based Mesh Model 

Additional 

Notes 

More Mature Google Nest use it Can use beacons 

Table 4. Comparison between networks. 

3.2 Hardware Selection 

In the search for the hardware the two options of Thread and ZigBee were keep in 

mind, after searching with different suppliers for them two options arose for getting 

the radio transceiver. Buying a module with everything necessary already in it, or 

just the microchip alone. For both options it was necessary to buy several in order to 

test and implement the network with enough nodes in it, this was with the objective 

of performing realistic tests, with networks with as many nodes as possible. 
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Name  Manufact

urer 

Tx Power Protocols  Architecture Kit 

Price 

Module 

Price 

XBEE 3 Digi +19 dBm ZigBee 3.0 Silicon Labs 

EFR32MG 

SoC 

86,46 € 13 Euros 

JN5179 NXP +10 dBm ZigBee 3.0, 

802.15.4 

ARM Cortex 

M3 

671 

Dlls 

Not Listed. 

Module in 

End of Life 

MGM13P Silabs  +19 dBm ZigBee, 

Thread, 

BT5 

ARM Cortex 

M4 

499 

Dlls 

10 Euros 

Table 5. Radio Modules Comparison. 

The first option of buying a module which will include already the radio transceiver 

and all the radio related components, seemed like the safest option as the cost of 

manufacturing and engineering work would be reduced, as most of the work to make 

the microchip work would be already handled. After reviewing the prices and 

availability of the hardware, as can be seen in Table 5, it was noted that even if the 

module price was not expensive, 13 euros for the XBEE 3 and 10 euros for the 

MGM13P, the kit price for them was way higher than expected. The kits where 

considered with the idea of making the tests more straightforward, therefore the 

option of getting the chip alone acquired more weight as it can be explored as a 

cheaper option.  
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Name  Manufacturer Protocols  Architecture MCU 

Price 

Evaluation Board 

CC1352R Texas Instrument ZigBee 3.0, Wi-Fi, 

Thread, BT 5 

ARM Cortex 

M4F 

8.83 Dlls Evaluation Board 

for 50 Euros 

NRF52840 Nordic BT 5, BT mesh, 

Thread, ZigBee, 

802.15.4, ANT 

and 2.4 GHz 

proprietary 

stacks. 

ARM Cortex 

M4 

4.5 Dlls Development 

Tool Available for 

42 Euros. 

Compatible with 

Arduino Uno Rev 

3. 

EFR32 Silabs  ZigBee, Thread, 

BT 5 

ARM Cortex 

M4 

7.39 

Euros 

Does not have an 

evaluation board 

just the module. 

Table 6. Radio MCU Comparison. 

The price for the Microcontroller Units (MCU) as seen in Table 6, was lower than the 

modules and the development boards where more flexible in price compared with 

the kits for the modules, for example for the NRF52840 at a cost of 42 Euros per 

Development board will make with 4 boards a total amount of 4 𝑥 42 = 168 euros, 

compared with 499 Dlls of the MGM13P will make a difference of 334 euros (Taking 

1 Dlls = 1 Euro), a great amount of savings.  

From Table 5, it can be noted the lower price for the XBEE 3, but after seeing the 

characteristics of the hardware and its lack of user flexibility it was opted out as a 

viable option.  

It is good to mention that with a cheaper MCU the requirement of cost in Section 

1.5.6 is being taking into consideration, at the end the price mark per node should be 

less than 1000 Kr, choosing a MCU that combines both the transceiver and the 

controller in one chip will save costs that will allow in the future to choose a better 

and maybe pricier movement sensors, with the aim of making the final module as 

cheap as possible without affecting performance and reliability, by choosing the best 

hardware at the best price possible. 

Finally comparing all the radio modules the NRF52840 module was chosen between 

all other hardware contenders as it the one which its characteristics and price outdo 
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the rest. It was the MCU, from all, which had the most protocols available in the same 

chip, as well the version of each protocol it’s the latest so the technology developed 

in it will be state of the art. The main characteristics of the MCU are discussed on the 

next section. 

3.2.1 nRF52840 Characteristics 

 

Picture 1. NRF52840 Development Board. 

The development board for the nRF52840 is a fully equipped platform form 

programming and test the chip from Nordic Semiconductors. The main 

characteristics of the board and MCU are: [20] [21] 

 MCU Arm® Cortex
TM

-M4 with floating point support. 

 IEEE 802.15.4 radio. Supported protocols, Thread and ZigBee. 

 Bluetooth 5 multiprotocol radio up to 2 Mbps and Long Range capabilities. 

 DSP instruction set. 

 48 I/Os available via connectors. 

 Connectors are Arduino Rev3 compatible.  

 Debugging support. 

 Integrated NFC tag. 

 Coin-cell battery holder for powering the board. 

 Voltage range of 1.7-5.5 V supplied from battery, external or USB. 

 Integrated PCB antenna. 

 Power output from -20dBm to +8 dBm. 
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 Integrated power supply for external components up to 25mA. 

 Full selection of interfaces SPI, I2C, UART, PWM. 

 12 bit ADC. 

 128 bit AES for security.  

As it can be seen the development board is a very complete platform that would 

facilitate the programming and test of the network.   

As well one of the main characteristics of the chip it that it includes the ability to have 

Bluetooth running simultaneously with either Thread or ZigBee in the same chip, at 

the time as this report its being written it is the only available chip capable of 

performing such feat. This can enable, along the wireless network, to establish a 

direct communication with the sensors that the emergency responder will be 

carrying (If the selected sensors are capable of transmitting via Bluetooth) thus 

facilitating the connectivity of the IPS, as the sensors can be wireless. The wireless 

communication of the sensors can also help to reduce the overall weight and size of 

the modules by saving the necessity to use long cables, this with facilitate to reach 

the requirement of weight and size. 

Another characteristic of the system is that is a low power consumption module, it 

can run from a battery cell. The maximum current at which the system is able to work 

is 40 mA as the worst case scenario [22], the nominal current consumption of is 30 

mA [22]. In Section 1.5.5 it is mentioned that the system should operate in autonomy 

for at least 48 hours, for the nRF52840 that can be accomplished by powering it with 

a 2000 mAh battery. This batteries are relatively small, a normally sized battery will 

be around 60 x 50 x 6 𝑚𝑚3. 

Additionally to the hardware, Nordic semiconductors gives full access to their 

Software Development Kit where includes many examples to test and start 

developing the different peripherals and protocols.  

The firmware for the board is developed utilizing the libraries and examples 

provided by Nordic semiconductors, utilizing the programming language that is 

based on C. Nordic provides different ways for creating and compiling the code, there 

are four different Integrated Development Environments (IDE) to choose from [27], 
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Segger Embedded Studio (SES), MDK-ARM Keil, GNU/GCC, IAR. For this project 

the SES IDE was utilized.  

As well Nordic provides tools to program and test the platform [27], among the tools 

provided the one used for this project were the NRF Command Tools for interfacing 

and programming the board, and the SDK for getting examples to program the 

network. 

3.3 ZigBee Network Architecture. 

At the end it was decided to opt for the ZigBee protocol as it is the protocol with a 

more mature technology as it has been available for longer time compared to Thread, 

as well it is used widely in the industry having one its biggest exponent with Amazon 

using it for its Alexa product. IKEA, Samsung, and Philips [24] are others users of 

this technology, positioning it as a solid and reliable protocol. With this in mind the 

architecture of the ZigBee stack should be explored. 

The nRF52840 uses for the ZigBee protocol the ZBoss stack. The advantages of it are 

that its core portable as it is nondependent of the platform, it is optimized for power 

and the same stack architecture is used for every platform. [23] 

 

Figure 10. ZigBee Stack Architecture 

The architecture of the stack can be seen in Figure 10 where it can be noted that the 

base of the stack is the 802.15.4, used for the physical and MAC layer, over that the 

ZigBee stack is constructed.  
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3.3.1 Network Layer 

As discussed in Section 2.2.2 ZigBee Network, the protocol uses a mesh network for 

its communication, the network layer of the ZigBee stack is in charge of forming it. 

The tasks of the network layer are divided between the three different types of 

devices, Coordinator, Router and End Device.  

The coordinator is responsible of: 

 Establishing and configuring the network.  

 Permitting other devices to connect to the network. 

 Resolve Addresses.   

The Router responsibilities are: 

 Discover the Network. 

 Join the Network. 

 Permit others to connect to the network. 

The End Device is responsible of: 

 Discover the Network. 

 Joining the Network. 

 Leave the Network. 

As explained before, the coordinator is responsible of resolving the network 

addresses. Every nRF52840 has a predefined 64 bit devices as stablished by the 

802.15.4 standard [21], but ZigBee utilizes a short address of 16 bits to facilitate the 

routing and the delivery of the messages [11], therefore the coordinator is in charge 

of giving a new address to every single device connecting to the network.  

The shared responsibility of all devices is to route the packet along the network to 

reach its intended destination.  
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3.3.1 Application Layer 

The application layer is the combination of the Application of the Application 

Support sub layer (APS) and the ZigBee Device Object sub layer (ZDO).  

The ZDO is in charge of providing the ZigBee Object containing the different 

supported frames, data, command and acknowledgments. It is also in charge of 

providing services to discover other nodes and it is responsible of the current state 

of this node in the network [11]. 

The APS enables the exchange of services between the application and the network 

layer, utilizing the different supported frames and the different addressing modes 

which are:  

 Group: Sends a message to a group of nodes. 

 Unicast: Sends a message to a single device. 

 Broadcast: Sends a message to all devices. 

As well the APS is in charge of filtering repeated messages coming from the network 

layer [11]. Another functionality of the APS is to have a binding table with the 

addresses of all the devices or groups to which the device may want to communicate 

with, this functionality of biding would be used in the network design in Section 3.4.  

3.3.2 ZigBee Cluster Layer 

The ZigBee Cluster Layer (ZCL) provides a framework within the applications can 

run [11].  In order to distinguish the type of application the stack utilizes a construct 

called End Point (EP) which enumerates the application between 1 and 240. A single 

device can run multiple end points.  

A cluster is defined by a 16 bit ID, and every cluster define its application parameters. 

There are a variety of clusters already defined on the ZigBee stack that are standards, 

but the user can create their own if needed. The clusters condense the commands 

and data available for a type of application, for example the On/Off cluster as defined 

in the ZigBee Cluster Library [11] has an ID = 0x0006, and defines a command of 

0x00 to turn off the device and 0x01 to turn it on. The commands are 8 bit long and 
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are dependent of the cluster. Also, the clusters can be defined as either output or 

input, to differentiate the type of application. In the same example of the On/Off 

cluster an input cluster will be a light that can be turned on and off, and the output 

can be a switch that sets the value of a light. As well the cluster defines attributes in 

the application, this is the data that is specific of each application and it accessible 

by other applications, in the same On/Off example the attribute is the value OnOff it 

can be accessed to know if the light is currently on or off, and set or clear with the 

On/Off commands. [26] 

3.4 ZigBee Network Design 

As defined in the requirements discussed in Sections 1.5.3 and 1.5.4 the aim of the 

network is to create a deployable solution. In Section 2.1.2 Network Proposal, it is 

explained how the network should be formed, the control node would be in the 

ZigBee protocol the coordinator, as it is the one in charge of creating the network 

and gathering the data, the waypoints are the routers, as they try to connect to the 

network with the idea of expanding it as the emergency responder deploys it in the 

mine and finally the mobile nodes are the end devices, in charge of transmitting the 

data back of the sensors. 

 

Figure 11. System Wireless Network. 

The solution can be seen as whole in the Figure 11. The coordinator is the one outside 

in dark blue, the routers are the light blue and the end device the orange ones. 

The role of every actor in the network is described in detail in the next sections. 

3.4.1 Coordinator 

As described in Section 3.3.1, the Coordinator is in charge of creating and managing 

the network. The code was developed utilizing as a base the code example “CLI Agent 

Router” that provides access via a command line to the ZigBee network configuration 
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methods [28]. With these methods it is possible to visualize what is happening in the 

network enabling an easier debugging of it. As well it permits to send commands to 

the different routers or end devices in the network in order to know their addresses, 

clusters and attributes, in order to visualize them and to bind and subscribe to them. 

The firmware utilizes the ZBoss stack for the ZigBee network, a USB-Serial interface 

for the communication and one LED to let the user know when the network is 

formed.  

The code developed for the coordinator can be divided in two main parts.  

 

Picture 2. Led Turned On after Accessing the Network 

The first one is in charge of setting all the hardware and stablishing and creating the 

new network. First, all the peripherals, USB, LEDs are initialized, after the ZBoss 

stack is started with the role of Coordinator. Then, it starts with the network 

commissioning of the ZigBee stack first with the network formation [25], when the 

code returns with a successful network creating the LED 3 in the development board 

is turned on as seen in Picture 2. 

After, the code permits other devices to start joining the network this is called 

Touchlink [25]. Finally, it sets two callback functions, one to manage the different 

messages from the other nodes, and looking for new devices to incorporate to the 

network (this process is known network steering [25]) and another for managing the 

serial events. 
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Command Description 

Start Starts creating the network. 

match_desc Ask for and specific cluster in the network. It returns a table with 

the short address and end points id of every device with the cluster. 

eui64 Gets the own 64 bits address. 

ieee_addr Gets the 64 bit address of the specified address. 

bind Binds the sender with a target node with specified long address that 

has the specified cluster and end point. 

Subscribe Subscribe the sender with a target node with the specified long 

address that has the specified cluster and end point. 

Table 7. Commands 

The second part takes action after the network is formed. With the ZigBee network 

already stablished, the program waits to receive commands from the serial line. After 

receiving one it will parse it and execute the corresponding command on the device 

or the network, the commands available are visible in Table 7. If the command 

expects a response from a node, the response will be sent to the devices available in 

the network and wait for them to respond. 
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Figure 12. Coordinator Flow Chart 

As seen in Figure 12, the Coordinator waits and sends the received commands. The 

commands shown in Table 7, allow the coordinator to stablish a connection between 

itself and a specific end point contained in an end device. This process is called bind 

and subscription [25] and it can be done utilizing the commands bind and 

Subscribe, described in Table 7. These commands need as a parameter the long 

address of the target node, and the desired cluster and endpoint to bind and 

subscribe.  

In order to get these parameters the other commands are needed. With the 

match_desc command the coordinator asks for the end points defined in routers and 

end devices in the network, as well it lists their short addresses.   The ieee_addr 

command, retrieves the extended 64 bit address given their short address. The eui64 

gives the coordinator own 64 bit address.  

With all the information retrieved from the other commands the subscribe and 

binding process can be performed. First with the subscribe command, the 

coordinator searches for the desired clusters to subscribe in the network. After the 

bind command is used to connect directly the coordinator with the desired end point 
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enabling it to receive a report of the end point attributes changes. With this the 

coordinator is able to know the value of the sensors every time they change. The 

attributes changes are written in the terminal every time they are received. This will 

allow to know the position changes to trace the movement and locate the emergency 

responders as they move. 

Another solution for knowing the state of the sensors was considered. The idea was 

to send a message periodically to the end devices in order to get their attributes, but 

at the end this option was discarded as it wasted many network resources as it may 

search for a change when the sensor remained unchanged. 

3.4.2 Router 

Also, as described in Section 3.3.1, the router is in charge of joining the network 

created by the coordinator, and enable the connection of other devices to the network 

and its main responsibility, to help grow the network and route its messages.   

The firmware, like in the coordinator, utilizes the ZBoss stack for the ZigBee network, 

and one LED to let the user know when the devices is connected to the network. 

In the code developed for the router it was established that it will be in charge of 

connecting to the network, permit other routers or end devices to connect to them, 

and route back the information towards the coordinator.  

 

Figure 13. Router Flow Chart 
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As seen in Figure 13, the code developed for the router first sets and initializes the 

peripherals, in this case the LED indicating the status of the network and the timers 

utilized for the network steering. Then, the ZBoss stack is started with the role of 

Router this time. After, it starts with the network commissioning trying to connect 

to the network. If the connection is successful the LED is turned on, if for some 

reason the Router loses its connection to the network the LED will turn off. At the 

end, the Router is in charge of connecting devices to the network and route the 

information in the network. 

In the future, the Router could also contain a custom cluster, this can indicate the 

RSSI of the packet received and communicate the value along the address received 

to the coordinator, to help improve the localization algorithm. 

3.4.3 End Device 

The End Device is in charge of sending the information gathered from all the sensors 

attached to the emergency responder gear. It will collect the information and send it 

to the nodes subscribed to its attributes.  

The firmware, as well utilizes the ZBoss stack for the ZigBee network, and one LED 

to indicate the status of the network, ON for connected and OFF for disconnected.  

The algorithm designed for the end device allows it to receive information from the 

sensors, and send it to the Coordinator. For this project the sensors have not been 

decided yet, therefore the values are generated by a “sensor simulator” in the 

program. 
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Figure 14. End Device Flow Chart 

As seen in Figure 14, the code developed for the end device first sets and initializes 

the peripherals, in this case the LED indicating the status of the network and the 

timers utilized internally. Then, the ZBoss stack is started with the role of End 

Device. After, it starts with the network commissioning trying to connect to the 

network. If the connection is successful the LED is turned on, if for some reason the 

Router loses its connection to the network the LED will turn off. Then, the “sensor 

simulator” starts running to get the values to send. Two custom end points and two 

custom clusters are defined, after getting the value for the sensors the attributes in 

each cluster are changed, after that the stack will try to deliver the updated attribute 

to the devices subscribed to our end points, in this case to the Coordinator. After it 

will wait for one second and send the next value. 

The “sensor simulator” are producing data simulating the movement of the 

emergency responder, this is the data being transmitted to the coordinator and 

relayed to the graphical user interface (GUI) via serial. 

3.5 Graphical User Interface 

In order to facilitate the configuration of the network and to visualize in a more 

efficient way the attributes changes in each node, a Graphical User Interface (GUI) 

was designed. The aim of this GUI is to be used as a tool to perform the system 
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configuration in quicker and efficient way by the administrator of the project, and at 

it is not intended for the final user to utilize it, at least as it is now. 

The programming language chosen was C#, as it is relatively easy to develop a 

graphical interface in it and is easy to use. The code was designed utilizing Visual 

Studio 2015.  

 

Figure 15. GUI 

The GUI as can be seen in Figure 15 consists of 4 buttons, a text box and a data grid.  

In order to form and subscribe to the attributes changes in the network, as described 

in Section 3.4.1, the coordinator waits to receive the commands in Table 6. This 

process needs to be done for each different end device in the network, making the 

process of setting the system a bothersome task. To facilitate the process the GUI 

sends this commands. The connect button sends the start command and gets the 

long address of the coordinator, then the Scan Network, button gets the information 

necessary for the system, long addresses, short addresses, end point ID etc., and bind 

and subscribes the coordinator to all available end devices in the network. The 

information received is then displayed in the data grid and all the serial transactions 

can be seen in the log text box. 
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The program algorithm is described better with the next figure 

 

Figure 16. GUI Flow Chart 
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4 Test and Data Gathering  

4.1 Test Cases 

Independent variables. 

• Hardware 

• Transmitting power   

• Channel  

Physical Transmission Channel. 

• Coordinator Location 

Next to the computer, connected to it via USB. 

• Distance between End device and Router 

Distance in meters separating the End Device from the Router. 

• Distance between Router and Coordinator 

Distance in meters separating the Router from the Coordinator. 

• Battery 

Battery Voltage. 

• Number of Packets 

Packets being sent from the End Device to the Coordinator. 

• Transmission Time 

Time it takes to send all packets. 

• Line of sight 

If the transmitter is visible to the receiver. 

• Environment 

Where the experiment is being set. E.g. Hallway, between two rooms, 

etc. 

Dependent variables and their expected properties  

• Latency 

Time it takes for the packets to travel from end to end. 

• Success Rate  

Percentage packets delivered. 

• Angle 

Angle between transmitter and receiver. 
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Data Collection 

All the data will be collected logging the received packets in the coordinator. The 

data will be timed and the latency and success rate will be calculated.  

4.2 Results 

Test case: Evaluation of Maximum transmission distance and line of 

sight  

The objective of this test is to evaluate if the line of sight will affect the ratio of 

delivered packets in the system, and the maximum distance at what the transmitter 

and receiver can be located to each other and still receive packets. The percentage of 

delivered packets is the number of packets received vs the number of packets sent. 

The number of packets sent was 500 packets for each test. A packet is sent every 

second. 

The first and last test were performed in KTH Kista. The environment can be 

described as an offices building, with pillars and bridges in between the building. 

The coordinator was located in the highest reachable point of the building at 15 

meters right next to the elevator A in the last floor. The difference between the two 

different test, is that in one the coordinator was always in Line of Sight (LOS) of the 

receiver, and in the second one the was No Line of Sight (NOS). 

The second test was performed in KTH Kista. The coordinator was located in the 

third floor, at the entrance of the building the receiver was moved horizontally in 

respect to the coordinator.  

The third test was performed in Lappkärrsberget. The environment is an open area, 

there are buildings in the vicinity, but the test was performed keeping the receiver 

always in line of sight of the coordinator. The coordinator was located in the second 

floor of a building 10 meters above the ground.  
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Distance 

[m] 

Kista Elevator 

LoS [%] 

Kista Elevator 

NoS [%] 

Big 

Corridor 

Open Space 

5  95% 100% 100% 100% 

10  94% 97% 100% 100% 

20  98% 89% 100% 97% 

40  98% 73.00% 89% 97% 

60  81% 65.00% 76% 86% 

80  87% 56% 68% 86% 

120  88% 0% 40% 84% 

Table 8. Test Results. 

 

Figure 17. Distance vs %Delivered Packets. 

As it can be seen in Tables 8 and Figure 17, the distance at which the transmitter is 

located affect directly in the number of delivered packets, as the distance increases 

the number of packages decreases. Also, the environment seems to play a big factor, 

as in the last experiment shows that an open space, and a good line of sight gives a 
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better result in the percentage of packets delivered.  In the office building, after 80 

meters if there is no line of sight the receiver will not get any package, thus making 

the line of sight a critical element for increasing the range of the system. 

Test case: Maximum distance without line of sight.  

The objective of this test is to evaluate the maximum distance at what the transmitter 

and receiver can be located to each other and still receive packets without line of 

sight. The percentage of delivered packets is the number of packets received vs the 

number of packets sent. For all test the number of packets sent was 1000 with a 

frequency of a packet every second. 

The first and second test were performed in KTH Kista. The coordinator was located 

in Mentor Space, the transmitter was moved. The thickness of the walls is 15cm and 

their material is concrete. The two test were realized in different days. 

The third test was realized as well in KTH Kista, but this time in a different hallway 

with double walls in between, the thickness of the walls is 15 cm and the material is 

glass and concrete.  

The fourth test was realized in a Lappis building. The building is a half circle. The 

coordinator was located in an extreme of the circle and the transmitter was moved 

along the hallway, as the transmitter is moved the view of the coordinator was 

obstructed by the building, at the end the coordinator and the transmitter are located 

on the different extremes of the building having at the end a line of sight. 

Distance [m] Kista Hallway 
Percent 
Delivered [%] 

KTH Mentor 
Test 1 Percent 
Delivered [%] 

KTH Mentor  
Test 2 Percent 
Delivered [%] 

Lappis Building 
Percent 
Delivered [%] 

10 100% 90% 97% 91% 

20 99% 90% 97% 87% 

20 100% 98% 93% 90% 

30 96% 98% 94% 90% 

35 95% 68% 87% 72% 

40 95% 62% 79% 82% 

45 0% 74% 74% 80% 

50 0% 55% 71% 80% 

Table 9. Test Results. No Line of Sight. Percentage Delivered. 
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Figure 18. Distance vs %Delivered Packets. No Line of Sight. 

As it can be noted in Table 11 and Figure 18, as the distance increases the number of 

delivered packages decreases. The test was stopped after 50 meters because there 

was no data reception after that as the connection was lost between the transmitter 

and coordinator. 

Test case: Latency  

For the NoL tests the average latency was also computed in order to test if there is a 

relationship between the distance and the time it takes a package reach its 

destination. The Latency is the average end to end latency between end device and 

coordinator. The number of packets as defined in the past test case was 1000. 
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Distance [m] Mentor Test 1 
Avg Latency [%] 

Mentor Test 2 
Avg Latency [%] 

Lappis Avg 
Latency [%] 

10 58 56 154 

20 58 87 364 

20 49 181 364 

30 52 76 144 

35 115 126 144 

40 96 292 265 

45 79 121 265 

50 129 203 620 

Table 10. Test Results. Latency. 

 

Figure 18. Latency vs Distance 

As it can be seen from Table 10 and Figure 18, the Latency for the Mentor Spaces 

tests tends to increase as the distance increases, but in the case of the Lappis building 

it appears that the shape of the building affects the latency more than the distance, 

as in the 30 meters the coordinator has a LoS of the receiver again as it is located in 

the center of the building after it start losing the line of sight and the latency 

increases again. 

Test case: Maximum continuous number of lost packages 

The aim of this test is to check if the connection of the coordinator and the receiver 

is good enough as the distance increases. As seen in the requirements Section 1.5, 
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the maximum time for an update is 30 seconds, so the system should not allow to 

lose more than 30 packets in a row in order to comply with the requirement.  

Distance [m] Mentor Test 1 Max Lost  Mentor Test 2 Max Lost Lappis Max Lost 

10 20 4 10 

20 2 4 10 

20 4 10 10 

30 30 10 20 

35 20 4 10 

40 20 7 10 

45 20 10 11 

50 21 5 15 

Table 11. Test Results. Max Continuous Lost Packets. 

 

Figure 19. Max Continuous Lost Packets vs Distance. 

As it can be seen from Table 11 and Figure 19, the maximum number of packet lost 

is in the first test in Mentor Space with a peak of 30 packets lost in a row, this is 

within the parameters but more caution should be taken in order for this to not 

happen, as seen from the data from Mentor Space Test 2 in the same scenario it is 

possible to have less packet lost just by adjusting the way the receiver is located from 

the coordinator. 
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Test case: Angle without line of sight 

The objective of this test is to evaluate if the angle affects the ratio of delivered 

packages. The percentage of delivered packets is the number of packets received vs 

the number of packets sent. 

The test was performed in Lappkärrsberget. The environment is an open area, there 

are buildings in the vicinity. The test was performed keeping the receiver behind a 

30 cm concrete wall without line of sight of the coordinator. The coordinator was 

located in the second floor of a building 10 meters above the ground. The number of 

packets sent was 500. 

Angle [°] Delivered Packets [%] Av Latency [ms] 

0 97.00599 0.048411 

30 89.30636 0.077857 

45 54.51977 0.104182 

60 69.7318 0.112022 

90 60.16949 0.106807 

Table 12. Results Angle Test. 

 

Figure 20. % Packets Received vs Angle. 
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Figure 21. Latency vs Angle. 

The latency appears to have a direct relation with the angle, as it can be noted in the 

Angle vs Average Latency graph, as the angle increases so does the latency. As for the 

percentage of delivered packages, the angle seems to have a negative effect on it, but 

the relationship does not seem to be direct. 

Test case: Maximum distance with minimum battery.  

The objective of this test is to evaluate the maximum distance at what the transmitter 

and receiver can be located to each other and still receive packets with the 

transmitter having the minimum possible battery for a Li-Ion a voltage of 2.8V. 

The test was performed in KTH Kista. The coordinator was located in Mentor Space, 

the transmitter was moved. The thickness of the walls is 15 cm and their material is 

concrete. The number of transmitted packets is 1000. 

The results is that at a distance of 35 meters the receiver was able to get packets with 

an 82% delivered percentage. After that distance the receiver decreased drastically 

the percentage with only 2% of the packets received. 
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5 Conclusion  

As described in Section 1.5 the requirements for the whole system were set for it to 

work in a real life scenario. In order to say that the designed system is reliable, it 

must comply with all the requirements that are inherent to it. Next there is a 

conclusion for each requirement. 

Response Time. 

The requirement for the response time is that the system must update the position 

of each emergency responder with a maximum delay of 30 second.  

In the system designed, the End Devices transmit the position every second. As seen 

in the Maximum Lost Packets graph in Section 4.2 the maximum amount of lost 

packets it is below the 30 second mark, hence the system performs as specified 

complying with the required response time. 

Battery Time. 

The requirement for the battery is that it should last at least 48 hours.  

The system is designed with power saving in mind, as described in Section 3.2 the 

module can consume a max of 40 mA, taking this value as a worst case scenario the 

48 hours requirement can be achieved with a battery of at least 40mA * 48hr = 

1920mAh. The recommended battery to accomplish the requirement is a 

commercially available 2000mAh Li-Ion battery.  

Independency of the environment and Scalability. 

This requirement is the base of the whole project the system was designed to comply 

with this characteristic from the beginning. Having implemented the system with 

ZigBee makes it scalable and independent of a preexisting infrastructure. As well 

according to the results shown in Section 4.2, the system can perform with an 80% 

success rate of packet delivered at 40 meters of distance. 
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Cost, Accuracy, Size and Weight 

The cost requirement is that the system should be less than 1000 SEK per node. As 

for now this requirement cannot be say to be fulfilled as there are still sensors and 

components to decide for the final implementation.  

As well for the final size, weight and accuracy for the system it should wait until the 

final implementation is finalized in order to give an assessment for them.  

General Remarks 

As seen the system complies with the main requirements stablished for the project. 

At the end, it can be said that the network can be used by the emergency responders. 

But in order for the network to work in a reliable way the waypoints should be 

positioned very carefully as seen in Section 4.2 graphs, as the distance increases the 

percentage of packets delivered decreases, and in some scenarios it stop receiving 

packets after a certain distance, so if the system is going to be used in real life 

emergencies the system must be deployed with caution. 

5.1 Future Work 

In order to use the system in a real life emergency more test should be performed, 

and if it is possible make the test in a real mine. 

In the future, to improve the system, several additions could be made. For example 

the router could receive data from a Bluetooth beacon located in the emergency 

responder gear, then it can and transmits the received RSSI to the Coordinator along 

with the address. With that the localization system can be improved. 

Additionally the system could use pre-stablished infrastructure, if available, such as 

a Wi-Fi network to rely the messages to the operation center, making the system 

more robust. 

As well if needed the GUI can become the operation center for the system. It may 

include the map, and display the Routers, the rescuers, Mark Zones as dangerous, 

and the ability to mark the position of casualties.  
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