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In this thesis, different technologies, methods, and devices are investigated to provide 

centimeter-level real-time position tracking options with a short initialization time for 

outdoor applications. This is done by searching for suitable options from published research 

papers. Once suitable underlying technology is discovered, more specific research is 

performed on various methods based on that technology. Two methods are narrowed down 

and investigated in more detail, including different variants that affect accuracy. Finally, 

device options are selected, and few options are presented to make position information 

available for augmented reality applications. Satellite-based, network real time kinematic 

positioning technique, is suggested to be coupled with hardware that supports multi-

frequency and multi-constellation: u-blox ANN-MB antenna and u-blox ZED-F9P receiver. 

The suggestion for integration consists of sending an accurate position from a satellite 

receiver unit wirelessly to an external unit. On the unit, it will be converted into a format 

that is suitable to the used application and then passed into an augmented reality device. 
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Tässä opinnäytetyössä tutkitaan eri menetelmiä, teknologioita ja laitteita, joilla välittää 

senttimetrin tarkkuista jatkuvaa paikkatietoa lyhyellä käyttöönottoajalla ulkokäytön 

sovelluksille. Tutkimus tehdään pohjautuen olemassa oleviin tieteellisiin julkaisuihin. Kun 

soveltuva teknologia on löytynyt, tutkitaan parhaiten soveltuvia menetelmiä. Tutkimus 

rajautuu kahteen vaihtoehtoon, joita tutkitaan tarkemmin huomioiden eri muuttuvien 

tekijöiden vaikutuksen tarkkuuteen. Lopuksi soveltuvat laitteet valitaan, sekä esitellään 

muutamia vaihtoehtoja paikkatiedon välittämiseksi. Ehdotettu ratkaisu on 

satelliittipohjainen NRTK paikannus useaa vastaanottotaajuutta ja satelliittijärjestelmää 

tukevalla  u-blox ANN-MB antennilla sekä u-blox ZED-F9P vastaanottimella. Ehdotettu 

integraatio lisätyn todellisuuden laitteeseen sisältää paikkatiedon lähettämisen 

vastaanottimesta langattomasti ulkoiseen laitteeseen sen mahdollista konversiota varten, 

josta se välitetään eteenpäin. 
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1 INTRODUCTION 

 

The world digitalizes with increasing speed, and digitalization is present increasingly on 

many different fronts. Consumer markets are introduced with services that technological 

innovations have made possible. In the same way on the business front, technological 

innovations are being utilized in increasing magnitude. An increase in “as a service”-model 

offering, has seen growth in many sectors. Few examples are server hosting by Amazon as 

Infrastructure as a Service (IaaS) and Google Software as a Service (SaaS). The same service 

trend is happening in many typical industrial-focused fronts. Companies are searching for 

ways to transform their business models to bring added value to their customers with 

information services instead of only providing product-based services. [1] 

 

Digital design and manufacturing allow more customized and unique solutions that are better 

suited for serving customers with their unique needs. It also enables fast transformation from 

one type of customized product to another highly customized one, with high flexibility 

without increased production costs [2]. Part of the digital design and client customized 

approach is to bring design and information closer to the customer in a form that is easier to 

comprehend. Digital design implementation has brought the old paper models into digital 

formats that can be presented virtually. A virtual presentation can help customers to grasp 

complex designs with three dimensional (3D) models that can be viewed in simulations. 

With augmented reality (AR), these same designs can be brought into real-world spaces to 

demonstrate how the designed models would fit into a real-world environment.  

 

Broad implementation of augmented reality applications in the industrial sector is yet to see 

its breakthrough. Some of the common challenges are tracking and projection quality, as 

well as the long initialization phase for markerless positioning methods [3]. Many current 

augmented reality devices implement a technique called simultaneous localization and 

mapping (SLAM). Even if the technology is useful for tracking its surroundings and its pose 

on it, it lacks information on global location. It limits the use cases where virtual objects 

would need to be shown in a real-world environment based on their known GPS coordinates.  

 

Term localization in augmented reality refers to a process where the device’s exact pose is 

determined within the surroundings [4]. So even if the local location is known by devices 
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using SLAM, global location is unknown. As augmented reality shows virtual content 

connected to the real world, it is also necessary that provided global coordinates are also 

accurate. In this way, whatever content is shown based on its global coordinates, it will be 

shown in the correct place in the augmented view. 

 

There are geodetic GPS devices that can acquire accurate global coordinates for single 

points. However, these devices are big and, therefore, are not optimal to be integrated with 

augmented reality use. Measuring single points with a geodetic device takes some time, 

followed by a separate initialization process with augmented reality application to use these 

measured locations. 

 

There is a need to reduce the initialization process time in an outdoor environment so that 

the virtual world can be matched with real-world coordinates as Rejlers Finland Oy pointed 

out. The current process that Rejlers is using to get virtual and real word aligned on the 

outside environment with AR requires actions from a third-party service provider. Currently, 

it involves a geodetic satellite receiver to measure locations at the given place. Once the 

measurements are complete, and few measured points are marked on the ground, the user of 

an augmented reality device needs to walk through these marked points. This is part of the 

device aligning process. 

 

1.1 Goals and delimitations 

The goal of this work is to find a way to reduce the time and effort that is needed to align 

the real and virtual world. Supporting technology and methods to provide continuous 

centimeter-accurate location data to the augmented reality use needs to be investigated. In 

addition to researching supporting technologies, the goal of this work is also to find out what 

devices and components are needed for implementation. From these requirements, two 

formal research questions are derived: 

 

1. How to acquire accurate location data quickly and to make it available to augmented 

reality applications with minimal initialization work? 

2. What kind of solutions could be built with researched options? 
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Accurate positioning in this research is limited to global 3D coordinates and to centimeter-

level; in other words, the accuracy would need to be less than 10 cm. Time for acquiring 

location should not exceed a few minutes for it to be considered quick. Tracking of the user 

against local surroundings is left outside of this work. This is due to the existing Microsoft 

Hololense device that Rejlers have, which tracks the user against its surroundings with 

simultaneous localization and mapping (SLAM) on the device level. The built solution 

should not prevent or make usage of an augmented reality device hard. The solution is aimed 

for augmented reality use but may likewise be applied to other areas too where fast and 

accurate location information is needed. 

 

1.2 Research methods 

Both qualitative and qualitative research methods were used in this work. Such is often 

referred to also as mixed methods [5, p. 37]. From the design point of view, research was 

conducted by following a qualitative, evolving approach, where the structure was not strictly 

predefined from the beginning but evolved on the go. Hennink et al. describe this process to 

be a cycle that consists of three main research phase elements. Each of these elements being 

connected to each other, meaning each has influence over one another. These elements are 

design, ethnographic, and analytic. Such influence from one part to others was followed 

multiple times during this study. [6, pp. 4–5, 25] 

 

From the various qualitative data sources, existing documentation was selected and used [7, 

p. 14]. The documentation in this work was based on existing research papers. These played 

a significant role in directing the work, which eventually led to the final suggestion. It is 

typical to qualitative research that it has no hypothesis with a suggested solution that would 

be either proved false or true. That approach was also implemented in this work [8]. 

 

Even if this research is characterized mainly by qualitative research elements, also elements 

from quantitative methods are present. Quantitative research term, such as independent 

variables, was highly present. In this research, they were a number of satellite constellations, 

used frequencies, and other similar measurables. Similarly, dependent variables were present 

in this work, such as accuracy and precision. These were used to steer the work towards the 

desired solution. These values per se are not the central part of this research, but important 

supporting values in the bigger picture. Using such quantitative data to support the bigger 
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overall picture in qualitative research is called a “holistic perspective” by Patton [7, pp. 66–

67]. 

 

1.3 Structure of the thesis 

The remainder of this thesis consists of 7 chapters. Chapter 2 describes the basic concepts of 

augmented reality and the necessary components that are needed for creating one. Also, a 

short introduction of SLAM is presented with its basic principles. Chapter 3 presents how a 

SLAM based local map can be connected to globally known places by using either external 

data or existing networks. In chapter 4, global navigation satellite systems are first 

introduced and then studied on a more detailed level to find suitable options for positioning 

with given requirements. Chapter 5 investigates the two most promising methods found and 

compares accuracy results between devices and different parameters that affect accuracy. 

Chapter 6 gives suggestions on devices and provides an example of how to implement 

integration between augmented reality device using SLAM and global position information. 

Chapters 7 summarizes the results, chapter 8 provides a discussion on the results. In chapter 

9, a short conclusion of the work is presented.  
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2 LOCATION BASED VIRTUAL CONTENT IN AUGMENTENTED 

REALITY AND SLAM 

Augmented reality, as defined by Milgram [9], is a scenario where the otherwise real-world 

environment is augmented with virtual objects. He adds later that those virtual objects need 

to be computer-generated. Another well-known definition for augmented reality comes from 

Azuma [10], who defines augmented reality with following three rules: It combines real and 

virtual, is interactive in real-time, and the virtual objects are registered in 3D. In order to 

create and experience augmented reality, certain aspects must be mastered first. The first of 

them is to have a device to show the augmented reality to a user. That device may be set in 

space, like a screen or a projector that projects augmented content onto some real-world 

object. It can be a smartphone screen combining real and virtual content by using a camera 

and then adding virtual objects into it. It may be a head-mounted display (HMD) device 

where the real world is watched, e.g., via seen-though displays that also shows the 

augmented content. In addition to having a device to show content, there must be virtual 

content to be shown and a way to interpret the surrounding environment to be able to place 

virtual content into it. The following two subchapters will discuss concepts of virtual content 

and monitoring the user’s surroundings. 

 

2.1 Virtual content 

Virtual content that is to be used in augmented reality solutions may vary a lot depending on 

the scenario where augmented reality is used. The content may be created for collaboration, 

education, entertainment and gaming, industrial, interaction, medical, navigation and 

driving, perception or tourism, and exploration. Virtual content, however, does not need to 

be visual. Out of the mentioned application areas where augmented reality was used, or 

research was done to use it in the future, only 4% were virtual content other than visual. 

These four percents were either haptic or auditory content. [11]  

 

Many companies who use or provide augmented reality (AR) applications for industrial use, 

often rely on 3D models. Likewise, companies doing any kind of design often use computer-

aided design (CAD) software to create virtual models. There are many different CAD 

software like Blender, Autodesk Maya, Autodesk 3ds Max, AutoCAD, with their legacy file 

formats that will not work with other programs. There are, however, standardized file 



11 

 

formats, called natural file formats. Few common ones are STEP (Standard for The 

Exchange of Product Data), JT (Jupiter Tessellation), IGES (Initial Graphics Exchange 

Specification), and STL (Stereolithography). These natural file format can allow these 

legacy files to be converted into file formats that are supported by AR creation programs. 

[12] 

2.2 Position tracking 

Virtual content on its own, shown to a user, does not fulfill the definition of augmented 

reality, but it must be linked to the real environment. For this linkage to be in place, there 

must be ways to track the surrounding environment. The purpose of tracking is to understand 

the location and pose between the environment and the instrument tracking it. In augmented 

reality literature, a term for this is localization. 

 

Rolland et al. [13] provide seven categories for tracking techniques. First of them is a time 

of flight (TOF). This tracking method is based on measuring the distance between various 

tracking units and the tracked object. The distance can be measured by using multiple signals 

along the spectrum of electromagnetic radiation or a spectrum of mechanical waves. When 

the locations of various emitters are known, a position of a trackable object can be calculated 

based on signals’ travel times from transmitters to the trackable object. Alternatively, the 

other way around if a trackable target is emitting a signal and receivers are at known 

locations, the location of the emitter can be calculated. Satellite-based positioning is one 

example where positioning is based on the former: multiple transmitters on known positions, 

one receiver -technique. 

 

The second category for location tracking is called spatial scanning. A spatial scan is a 

method where one or multiple cameras are used to define the location and pose of a trackable 

object based on image analysis. Term inside-out refers to a spatial scan scenario where a 

trackable object has a camera or cameras mounted on a device, and those cameras track its 

position against known reference points. Term outside-in describes a scenario where a 

trackable target is followed by one or more cameras located at known reference points. The 

third used categorization is inertial sensing, which in general describes a method where 

physics is used to sense changes in acceleration and rotation. 
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Fourth and fifth are mechanical linkage and phase-difference. A mechanical linkage is based 

on physical connections between a target and a reference. With known lengths of physical 

connections and the angles of these connections, the accurate location can be calculated. 

Phase-difference, as defined by Rolland et al., measures a phase difference of multiple 

signals against the same frequency reference signal. A range of measurable movement is 

restricted when using this method alone. The used frequency defines the range of movements 

that can be measured. If the movement is greater than the wavelength of the signal tracking 

fails as the phase of the signal appears to be identical compared to a position that is precisely 

one wavelength closer or further. 

 

The sixth method, direct-field sensing, combines sensing both magnetic and gravitational 

forces. In addition to using a magnetometer to measure world magnetic poles, one can create 

local magnetic fields for tracking purposes. With three separate coils placed perpendicular 

to each other, each coil will create a directional magnetic field. These fields are then 

measured. Based on their strength, both the orientation and distance can be calculated. The 

seventh categorization is called a hybrid system that can contain two or more methods 

classified before. [13] 

 

The latest hybrid category is an approach that has become the norm in the current augmented 

reality with HMD devices. A recent survey that investigated the usability of augmented 

reality in industrial processes indicated that all devices among reviewed papers used at least 

a gyroscope, magnetometer, and accelerometer for pose and movement capturing. Besides, 

many of those devices also contained cameras for tracking purposes, whether tracking relied 

on markers, markerless two-dimensional (2D), or 3D recognition. [3] 

 

Correct pose and location estimations are essential for realistic augmented reality scenery 

shown to a user. Even small registration error caused by sensors, regardless of the cause of 

it, makes virtual objects to be out of place. Registration error will then lead to a scenery 

where objects are anchored in the wrong places.  
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2.3 Local mapping with SLAM 

Many of the new augmented reality devices come with a local tracking method called 

SLAM. This feature enables the device to track its surroundings and create a local map of 

the areas that it has been. This feature enables environmental awareness without a need to 

have separate external hardware installed around the device for tracking purposes.  

 

SLAM, as a term, originates from 1986, when probabilistic methods were first introduced 

into robotics and AI. Often in research papers, the term SLAM is linked with robotics rather 

than a general simultaneous localization and mapping method. One of the definitions of 

SLAM is: “a process by which a mobile robot can build a map of an environment and at the 

same time use this map to deduce its’ location” [14]. Camera tracking that is nowadays often 

linked with term SLAM in HMD devices has been around for a while. However, only 

solutions where tracking was possible without separate markers did not exist until the early 

2000s [15]. A method for using only cameras for SLAM tracking is called vSLAM (Visual 

Simultaneous Localization and Mapping). Nowadays, much research is put into SLAM in 

complex environments combining multiple sensor data [4]. 

 

Regardless of whether vSLAM or SLAM is considered, both are first to understand their 

surroundings. If the tracking element is a camera, there needs to be a way to utilize the 

pictures and to be able to understand the relationship between separate images. One way to 

do that is to apply parts image registration -process. A goal of this image registrations process 

is to overlay two or more separate pictures. These pictures could be taken from different 

angles, different times, or even with different sensors. The process consists of four necessary 

steps: feature detection, feature matching, mapping function design, and image 

transformation & resampling. Feature detection is a process where unique points are 

selected, and feature descriptor created to present the selected point and its surrounding. In 

a feature matching, common points from different images are being matched. Transform 

model estimation is a process where the images with different distortions are converted into 

having the same geometry. Conversion is done by selecting suitable mapping functions and 

suitable parameters for these functions that will then make the changes. The last step is image 

transformation and resampling. In this step, two images are combined, and if needed, one of 

the images might need to be resized to match with the other image. [16] 
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Some commonly used algorithms for feature detection and feature matching, are SIFT 

(scale-invariant feature transform) [17], SURF (speeded up robust features) [18], BRISK 

(Binary Robust Invariant Scalable Keypoints) [19], FAST (Features from Accelerated 

Segment Test) [20] and ORB (Oriented FAST and Rotated BRIEF). A comparison between 

these different algorithms by Tareen and Saleem shows that each algorithm has its unique 

qualities. SIFT, for example, was found to be the most accurate feature detector in scaled 

and rotated images while being also one of the slowest ones. ORB, on the other hand, has 

high performance on detecting many feature points in a short time but suffers from matching 

performance when unlimited with max feature points being detected. OBR, on the other 

hand, is not so accurate than some other compared methods [21]. Understanding single 

images and being able to understand the common points is only part of the tracking and 

mapping of SLAM. 

 

Various mathematical models can estimate simultaneous localization and mapping of the 

device, but one method used for this is EKF-SLAM. That is a class of algorithms that uses 

extended Kalman filter (EKF). It consists of two steps: prediction and correction. Prediction 

relies on sensors that give information about the device’s movement. This movement 

information is used to calculate a new position with the knowledge of the previous position. 

The correction part, on the other hand, relies on observation data that is used then to correct 

any errors from the movement data. This is where the feature detection and matching are 

used that were described previously. This visual image-matching, and pose estimation 

calculated from it, corrects prediction calculations. [14] 

 

An important term related to SLAM is loop closure. Despite the usage of prediction and 

corrections during a localization phase, some drifting may still occur. As mapping is 

performed at the same time, also the map gets the same drifting, causing the map to be 

distorted. Loop closure, if successful, happens when a device arrives at a place where it has 

previously been and realizes it. If map distortion occurs, successful loop closure will remove 

this distortion from the created map. [22] 

 

A typical modern SLAM system hierarchy consists of two elements: front and back end. The 

front end is responsible for gathering sensor data, performing feature extraction, feature 

tracking, or if a feature is a landmark, then associating these observations with the 
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landmarks. This process is called data association. Loop closure also takes place within the 

front end. Backend, on the other hand, consists of global pose estimations activities, and 

information received from the front end like feature descriptors are stored in the backend. 

[23] One recent example of this structure by Puigevert, Krempel, and Fuhrmann, where 

ARCore, ORB, and FREAK (Free Evolutionary Algorithm Kit) were used to select and 

create point descriptors at the front end. These were then passed to the back end, where 

received descriptors were compared against an existing point cloud map to find out the 

location of the observing device [24].  
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3 GLOBAL POSITIONING WITH SLAM AND NETWORK 

SLAM itself can track and create a local map of the areas where the observing device goes. 

This information, without any additional information, does not contain more information 

except the local surroundings. Likewise, if a person is woken up in the middle of the 

unknown forest, he may walk around and get to know what is around him. However, he will 

not know his location relative to the world. Sometimes this information might be irrelevant, 

and the only needed information is his position relative to the spot where he woke up. Some 

other times he may need to know his location on a world map. In the following subchapters, 

various methods are discussed on how to link SLAM local location into a global location. 

3.1 SLAM integrated localization based on available external data 

One way to get a global location is to match the observed data into another set of data that 

contains geotagged information. This can be done with image recognition, as demonstrated 

by Zhang and Kosecka. In their solution, they used an existing database of images that were 

represented in the form of SIFT keypoints. These pictures were tagged with GPS (Global 

Positioning System) coordination information. An image from the camera was then used to 

find matches from the image database. With found matches, the pose of the camera was 

calculated by comparing the feature point’s geometry against the existing pictures. With the 

known GPS locations of the stored images and the calculated pose against these, GPS 

coordinates were calculated [25]. Another similar approach was taken, but instead of having 

a few hundred images, 100 000 images were extracted from google street view. These were 

then indexed using a tree structure for further image matching [26]. In order to define the 

user’s location, images must be taken beforehand, and descriptors calculated and saved into 

a database.  

 

Another solution is based on 2.5D (two and a half dimensional) technique. In this method, 

previously established untextured building structures with known positions with precise GPS 

locations are used against SLAM observations. On the end device, a coarse GPS location is 

used to find a match from the existing 2.5D structures saved on the device. The geometry of 

the saved 2D data is compared with the models on the device to get an accurate pose. As 

with the previous method, this also requires initial preparation, in this case, the work needed 

to prepare the 2.5D models in desired areas. [27] 
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Instead of relying on images or structure shapes, global positioning can be based on an 

available 3D map file saved on the device. This file can contain GPS positions and the global 

positioning of the device itself without a need to rely on online solutions [28]. Another 

method relies on the same principle where matching is done against an existing point map. 

The difference is that the whole map is saved online. The observing device itself only sends 

information about the local mapping, and the external server then performs the global 

positioning and sends that information back to the device [29]. 

 

Saving 3D clouds on devices is possible, but issues may arise when moving from small 

restricted indoor spaces to outside spaces. Mapped and saved 3D space file sizes can expand 

from meters to tens or hundreds of meters or even to kilometers depending on the use case. 

This will naturally cause a 3D point map size to grow and can become so big that it cannot 

be saved and used on the AR device. The needed size depends on the used point cloud 

descriptors, the area scanned, and selected precision density of the scan. Dymczyk et al. 

collected an outdoor dataset from the length of 200 meters, which created a datapoint file 

size of 52,7MB (megabyte). A data compression method was created to solve the big file 

size problem. Only the most crucial feature points are selected and saved in order to allow 

localization, yet decreasing the file size. One benefit of compression is that a dataset that 

could not be carried along before could be used by the device locating purposes. Smaller file 

sizes also enable external servers to send data into devices when needed. [30] 

 

In the field of deep learning and positioning, Roa et al. used an existing object detection 

method called SSD (Single Shot Detector) to detect objects. To be able to use SSD on mobile 

devices, they modified it to be less computationally heavy. They provided large image sets 

into the learning algorithm and did it with a powerful computer. A mobile device was then 

utilized, which provided rough GPS data, together with data from IMU (inertial 

measurement unit) sensors and magnetometer together with a camera. As a result, almost 

real-time object recognition was reached with a frame rate of two frames per second. The 

implementation did not include pose estimation, and the authors indicated that further work 

would be needed in order to use it for accurate AR localization with the SLAM approach 

[31]. 
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When considering saving 3D point clouds together with its attributes, like color, and SIFT 

descriptors into external third-party services, it is good to be aware of the risks involved. For 

example, it is possible to combine the save point-cloud data information and generate 

synthesized images of the original scene. This is demonstrated in figure 1. At the left, single 

points from a point cloud are presented. In the middle, there is an image created from the 

point cloud, and at the right, a picture of the real scene. [32]. Speciale et al. propose a method 

to solve the privacy issue, where individual 3D point clouds are converted into 3D lines. In 

this method, the location of the 3D points are disregarded, yet feature descriptor data of those 

points are preserved. The created 3D line still passes through the removed 3D point and has 

random direction in that 3D space. As a result, it obfuscates the geometry of the scene. Using 

this method brings rotational and translation errors to localization as well as increased time 

for solving the same. [33] 

 

 

Figure 1: Created image from point cloud file [32] 

 

3.2 Network-based positioning 

Positioning methods in cellular networks can be divided into four main categories, which 

are: Trilateration, Triangulation, Proximity, and Scene Analysis. These categories, presented 

on figure 2, can be then divided into two groups based on where UE (user equipment) 

locating happens relative to a base station (BS). These are mobile-based positioning and 

network-based positioning. In mobile-based positioning, the location is calculated at the user 

equipment. In the network-based solution, a mobile device is recognized with a specific ID 

(identifier). With this ID and measurements available on the network side, calculations for 

the position can be done. 
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Figure 2: Positioning categories [34] 

 

Trilateration is a method where a position is calculated based on the intersection of various 

geometric shapes. An example of such is creating three circular shapes. Each of these circles 

can be created by measuring the distance from a sender to a receiver. This can be done by 

calculating the time it takes for a signal to travel from one to another. Once there are three 

or more such circles, the intersection points are used to define the position. Trilateration can 

likewise be based on signal strength measurements. 

 

Triangulation is a method where angles or directions are used to calculate the location of a 

particular device. With known BS locations, UE device location can be calculated based on 

the signal angles received at UE, or by the angels sent by BS. Future 5G networks will have 

multiple narrow and short-range antennas. More narrow coverage areas will make the 

triangulation method more accurate than using wide and longer ranged 4G antennas. 

Triangulation, combined with the signal strength measurements, can improve positioning 

even more on these networks [35]. 

 

The scene analysis or fingerprinting method is based on previously gathered information in 

a particular area. Positioning is based on existing data and data received from a device that 
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is to be located. These two will be compared to find matching measurements. This 

information could be various sensor information gathered on the device that is then used to 

determine the location of the device. Proximity defines the location based on the serving 

base station. A hybrid is then a combination of any of the other three in order to improve the 

method. Using multiple could be necessary in order to determine the location at all, as one 

of the ways may be insufficient for completing it on its own. [34] 

3.3 Network-based methods and accuracies 

When looking at solutions provided by the existing mobile network infrastructure, quite a 

bit of research has been done. However, most of the research is focused on positioning 

techniques aimed to be solved by a network operator. The reason why this method is a 

popular area of research is based on requirements that were given to mobile operators to 

locate network users for emergency purposes. Such a requirement was first introduced in the 

USA (United States of America) by FCC (Federal Communications Commission) with a 

service called E911 (Enhanced 911) in 1996. The primary purpose of that new service was 

to provide location information of a person calling at 911 at the same time when the call is 

received. Network operators who failed to take the service into use and meet the set 

performance requirements for accuracy were fined. A similar approach was also taken into 

use in Europe later but without hardly defined performance requirements 

 

When it comes to the trilateration category on mobile networks, several challenges limit the 

accuracies derived from it. One of the problems relates to the small number of network 

towers in a user’s range. In that case, it does not matter if the calculation is based on time 

differences, signal strengths, or angles. After all, network providers create network coverage 

for its users in the most efficient way. It means that they want to avoid building links towers 

with a lot of overlapping coverage areas. It is enough to have one link to cover a wide area. 

In areas where there are obstacles to prevent the signal from reaching certain places, more 

antennas may be needed. This is often a case in rural areas where buildings often block 

signals, and in big cities, small antennas can be seen mounted into building walls. Calculated 

accuracy may vary a lot depending on the network structure on that area and device’s 

location in it. Rural areas with more antennas do not automatically mean that position 

accuracy would be any better compared to low antenna density areas. The number of 

different base-stations and the size of those cells are essential for accuracy. Current 
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accuracies received in this method depend on whether used technology is 2G, 3G, or 4G 

(second, third, and fourth-generation wireless telephone technology). Accuracies range with 

these from tens of meters to hundreds of meters, when it is possible to use this method. 

 

Proximity and scene analysis methods and their variants are the most commonly used 

network-based positioning methods. With proximity, only the range of that BS has to be 

known to give an area estimate of a device’s location. One may apply different methods to 

improve accuracy. Examples of such for UMTS (Universal Mobile Telecommunications 

System) are received signal code power and round trip. As with the trilateration category, 

individual accuracies derived from this are highly dependent on the transmitter cell size, the 

area that one BS covers. Used technologies under this categorization fall short compared to 

the accuracy of previously mentioned positioning techniques. Accuracy of proximity ranges 

from 50 meters to hundreds of meters. 

 

One of the most common methods falling under the categorization of scene analysis is RF 

(radio frequency) pattern matching. This method is based on collecting data from a network 

coverage area. Measured values on that location, called fingerprints, are saved into a 

database together with a known location. The data that creates the fingerprint may vary, but 

some common values measured are signal round-trip times and signal strengths. The created 

database of fingerprints is compared to received fingerprint to define its location. Accuracy 

for the calculation can be increased by using fingerprinting data from overlapping BS cells 

when available. Newer network technologies have introduced higher frequencies, which 

means smaller cell sizes and bigger accuracies with fingerprinting. WLAN (Wireless Local 

Area Networks) or Bluetooth network areas are small and using these would increase 

fingerprinting accuracy even more. However, these are not usually available in the outdoor 

environment. Accuracy range for fingerprinting varies from tens of meters to hundreds of 

meters depending on cell size and density. [34] 

 

One study based on fingerprinting and its accuracy is by Ulm et al. The accuracy 

measurements were based on an open database. It contained fingerprints that consisted of 

signal strengths of cellphone towers linked with GPS location data around the world. The 

database used was available from OpenCellID with over a billion measurements at the time 

of the test. The perceived accuracy median for selected 27 countries in the survey was 507 
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meters, where the country-wise range on medians ranged from 42 meters to 1359 meters. 

[36] 

 

Vo and De consider visual and motion data as a source of fingerprinting, where visual 

fingerprint consists of images taken and sent to be analyzed against other taken pictures. 

Motion sensing is based on sensor data on the device. Both these fingerprints are combined 

with GPS signals. Accuracies of such combinations vary by the papers Vo and De reviewed 

from five to fifty meters. Motion fingerprinting covered ranges from five to 20 meters, and 

visual fingerprinting from 20 to 50 meters. [37]  

 

Low Power Wide Area Network (LPWAN) is a relatively new term that did not exist yet in 

2013. As the name suggests, it is a network covering a wide area with components 

consuming a small amount of power. LPWAN is commonly used with the Internet of Things 

(IoT), referring to devices and sensors that can exchange data. Range dependents on the area, 

but a typical range is 10 – 40 kilometers and 1 – 5 kilometers in rural and urban zones. 

Devices consume a minimal amount of energy, and the required chipset costs less than 2€, 

with operating costs less than 1€ per device per year. The two most common LPWAN 

networks are Sigfox and LoRaWAN, both operating in over 60 countries, and in Finland, 

Sigfox covers most of southern Finland, LoRaWAN covering all of Finland [38]–[41]. [42] 

 

The range of LPWAN stations limits the position accuracy. Aernouts et al. investigated the 

possibility of locating these devices based on fingerprinting in Antwerp Netherland. For this 

fingerprint map was created using LPWAN devices. Devices were taken around the city 

while sending data to the server. The collected data consisted of BS IDs, received signal 

strength indicator (RSSI) values for each BS, and GPS coordinates for each measurement. 

With over 14 thousand individual fingerprints saved with a network of 137 base stations for 

Sigfox and over 123 thousand fingerprints into 84 base stations, the measured accuracies 

were 689 meters with Sigfox and 398 meters for LoRaWAN (Low Range Wide Area 

Network). [43] 

 

SLAM based global positioning methods, either with internal or external data, could provide 

accurate positioning results. However, all the reviewed cases require image databases or 

created point-clouds or other 3D models of the area. On this day, there is no database that 
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would have sufficient precision that is needed for augmented reality use, especially in rural 

areas. Positioning techniques based on mobile phone networks cannot provide accuracies 

below tens of meters. 
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4 GLOBAL NAVIGATION SATELLITE SYSTEM BASED 

POSITIONING  

Global Navigation Satellite System (GNSS) is a general term that covers all the different 

global satellite positioning systems. For a long time, only one such system, GPS (Global 

Positioning System), a US-based satellite system, was in use. In addition to US-based GPS, 

other global satellite navigation systems in use are Russian GLObal NAvigation Satellite 

System (GLONASS), Galileo satellite navigation system created by the European Union, 

and Chinese BeiDou. 

 

Satellite positioning is based on using distance information between a user and multiple 

satellites to define his or her location. Distance is calculated by measuring how long it takes 

for a signal from a satellite to travel to a receiver. The speed of the signal itself travels with 

the speed of the light, but the path the signal travels influence it. When satellite location is 

known, and one satellite is sending a signal, the location of the receiver can be determined 

to be on a surface of a sphere. The satellite is in the middle of it, and distance to the edge of 

the sphere is the measured distance that light travels in the measured time. With two 

satellites, places are restricted to the edges on a circle in 3d space. With three satellites, 

locations are restricted into two points and with four satellites into one point. In practice, 

when three satellites are used, out of two points, one can be discarded as it would be located 

out in the space and not on the surface of the earth. However, at least four satellites are 

needed because a time component needs to be solved as well as 3D space coordinates. Time 

coordinate needs to be solved due to a significant variation that time measurements can 

contain. [44, pp. 1–5] 

4.1 GNSS architecture 

 

GNSS architecture consists of three segments: a space segment, a control segment, and a 

user segment. Space segment includes satellites, satellite constellations, or in other words, 

orbits and places for satellites on those orbits. GPS uses six orbits, each being eventually 

placed around the globe. Each orbit consisting four places for satellites, covering the whole 

globe so that at least four satellites will always be visible everywhere in the world. Glonass 

operates on three orbits as well as Galileo. Beidou also uses three orbits but also has 

stationary satellites. 
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The control segment takes care of all activities that relate to maintaining satellites in the 

correct positions. It is also responsible for keeping satellite’s times in sync and making any 

needed adjustments on the signals the satellites are broadcasting. US-based GPS consists of 

the following three control segment components: a master control center, monitoring 

stations, and ground antennas. There is one master control center, which is then connected 

to monitoring stations. These monitoring stations are located around the globe in a way that 

each satellite is monitored at least in three different monitoring stations. Monitored data is 

passed to the master control center to be analyzed to know if any adjustments are needed. 

Regardless of the GNSS system, control segment activities are the same for all GNSS 

systems, even if some tasks are divided differently within each GNSS system. The user 

segment consists of GNSS receivers and other hardware to process the signal from satellites 

to calculate the receiver's location. [44, pp. 7–18] 

4.2 GNSS Signals 

Each GNSS system has its frequency ranges for signals. GPS uses three different frequencies 

in all their signals from satellites to receivers, one fixed frequency for each band. Glonass, 

unlike GPS, uses multiple signal frequencies within one band. In this way, one receiver 

listening Glonass satellites will not receive the same frequency signal from any of the other 

visible Glonass satellites.  

𝐺1 = 1602 + 0,5625 ∗ 𝑘      (1) 

 

𝐺2 = 1246 + 0,4375 ∗ 𝑘     (2) 

 

Glonass carrier wave signal frequencies for bands G1 and G2 are calculated as shown in 

equations (1) and (2), where k is a whole number ranging from -7 to 6, providing 12 

individual frequencies for each band. Galileo uses four different carrier frequencies, but two 

of them are modulated into one signal. Beidou signals are carried over three carrier 

frequencies. Different GNSS provider carrier frequencies are collected into table 1, with 

target groups. [44, pp. 18–38] 
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Table 1: GNSS carrier frequencies 

 

GNSS service Band Carrier frequency Modulated Target group 

GPS 

L1 1575.420 MHz   Civil & Military 

L2 1227.600 MHz   Civil & Military 

L5 1176.450 MHz   Civil & Safe-of-Life 

GLONASS 
G1 1602+0,5625k MHz   Civil & Military 

G2 
1246+00,4375k 
MHz   Civil & Military 

Galileo 

E1 1575.420 MHz 
  

Civil & Security & Commercial & 
Search and Rescue & Safe-of-Life 

E6 1278.750 MHz   Civil & Commercial 

E5a 1176.450 MHz 
1191.795 MHz 

Civil 

E5b 1207.140 MHz Civil & Commercial & Safe-of-Life 

Beidou 

B1 1561.098 MHz   Civil & Authorized 

B2 1207.14 MHz   Civil 

B3 1268.52 MHz   Authorized 

 

GNSS signals all consist of three main components: carrier, ranging code, and navigation 

data. Carrier is the carrier signal where ranging code and navigation data are modulated. 

Ranging code is used to calculate the time that it takes for the signal to travel from satellite 

to receiver. Navigation data contains satellite location and speed at the orbit, clock bias 

parameters, atmospheric information, almanac information, and satellite health status and 

other complementary information. 

 

With a US-based GPS signal, ranging code is called coarse accusation (C/A) code. It consists 

of a pseudorandom noise (PRN) sequence that is unique to each satellite. This PRN code is 

1023 bits long, and it takes 1ms to be transmitted. It means it is received 1000 times per 

second. GPS signal also has precision code modulated into the same carrier signal. That code 

is either to military use to those who have been granted permission to use it. Others cannot 

use it as it requires a decryption key. The navigation message consists of more information 

and needs 12,5 minutes to be transferred. Other GNSS signals have variations of the 

elements and the times it takes to transfer data. [44, pp. 18–38] 

4.3 Source of position calculation errors 

To be able to calculate the distance between a satellite and a receiver accurately, one needs 

to know the distance between the two. To calculate the distance, the time that it takes for the 



27 

 

signal to travel from satellite to receiver is measured. This is based on comparing the time 

when the signal was sent from satellite and when it reached the receiver using timestamp on 

the signal against the receiver’s clock. Even a small error in time measurement can cause a 

big difference in the distance calculation as the signal travels with the speed of light. 

 

Clock offsets between satellite and receiver cause a measurement error. Ideally, both should 

be using a standard GNSS system-based time. However, either satellite or receiver may not 

be totally in sync with it. Without periodic clock sync, receiver and satellite times will 

automatically go out of sync even without clock error as receivers and satellites have 

different relative speeds and gravitational potential. These cause a need for relativistic clock 

correction to take place in the calculation. Instrumental delays either at satellite end or delays 

at the receiver can similarly cause inaccuracies in the measured times. [29, pp. 104–107] 

 

The atmosphere can affect the signal in multiple ways. One of them is electromagnetic beam 

bending that is caused by the atmosphere not being homogeneous. When the signal travels 

from more dense material to less dense material, it causes the signal to change its traveled 

angle. Therefore, the actual distance the signal traveled can be longer than the straight 

geometrical path between the satellite and the receiver. The effect of reflection is more 

significant in the troposphere and grows, the more the signal travels in it. In the ionosphere, 

density changes are caused mainly by electron density changes. These are caused by 

sunlight, and conditions change between night and day times and are relatively constant 

except at times of solar storms. Signal delays on a troposphere, either caused by reflection 

or signal speed deviations, are divided into two components. These are a hydrostatic 

component and a wet component. A hydrostatic component is caused by dry gasses present 

in the troposphere, and changes on this are less than 1% per hour. This is affected by air 

pressure and temperature. A wet component is caused by water vapor in the air and thus can 

change rapidly. As with the ionosphere, the effects of these two components increase with 

lower satellite elevation angles. [44, pp. 109–122] All the delay error sources are combined 

into figure 3. 
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Figure 3: GNSS signal delay sources [44, p. 96] 

 

Another error that can cause inaccuracy to the calculation is multipath. Multipath occurs 

when a signal from a satellite arrives at the receiver as a reflection. This reflective surface 

may be ground, close by building, water, or any other suitable object. The amount of error 

caused by multipathing can be from centimeters to meters depending on the reflection path. 

Receiver noise affects both a carrier wave phase and actual data that is modulated into the 

carrier wave. Errors by these depend on the used frequencies, but the noise on the message 

itself causes more significant errors than noise on the carrier wave phase. [29, pp. 75-78] 

 

𝜌 = 𝑟 + 𝑏 − 𝐵 + 𝐼 + 𝑇 + 𝑘 − 𝐾 +  𝑀 + 𝑒    (3) 

 

The total observable distance by a receiver is called pseudorange. It contains the real distance 

together with error components, as presented in equation (3) above. ρ on the equation is a 

pseudorange measurement, r is a true geometric range, b and B are receiver and satellite 

clock errors with relativistic satellite clock correction, I and T ionospheric and tropospheric 
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delays, k and K receiver and satellite instrumental delays, M errors caused by multipath and 

e is receiver noise [29, pp. 66] 

 

4.4 Different GNSS based positioning techniques 

In this chapter, seven different techniques are investigated to calculate the receiver’s location 

and deal with some of the before-mentioned unknown errors. The basic working principle 

of each of these seven techniques will be presented. Expected accuracy ranges and required 

time for position calculation, as well as any special requirement for each technique, will also 

be mentioned. A summary of the techniques will be found at the end of this chapter. 

 

One of the most significant single difference between the techniques is the measurement that 

is used for the pseudorange calculation. Two main terms are code-based calculation and 

second carrier-phase -based calculations. Code-based calculation reads only data carried on 

the modulated signal and makes the calculations from it. Carrier phase-based calculations 

also use the code available, but in addition, it tracks the carrier wave and solves the number 

of such waves between the receiver and the satellite. In addition, it also tracks the phase of 

the wave in order to get even more accurate distance measurement. 

 

4.4.1 Global navigation satellite system (GNSS) 

In this technique, calculating the location of a receiver is based on measuring signal travel 

times from satellites to a receiver. This time information can be read from ranging code that 

is modulated into the carrier wave. This time information is then used to calculate 

pseudorange; calculated distance based on the measured time. Accuracies vary between the 

used GNSS provider but they range from meters to tens of meters. [44, pp. 25–37]. 

 

Measured accuracy may vary based on the quality of devices and other external error 

components. Measurements taken by Marila et al. in Finland with geodetic receivers and 

antennas provided an accuracy of 2,9 meters with a 95% confidence level on a horizontal 

axis measured from a rooftop. Vertical accuracy on the same spot was 5,48 meters. When 

similar measurements were performed in a forest, horizontal and vertical accuracies dropped 

to 2,85 and 6,71 meters. These measurements lasted 24 hours, and during that time, the 

maximum calculated errors were 4,78/9,42 meters on horizontal and vertical levels. On a 
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rooftop, the respective maximum errors were 21,53 and 45,20 meters from the actual 

location [45]. 

 

The time it takes for GNSS to calculate its location depends on the amount of data it has of 

its location and satellites around it. If the receiver has an internet connection, a technique 

called assisted GPS (A-GPS) may reduce the time needed for locating the receiver 

significantly. In such a case, the receiver can calculate its position in seconds. With A-GPS, 

the receiver gets information about the satellites and their locations in the sky. These are 

needed to calculate the receiver’s position. If A-GPS is not available, the same information 

can be acquired from satellite signals. If the receiver has no information about its location 

and satellites, it needs to get all that data from satellite signals, which takes 12,5 minutes for 

GPS. Typical fix times and accuracies are listed on table 2. [44, pp. 25–37] [46] 

 
Table 2: Summary of GNSS [46], [47] 

 

Global Navigation Satellite System 

GNSS providers GPS, Galileo, Glonass, BeiDou 

Accuracy range 4 - 25 meters 

Time to first fix (TTFF) 1 - 180 seconds 

Device requirements 1 x single or multi-frequency receiver 

Other requirements - 

Other notes 
TTFF depends on how much data a receiver has on its 
locations and satellites. 

 

4.4.2 Differential global navigation satellite system (DGNSS) 

Differential global navigation satellite system, also known as DGPS, consists of two 

elements. First is a reference station with a known location that listens to signals from various 

satellites. The other element is the receiver with an unknown location. Based on its known 

location reference station can calculate the amount of error in that location. Correction 

information is sent over the internet to the receiver device so it can correct its location with 

the known errors. When the distance between the reference station and receiver increases, it 

also increases the inaccuracy. This happens because the signal path, that is received by the 

reference station, and the other receiver, differs more they are apart. The rate this accuracy 

degrades is calculated to be 0,22m per every 100 kilometers added to the distance between 

the receivers. [48] 
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Marila et al. compared the accuracies between GNSS and DGNSS in various places in 

Finland. Horizontal accuracy improved from 2,9 meters to 0,36 meters, and vertical from 

5,48 to 0,62 meters. Both measurements were taken at the same points. In the later 

measurement, only a correction signal was added. In that particular test, the distance to the 

reference station was 10 kilometers [45]. Another field study that compared GNSS and 

DGNSS in the year 2010 indicated an improvement from 10,305 meters to 2,299 on 

horizontal and 6,413 meters down to 2,587 vertically [49]. Waiting time to get the location 

calculated is not affected by the correction signal. The summary of DGNNS is presented in 

table 3. 

 

Table 3: Summary of DGNSS [48] 

 

Differential Global Navigation Satellite System 

Accuracy range 0,2 - 25 meters 

Time needed to resolve location 1 - 180 seconds 

Device requirements 1 x single or multi-frequency receiver 

Other requirements Connection to reference stations (internet) 

Other notes 
Support for correction calculations on software/device level 
needed 

 

4.4.3 Satellite-based augmentation systems (SBAS) 

Components of SBAS systems are receivers, satellites on orbit, SBAS satellites and SBAS 

reference stations, and communication links between reference stations and SBAS satellites. 

SBAS satellites and SBAS reference stations and corresponding communication channels 

create an SBAS system. There are currently five operational SBAS systems: 

1. WAAS (Wide Area Augmentation System) operated by the USA, 

2. EGNOS (European Geostationary Navigation Overlay Service) operated by 

European Union, 

3. SDCM (System for Differential Correction and Monitoring) operated by Russia, 

4. GAGAN (Geo-Augmented Navigation system) operated by India and 

5. MSAS (Multi-functional Satellite augmentation system) operated by Japan.  

 

The coverage of these systems is visible in figure 4. SBAS reference stations monitor GNSS 

satellites and calculate differential corrections for these satellites. These corrections are sent 

via uplink to SBAS satellites, and then correction data is broadcasted to be used by receivers. 

SBAS providers monitor the GPS satellites and broadcast correction information for those 
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satellites. SDCM is an exception and provides correction data for both GLONASS and GPS 

satellites. [50] 

 

 

Figure 4:SBAS coverages [50] 

 

Accuracies vary between areas and by SBAS providers. EGNOS has stated its minimum 

accuracy levels within Europe with 95 % confidence levels. These horizontal and vertical 

accuracies are three and four meters when receiver equipment is compliant with RTCA MPS 

(Radio Technical Commission for Aeronautics Minimum Performance Specification) 

DO229 Class 3. Monitored accuracies for EGNOS in north Europe with 95 % confidence 

levels are ranging from 0,6-1 meters on a horizontal and 1,6-2 meters on a vertical level [51]. 

Measured 95 % confidence level accuracies for WAAS are 1,6 meters horizontal and 1,6 

meters vertical. Measured accuracy values by Marila et al. in the same location as with 

standalone GNSS and DGNSS are 0,81 meters horizontal and 1,47 meters vertical with a 

95% confidence level. Range of values for SBAS are presented in table 4. [45] 
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Table 4: Summary of SBAS [51] 

 

Satellite-Based Augmentation Systems 

Accuracy range 0,5 - 25 meters 

Time needed to resolve location 1 - 180 seconds 

Device requirements SBAS compatible receiver  

Other requirements Visible SBAS satellites 

Other notes - 

 

4.4.4 Real-time kinematics (RTK) 

As the name states, this method calculates the position in real-time, and the location is 

updated continuously. This positioning technique is based on finding out the number of 

whole carrier waves between receiver and satellite and the phase of the remaining wave. 

This method eliminates the errors in the signals that are received and measured at receivers. 

For the elimination to take place, two separate signal receivers from the same satellite are 

needed. Receivers need to be close enough so that all the measured effects cumulated by 

various error components on the signal paths would be similar for both receivers. 

Elimination of the errors can be done with a differential or with a relative process. In general, 

the longer the receivers are apart, the higher are the differences between the signal paths, 

reducing the accuracy. When the distance between two receivers reaches a range between 

20 to 30 kilometers, the difference of the received wavelength is about a half. Such a 

condition can then prevent getting fixed phase ambiguity, meaning to be able to calculate 

the number of waves between receiver and satellite. Accuracy can reach sub-centimeter 

levels, and the time for this fix can be less than 30 seconds. After that, the location 

information is a real-time location. [52] 

 

For RTK solution, one needs to have two separate receivers, as mentioned earlier. One of 

the receivers is called a reference station and the other a rover. A reference station provides 

a known location, which is essential for calculating a rover’s position accurately. Datalink 

must also exist between a reference station and a moving rover station. A reference station 

provides raw signal measurements and sends them usually to rover where the location of the 

rover is solved. In some cases, the calculation may happen elsewhere but may cause some 

additional delay before a rover has the present location information. Some typical ranges for 

RTK are presented in table 5. [53] 
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Table 5: Summary of RTK 

 

Real-time kinematics 

Accuracy range 0,001 - 1 meters 

Time needed to resolve location 1 - 180 seconds 

Device requirements 
1 x single or multi-frequency receiver as a rover 
1 x single or multi-frequency receiver as a reference  

Other requirements Datalink between receivers 

Other notes  

 

4.4.5 Network real-time kinematics (NRTK) 

Network real-time kinematics is a variation of the RTK method with the same basic 

principles when defining the location. Instead of relying on a separate single reference 

station, multiple stations are used. Permanently located reference stations are called 

continuously operating reference stations (CORS). These stations can be interconnected to 

create a network of CORS and made available from a single interface to many users. With 

the network of CORS, it is possible to model what kind of measurements would be received 

at some point within the area between multiple CORS. This calculated reference point is 

called virtual reference station (VRS), and the network could send that estimated 

measurements to a rover receiver. By using VRSs, one can get RTK accuracy of a scenario 

where s physical reference station would be 20 km away from the rover, where the actual 

reference stations can be actually 40-80 kilometers away. [52] 

 

In Finland, there are a few different reference networks operator. One of them is a Finnish 

permanent GNSS network called FinnRef, with 20 reference stations ranging from Åland to 

the northern part of Finland. However, NRTK corrections are only available for research 

use. There are also two commercial reference network providers in Finland: Geotrim Oy and 

Leica Geosystems Finland. They both operate separate networks, both having more than 100 

permanent stations. These companies also provide measuring services with their own 

devices with accuracy classes ranging from 1 mm level to 50 cm. Typical ranges for NRTK 

are presented in table 6. [54] 
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Table 6: Summary of NRTK 

 

Network Real-time kinematics 

Accuracy range 0,001 - 2 meters 

Time to first ambiguity (TTFA) 1 - 180 seconds 

Device requirements 
1 x single or multi-frequency receiver as a rover 
A network of single or multi-frequency receivers 
Datalink between receivers 

Other requirements Internet connection for dual-way connection 

Other notes   

 

4.4.6 Precise Point Positioning (PPP) 

 

Precise point positioning is a technique where only a single receiver is used to observe 

satellites with either dual or single frequency. PPP depends on accurate information on 

satellite orbits and satellite clock corrections. These are monitored by International GNSS 

Service Real-Time Pilot Project (IGS-RT PP) analysis centers around the globe. This 

information is available for public use [55], [56] and is needed at a receiver using PPP. With 

this data, other unknown factors must be then mitigated to get improved accuracy through a 

process called sequential least-squares estimation. When using dual frequencies, ionospheric 

signal delays can be calculated out. The advantage of this technique is the ability to solve 

the receiver’s location in sub-centimeter accuracy on a vertical and centimeter-level on a 

horizontal level. It can accomplish this without additional receivers. However, PPP needs to 

have access to satellite monitoring information, as mentioned above.  

 

Unlike some other locating techniques, PPP steadily improves its accuracy, and once a 

certain level is reached, it will not get worse. One of the downsides in this method is, 

however, a long convergence time, the time it takes to reach centimeter accuracy. This time 

is affected by the number of satellites being visible, the observed geometry of these satellites 

in the sky, the environmental factors, observation quality, and sampling interval. 

Recommended time for reaching one-centimeter horizontal accuracy with a 95% confidence 

level is 24 hours, and for two-centimeter accuracy with the same confidence level is five 

hours, according to the Federal Geographic Data Committee. 

 

Precise point positioning convergence time was tested by Abou-Galala et al. by collecting 

523 daily observation files from 75 IGS monitoring stations dated to 2012 using dual-

frequency and single constellation data. In figure 5, calculated convergence times can be 
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seen. On the left side, 5, 10, 20, 50, and 100 cm values and their convergence times are with 

different confidence levers are presented. On the right side, similar measurements are present 

for 0,5, 1, and 2 centimeters. In table 7, typical ranges and basic information for PPP are 

presented. [57] 

 

 

Figure 5: Convergence time periods for horizontal accuracy levels [57] 

 

The location where the observations are made affects the convergence times. This is because 

the amount of visible satellites varies as the satellite constellations have different orbits. 

Some satellites might not be visible at all in some parts of the world. Convergence time 

increases if the satellites are from the receiver’s point of view located close to each other. A 

term for such density is Geometric Dilution of Precision (GDOP). Lower GDOP value 

indicates more spread out satellites and therefore expected accuracies are likely better. Used 

satellite systems also affect accuracies, as shown by Lou et al., as some constellations are 

known to be more accurate within specific longitudes. [58] 

 

Despite the slow convergence time, there is a constant demand for PPP among applications 

like self-driving cars and unmanned aerial vehicles. That is why there is continuous research 

on reducing that convergence time. Recently a new approach was introduced that combines 

dual and single frequency measurements from various satellites to improve instantly 

available accuracy for low-cost receivers. As a result, instant 0,5-meter accuracy was 

reached. [59] 
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Table 7: Summary of PPP 

 

Precise Point Positioning 

Horizontal accuracy range 0,01 - 1 meter 

Time needed to reach a certain accuracy 
level with a 95% confidence level 

1440 min - 5 min 

Device requirements 1 x Single or Dual-frequency receiver 

Other requirements 
Access to precise satellite orbit and clock data 
calculated by monitoring stations 

Other notes   

 

4.4.7 Summary 

Out of these various satellite-based positioning techniques, accuracy-wise real-time 

kinematics, network real-time-kinematics, and precise point positioning all fulfill the 

accuracy of the sub-10 centimeters requirement. The time required to reach that accuracy 

with PPP is too long and cannot be considered further. RTK and NRTK will be further 

analyzed. The summary of all the satellite-based positioning methods can be seen in table 8 

for easy comparison. Ranges on both accuracies and times to have position are subject to 

various variants, as already mentioned in this chapter. Those will be investigated in more 

detail for RTK and NRTK in the next chapter, together with their effects on the selected 

positioning methods. 

 

Table 8: GNSS positioning methods 

 

  

Method 

GNSS DGNSS SBAS RTK NRTK PPP 

Accuracy in 
meters (m) 

4-25 0,2-25 0,5-25 0,002-2 0,002-2 0,01-1 

Time needed 
for location in 

seconds (s) 
1-180 1-180 1-180 1-120 1-120 5-1440 

Special 
requirements 

One 
receiver 
internet 

connection 
optional 

One 
receiver 
internet 

connection 
needed 

One 
receiver 

capable to 
receive 

SBAS 
signals 

Two 
receivers 

and 
connection 

between 
them 

One 
receiver 

and 
internet 

connection 
to 

reference 
station data 

provider 

One device, 
access to 
precise 
satellite 
related 

data 
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5 COMPARISON OF NRTK AND RTK OPTIONS 

In this section, both RTK and NRTK will be investigated at a more detailed level. The total 

accuracy is a sum of multiple factors that can be affected when planning the components and 

techniques. These factors will be covered in this chapter, and their effect on total accuracy 

will be presented by using existing measurements done on these factors. This chapter first 

looks into NRTK in more detail and the affecting variants, then RTK option is likewise 

investigated. Effect of each variable is investigated, and towards the end of this chapter, 

smartphones are considered as a receiver. In the end comparison of these three will be 

presented. 

5.1 Comparison of GNSS network providers in Finland 

When the NRTK option is considered, it is known that a reference network is needed to pair 

with a rover device. In Finland, there are multiple GNSS network providers where 

commercials are available for all with subscription and one called FinnRef only for research 

use. FinnRef is operated by the national land survey of Finland (NLSF) with 20 base-stations 

all located outside cities, mounted into bedrock and equipped with multipath preventing 

choke ring antennas. In addition, each station has been individually calibrated. Compared to 

the commercial ones, this network is a sparse network with an average distance of 200 

kilometers. Koivula et al. performed the accuracy of FinnRef against commercial networks. 

This was done in various places with geodetic rover receivers by using the NRTK technique. 

[54] 

 

Totally eight different reference points were used, and measurements were taken in these 

spots. The same devices were used to measure all the network providers. The distance of 

these locations to closest reference stations varied between 19 to 122 kilometers. An average 

distance of all these stations for FinnRef was 66,6 km, shorter for commercial networks. 

Used devices were Leica Viva GS14 and Leica GR10. Multiple NRTK methods were used, 

namely MAX (Master-Auxiliary Corrections), VRS, MAC (Master Auxiliary Concept), 

FKP (Flächen Korrektur Parameter) and PRS (Pseudo Reference Station). These methods 

define how different calculations are distributed between a reference station and a rover. All 

share the same basic principle. Each measurement was repeated six times, and both accuracy 

and fix times. Averages were calculated from those measurements. 
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Results from the HxGN SmartNet network, operated by Leica Geosystems Finland, gave 

accuracies of 23mm on the horizontal axis and 48mm on vertical and was based on a MAX 

method. These measured values were RMS (Root Mean Square). The average time it took 

to get a position fix was 22 seconds for Smartnet. Trimnet network, operated by Geotrim 

Oy, gave RMS accuracies of 16mm horizontal and 40mm vertical. The average time to fix 

(TTF) was 42 seconds. The location calculation method was based on VRS.  

 

FinnRef was tested with various methods, and accuracies varied between used method and 

device combination. Best results were received by using Leica GR10 with a PRS method. 

These values were 22mm on a horizontal and 56mm on a vertical level. The average time 

for the fix was 43 seconds for this combination. The differences from FinnRef to the better 

Trimnet measurement values were then 6mm horizontal, and 16mm on vertical. Against 

Smartnet, FinnRef yielded 1mm better accuracy on horizontal and 8mm worse on vertical. 

These results have been combined into table 9. [54] 

 

The research paper by Koivula et al. did not specify whether single or multi constellations 

were used on the receiver and whether reference stations were based on a single of multi 

constellations. Likewise, there was no information given whether the positioning was based 

on single or multi-frequency signals. One may assume that multi-constellations were used, 

but this cannot be confirmed. However, multi frequencies must have been used as the NRTK 

MAC method cannot be done with single-frequency measurements [52]. GPS constellation 

was at least available for the dual-frequency measurements at the time. This is presented in 

a paper which describes a renewal plan of GNSS FinnRef network that supported only GPS 

at the time. The plan was to extend monitoring to cover also Glonass and Galileo and later 

Compass satellites. The presented schedule on that paper indicated that the test phase for the 

added capability was to have ended already by the end of 2013 [60]. 
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Table 9: Comparison of reference networks 

 

Service provider NLS Geotrim Oy Leica Geosystems Finland 

Network name FinnRef Trimnet Smartnet 

Amount of CORS 20 100+ 100+ 

Average distance between CORS 200 km unknown unknown 

Horizontal RMS accuracy (m) 0,022 0,016 0,023 

Vertical RMS accuracy (m) 0,056 0,040 0,048 

TTF (s) 43 42 22 

DGNSS correction free subscription subscription 

NRTK correction research only subscription subscription 

 

5.2 Effects of increased distance on NRTK accuracy 

The effect of distance between a rover and GNSS network reference station influences the 

accuracy due to the changing atmospheric conditions between the reference station and the 

rover. Field measurements by Baybura et al. show the correlation between grown distance 

against reduced accuracy as part of a comparison between LBRTK (long base RTK) and 

NRTK. Data samples are measured in statistic places on six different days between 

September 2015 and May 2018. The reference network is a Turkish National Permanent 

RTK network. Six measurement points are 5, 10, 20, 30, 40, and 60 kilometers away from 

the closest reference station of that network. The measurements were taken with a geodetic 

Stonex s9 receiver. Measures at rover location, five kilometers away from the reference 

station, yielded a max deviation of 0,02, 0,015, and 0,05 meters on east-west, north-south, 

and vertical components from the actual location. Once the rover was 60 kilometers away, 

max deviations had increased to 0,03, 0,045, and 0,06 meters on the same dimensions. 

Without actual data of the measured points, it is not possible to say what were the mean 

values for these measurements, so only maximum deviations from the real values are plotted 

to figure 6. [61] 
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Figure 6: NRTK effect of distance over accuracy [61] 

 

Koivula et al. also performed measurements at different distances from the reference 

network, but individual values are not presented. Only averages are available of the six 

separate measures at each point. All these measured values are presented without east, north, 

and vertical components. That is why the straight comparison is not possible. Both 

measurements, however, show a clear trend between lowered accuracy with increased 

distance. Measurement by Koivula et al. showed that when the distance between the receiver 

and the closest reference station was 150 kilometers, RMS value of 4 cm was measured. The 

receiver was also located outside GNSS networks. In the published paper by Baybura et al., 

it was not mentioned if the measurement points were located inside or outside of the Turkish 

National Permanent RTK network. [54] [61]  

 

So far, the measurements discussed above were performed with expensive antennas, being 

used on a reference station, and a rover. Dabove and Di Pietra did an accuracy test where the 

initial purpose was to compare the accuracy of a mass-market antenna to a smartphone 

antenna. Despite the original purpose, the measurements serve as an excellent reference 

measurement for accuracy evaluation when distance increases. In this test, an NRTK base 

station was Servizio di Posizionamento Interregionale GNSS Pienmonte-Lombarida GNSS 

CORS network. Closest reference station located less than a kilometer away from the used 
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rover. The used antenna on this test was categorized as a mass-market antenna, namely 

Garmin GA38. The test was performed by combining this antenna with a u-blox M8T 

receiver, and only a single frequency was used. Used NRTK method was VRS, but even 

using the nearest station, corrections information did not make any difference. Measured 

accuracies against a known real location differed only 0,002m on the east-west axis, 0,001m 

on the north-south axis, and 0,009m on the vertical axis. [62] 

 

A similar test was performed with the same antenna and the same receiver, but this time 13 

kilometers away from the closest CORS. Identically rover device was taking measurements 

only with single frequency the same antenna. NRTK method used was also VRS. Accuracies 

from the real position were off only 0,002m on east-west, 0,008m on north-south, and 

0,044m on the vertical axis. When not using the virtually calculated reference station data, 

but instead relying on the closest reference station, offsets were 0,033m, 0,027m, and 

0,062m. This already demonstrated the effect of the decreased accuracy if the corrections 

are based on the closest reference station and not by local virtual estimates provided by the 

reference network. The network has a broader set of data, and for this reason, the calculated 

estimates at a certain point within the area of the network is likely to provide more accurate 

positioning as proven in the test. [63] Measurements from the last-mentioned three tests are 

plotted into figure 7. 
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Figure 7: NRTK effect of distance over accuracy [54], [62], [63] 

 

5.3 Effects of increased distance on RTK accuracy 

As with the NTRK, when the distance between base and rover is increased, the accuracy is 

decreased. As mentioned earlier, this is caused by the path differences between the receivers 

and satellites. Unlike with NRTK, where virtual reference stations and their needed 

corrections are calculated locally, RTK is based on measurements on reference stations and 

measurements on the rover. Dingle frequency multi-constellation setup was used in the test. 

Signals were received with mass-market Garmin GA38 -antenna and receiver used was u-

blox M8T. These devices were used for both reference stations and for the rover. Used 

constellations and satellites were based on observations from GPS, GLONASS, and Beidou 

satellites. The site for the tests was in Sassello in north Italy. Measurements were performed 

totally in 16 different places at different times of the day. Each data-gathering session lasted 

around 10 minutes, and as the time of the day changed between measurements, the number 

of satellites available also varied. The mean value for visible satellites per measurement was 

18. Those satellites were divided between three GNSS providers, 9 GPS, 5 GLONASS, and 

4 Beidou satellites. To accurately define precision and accuracy, each point test location was 

measured with geodetic receiver with a three-hour-long data-gathering session. This data 
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was then processed with the double-difference method with data from permanent Liguria 

GNSS network reference station. 

 

These 16 different measurement points were gathered into four groups, and standard 

deviation values and accuracy values were calculated for each of these groups. The reference 

stations for RTK were placed on five different known locations. These five points were at 

the distances of 1, 3, 5, 8, and 10 kilometers away from the rover measurement points.  

 

Measurements show that with the distance of one kilometer, both accuracies and precisions 

were on centimeter lever. East-west values were the most accurate, mean value being only 

0,002 meters off from the correct point. The worst mean value from four groups on the east-

west axis was also only 0,006 meters away. Best and worse values for north-south 

component were 0,003 and 0,0011 meters. For a vertical component, best and worse values 

were 0,009 and 0,002 meters. Standard deviation values for each component were around 

0,01 meters for east-west and north-south and between 0,009 and 0,015 meters on vertical. 

 

When the distance between reference and rover was three kilometers, only slight changes in 

accuracy and precision were accumulated. Compared to 1km measurements, the worst mean 

value grew only by 0,003 meters on east-west, 0,006 on north-south, and 0,022 on vertical. 

Accuracy ranges stayed the same on both measurements. At five kilometers, only a slight 

decrease in both accuracy and precision was measured. However, at eight kilometers east-

west component mean values grew out from sub-centimeter accuracy. The most inaccurate 

mean value calculated for the four groups were off 0,048 on east-west, 0,065 on north-south 

and 0,283 on vertical component. Precision point of view only vertical component had 

slightly bigger values at 0,034 in the worst measurement group. When reference station 

distance to rover was at 10 kilometers worst mean values on east-west north-south and 

vertical components were significantly higher at 0,0134, 0,061, and 0,342 meters. Also, 

precision values doubled from eight-kilometer distance measurements. The effects of 

distance over accuracies and precisions are shown in figure 8. Four different groups were 

combined in the graph, and averages were calculated for all those groups. 
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Figure 8: RTK accuracy and precision with increased distance [63] 

 

In comparison, NRTK was used with the same data points by using Liguria Region GNSS 

network. Even when the closest reference station was 13 kilometers away, received 

accuracies using VRS methods were 0,002 meters on the east, 0,008 meters on the north, 

and 0,044 meters on up component. [63] 
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5.4 Importance of antenna on accuracy 

Accuracy and precision are two different terms that are often mentioned in the accuracy tests. 

Accuracy is often presented as a difference from a real known location. Another term 

precision is often presented by standard deviation, describing how much variation there are 

among measured values. A small variation on measured points, however, do not mean that 

those points would be corresponding to the real position. High accuracy or, in other words, 

the small standard deviation is shown to correlate poorly with accuracy in tests done on 

GNSS receivers with low-quality antennas. 

 

Dabove and Di Pietra demonstrate this lack of correlation. They compared accuracies of 

mass-market level antenna Garmin GA38 with measurements from Samsung S8+ and 

Huawei P10 plus smartphone antennas. Raw GNSS data received at phones were saved by 

an existing android application called GEO++ RINEX logger and custom-made program 

utilizing MATLAB code. In order to get comparable results, all the measured data from all 

the devices were passed to RTKLIB software for identical processing. Both Samsung S8+ 

and Huawei P10 plus measured precision values that were for all the components less than 

10 centimeters. 0,078, 0,061, 0,092 meters for Samsung on east, north and up components. 

Huawei standard deviations were 0,043, 0,040, 0,071 meters that could make one assume 

accuracies would be on the same level. However, mean accuracy values for Samsung were 

off with 0,2, 0,923, and 2,336 meters on the east, north, and up components. Huawei’s results 

were even more off at 0,741, 1,517, and 2,604 meters on the east, north, and up components. 

 

With mass-market antenna standard deviation values were at 0,004, 0,004 and 0,006 and 

corresponding mean values at 0,002, 0,0001 and 0,009 meters on east, north and up. Multiple 

different reasons explain the great difference in these accuracies. The authors also mentioned 

some of them. One of them is caused by low C/No (carrier to noise) value. This value is also 

known as SNR (Signal to Noise Ratio). It defines signal’s strength over noise; in other words, 

how well the actual signal can be detected against noise cumulated to the signal that is being 

observed. Initially, satellites to be tracked by smartphones were defined to use satellites with 

more than 10° angle from the horizon. This meant 15 satellites to be tracked; however, some 

of these signals received in this way had signal-to-noise ratio less then 25db-Hz (decibel-

Hertz). It made them too noisy to be used, and the total amount of satellites were then 

reduced to 12. [62] 
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Antenna quality also has an influence on times it takes for receivers to solve its position. 

Pesyna et al. investigated the possibility to reach centimeter accuracy with a smartphone 

antenna by deriving the antenna feed right after the phone’s internal antenna coupled with 

its bandpass filter and low-noise amplifier. This was done to get rid of other restrictions on 

android phones. Inaccurate internal clocks are one common source for inaccuracies in 

smartphones receiver. In addition to proving that it was possible to reach centimeter-level 

accuracies with smartphone level antennas, other antenna related comparisons were also 

made. Survey grade antenna was compared against high-quality patch type antenna, a low-

quality patch antenna, and a smartphone grade antenna. 

 

Based on measurements on these antennas, probabilities were calculated on the times it 

would take to get successful ambiguity resolution. It was calculated that it would require 400 

seconds to get ambiguity resolution with a 90% probability for the measured smartphone 

antenna. For the next worse low-quality patch antenna, the required time for reaching 90% 

probability is less than 100 seconds. The main two reasons were poor multipath prevention 

and high signal loss. The loss was measure at 11dB (decibel), also causing a low signal-to-

noise ratio. A low-quality antenna can be, at some extend, compensated by the number of 

satellites and motion, as demonstrated with the tests. Probability of successful ambiguity 

resolution against time with different antennas are presented in figure 9. [64] 
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Figure 9: Antenna quality on position calculations [64] 

 

5.5 Influence of receiver on NTRK 

Receiver and the used NRTK calculation methods are both components that influence 

accuracy. The effect of these was examined by field tests done in Piedmont region in 

northern Italy. Two different reference GNSS networks with multiple CORS (Continuously 

Operating Reference Station) were used. One of them is a local, regional NRTK network 

called Regione Piemonte CORS network and the other national network operated by Leica 

Geosystems called ItalPos. Measurements were performed in one location in Vercelli, Italy. 

The test site was selected to be geometrically similarly located against both NRTK networks, 

and at least 4 CORS had to be around the selected point from both networks. The regional 

network was denser with 40 kilometers as an average distance between reference stations. 

With the national network, the average distance was around twice compared with the 

regional network. 

 

The used hardware for the tests consisted of one antenna, Garmin GA29-F, that was used in 

different receivers during the tests. The receivers compared in this test were GX1230+GNSS 

Effect on antenna quality on ambiguity resolution times
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by Leica Geosystems, GRS-1 by Topcon, and LEA EVK-5T by u-blox, also referred to as 

mass-market device. These devices come by default with their own antennas, but only 

Garmin antenna was used on these different receivers. Two different kinds of tests were 

performed, one with collecting statistic data and analyzing it by post-processing and 

performing real-time positioning. The selected point was selected to have ideal conditions 

with many visible satellites and making sure electromagnetic noise was low.  

 

The position calculations were performed by both GX1230 and GRS-1 receiver and saved 

in the internal memory. With EKV-5T the location calculation was done by RTKLIB 

package on a laptop with connection to the u-blox receiver. The used NTRK calculation 

methods were VRS (virtual reference station), nearest (NRS), and MAC (Master Auxiliary 

Concept). As the NRTK MAC method requires dual-frequency and only the GX1230 device 

had this capability, results for MAC were only calculated with it. From the collected data, 

only averages were presented. Results are presented in 2D and 3D formats where east and 

north component values were combined into 2D values, and in 3D values also up component 

were considered.  

 

Using Regione Piemonte network with 19 kilometers to the closest reference station, 

GX1230 receiver calculated the most accurate positions points on both 2D regardless of the 

used calculation method. The mean difference to the GRS-1 device was, however, only one 

millimeter on both VRS and NRS on 2D mean values. The difference between the GX1230 

and mass-market receiver was 3 millimeters with VRS, and using closest reference stations 

difference was 4 millimeters. Utilizing two frequencies with MAC performance accuracy 

was improved additional 3 millimeters from 1,5 cm with VRS mean value to 1,2 centimeters.  

 

When using ItalPos Network with the closest reference station being around 40 kilometers 

away, measured average accuracies decreased overall. For GX1230 device, the inaccuracy 

doubled with VRS, NRT, and MAC. For GRS-1 and the mass-market device, the decreased 

inaccuracy increased around the same magnitude on VRS. These measurements visualized 

can be seen in figure 10. The research paper does not describe it separately, but the more 

precise positioning on GX1230 may also be partly explained if both NRT and VRS 

calculations were also based on dual-frequency like the MAC. 
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Figure 10: Receiver comparison with NRTK local reference network [52] 

 

A third part of the test measured TTF (time to fix) values with each setup. Data gathering 

for this took over three different days, and each device did ambiguity fixing cycles at least 

40 times. With these devices, it meant that all the combinations were doing location 

calculations between 9 hours to 25 hours for the data gathering. For regional network 

calculation, times ranged from 41 to 115 seconds depending on the device and used 

algorithm. GX1230 was the fastest in all the scenarios. With VRS, the average resolution 

times were 57, 90, and 87 seconds in order of GX1230, RGS-1, and EVK-5T. For the 

national NRTK network, VRS times were 95, 115, and 110 seconds in the same order. Less 

than two minutes to receive centimeter accuracy location results. [52] 

 

5.6 Smartphone as an option for NRTK and RTK 

For a long time, smartphones have been highly limited when it comes to accuracies that 

could be reached with them. Reasons have been both hardware and software related. 

Hardware related issues can be divided into two categories, antennas, and receivers. Pesyna 
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et al. concentrated looking more detailed into the antenna and investigated whether it was 

preventing cm level accuracies. Smartphones at the time of the research, in 2014, were doing 

code phase calculations for resolving locations. Their approach was to use the antenna and 

apply carrier-phase differential GNSS method that uses carrier phase measurements for 

higher accuracy, the same basic principle that is used both with PPP and RTK and NRTK. 

In the end, despite challenges with multipath and low signal to noise levels, centimeter 

accuracy was proven to be achievable with smartphone antennas. However, all the other 

restrictions that smartphones have were isolated by connecting the phone's internal antenna 

to an external receiver, including an inaccurate clock, which was also pointed out in the 

research. [64] 

 

Many advances had been made already by 2016 on smartphones increasing its usability. One 

of these were receiving satellite almanac and ephemeris information over cellular networks, 

a technology known as assisted GPS (A-GPS.) In addition, smartphone manufacturers had 

implemented antennas that could receive satellite signals not only from GPS GNSS satellite 

constellations but also from Russian GLONASS systems and from Chinese Beidou. This 

increased the chance to be able to get location even in the more restrictive situations where 

line of sight to only GPS satellites was limited. Receiver hardware had to be updated as well 

to support signal processing from these other GNSS systems. This was needed as the 

message structure and content modulated into a carrier-wave between GPS and other GNSS 

providers are different [44]. 

 

Yoon et al. focused on overcoming the limitations that both smartphone and GNSS chipset 

vendors had put in place for accurate positioning. These obstacles prevented external 

DGNSS correction input feed to location calculation or prevented phones from accessing 

raw GNSS pseudorange data. A software solution was created as a result [65]. In May 2016, 

one of these restrictions was announced to be removed. Google made it known that starting 

from Android version 7 onwards, a raw GNSS pseudorange information would be available 

with the potential to improve accuracies on these devices even more. This change allowed 

android developers to make applications benefitting from the change. However, a year after 

the raw data was made public, only a few new applications had been developed. The lack of 

application developments worked as a starting point for creating a white paper, which 

explains all the basics of GNSS and the corresponding information from the android 
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operating system side. One aspect mentioned in the publication is a feature related to the 

android system: a duty cycle. A duty cycle is a method implemented on android phones to 

save battery while tracking satellites. Power is saved by stopping phase signal monitoring 

between short periods once per each second. Because of this, cycle slips may happen 

between the phase tracking periods and therefore limit the usage of RTK on smartphones 

[66, pp. 5, 22–23] 

 

Even if the phone has duty cycles in use, it does not mean that cycle slips would 

automatically occur. However, this is phone dependent. Each manufacturer has its own way 

to implement duty cycles, and some phones are proven not to suffer cycle slips despite the 

active duty cycle. One such is Xiaomi Mi8, as tested by a FLAMINGO team, a collaborative 

venture compromising technology experts and institutions funded by European Union. The 

goal of the venture is to bring high accuracy and reliable positioning applications to mass-

market consumer devices [67], [68]. Due to the lack of declarations by manufacturers on 

how they implemented duty cycles, it is left unknown whether cycle slips will occur on 

devices unless they are tested. Manually turning off duty cycles was introduced by Google 

in Android version P. [69] However, at least in Huawei’s own user interfaces (UI) on 

Android 10 has that option is missing. 

 

Gogoi, Minetto, Linty, and Dovis tested three smartphones at the time when the duty cycle 

option was not yet available. Their goal was to define the quality of smartphones’ raw GNSS 

measurements. Two separate tests were performed. The first test was to measure location 

accuracy using code-based positioning. Data was gathered at a known location on top of a 

building with some higher buildings surrounding the scene. The other set of tests took place 

inside an anechoic chamber that had devices to simulate multiple satellite constellations and 

corresponding satellite signals. The test room had been constructed to absorb all the radio 

waves eliminating any multipath or other error sources that could have affected the received 

signals. Various data were then analyzed from the raw measurements of the devices, 

including noise to signal ratios, their internal position calculation solutions, as well as cycle 

slips and pseudorange. Tests demonstrated the correlation between cycle slips and the effect 

it had on location accuracies. Cycle slip instance decreased the accuracy by one meter at the 

time of occurrence and continuously from that moment on. It also showed that tested Huawei 
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devices suffered from cycle slips even in the controlled environment without external factors 

that could have caused them.  

 

On September 21st, 2017, Broadcom announced its first mass-market dual-frequency GNSS 

receiver made for smartphones [62]. Now with smartphones having access to GNSS raw 

data, the option to turn off duty cycles, the capability to track multi-constellation and multi-

frequency signals, the performance of smartphones with RTK and NRTK will be further 

investigated. 

 

5.7 Smartphone NRTK single vs. dual constellation, single frequency 

Dabove and Di Pietra tested the accuracy of two smartphones by using the NRTK method 

with local CORS. Distance between a reference station and a rover, also called as a baseline, 

was less than one kilometer. Tests were performed by doing one set of tests by using GPS 

satellites and another test set by using GPS and GLONASS satellite constellation. Static tests 

were performed on a rooftop with Samsung S8+ and Huawei P10 plus models, with single 

frequency. Tests showed that the best accuracy was obtained when only GPS constellation 

was used. Added GLONASS constellation decreased both accuracy and precision.  

 

Reasons for the reduced accuracy were not analyzed on the paper, but GLONASS satellites 

are known to be less accurate against GPS, as shown by continuously updated online reports 

by Russian SDCM Russian System of Differential Correction and Monitoring [70], [71]. 

Over Italy also GDOP value suggests lower accuracies than with GPS satellites [58]. With 

the case of Samsung, S8+ precision decreased almost by two-fold. Accuracy decreased with 

the same phone with a magnitude of centimeters and decimeters depending on the 

component. Most accurate results were measured with single frequency single constellation 

using Samsung S8+. Mean accuracy values for this combination were 26 cm on the east, 53 

cm on the north, and 245 cm on up component from the correct position. Results are plotted 

in figure 11, where lighter colors present single constellation use. [62] 
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Figure 11:Single (gps) vs dual constellation (gps + glonass), single frequency 

 

Robustelli, Baiocchi, and Pugliano also performed a similar study with smartphones where 

local CORS were used. The distance to the CORS from the rover was not disclosed. This 

test was unique in a way that the phone was placed upright position at the height of 140 

centimeters off the ground. Such height was chosen to mimic a typical use case scenario 

where a person would be holding his phone in his hand. Skyview was not obscured, and the 

location was considered a low multipath environment. The tested phone was Xiaomi Mi 8, 

which supports both dual frequency and multi-constellation. Accuracy measurements were 

recorded only for single frequency as the local CORS station did not support multi-frequency 

measurements. Result for the accuracy in mean values from the real position was 47 cm, 91 

cm and 50 cm on east, west and up component-wise as seen in figure 12. [72] 
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Figure 12: NRTK multi-constellation, single frequency 

 

5.8 Smartphone RTK with multi-constellation with multi-frequency 

Fortunato et al. used Xiaomi Mi 8 for various tests. One of them was to measure the impact 

of multipath error when a phone uses only code-based positioning. They also measured the 

amount of internal noise created by the phone’s WIFI (wireless fidelity) Bluetooth antennas 

when in use. Separate tests were also performed with RTK with dual-frequency and multi-

constellation combination. Surroundings for the latest mentioned test was purposely selected 

to be challenging. The scenery, as such, is typical to people in semi-urban areas. Accuracy 

calculations were based on a walked path at the Jubilee Campus area of the University of 

Nottingham UK. The walked path consisted of a straight line where the sky view was 

restricted by buildings next to the walked path, water, and trees on the other side of the path. 

Water and buildings provided sources of multipath and buildings, and trees blocked visibility 

to satellites. Only at one short-range broader sky view was present. The whole data 

measurement did not include any static moments, but all the recording happened on the 

move. The distance between the base station and the rover was around 200 meters. 

 

Data collection took place on a Xiaomi Mi 8, and raw data was saved on its internal memory 

with a rinexON application. Data was then later analyzed by a RTKLib program. Part of the 

analysis was to compare how RTK positioning would compare with normal GNSS 
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positioning by using multi-frequency and multi-constellation for code-based pseudorange 

calculations. This planned comparison failed as the phone stopped providing positioning 

solutions once the receiver got to a point where the building was located next to the path. 

The measured accuracies or offsets from the real position were ranging from few millimeters 

to 2,62 meters, being the peak value. The average accuracy was 1,02 meters, and RMS error 

at 1,17 meters. Accuracy changed during the move are shown in figure 13. [73] 

 

 

Figure 13; RTK multi-constellation, multi-frequency [73] 

 

A scenario where a smartphone was used as a reference stations, as well as a rover for RTK, 

was investigated by Di Pietra and Dabove. Tests were performed with a Xiaomi Mi 8 

smartphone, which had previously been proven to be reliable and cycle-slip free. With a 

smartphone as a reference station and as a rover, different variations were tested. 

Measurements were taken, altering between multi and single constellations as well as multi 

and single frequencies. Different variations were also tested between different GNSS 

provides to find the most accurate combination. These variations were then also compared 
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with a setup where the reference station was local CORS supporting multi-constellation and 

multi-frequency. 

 

Both CORS and smartphone reference stations were placed at the same known location. The 

rover location was around one kilometer away for reference station. The precise point of the 

rover location was discovered by using a geodetic GNSS receiver on the spot with data 

gathering that lasted 12 hours. After data gathering, it was post-processed and further 

adjusted by Bernese GPS 5.0 software, together with a reference station information to 

correct any biases. Different test scenario variants and data gathering lasted around 10 

minutes each. Measurements on the rover positions were static, and special care was used to 

minimize any multipath effects, electromagnetic disturbances, and physical obstructions. 

From the observed satellites, the ones with SNR value greater than 28 dB-Hz were used if 

the satellite elevation was above 15°. With these restrictions, tracked satellites were limited 

to 21, consisting of 7 GPS, 4 GLONASS, 3 Galileo, and 7 BeiDou satellites. Beidou satellite 

constellation was not, however, supported by RTKLib software, so it was left out from the 

comparisons. As GLONASS did not provide second frequency, only GPS and Galileo 

second frequencies were used during dual-frequency tests. Single-frequency measurements 

for GLONASS were used along with GPS and Galileo. 

 

Tested constellation variants were GPS only, GPS + GLONASS + Galileo and GPS + 

Galileo. All these combinations were tested with both single and dual frequencies. East-west 

values were by default, always the most accurate from the components regardless of the used 

combination and ranged between 0,027 meters to 0,656 meters. When compared to dual and 

single frequency cases, north-south accuracies were always more accurate with single 

frequency measurements. The biggest variation on the accuracy was on the up component 

that ranged from 0,167 meters up to 1,85 meters. From all the variations, multi-constellation 

dual-frequency was the most accurate with all the mean values below 0,5 meters. 

 

The same tests were also done by using a local CORS station together with the smartphone 

as a rover. Measured combinations were multi-constellation with either single or dual 

frequencies. No significant improvements were detected between these two. However, 

overall accuracies, compared to cases with a smartphone as reference stations, improved 

slightly. All the accuracy values are combined into figure 14 for comparison. [74] 
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Figure 14: RTK accuracy test with variations on constellations and frequencies used 

 

5.9 Comparison & summary 

Based on the data presented previously, it might be hard to get an overall picture of whether 

to aim for single or dual frequency and whether to opt multi-constellation over the single 

constellation. Or how does NRTK compare to RTK with different antennas? For figures 15 

and 16, only one of the best-measured values were picked from each test that may have 

contained a lot of different variations. When accuracies were presented on east, north, and 

up components, only the first two were considered, and average 2D values were calculated. 

Figure 15 has single 2D accuracy values for tests where smartphones were used. Figure 16 
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has similar values for measurements made with mass-market antennas and receivers. On 

figure 15, the worse seen accuracy is presented with the shortest baseline. This is because 

that test was the only dynamic test with a high multipath environment with many obstacles 

blocking the sky-view. 

 

 

Figure 15: Accuracies with smartphones 
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Figure 16: Accuracies with mass-market antennas 
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meters on 2D. The RTK reference station must be accurately located, and this step is 

expected to take hours if no known coordinates can be used. Even if this one-time operation 

could be done once by Rejlers, it is unlikely that all usage locations would be within a range 

of 5 kilometers from the reference station. Every new location further away would require 

new initialization in a new place. A reference station should be taken to the site or close by 

5 to 24 hours beforehand. That time is needed for the rover to acquire an accurate location. 

Long waiting time is not in line with the definition of a fast initialization process for new 
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rover equipped with a mass-market antenna was over 40 kilometers away from the closest 

CORS. When choosing an appropriate network of CORS to NRTK, according to surveys 

done by Koivula et al. [54], there were no significant differences between the two 

commercially available networks. Trimnet is slightly more accurate in that test with 7 

millimeters difference on horizontal accuracy and 8 millimeters on vertical. 

 

Tests on smartphones indicate meter and decimeter level accuracies. All the tests were 

performed within 1 kilometer from the NRTK or RTK reference station. In real-world 

scenarios with a more extended baseline, the accuracy would likely decrease even more from 

the measured accuracies that were between 0,3 and 1 meters. The two most significant 

weaknesses on mobile accuracies are caused by the antennas inability to filter out 

multipathing and its overall low signal to noise ratios. It is likely that multipath caused by 

reflections, and signal obstruction, are to be present at least in some degree on various real-

life use-cases. For this reason and for not having a reference station always within 200 

meters, using a smartphone antenna with its receiver would cause even more position error 

than the 0,4-meter value measured by Fortunato et al. [73]. Even if no surveys were found 

where time to fix measurements would have been available for NRTK with smartphones, a 

separate survey on smartphone antennas gave a strong indication that using smartphone 

antennas would extend TTF compared to other types of antennas. Resolution times for mass-

market antennas were around 2 minutes for NRTK. 
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6 DEVICE SUGGESTIONS & SLAM INTEGRATION  

For the reasons mentioned at the end of the previous chapter, NRTK with mass-market 

antenna is a suggested combination for fast positioning solution. In this chapter, device 

suggestions are given with few examples of how to combine centimeter-accurate location 

with SLAM and augmented reality applications. 

6.1 GNSS devices and configuration 

Dual-frequency and multi-constellation antenna for improved accuracy is ideal for precise 

positioning. A more expensive and typically physically bigger antenna is likely to yield best 

accuracies. As presented in the measurements, some of the mass-market antennas were not 

performance-wise far from the geodetic antennas. The used Garmin GA38 mass-market 

antenna is medium-sized and integrating it as part of head-mounted augmented reality 

device, like Microsoft HoloLens could easily turn out to become clumsy in use. That antenna 

also only supports a single frequency and from constellations only GPS and GLONASS [75]. 

 

A smaller patch sized antenna, ANN-MB, released in fall 2018 by u-blox would, suit better 

for the job as it is aimed to provide centimeters accuracies. It supports GPS, GLONASS, 

Galileo, and Beidou with frequency bands: L1 and L2/L5 [76]. Some accuracy 

measurements for this antenna with u-blox receiver were made in the Netherlands were both 

receiver and rover consisted of this same ANN-MB antenna. With a baseline of 6 km, RMS 

values were less than 0,04 meters in all the components. When baseline length was increased 

to 14 kilometers, RMS values were 0,035 meters in the east, 0,078 meters on the north, and 

0,078 meters on up component. Time for resolving ambiguities from the cold start was 34 

seconds for a 6 km baseline and 308 seconds for a 14-kilometer baseline. With signal being 

blocked from sky view for 30 seconds and then restored, the average time to get fix again 

was 1,47 seconds [77].  

 

These measurements were taken using PPK (Post Processed Kinematic) which is almost 

identical to RTK. The difference is that with PPK, location calculations are done after GPS 

data gathering has ended, not in real-time. It means that like RTK, PPK accuracy suffers 

significantly after baseline distance exceeds 5 kilometers. No accuracy measurements were 

available for this antenna with NRTK mode in the published literature at the time of writing 
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this work on May 2020. Mounting this antenna directly onto an AR device, due to its small 

size (60 mm x 82 mm) could be considered [78]. 

 

Suggested receiver module to match with the antenna is ZED-F9P from u-blox. It supports 

multi-constellation satellite signal measurements as well as differential correction data for 

multiple constellations and frequencies. For integration purposes to other devices, there are 

multiple ready-made application boards with various features. Few of them mentioned u-

blox C099-F9P, SparkFun GPS-RTK2, and simpleRTK2B. U-blox C099-F9P, however, 

comes with a kit including the board with WiFi and Bluetooth connection modules, external 

Bluetooth & WiFi antennas, ANN-MB GNSS antenna and ZED-F9P receiver ready-

mounted on the board. C099-F9P needs external power supply connected with a 2,1 mm 

plug with 6-12 volt, via usb or LiPO (Lithium Polymer) cell JST (Japan Solderless Terminal) 

connector [79]. 

 

C099-F9P configuration happens via u-center software, and configuration changes are done 

on the application and then sent to the device to take effect. Clear step-by-step instructions 

are available. R099-F9P comes with a free trial period to use commercial HxGN Smartnet 

CORS network. For the device configuration, ready-made configuration files can be used to 

make the device to act as a rover or base station [79]. 

 

6.2 Integrating position information with SLAM 

A stream of calculated positions can be directed straight to different devices from the C099-

F9P control board. Some AR applications may require conversion from longitude-latitude 

format to another format. In that case, a position could be received via a u-center computer 

application to be further processed with conversions before sending it to an AR device. The 

suitable method depends on the device and application. ZED-F9P also provides heading 

information with an accuracy of 0,4 degrees after it has moved two meters. Heading 

information can be passed on to get correct orientation onto an AR device. 

 

An interface is needed to pass the coordinate and heading relevant information. One way 

used by Ling et al. and Guarese and Maciel, is to create an application for the sender interface 

and likewise on the augmented reality side. A program was developed by Guarese and 
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Maciel on Android platform, which then broadcasted location information available from 

the android system via TCP (Transmission Control Protocol) server. On the Hololens side 

application for navigation was created with Unity 3D Engine and receiving location 

information, among other functions that were created. GPS data was then periodically read 

again from the TCP server to get new location and to update navigation instructions [80]. 

Ling et al. created two separate programs likewise to pass the GPS information to Hololens. 

One program created was a unity GNSS server app on a portable computer that used Unity's 

UNET server for the sending. At the Hololens side, Unity UNET Client was created to 

receive the corresponding information. Orientation was solved by a simple initialization 

process that combined the GPS data, and SLAM created virtual space [81]. Passing the 

information on an application-level also allows one to adjust the offset of the antenna 

compared to its precise location against the position of the AR device cameras. 
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7 RESULTS 
 

In this work, various positioning options were considered. Some of the methods that would 

rely on physical infrastructure, including external monitoring cameras or surrounding 

sensors, were not considered. The basic principles of SLAM were introduced as part of a 

global positioning solution with augmented reality with some most common algorithms. 

Global positioning options linked directly into SLAM were investigated, but as they were 

based on existing geotagged information that could not be available for non-urban 

environments, solutions were had to be looked from elsewhere. 

 

Network-based positioning methods were investigated with a brief background on the 

existence of mobile-based solution. The logic and methods of network-based positioning 

areas were explained. None of the existing network structures could provide a fast and robust 

positioning solution that would be accurate enough for augmented reality purposes. 

 

Basic principles of satellite-based positioning were presented, including components and 

reasons that cause inaccuracies in the location resolutions. Different GPS related positioning 

techniques were reviewed. Two of the most promising ones were selected to be further 

investigated: Network Real-time kinematics (NRTK) and Real-time kinematics (RTK). 

 

From NRTK and RTK, it was investigated how different variables affected accuracy. In 

order to find a solution that would be most suitable, the effects on the following were 

investigated: Antenna quality, distance between rover and reference stations, receiver 

quality, different location calculation methods with NRTK. After investigating these 

variables, NRTK with a mass-market antenna combination was selected. Device suggestions 

were made for this combination. General architecture proposal was explained on how global 

position information could be combined with local position information provided by SLAM, 

and to have them both integrated together. With these device selections, sub-ten-centimeter 

accuracy would be achieved. 
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8 DISCUSSIONS 
 

This research had two research questions. The first of them was to find out how to acquire 

absolute location information quickly and to make it available to augmented reality 

applications with minimal initialization work. This research question was answered in 

multiple parts. The first part was to prove whether absolute positioning, a centimeter-level 

accuracy, could be achieved. Three possible positioning method candidates were shown to 

exists for that purpose, as demonstrated by various research done with these three methods. 

The second part was to find out whether these accuracies could be acquired quickly. This 

limited one of three options out, yet two remained to show resolution times being under a 

couple of minutes. The third part was to find out how to pass this location information into 

augmented reality use. Few concrete examples were provided in the literature and presented 

in this work. 

 

The second research question was to find out what kind of solutions could be built with 

researched options. As mentioned in the goals and restrictions section, the solution would 

need to be such in a nature that would not prevent usage of an augmented reality device, as 

the whole purpose is to have augmented reality available to be used, in a swift manner 

without long initialization steps. For this reason, focus on this research was specifically on 

mass-market devices and antennas. Professional types of antenna-equipment are big due to 

the laws of physics to preserve the best quality. Mass market devices were proven to be 

accurate and even acquire location fixes within a few minutes. However, antennas used in 

those researches were smaller than geodetic antennas but were still considerably big and 

likely to disturb the user in some extend. Smartphone level antennas had turned out to be too 

inaccurate, so antenna sized of 6 cm x 6 cm was suggested. No research paper was found 

directly for the suggested positioning technique and this particular antenna. Measurements 

for this antenna were found using a different positioning method, and its nature was known 

to be close to a method that was tested with research papers. This gave a good indication of 

its suitability to the task. 

 

In general, as pointed out in the GNSS chapter, there are many variables when it comes to 

real achievable accuracy. There is always uncertainty about whether the accuracies gained 

in Italy where most of the tests were performed, would be directly applicable in Finland. It 
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is hard to estimate the biases caused by the different geometry of the satellites, satellite angle 

from the horizon and therefore satellites available for the location calculation combined with 

other atmospheric differences. So, it should not be assumed that the measurement in Finland 

would be identical. Even if measurement would be less accurate, the total accuracy should 

still be within 10 cm. Expected real-life scenarios are also likely to reduce the accuracy 

compared to many of the tests performed in ideal conditions without obstructions on the sky 

or with minimal multipath sources. 

 

With presented positioning techniques, methods and selected devices, results mean that 

centimeter-level accuracy should be realistic even if the accuracy would be few centimeters 

worse in real-life scenarios compared to the tests that were used as a justification for the 

suggestions.  
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9 CONCLUSION 

This research investigated different positioning technique options for augmented reality in a 

new and unknown outdoor environment. A wide range of positioning techniques was 

compared based on different technologies. Once research narrowed down to specific 

underlying technology, different variants that can affect the accuracy were investigated. 

Architecture for the implementation of hardware options was also studied. 

 

The initialization process, when using augmented reality applications in an outdoor 

environment, is cumbersome and time taking process. Part of that initialization process in 

outdoor environments has been getting an accurate location for the device. Study was done 

to find out ways to make this initialization process easier and shorter, while not reducing the 

quality of augmentation.  

 

From different positioning techniques investigated, study narrowed into the usage of GPS as 

an underlying technology solution for positioning. Out of different GPS methods, Network 

Real-time kinematics, NRTK, was selected to provide fast and accurate positioning. 

Components for the solution were identified, and suggestions made on how to integrate 

NRTK into augmented reality use. 

 

Based on existing research, the proposed method should take away manual steps that were 

needed before in these environments. The proposed solution is expected to shorten the time 

that was previously needed for the initialization phase at the site. The advantages of the 

proposed solutions should mean fewer manual steps and less time for the initialization at 

each new site.  

 

For the future accuracy tests with the suggested components would be needed to confirm 

whether the accuracy will be enough in changing environments or if some adjustments will 

need to be made to improve that accuracy. 
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