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Abstract

I n Androi d Rel ease N (ANougato), Googl e i
measurements from android smartphondterahis announcement, users will be able to log GNSS

raw measwements such as GPS satellite information (C/No, azimuth, elevation if a particular

satellite has been used in the PVT), NMEA sentences and PVT solution with the proper time stamp.

This can opn many possibilities for th&inglefrequency GNSS receiveralso called lowcost

GNSS receiverintegrated in smartphones.

An opportunity to do better and complete research with GNSS raw measurements from the single
frequency GNSS receivers canprovethe accuracies for smart mobile devices. Tens meters
accuracy cold be enough for most of daily navigatipnrposeshowever it could be betteto
increase it for some particular casesages needs higher accuracy (decimeter of accuracy) like
navigation for impaired people.

In this aspectiainly, the research invegtites assessment of kinematic and short session static
accuraies with single frequency lowost receivers. Additionally, sharedat kind of difficulties

are faced, how goothe results are evaluatetvhen the singldrequency GNSS receiver raw
measuremds are processed and analyzed with well know softwaokagedor geodetic post

processing

To explain in detail, in the research, accuracy assessment of relative static point positioning is
practiced for Wblox LEA-4T. U-blox is a singldrequency GNSSeceiverthat measures the
pseudoranges with the C/Ad® only. For the researcb-blox dataquality is investigated for

short sessiongn this aspect, the research contains the processing and analysis of static positioning
for short time periods witk-blox. BesidesRTKLIB has been tested for processing th-blox

datain short static session¥hen Samsung Galaxy S8 is studied as Hoost single frequency
receiver with kinematic, single point positioning, DGPS and static point positioning approach. In
order to log desired data in android smartphone, OapsNENSS Logger, Geo++ RINEX Logger

and RinexOn applications are tested. Estimated point positions itimeaby Samsung Galaxy

S8 chipset from API Level 23 and estimated point positions by RTKLIBgrogessing from API

Level 24 are analyzed in detail.
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One of the major challeng#o reach better accuracies in the research comes from short period of
time (51 10 minutes) surveysherefore, experiments are performed with short static sessions with

mohile devices.

For accuracy assessment, one referend¢eanke with stopandgo surveying technique, one
reference trajectory with kinematic surveying technique vestablished surveying them with
geodetic receiver Leica GRX1200.

The outline of the thesis ias follows:

Chapter 1 introduces the research mdidraand objectives.
Chapter 2 presents an overview about GNSS systems and explains the fundamentals of
satellite positioning, code and phase observations, including error sources, and differencing
postioning techniques.
Chapter 3 introduces GNSS reces/and software packagesed in the thesis
Chapter 4irst describes the research appraddien, continues with defining the reference
network and trajectory seip. Also, it explains applied clustegmmethods to smooth the
point cloud in detail.

1 Chaptels is a presentation of txperiments performed to test the single frequency GNSS
receivers. The chapter includes grecessing and analyze of results wita discussion of
the results

1 Chapter 6 ighe conclusion part with recommendation for the feitwork.
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1 INTRODUCTION

1.1 Motivation

Almost three decades have passed since the first Global Navigation Satellite System (GNSS),
commonly known as Global Positioning System (GPS), became available to the public. Since then
thenumberof devices which are equipped with a GPS receiver hasdoegimuously increasing.

The growing interest on the position information has initiated the creation of new GNSSs with
improved performance characteristcs such as Gal il eo represents E
Oowno (SGKhugnBtou & Lohan, 2011)

Standard geodetic GNSS surveys are based on thegbality GNSS receivers and antennas.
Generally, they are dudéilequency receivers to solve the ambiguities faster and more reliably. On
the other handsinglefrequency reagers are used widely for navigation purposes in smart mobile
devices such as smartphones, in car navigation system, smartwatch, tablet with navigation
applications. In the last years, sinftequency receivers are improved their reliability to imse

various fields (Ublox canreachto the couple of cm accuracy level).

While all thesearec ont i nuous, Googl ebs announcement tha
made available from Android 7.0 devices (i.e., Nougat) marked thetifirstdevelopers had
accesgo carrier and code measurements and decoded navigation messages froamarketss
device. In other words, users will be able to log GNSS raw measurements such as GPS satellite
information (C/No, azimuth, elevation if a particular satellite has beeningkd PVT), NMEA
sentences and PVT solution with the proper time stamp. Lukasz Bonenberg from the University
of Nottingham and a member of tharopean Global Navigation Satellite System AgénEgSA)

GNSS Raw Measur e me We seliefedhse kaw measucements arg asreafigame
changer, redefining the GNSS on our smartphones, not only does it allow us to work directly with
GNSS daté for postprocessing, testing and teachindput also to find new ways of using GNSS

on smartphones, which wilead to new applications that add value to smartphioased

service®

The advantages of using these measurements are many. For instance, developers can use this
information to implement advanced GNSS techniques in -masket devices and to compute a

postion using selected satellites/constellatiomben combined with external sensors, raw
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measurements increase the time when position, velocity and time (PVT) can be computed. More
so, Receiver Autonomous Integrity Monitoring provides another layer gfritén massmarket

devices using raw measuremefiisropean Global Navigation Satellite System Agency, 2017)

The technique used to get up the positiosinglefrequency GNSS receiveisthe absolute point
positionirg that reach an accuracy of tens metéfsmeter accuracy positioning might be quite
acceptable for certain applications including basic navigation to get from point A to point B. But
there are many situations thpeopleencounter in daily lives wherepedictable accuracy of 1
meter or better could be hugely useful such as identifying the correct lane in which a vehicle is
traveling or identifying a particular parking spag®et to menibn various vehiclg¢o-vehicle

positioning and situational awarenesseds.

No doubt, theopportunity toaccessGNSS raw measuremerftom Android devices will cause
improvement of singlérequency GNSS receivers in tima.this aspectthe main motivatn of
this research is developed tre study with singlefrequencyGNSS receiverdn comparisorto
singlefrequency GNSS receivers integrated in android devigddpx modulesare single
frequency GNSS receiveneasure the pseudoranges with the C/A aodg. Therefore,u-blox

modules are included the research.

1.2 Resarch Objectives
The main objective of the research is testing the single frequency GNSS receivers in order to

observe their reliability to use for navigation and scientific purposes.

1. With this aspect, the first objective is the accuracy assessment aferedtdtic point
positioning for Ublox LEA-4T. It isa singlefrequency GNSS receiver accesses only L1
frequency.

2. Then, creating the reference with geodetic receiver Leica GRX1200sIputpose, by
using stopandgo and kinematic surveying methods ptweferencesnustbe created to
make comparisons.

3. The assessmerdf accuracyof position information obtained in reaime from android
chipset. For this, Samsung Galaxy S8 devicessd which has single frequency GNSS

receiver.



4. Theaccuracyassessment lifie collecting the raw GNSS measurement in motion. For this,
using Samsung Galaxy S8 and processing the raw measurements with different ways.

5. Theaccuracyassessment by the collegithe raw GNSS measurement in static approach
For this, using Samsung @ay S8 and store raw measurements in RINEX format to be

able to use well know post processing software packages.

1.3 Thesis QOutline

The outline of the thesis is as follows:

Chapter 1ntroduces the research motivation and objectives.
Chapter 2 presents awvarview about GNSS systems and explains the fundamentals of
satellite positioning, code and phase observations, including error sources, and differencing
positioning techniques.
Chaper 3 introduces GNSS receivensd software packagesed in the thesis
Chapter 4irst describes the research appraddien, continues with defining the reference
network and trajectory sefp. Also, it explains applied clustering methods to smooth the
point cloud in detail.

1 Chapter 5 is a presentation of t@eriments peoirmed to test the single frequency GNSS
receivers. The chapter includes grecessing and analyze of results wita discussion of
the results

1 Chapter 6 is the conclusion part widttommendation for the future work.






2 GLOBAL NAVIGATION SATELLITE SYSTEM (GNSS)

Global Navigation Satellite System (GNSS) is a global sateliiteverage thatprovides
positioningand timing datdor GNSS receiversSatellites transmit coded signal to receivibist
calculategeographic locatioflongitude, latitudgealtitude/elevationspeed, direction and tiraéo

high precisiorby obtained data from received sig(@l S,2010)

Accuracy, integrity, continuity and availabiligre the main standards how the perforneaot

GNSSareevaluated In these standards, accuracy is the difference between real and measured

position, speed and time. Integritytlse capacity hatthe system provides a warning under an
anomaly in the position data. Continuitytee ability that yystem works without interruptian

Avalilability is the time percentage of system provides accuracy, integrity and continuity standards

above thdhresiolds (European Global Navigation Satellite System Agency, 2017)

GNSS echnologies are utilized in almost every sector with different specific applications and

solutions. These suections could be classified under thgeeup:

1 Mass marketi presenting higtvolume receivers for consumer devices. Automotive (not

safety criti@l), consumer drones, smartphones, and spssiHinternet of Things (IoT)
devices from mHealth to robotics are all covered.

1 Transport safety andliability critical solutions T presenting receivers built in accordance
with standards to deliver such sobrs. Automotive, aviation, professional drones,
maritime, search and rescue and, new to this issue of the transposjaiom born&NSS
applicatons are all covered.

1 High precision and timing solutionsi presenting receivers designed to deliver thedsgh

accuracy (position or time) possible. Agriculture, GIS, Surveying and Timing and

Synchronization applications are all cove(Bdropean GNSS Agency, 2016)
At the moment, there asex existingoperational or under developm GNSS.:

1 The Global Positioning System (GPS)
1 BeiDou Navigation Satellite System (BDS)
1 Galileg



1 GLONASS (Globalnaya Navigazionnaya Spkobvaya Sistema, or Gloal Navigation
SatelliteSystem)

1 Indian Regional Navigation Satellite System (IRNSNavigaton Indian Constellation
(NaviC)and
1 QuasiZenith Satellite System (QZS83}lobal Positioning System, 2017)

The four GNS1 GPS, GLONASS, BeiDou and Galilécare currently in either full operational
capability (FOC) or nearing®C status, with the two most recent constellations due to complete
deployment by 2020As a result there were already over 100 GNSS satellites in orbit as of
December 2017.

Three Regional Navigation Satellite Systemamely the Indian NavIC, the ChineBeiDou
(phase 2) and Japanese QZSS complete the picture and further increase the numberiohnavigat

satellites in their respective coverage areas.

GNSS has three major segments or Acomponents

segment. These arepresented ifigure2.1.

Space Segment

GNSS Satellites Q@b Q@b

| GNSS Broadcast Signals
GNSS Control
Channel
/‘l\ \ \/\
\

FANN
s~;~4!

Data Uploading
Stations

Master Control Station Base Stations

Control Segment User Segment
Figure 2.1: GNSSsegmentgJeffrey, 2010)
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Space Segment

The space segmeobnsists ofGNSS satellites which hakfferent constellatios and orbits for
each GNSS. GNSS satellites are orbited about 20,000 km above the earth in order to contribute
global coveragéleffrey, 2010)

Control Segment

The control segmerihcludes master control statgmdatauploading stations and monitoring

stations orthewo r | d . Satellitesd orbit parameters ani
master stations for every GNSS system. Also master control stations provide analysis of the signals
and transmission adrbit and time corrections to the satellites by using data uploading stations.
Moni tor stations, as comes from its name, mon
to master control statioThe ground antennas periodically upload the B@tefphemerides and

clock information from the master control station to each GNSS safglidEnan\Wellenhof,
Lichtenegger, & Wasle, 2008)

User Segment

The user segment comprises equipment that are utilized to procsgmtiefrom GNSS satellites
and determinghe location and timeMainly, the primary components are mapping applications,
receivers and antenn@keffrey, 2010)

2.1 Global Positioning System (GPS)

GPS is the first global sataibased system utilized to satisfy the requirements for the military
forces.Official name, NAVSTAR (NAVigation Satellite TimingndRanging) GPS derives and
applies 3dimensiona () positioning, time and velocity in a conon reference system

anywhere a Earth on a continuous basis.



The first satellitewaslaunchedn 1978 for US Department of Defense (DOPS was available
only for military use untitheincident of the Korean Airlines Flight 0&7 1983.After the incident,
thePresidenbf USA, Rondd Reaganofferedafree civilian access to GRElofmanWellenhof,
Lichtenegger, & Wasle, 2008)

2.1.1 Reference Systems

2.1.1.1 Coordinate System
fiWorld Geodetic System 1984 (WGH!), the standard U.S Deparent of Defenseis the

definition of the global reference system ftre geospatial information and reference system for
GPS It is compatible with the International Terrestrial Reference System (IMRSH 84 isan
Earth-centered, Eartfixed referencesystem and geodetic datum. W8&&is based on a consistent
set of constants and model parameters that
geomagnetic fields.(UNOOSA). The cefinition of theframe is presented &sllows:

The origin is located theeate of Earth mass
The scale is that of the local Earth frame, in the meaning of a relativistic theory of
gravitation. It aligns with ITRS.

1 The ZAxis is the direction of the IERS Reference Pole (IRP). This directoresponds
to the direction of BIHConventionalTerrestrial Pole (CTP) (epoch 0984.0) with an
uncertainty of 0.0050606

1 The X-Axis is intersection of the IERS Reference Meridian (IRM) and the plane passing
through the origin and normal to theaZis. The IR/ is coincident with the BIH Zero

Mer i di an (epoch 1984.0). with an uncertainty

1 The Y-Axis completes a righhanded, Eart€Centered Eartirixed (ECEF) orthogonal
coordinate system

1 The time evolution in orientation will create no residual globtdtion with regards to the

crust(National Imagery and Mapping Agency, 2000)



The parameters of WGS 84 have showmable2.1.

Table2.1: WGS 84 parameter(®ational Imagery and Mapping Agency, 2000)

Parameter Notation Value
Semimajor Axis a 6378137.0 meters
Flattening Factor of the Earth 1/f 298.257223563
Nominal Mean Angular Velocity of the Eart ¥ 7292115 x 16011

radians/second
Nominal Mean Angular Velaty of the Earth| GM** 3.986004418 x 1014 meter
/second?2

**The value of GM for GPS users is 3.9860050x104sac as specified in the references below

2.1.1.2Time System
GPS time systendefined that is related to the atomic time systemr Terfips Atomique

International (TAI)0 and referenced to coordinated universal time (UTg) the US Naval
Observatory (USNO)GPS time constantly backwards 19 seconds with TAL.

"YO '0°00 O'Qa @ @t Tt T (2.1)
GPS time is definedaincident to UTC at 00 hours:00 minutes:00 secondkantiary 6, 1980.
GPS time may differ from UTC, because GPS time is a camimtime scale, whereas UTC is
corrected periodically with an integer number of leap seconds. Therefore, GPS time system is
different from UTC, which will always be ahead of it by a defined nurobérap secondshis
offset is also given in the navigatigNAV) message and automatically correctedi®receiver.
According to USNO, July®, 2015, GPS time is ahead of UTC by seventeen (17) seconds. After
December 3%, 2016at 23:59:60 GPS times ahead of UTC by eighteen (18) seconds. For more
information about GPS timing data be consult with offiti @NO paggUSNO).

GPS time is counted in terms of GR@eks and seconds as starting from GPS standard epoch.

Foll owing formula show GPS we éntegesoperatot (INT):i on wi

GO0U 06 WOCTTT® I (2.2)

The dateand time format for GPS time is usually GPS week/seconds of week. The largest unit

used in starting GPS time is one week, defined as 604800dseco
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2.1.2 TheGPS Segments

Space Segment

The GPS space segmeande defined as a constellation of satellites tratisig signals to user
receivers. Since the first satellisaslaunched to the orbit in 1978, the United States Air Forces
hashad31 operationl GPS satellites at orhintil April 4™, 2019. These satellites are on the orbit

in order to ensure the contment to maintain at least 24 operational GPS satellites, 95% of the
time. After June 2011, GPS efficiently works as as?at constellation wit improved coverage
(Global Positioning System, 2017)

GPS satellites orbiting isix orbital planeqA to F) at an altitude about 20,200 kfaach orbital
plane has four satellites with an inclination of 5&th respect to equatial planein a Medium
Earth Orbit (MEO) Orbital period is 11 hours 58 minuteshich meareachsatellite circles the
Earth twice a dayas shown ofigure2.2.

v Orbit is angled
'\ up 55 degrees

. ' from the
ragirggis \ equatorial
20,200 § Plane
kilometres \
\
Fpss \ Equatorial
_________ _ /4. /% _plane

Orbit is nearly
circular

Figure 2.2: GPS séellite orbit (NASA, 2017)
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Control Segment

Control segment tracks the GPS satellitesnitoss their transmissions, perfogyanalysesand
uploads the prediction of ephemerides, clock corrections and navigational data parsoméie
satdlites. As mentioned before under GNSS control segment, the control segomsmsts of a
mastercontrol station, monitor stations amndata uploadingstations(which are called ground
antennas for GPS)

GPS control segment has a master abrstiation at Falcon Air Force Base in Colorado, &

an alternate master control station at Vandenberg AFB, CalifoFhere are 16 monitor station,

6 of 16 aremaintained by Air Forces, 10 of 16 are maintained by National Geos|rdéhigence
Agengy (NGA). Also, there are 11 command and control antennas. The locations of these facilities

are shown oifrigure2.3.

GPS Control Segment

_\Greenland

@ Alaska
.

United Kingdom
_\New Hampshire South Korea @)
@ USNO Washington

[ YN Cape Canaveral

H.-\ i tons ‘Bahrain
awaii

Schriever AFB
Colorado

Vandenberg AFB _» \
California ~*=

\
Guam ®._
@ Ecuador Kwajalein
o Y 3

Ascension Diego Garcia

Urugua
@ Uruguay South Africa Australia  New

Zealand
% Master Control Station v¢ Alternate Master Control Station
A Ground Antenna _\ AFSCN Remote Tracking Station
@ Air Force Monitor Station ® NGA Monitor Station

Figure 2.3: GPScontrol ssgmeni{NASA, 2017)

11



The master control station consthe GPS satellites and opesteem. Alsq collecting the data
from monitor stations and calculating the satellite orbit and clock parameters by using a Kalman

estimator is the assignment of master corgtation.

The monitor stations continuously measure pseudoranges to satellites. Every dhés sec
measured geudorange areused to produce 15 mingtenterval databy using ionospheric and

meteorological datd he poduced datss transmitted to the masteontrol station.

The ground antennas periodically upload the sateliteemerides and clock information from the
master control station to each GPS satellite-bar®l radio linkgG S, 2010)

User Segment

The user segmemobnsiss of GPS receivers for both military and civilian users. GPS receivers
track signas of each satellite in view and calculaté®3position and timdoy using transit time of
signal at least from 4 satellites. GPS technology is used for navigattmmnedssace, target
trackingand missile guidance systensgarch and rescue purposgsmilitary usesFor civilian
applications, GPS technology is widely spread almost every field from surveying to tracking to
agriculture to any field can be imaginddowever, @S application generally falinto 5 main
categories for both civilian and military usad®ositioning, navigation, tracking, mapping and
timing (NovAtel, 2010)

2.1.3 TheGPS $gnals

In thissection the characteristiad the GPS signals and the types of information encoded digitally

on the signal are summarizethe GPS signals are fundamentally driven with the fundamental
frequencythatis 10.23 MHZ by an atomic clock. GPS satellites continuousiynsmit signals on

two frequencies, L1 and L@ hi ch ar e <cal | edTherearedsble2@ acapd Si gn a
L1C thatarea new project to modernize the GPS space and ground segmeorder to use

advantages of new technologies and satisfy userresgents.
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Thecarrier signals (L1L2 and L5 are as sine waves:

1 L1 is created by multiplying the frequency by 154. It is at frequency = 1575H2;, M
wavelength = 1989cm,

1 L2 is created by multiplying the frequency by 120. It is at frequency = 1227H0; M
wavelength = 24%cm, and

1 L5 is created by multiplying the frequency by 115. It is at frequenédy 25.45MHZ;
wavelength 225.48 cm

The reason for the second signal is for <cal

ionospheré&Blewitt, 1997) On the other hand;

1 L2C s a civiliaruse signal, to be broadcast on the L2 frequency (1227.60 MHZ), which
be transmitted on a frequency other than the L1 frequency used for the coarse/acquisition
(C/A) signal.

1 L1C is a civiliaruse signalto be broadcast on the L1 frequency (1573%#27), which

contains the C/A signal used by all current GPS users.

Specta of the GPS signals (L1, L2 and beith GPS modernization projeist presented ifigure
2.4. The new signalsvhich are added with GPS modernization progcamld be of limited use

until they are broadcasted from 18 to 24 satellites

1 L2C = The first GPS satellite featuring L2C laundlive 2005. Every GPS satellite fielded
since then has included an L2C transmitter.

1 L5 =The first GPS satellite featuring L5 launched in 2010. It is planned to give service
with 24 satellite until 2021

1 L1C=The first GPS satellite featurindLC launched in 206. It isplannedo give service
with 24 satellites until 202@Global Positioning System, 2017)
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Figure 2.4: GPS signal modernization project.

L2C

L2C is a new civil signal on carrier L2 théesigned to meet commercial nedtiss composed of
the LACM-code (moderatéength code) and the 75 times longer L2€ide (longlength code).
The L2CMcode has a length of 20 milliseconds aodnts 10 230 cps. The L2CEcode has a
length of 1.5second and counts 767 250 chipegary, 2014)

When L2Ccombined with L1 C/A in a dudlequency receiver enables ionospheric correction, a
technique that boosts accuracy. Civilians with dteduency GPS receivetan perfornthe same
accuracy as the militanAlso, L2C enables faster sigl acquisition, enhreced reliability, and

greater operating rangby existing duafrequency operations for professional users. L2C
broadcasts has a higher effective poser than L1 C/A signal. It makes easier to receive signal under

trees and even indoof&lobal Positioning System, 2017)
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L5

L5 is a newcivilian signal that designed to meet demanding requirements for safelije
transportation and other higlerformance application&5 broadcast is exclusively reserved for
aviation safety services. It has higher power, greater bandwidth, and an advanced signal design.
The future planes will use L5 in combination with L1 C/A to improve accuracy (via ionospheric
correction) and robustness (via signal redunda(@lgbal Positioning System, 2017)

L1C

L1C is a new civilian signal that is designeal @nable interoperability between GPS and
international satellite navigation systems. L1C is different from L1 C/A. L1C features a
multiplexed binary offset ecaer (MBOC) modulation scheme that enables international
cooperation. The design will improveotnle GPS reception in cities and other challenging
environments. The United States and Europe agreed to develop L1C as a common civil signal for
GPS and Gald o . I n this way the combined use of bot'
Zenith Satell t e system (QZSS) and Chinabs Bei Dou sy:¢
signals(Hegarty, 2014)

2.1.3.1Codes

Information is encded in the form of binary bits on the carrier signals by a process known as

phase modulatiorthe GPS signals are composed of three components:

C/A (Coarse/Acquisitiopcode
P-code(preci®);

1
1
1 Navigation datand
1

M-code.
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C/A code

The C/A codes modulaedon the L1 channellhis is a code sequence repeats every 1 ms. It is a
pseuderandom noise (PRN) code, whigharandomly generated binary sequence, but is in fact
generated by a known algorithm. Each satellite has a unigue PRN sequence for satellite
identification(GPS recwers can identify which satellite is transmitting a particular code). The
carrier can transmit the C/ A code at 1.023 Mb
physical distance between binary transitions (between digits and T 1)rs.THe€/A2 9 3 m¢
code contains the time according to the satellite clock when the s ¢yaasmittedTheC/A code

is availablefor military andcivilian users and provides Standard Positioning Service (8R8)s

canreachl5 meteshorizontal accuracy 95%f the timeby using the Standard Positioning Service

(Blewitt, 1997)

P code

The P(precise)odeis modulatecbn both L1 and L2 channethe P code is better for more precise
positioning than the C/&ode. The carrier camansmit the P code at 10.23 Mbps, with a chip

length of 29.3 meters. The P code repeats every 267 tagscode is reset every 7 days. Each
satellite transmits a unthgRicedeThP Rdtbde pfoidehewe e k| vy
satellite clock timeor transmission like the C/A code. Unlike the C/A code, the P code has ten

times more resolution for military. Because it is used for military purposes, P code is encrypted by

a processAntkSpownmn i ag O (Blevatt 199V A/ SO

Anti-Spoofing (A/S) is encryption for the P codids necessary fahemilitary in order to prevent

the enemies from imitating a GPS signal. Because of A/S, inaccessible P oot ssgnificant
problem for the ciVian users, since prase GPS techniques can measure the phase of the carrier
signal itself, rather than to deliver the pseudoranges from the PModern geodetic receivers
can form 2 precise pseudorange observables on the L1 and L2 channels, esemgdutaccess

to the P code. However, the phase naisthe L2 carrier phase can increase from 1 mm to 1 cm
for some types of receivers. Tlag@nbenegligible on long sessions for static positionidigwever

it can have noticeable effect on shodssens, or on kinematipositioning Also, the signal could
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have largedisruptionat low elevations (up to 2 cm) where signal strength is at a minimum as
expeded (Blewitt, 1997)

Navigation Message

The Navigation Messagis modulatedon the L1 chnnel It is transmitted at 50 bps. The
Navigation Message is transmitted with very slow rate comg@do others. It is a 1500 it
sequenceThereforeit takes 30 second to transniite Navigation Message includes information
on the Broadcast Epheme(satellite orbital parameters), satellite clock corrections, almanac data
(a crude ephemeris for all satellites), ionosphere information, and satellite healtliBltauits,

1997) This informationis necessary in order to perform the position service.

M -Code

A major component of the modernization process is a new military signal. Called the Military
code, or Mcode, it was designed to further improve the-g@timing and secure access of the
military GPS signals. Mcode is transmitted in the same L1 and L2 frequencies already in use by
the previous military code, the P(¢pde. The new signal is shaped to place most of its energy at
the edges (away from the existing P(Y) and C/A carriers). Veryhiidebeen published about this
new, restricted code. It contains a PRN code of unknown length transmitted at#1218nlike

the P(Y)}code, the Mcode is designed to be autonomous, meaning that a user can calculate their
position using only the Mode sgnal. From the P(Y-rode's original design, users had to first lock
onto the C/A code and then transfer the lock to the-e@dg.

2.2 Other Global Navigation Systems

In addition to the very weknown and widely used NAVSTAR GPS, there are other GNBE&s

Russian GLONASS system modernizadd fully operatedas GPS The European satellite
navigation systenGalileo and Chines@®eiDou Navigation System astill under development
Galileoand BeiDou will be planned to be fully operational by 208@ia is woking on Indian

Regional Navigation Satellite systefRNSS) and Japanesare processing oQuastzenith
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satellite systemMRNSS and Quasienith are planned to lvegional navigation and augmentation

systems

This section provides briefescription of GLONAS Galileg, BeiDou, IRNSSand Quaskenith

satellite systems in order to understand their constellation and services.

2.2.1 GLONASS

The development &dLONASS has beestartedoy the former Union of Soviet Socialist Republics

(USSR) in 1976three years aftehe start of the GPS progradMowadays, the program working

under t he Russi an Feder al Space Agency. GL(
Navigatsionnaya Sputnikovaya Sistemad which
Navigato n Sat el |. iThe @urp8sg oft GE@NASS is well defined in the GLONASS
interface control document released by the Coordination Scientific Information Ceni@). (@00

provide unlimited number of air, marine, and any other type of users withedher three

dimensioml positioning, velocity measuring and timing anywhere in the world or-eagh

spaceSaoarely, olBloansias @ omas ntuo be added to this

GLONASS s operated by Russian military forcé&hen the nominal satellite nstellation is
compkted at 1996, GLONASS was available for civil users but restricted to one signal. Since that
time, the Russian government declared open access and free use of the standard positioning service

for civil users(United Nations, 2004)

2.2.1.1Refeence Systeas

Coordinate System

PZ-90.02 is the standarMlinistry of Defense of the Russian Federation definitadnglobal
reference system for geospatial information andeference system for GLONASSt is
compatible with ITRS as WGS 84. FID.02 is an Earteentered, Eartfixed reference system
and geodetic datum. Definition of frame is presented as follows:
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1 The origin is locateth the center of Earth mass

1 The Zaxisis directed towards the Earth's poles as defimgdhe International &rth
Rotation Service (IERS) and the International Bureau of time (BIH)

1 The X axis is directed to the point of intersection of the equator and the prime meridian
established by the ternational Bureau of the time (BIH)

1 The Y-axis completes the systemttee righthanded one

[ERS. BIH

Z pz.90
B

Earth mass center

BIH
meridian

PZ-90

Figure 2.5: PZ-90 Global reference systefvidovin & Dorofeeva, 2012)

Geodetic constants and significant parameters of the terrestrial ellipseé30 2Zare given in
Table2.2.
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Table2.2: Geadesic constants and parareet of ellipsoid PZ 90

Angul ar vel oc i)wryveroafequinbxe e ar t|7,292115x16 rad/s
Earth gavitationd constan{) 398 600,4418x10m?* /s
Gravitational constant of atmosphéfela) 0.35x109 M /s’

Speed ofight (c) 299 792 458 m/s
Semimajor axis(a) 6 378 136 m
Flattening(f) 1/298,257 84
Equatorial acceleration of gravity 978 032,84 mGal
Corredion to acceleration of gravity at séevel due to Atmospher| 0,87 mGal

Normal potential at surface of coromterrestrial ellipsoid (U0) | 62 636 861,4 RS

Time System

The GLONASS time is generated on a base of GLONASS Central Synchronizer timénadich

daily instability s better than 2 xI&. The time scales of the GLONASS satellitespggodically
compared with the GLONASS Central Synchronizer hydrogen clocks time scale. Corrections to
each onboard time scale relative to GLONASS time and I$T€&omputed and uploaded to the

satellites twice a day bgicontrol segmenfCoordination Scientific Information Center, 2016)

The GLONASS time has a constant offset of three houth respect to UTC which is
implementing tle difference between Moscow time (UTC) and Greenwich time (UTC). Apart
from the constant offsethere is leap seconds for the GLONASS tiffikis difference between
GLONASS time and UTGhould be within 1 millisecond. The navigation message contains the
information on this difference by tieea r a meThus,rUTAJcan be computédm GLONASS

time by

YY6 00 O 0 60N XY o (2.3)
The correction of the GLONASS time because of leap seconds is carried otgemagt with
the UTC corrections as performed by the Burea

the information on the intended correction in advance (at least thanths ahead of the

occurrence)via bulletins and notifications. These cotrens are performed once a year
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(Coordination Scientific Information Center, 201Bue to the leap second correction there is no
integersecond diference between GLONASS time and UTC except constant threes hour

difference

2.2.1.2GLONASS Segments
GLONASSsystem contains three segmesgsGPS:

1 The space segment: Constellation satellites around the earth
1 The control segment: Groutizhsed control facilities

1 The user segment: User equipment

The GLONASS constellation consists of 21lieetsatellites plus 3 active on orbit spares. The 24
satellitesarelocated in three orbital planes 120° apart in right ascension. 8 satellites are equally
spaced in each plane with argument of latitude displaceménfTh& performance of all 24
satellitesis monitored by GLONASS contrgegmentind the best 2areactivated. The remaining

three is held for back up or in reserizach GLONASS satellite is in a 19,100 km altitude circular
orbit with an inclination of 64.8°. The orbital period is 11 hourd &6 minutegFeairheller &

Clark, 2006) This constellation assures that at least five satellites are simultaneously visible on
99% of the sites on the eaftHabrich, 1999)

The main tasks of theontrol segment are: tracking of the satellites for the orbit dock c
determination and prediction, upload of the navigation message to the satellites, time
synchronization of the satellites, and controlling the offset between GLONASS system time and
UTC. The control segment also performs foperational activities, shcas procurement and

launch activities.

The control segment contains the System Control Center, and the network of the Command and

Tracking Stations that are located in Rug€iaordination Scientific Information Center, 2016)

User equipment consists of receives gmdcessors receiving and processing the GLONASS

navigation signals, and allows user to calculate the coordinates, velocity and time.
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2.2.1.3GLONASS Sign&tructure

L-frequency range radio links are used as an interface between space segment and user equipment.
According toGLONASSiInterface control documefoordination Scientific Information Center,

2016) GLONASS space segmen s atel |l i tes, HtNEd on@aa s ® miatngd  maGy i
radio signals in two frequency stands: L1~ 1,6 GHz, and L2 ~ 1,25 GHAdditionally, the

third carrier frequency is announced in various publications.

GLONASS satellites continuously trani the standard accuracy signal (&¢éde) and the high
accuracy signal @eode) on two carrier frequensieL1l and L2. Similar to GPS, the Gidde is

only modulated onto L1, whereas the®te is modulated onto L1 and L2. Additional information
has beermplaced in the navigation messagofmanWellenhof, Lichtenegger, & Was|2008)
Ranging code is a sequence of maximum length of shift register with a period 1 millisecond and
bit rate 511 kbpsNavigation message transmittetdl 50 bps, and 100 Hz auxiliary meander
sequenc€GNSS science support cemt eESA, 2014)

GLONASS implements the frequency division multiple access (FDMA) technique to differentiate
between the signals of different satekitAccording to GLONASS interface control document
(Coordination Scientific Information Center, 201&)e GLONASS signals are more resistant
against narrowband interferen@sothe crosscorrelation between different GLONASIgnals

is low, despite short ranging codes with FDMA. On the other hand, FDMA requires radio
frequency froriend components with extiide bandwidthsEDMA is a different technique from
Code Division Multiple Access (CDMA)sed by GPS.

The carrier frquencies and all timing processes are derived from the atomic frequency standards.

The FDMA design requires unique carrier frequencies for all satellites defined by

M Q YJQ peBnT® @ C® 0 Oa (2.4)

M Q YJQ pcByinmm® o X® 0 O (2.5)

where k differentiates the, afdeEQuedeaptehaheelfs

increments ofatdlite signals in two channels
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2.2.2 Galileo

Galileo is Europeds Global satellite Navigati

and planned GNS3 is planned to bénteroperable with GPS and GLONASShile providing
autonomousnavigation, positioning and timing information While GPS (U.S. Air Force),
GLONASS (Russian Minister of Defense), Beu (China Satellite Navigation Officé view
section 2.2.3.) and the regional sateldite
military system under military controGalileois a civil-controlled systemAs mention inGalileo

signal in space interface control docum@airopean Union, 2018jiGalileois a joint initiative

of the European Commissi¢BC), European Global Navigation Satellite System Agency (GSA)
and the European Space AgefEpA) O .

Galileo started to prowe initial services tothe public, i Ear |y Oper ati onal
December 18, 2016. It is expected to reach F@perational Capabtl in 2019 WhenGalileo
reach fully operational phaséwill provide four services worldwide:

1 Open Service (OS): It is open and fd®arge service to the users. Service provides
positioning and synchronization informatitor the s#ellite radio navigdon applications
with 1 meter positioning accuracy.

1 Commercial Service (CS)t is encryptedand more accurate than OS, to the nearest
centimeter positioning accuracy. It will be provided by an additional navigation signal and
addedvalue services in aifferent frequency band.

1 Public Regulated Service (PRSjJ: is restricted to governmeauthorzed users, for
sensitive applications which require a high level of service continuity (security and
strategic infrastructure such as enetglecommunicationand finance).

1 Search and Rescue Service (SAR)s Ga | i Wwaldwile search and rescue service for

international satellitdbased search and rescue distress alert detection.

(GNSS science support centreESA, 2018)

The lly operationalGalileo system will consist 30 satellites (24 in full service and 6 spares)
Medium Earth Orbit (MEO) at an altitude of 23,222 km. The satellites will occupy each of three

orbital planes inclined at an angle of%6 the equator. The tedlites will be spread evenly around
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each plane and will take about 14 hours to orbit the Earth. Two satellites in each plane will be a
spare; on standy should any operational satellite fé@NSS scienceupport centre eESA,
2018)

TheGalileoground segment consists of two Galileo Control @srgituated in Oberpfaffenhofen
(Germany) and Fucin@taly), a network of Telemetry, Tracking and Control stations, a network
of Mission Uplink Stations, and a network of GalilemSar Stations.

Reference system ofGalileo

The Galileo terrestrial reference frame (GTRF) will be global reference system for geospatial
information and reference system f@alileo. GTRF will be closely related to the international
terrestrial referencgame (ITRF), which has been establishedHh®y International Earth Rotation

Service (IERS)YHein & Pany, 2002)The GTRF is specified to difference from the latest version

of | TRF by |l ess than 3 ensuedbyithm&dlileGeaeti¢Servick . Thi s
Provider (GGSP). Also, the GGSP is responsible for the involvement of the geodetic community

during he definition, implementation, and maintenance of GT®Fann, 2006)

The Galileo system time (GST) is a continuous atomic time scale with a nominal constant offset
(i.e., integer number of seconds) with respect to the intenatatomic time (TAI). With respect
to the coordinated universal time (UTC), the modulo 1 second offset is variable due to the insertion

of leap seconddHofmanWellenhof, Lichtenegger, & Wasle, 2008)

Signals of Galileo

As it is mentioredin Galileo signal in space interface control docum@hiropean Union, 2018)
the Galileo navigation Signals are transmitted in the four frequency bands (indicbaddied. 3):
E1l, E6,E5a and E5b bands. The E5a and E5b signals are part8 gignal in its full bandwidth.

While the Galileobs carrier frequency Eb5a <co
Galileobs frequency band E1 i ncdystethasshowmie carr
Table2.3.
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Table2.3: Galileo signal lexicon

El Carrier frequency 1575.420 MHz; also denoted as L1 (US denominatig
E6 Carrier frequency 1278.750 MHz

E5 Carrig frequency 1191.795 MHz; also denoted as E5a+E5b

E5a Carrier frequency 1191.795 MHz; also denoted as E5a+E5b

E5b Carrier frequency 1207.140 MHz

SAR downlink | Frequency band 1 544.05D545.150 MHz

SAR uplink Frequency band 406.806.1 MHz

2.2.3 BeiDou Navgation System (BDS)

The BeiDou Navigation Satellite Demonstration Systisna Chinese satellite navigation system
managed by China Satellite Navigation Office. China Satellite Navigation Office presents the
preparation, revision, distributionne retenton of BeiDou Navigation Satellite System Signal In

Space Interface Control Documefrtformation in thissectionis organized according to Space
Interface Control DocumenfChina Satellite Navigation Office, 200 AndCh i n ®&idau B
Navigation Satellite Systeth The St at e Counci | |l nformati on Of
China, 2016)

The construction and development of BeiDou Navigation Satellite System (BDS) is divided into
three phass: BDS1, BDS-2, and BDS3 in sequence

1 The first step, the constructing the BdSncludes the launching of two Geostationary
Earth Orbit (GEO) satellites whiohere completed and put into operation in 2000. The
system provides the positioning, timing, wideea dfferential and short message
communication services. The third GEO satellite was launched in 2003, in order to enhance
the systembs performance.

1 The secondtep, the constructing the BE2ZSncludes the launching of 14 satellites (5 GEO
satellites, 5 Inched Geosynchronous Satellite Orbit (IGSO) satellites and 4 Medium Earth
Orbit (MEO) satellites) in order to finish the space constellation deploy®B&.2 step
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of project is completed in 2012. The BR2Swhich is compatible with BD&, adds the
passivepositioning scheme, and provides the positioning, velocity measurement, timing,
wide-area differential and short message communication services in thd>#@dia
region.

1 The third step, the constructing the BB$ planned the launch of 35 satelliteslider to

provide basic services to global users.

Coordinate System

BDS adops the BeiDouCoordinate System (BDCS) which has the same ellipsoid parameters of
the China Geodetic Coordinate System 2000 (CGCS2000), which is defined as follows:

Theoriginislea at ed at the Earthés center of mass.
The ZAxis is the direction of the IERS Referenaad(IRP).
The X-Axis is the intersection of the IERS Reference Meridian (IRM) and the plane
passing through the origin and normal to thaxs.

1 The Y-Axis, together wth Z-Axis and XAxis, constitutes a rightanded orthogonal
coordinate system.

1 The lengh unit is the international system of units (SI) meter.

TheBDCSis compatible witlthe international terrestrial reference frame (ITRe parameters
of the BDCS Hipsoid are shown iffable2.4.

Table2.4: Parameters of the BDCS ellipsoid

Parameter Definition
Semimajor axis a=6378137.0m
Geocentric gravitational constant £ =3.986004418 18 m®/s’
Flattening f=1/298.257222101
Earthos rotati W= 7.292115CG 10° rad/s
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Time System

The time reference of BDS is named as the BeiBawvigation Satellite System Time (BDT). BDT

uses the international system of units second as tkaib#sand accumulates continuously without

leap seconds. The start epoch of BDT is 00:00:00 on January 1, 2006 of Coordinated Universal
Time (UTC).BDT connects with UTCGand the deviation of BDT to UTC is maintained within 50

nanoseconds. The leap secamdrmation is broadcast in the navigation message.

2.3 Fundamentals of Satellite Positioning

GNSSreceivers are designed to locate the tdiegensional spacposition by calculating a
mathematical process called trilateration. Trilateration method determineh e o bj ect 6s p
measuring distances from other objects with known locatlartbis case, th&NSSreceiver has

to know At he nsatiel |siptaecse 0l oacnadt i ot he di st ance
receiver o i n or everdocation(G8,20l@ul ate the rec

2.3.1 Determination of Satellites Locations$pace

The satellites broadcast twgpes of datagimanac andephemeris.Each satellite broadcasts
amanac data foall satellites. Thisalmanac dataontairsthe approximaterbit of the satelliteand

is consideredalid for up to several months. Ephemeris dagatains the morprecise orbital and
clockcorrection for eachatelliteand is necessary for precise positioniagchsatellitebroadcasts
only its own ephemerisdata. This data is only considered valid for about 30 minutes. The

ephemeris data is broadcast by esatelliteevery 30 seconds.

Additionally, International GNSS Servid¢GS) analysis center providesatellite orbit solutions
subdaily, daily, or weekly, depending upon the data product. The IGS analysis center retrieves
these solutions and produces combined pregudtichareultra-rapid, rapid, and final. The ultra

rapid product, useful for resiime and near redime applications, ategular intervals four times

per day; the ultra@apid solution includes both observed and predicted satellite orbits. The rapid
orbit combinatbn is a daily solution available approximately 17 hours after the end of the previous
UTC day. The final, and mosonsistent and highest quality IGS solutions, consists of daily orbit

files, generated on a weekly basis approximately 13 days after tlod #r@dsolution week.
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2.3.2 Detamination DstanceBetweenEachSatellite andThe Receiver

GPS receivers determine ttistance between each satellite and the receiver by using signal travel
time or Atransit timeooOoTRYy dEFiniagivelsmelitectotipeh y si ¢
object equals the velocity of the transmitted signal multiplied by travel timadod waves

transmitted from satell i tasshownbelowieach the obj e

0 06 Yo o (2.6)

00 : pseudorange between satellite and receiver
gDy : travel time between receiver and satellite

c . speed ofhe radio wave3 x 10° m/s

Equation above2(6) is practicallyimpossible, because the satellites clocks and GPS tinmetcan
be perfectly synchronizedr it is impossible to know the offset of each clock with respect to GPS
time. The offset between satellites clockd and GPS timet$"S can be defined as follows,
Equation(2.7):

™ o0 o (2.7)
The offset of satellites clocks can be accurately enough described by a polynomial of second order
in time, Equation(2.8):

™ 0 QO ©o aYs (2.8)
Because the receiver clock experiences an offsetas shown onEquation(2.9):

0 6 WO Of O® Q6 (2.9)

T: is the travel time

g is the measured time
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The GPS receiver knows the velocity of sighalweverthe GPS receiver haséstimatess i gnal 6 s
travel timefrom the satelliteto the receiverThe GPS receiver can determine the time signal

reached to the receiver by checking its internal time. However, it is more complicated to define
travel time. The satellite generates and transmits Pseudo Random Noise (PRN) code. When a
satellite generatethe PRNcode, the GPS receiver memories and generates thecsa®end
tiestosynchroni ze it to sat elsikhe both@xlestoadergify how he r €
much delay (shift) needed in order to synchronize them. This delay time (shiftinisddas travel

time ( gp Thereforethe distance equal to the delay time (skif@pmultiplied by the velocity of

signal (c)(G S, 2010)

1ms

»
-

- Synchronisation

L UL |1 — U L

X

Satellite signal

(synchronised)

Receiver time
mark

Receiver signal m
¥
< A

t

Figure 2.6: Measuring signal travdime (G S, 2010)

2.3.3 DeterminatiorReceiver Position in-B®

After receiver calculate the distance measurements, it is time to define receiver location. It is a
mathematical process called trilateratidhleast four satellitearerequired to define the position

in 3-D space.

If the GPS receiver knows onlyondsal | i t ed6s position and the dis
the satellite, user position can be anywhere on the surface of the sphere, as shigure@ry at

the let side. FronfFigure2.7, GPS receiver is somewhere on a sphere which centered by satellite

A and with the diamete20.000km.
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2 measurements puts us
somewhere on this circle

Figure 2.7: 3D position detrmination using a single satellite (left side) and 2 satellites (right
side)

If the GPS receiver knows two satelitd posi ti on and their distanc

the receiver will be somewheom the circle of intersection of two sphereswwi r adandses |

} B, sShown agrigure2.7 at the right side.

I f the GPS recei ver Kk noheisdistarte te @S seeeiver, lotationa s 6 p

the receiver will be one of the two pointbere the three spheregersect, as shown Bigure2.8.

Figure 2.8: 3D position determination by using 3 satellites
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Mostly, for 3-D position determination by using 3 satellites, only one solutitinow visible in
practice. Other one may be outside of the operational area (i.e. in space or inside the earth). Adding

fourth satellite to calculatioris needed to correct for clock errdig.

2.3.4 Carrier Phase Observation Model

All current GNSS satellites tnamit signals in the dband. These signals consist of a carrier
modulated by a PRN cod&he phase of a signal is fundamentally a property of sinusoids. Every
sinusoid has an amplitude and a phase and can be written in gamopdéion ashexpj(¥ t+ d),

whereA is the amplitudey is the radial frequency, anfis the phase in radianstat O.

When the carrier is modulated by a PRN code, the resulting signal is no longer a pure;sinusoid
however can be expressed as a lineambination of sinusoidby Faur i er 6 s Iftheeor e m.
receiver can estimate the received RF phase, then three unknowns remain that must be estimated

in order to determine the range. These are:

1. The receiver timéx;
2. The initial satellite phaseffsett Sand
3. The integer number of cyclégtween satellite and receive

In most carrier phase processing applications, the effects of the first two are removed by
differencing of observations; differencing between satellites removes errorsrgcéieer time

component, while differencing betweeeceivers removes errors in the satellite phase offset.

In the following sections, carrier phase will be described, modelled and analyzed in terms of
performing relative positioningfiBasic of the GPS thnique: Observation equatidocument
used as rference for sectio(Blewitt, 1997)

The carrier phase measurement

As mention inCarrier phase and its measurement for GNf8Sumen; the carrier phase
measurement israeasure of the range between satellite and recexggessed in units of cycles

(the number of wavelengths of the sigriithe carrier frequencyrhe carrier phasemeasurement
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is used for high precision applicatiof@sder of millimeters)However, thevhole number of cycles

between satellite and receivemnist measurabl@O'D Riscoll, 2010)

L-band carrier

Amplitude

Figure 2.9: Received tband carrier signal (in red, number of cycles)

APhaseo is simply fAangl e of forGPS$ analysio As,stiownirh i ¢ h
Figure2.10, consider a point moving antlockwise on a circle, and draw a line from the center of
the circle to the point. The phasg) at any given timécan be defined as the angle through which

this line has rotated.

Phase iselatedwith the concept of timeyhich is always based on some form of periodation,

such as the rotation of the Earth, the orbit of the Earth aroun8uhgdynamic time), or the
oscillation of a quartz crystal in a wristwatch (atomic time). Angles of rotation give the measure
of time. In this way, phase can be thought of as a measure of time (after conversion into appropriate

units).We can write this érmally as:

~

YO Qe 0 . (2.10)
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WhereT (t) is the time according to the clock at time o =t (0) is so that the clock reads zero
whent = 0, andk is a calibration constant, converting the unitEycles into units of seconds.

Indeed, we can take the above equation as the definition of aloek ti

The Afrequency, 0 expressed in units of cycles
a full 360 rotation in one second (which is genéral fractional number). One can better define
frequency instantaneously as the first derivativplafse with respect to time; that is, the angular

speed.

K — (2.11)
Constant frequency is the basis of an ideal clock. If the frequency can be written as a dgnstant,
then we can write the phase of an ideal clock as:

. QO e (2.12

Therefore

Y Q0 (2.13
An appropriate choice for the calibration constakt+sl/fo , wherefo is the nominal frequency of

the oscillator. Going back to original equation for clock time,can now define clock time as:

107 J— (2.14)

Rotates with ¢ 0 0 Phase
frequency, f (cycles)

_Au B

Figure 2.10: The meaning of the pha@@lewitt, 1997)
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At time t, the height of point A(t) above the tarof the circle inFigure2.10is given by:

00 O i e o (2.15)
WhereAo is the radius of the circle. Since the concept of phase is applied to periodic g\gtals,
can be cal |l edvocfiatnh eb esicganlaleod afintdh e axampplejinthede o f
case of radio wave#a\(t) would be the strength of the electric field, which oscillates in time as the
wave passes by. Inverting the above formula, we can therefore determine the (phihsee
measure the signal(t) (and similarly, we cold infer the clock time). For adeal clock, the signal

would be a pure sinusoidal function of time:

) O i e (2.16)
) O i O @ e (2.17)

The range between satellite and user receiver is in units of cycles of the carrier frequency but in
the model an integer number of cych$s missing. To deal with this, thelfowing assumption

holds true. There isoway of knowingwhich integer N to add to this recorded ph&sgit really

did equal the difference in phase between the replica signaland the GPS signat . This

is fundamentally because weveano direct measure of the total phase ofribeming GPS signal.

We can express this as follows:

G o (2.18)

Capital 0 emphasize t he phawreProvidet thegecaivertdaes | | y |
keep track of how mancomplete signal oscillations there have been since the first measurement,
it can attach this number of cycles to the integer portion of the recorded beat phase. However, there

will still be an overallambiguity N that applies to all measurements.

If there aresome kind of geometrical interpretation fdrthe unknown value of N can be written

as:

6 Q& 0 OJGAI 0£00 & - 0E 0 QYA 6£00 & (2.19)
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The second term is completely arbitrary and depends on the receiver firmware. For example, some
receivers set this value to zero for the first measureehtdrop this termBy assuming the
receiver andsatellite clo&s keep perfect time for interpretation Mfas equal to the number of
carrier wavelengths between the receiver (at the time it makes the first observation), and the
satellite (at the time it transmitted the signal). All these made undanpsaos abouperfect

clocks and the particular nature of the firmware.

Carrier phase observation model

The satellite carrier signal is mixed with ref
after high pass f i |ITheghaserofthis beéatng signadueals the refeyemces i g |
phase minus the incoming GPS carrier phase fraatallite; however, it is ambiguous by an

integer numberofcycles. @r r i er bsaat the phadseaos tbedncoming signal.
Observation of sathtie S produces the carrier beat phase obseniabie

0O <0 e 0 U (2.20)
Wheret is the replica phase generated by the receiver clock, asdhe incoming signal phas

received from GPS satellit® The measurement is made when the receiver clock titme is

Thephase of the incoming signal received at receiver clockttisnelentical to the phase that was
transmitted from the satellite at satellite clock tithe

o oftdghd e o ho b (2.21)

Then the model of how long it takes a wénant of constant phase to propagate from the satellit
to the receivemust beconsidered. Therefore, thepppriate satellite clock time at the time of
signal transmissiort> must bemodelled. Before that, the clock time as a function of phase and

nominal frequency could be calculated:

Yo o— (2.22)
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The phase terms with clock times:

e 0 D . (2.23)
. 0 "0 . (2.24)
Therefore, the carrier phase observable becomes:
0O QO - e 0 (2.25)
0O Qo o . . 0 (2.26)
It is convenient to convert the carrier phase model into units of range. This simplifies concepts,

models, and software. line range formulation, we multiply the carrier phase equation by the

nominalwavelength.

0 6 _« 0 (2.27)
0 6 _"Qd o6 _ - e 0 (2.28)
0 6 GO0 o _ - e 0 (2.29)
b 6 o o o (2.30)

The name carrier phaseSz("Y), is in units of metersThis equation is identical to that for the

pseudorange, with the ex &®whichisdnmunitedf meaerk:e fAcarr i

8 e e 0 (2.31)

The firstterm in the carrier phase model is the pseudorange, and the second term is a constant. We

have already developed a nebéor pseudorange, therefaleemodel for carrier phase as follows:
06 " o wQdo Q66 Y O 6 (2.32)
In the above, thdelay on the signal due to the troposplireand the ionospheiiel 5z (the minus

sign indicating that the phase velocity actually increasesuded to the model

Additionally, the model for pseudorange can Beown with the small difference that the
ionospheric delay has a positive siffecauseany information, such asthe +1 asid fic hi ps o0
which are modul ated onto the calrogcgietryovanvat hemr
Aphase velocityo.
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6 6 7 0ol OW o6 Qoo Y O (2.33)
The true time of signal receptidfis unknown ancheecedto be calculatel the satellitereceiver

range tern Sx(tr ,t5 precisely.The true time ofeception can be written

o 0 Qo (2.34)
The epochiris known, as it is the receiver clock time written into the data file with the observation,
hence cal #t ad ot h diheffeedive elock biadtris not known initially, but could
be as large as milliseconds. Due to satellite motion and Esetion, the range will change by

several meters over the period of a few milliseconds.

End of the process, the received carpbase gives information regarding the range between
satellite and receiver. The measure of the range is obtained and ekmassiés of cycles.

2.3.5 Measurement challenges

Tropospheric delay, ionospheric delay, multipath, and antenna phase centeaudfs@triation
will be described and modelled in the following sectid@NSS: GPS, GLONASS, Galileo and
mored b oldokmanWellenhof, Lichtenegger, & Wasle, 2008)sed as reference for

formulations on the following.

Tropospheric delay

The atmosphere of the earth is categorized into different layers according to their physical
properties andnfluences onto the electromagnetic waves. With respect to the electromagnetic
structure, the atmosphere is divided into the neutral atmeospand the ionosphere. While the

neutral atmosphere comprises the troposphere and the stratosphere, the GNSSitgommun
abbreviates this to the troposphere and call s

del ayo.
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The troposphere extends bm t he earthoés surface to about
nondispersive for frequencies up to 30 GHz. Thedspheric refractive index is a function of
temperature, pressure, and partial water vapor pressure. The latter consists of a dry and a wet

component.

The tropospheric path delay is defined by

o

y & poai (2.35)

Usually, instead of the refractive indexhe refractivity

()

y 6 Qi (2.36)

Hopfield (1969) shows the possibility of separathiéf® into a dryand a wet component,

0 0 0 (2.37)
and

y y y (2.39)
Thecorresponding dry component on the surface is

¥ & - (2.39)

O XBUWao (2.40)
wherep is the atmospheric pressure in units of millibar (mb) &nsl the temperature in kelvin
(K). The wet component on the surface was found to be

5 H- H— (2.41)

&) PRP AW © OXPHY ML AW (2.42)
whereeis thepartial pressure of water vapor in mb dnagain the temperature in K. The overbar
in the coefficients only stresses that there is absolutely no relationship to the coefficients for the

ionosphere.

The values fory, ¢, andcs are empirically determinednd, certainly, cannot fully describe the
local situation. An improvement is obtained by measuring meteorological data at the observation

site.meteorological surface data candomsideredvith several models:
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1. Hopfield model(Hopfield , 1969)
2. Modified Hopfield model§Goad, 1974)and
3. Saastamoinen modgbaastamoinen, 197.3)

In this paper, these models are not mentioned.

lonosphere delay

The ionosphere is the electiigacharged component of the higher atmosphere. It is characterized

by its free, neutral, and charged particles, wltknesityvaries as a function of the time of day.
Therefore, the ionospheric refraction is modeled as etitmof the electron densitgpresented

by the total electron content (TEC). The TEC is influenced by the solar activity, diurnal and
seasonal variations, and the earthdés magnet.

continental level. Sma#cale wariations of TEC inhomogeneisiere not yet possible to predict.

Consider a single electromagnetic wave propagating in space with wavedemgtiirequency .

The velocity of its phase:

¥ Q (2.43)

The wave propagation in a medium depends on the refractive mdeixe phase and group

velocity, appropriate formulas for thercesponding refractive indexn:

o — (2.44)
and the refractive indemg:

I — (2.45)

The ionosphee extends in various layers from about 50 km to 1 000 km above Badgha
dispersive medium with respect to the GNSS radio signal. Follo@@egber, 2003, p. 54he

series

& p — — — E (2.46)
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approximates the phase refractive index. The coeffic@nts, cs do not depend on frequency but

on the quantityNe denoting the number of electrons per cubic meter, the electron density)

along the propagation path. Using an approximation by cutting off the series expansion after the
term, that is:

£ p — (2.47)
differentiating this equadn leading to
¢ P — (2.48)

It can be seen frobelowthat the group and the phase refractive indices deviate from unity with

opposite sign. Witlan estimate foc, (Seeber, 2003, p. 54)

® T®w0 Oq (2.49)
the relatiomgr > npnh and,t4< 1pn follows because the electron densilyis always positive. As
a congquence of the different velocities, a group delay and a phase advance occur. In other words,
GNSS ranging codes are delayed and the carrier phases are advanced. Therefore, the measured
code pseudoranges are too long and the measured carrier phase pgesdara too short
compared to the geometric range between the satellite and the receiver. The amount of the

difference is the same in both cases.

The differences®™ between measuredhe@ geometric range is called ionospheric refraction. In a

good approximation the ionospheric range error is related to the total electron content:

()

y 2 vyogy y —2vyos (2.50)
as the final result (in meter). Usually, the TEC is given in TEC units (TECU), where

PYOOS Yp T QA Qo € | (2.51)

The geographic variatiaof TECisillustrated for Europe and Glob and offered to ussresphere
maps on daily basis and free of c(steFigure2.11).
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Total Electron Content (TEC) 2019-02-13 11:15:00 UT
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Figure 2.11: Global lonssphere map for Feb 13, 2019, at 11:15 UTC

It is difficult to find a satisfying model for the TEC because of thaouar time dependent
influences. The most efficient method is to eliminate the ionospheric refraction by using two
signals with different frguencies. This dudtequency method is the main reason why the GNSS

satellites emit at least two carrier waves.
Theionospheric error is not equal on L1 and L2 and the relation shown as:
0 —10 (2.52)

Moreover, L1 and L2 carrier phases can be combined together that will reduoadbgheric

delay to zero. A new equation L3 is obtained:

00 0 Op O 0g¢ o (2.53

By usingEquation(2.52), Substituting L1 and L2 with the observation equation for eapihase

and rearranging the terms, ionospheric effect vanishes at the end.

——06 ——"0 ™ (2.54)
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The advantage of the ionosphéree combination is thelimination (or more precisely, the

reduction) of ionospheric effectseRembering the derivation, it should be clear that the term

Ai onodpleemde i s not fully <correct becaume ther
instance, Egation(2.47).

Multi path

Multipathis described by its name: a satelbimitted signal arvies at the receiver by more than
one path{Tawk, 2013) Multipath is mainly caused by reflecting surfaces near the rec&inggrré
2.12). Secondary effects are reflections at the satellite duringldrgnamission.

As has been seenkigure2.12, the satellite signal arrives at the receiver on three different paths,

one direct and two indirect ones. As a consequence, the received signals have relative phase offsets
and the phse diffeences are proportional to the differences of the path lengths. There is no general
model of the multipath effect because of the tiamal locatiordependent geometric situation. The
influence of the multipath, however, can be estimated by usamgndinaton of f1 and f2 code

and carrier phase measurements.

satellite

reflecting surface

I

T T T T T T 17

T
[[]JI[]]I[[LTLI]

C T T T T7 T
]I[[IWII ]]1[I]I[

S
ground %
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Figure 2.12. Multipath effecttHofmanWellenhof, Lichtenegger, & Wasle, 2008)

According to nGMBSemuwlattii maatsh afti & lad {Traaguith &wat er

Carr, 1990/91group the multipath errors of pseudoranges into three classes:
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1. diffuse forward scattering from a distributed area,(the signal passes through atailic
environment),

2. specular reflection from wetlefined objects or reflective surfaces in the vicinity of the
antenngi.e., Figure2.12), and

3. fluctuations of very low frequendy.e.,reflection from the surface of wajer

Puely from geometry it is clear that signals received from low satellite elevations are more
susceptible to multipath than signals from high elevations. Netethht code ranges are more

affected by multipath than carrier phases.

The multipath effects onarrier phaseshouldnot be greater than abok#3 cm (good satellite
geometry and a reasonably long observation interval). When performing static surveys where the
observation times are relatively long, intermittent periods of multipath contaminatiorotage
problem. Rapid static surveys (i.e., surveyigh very short observation times) may be more

contaminated in such cases.

In this research-blox 7P platform was usell.cannot track at the same time two or more satellite
systems. Thereforenultipath errors will be more significant than in the caseoncurrent GPS

and GLONASS acquisition. However, the latest model freblox with the eightgeneration
positioning platform 8M allow the user to enable in the tracking configuration 2 satellite systems
GPS and GLONASS or BeiDou or GLONASS and BeiDalthough having more satellites in

view is of great help in the processing mode, concurrent tracking of more systems is not enough
(Grec, 2014/15)

Various methods were devekxgin orderd reduce or estimate the multipatheets,

1. antennabased mitigation,
2. improved receiver technology, and

3. signal and data processing.

A reduction of the multipath effecainbe achieved by digital filtering, wideband antennas, antenna
groundplanes absorbing radio frequencies, choke ringrards including the advanced dual

frequency choke ring desigRhilippov, Sutiagin, & Ashjaee, 1999)
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Multipath on code measurements remains ofthe most significant erroosirces for differential
GNSS vehicle navigation. @wared to static applications, the positions of various reflectors are

changing rapidly, increasing the difficulty of a proper model

Antenna phase center offset and variation

In an idealized situationhé electrical phase center of the antenna is the point to wingch
measurements derived from received GNSS signals refer. Usually, this will not be a point which
canbemeasuredby a tape measurement. Therefore, a geometrical point on the antenna denoted
antenna reference point (ARP) is introducedrigure 2.13. The IGS definge the ARP aghe
intersection of the vertical antenna axis of symmetry with the bottom of the antenna.

However, this idealized situatiae not true inthe reality because the electrical antenna phase
center varies with elevation, azimuth, intensity of the satelljeasj and is also frequency
dependent. In other terms, each incoming signal has its own electrical antenna phase center.
Therefore, a mean pition of the electrical antenna phase center is determined for the purpose of
the offset calibratiofiHofmanWellenhof, Lichtenegger, & Wasle, 2008)

The antenna phase center offset (PCO) defines the difference between trend\Rif¢ mean

electrical antenna phase center.

The antenna PCO is given by thi@ienensional coordinates of the eliécal antenna phase center
referring to the ARP and hasbeen provided by the manufacturer. Due to the dependence on

frequency the anteanPCO must be given for each carrier frequency.

Comparing the electrical antenna phase center of an individualureesent with the mean
electrical antenna phase center, a deviation will arise. Tdhegations are denoted as antenna
phase center variatisn(PCV). The azimuthand elevatiordependent PCV define the phase

pattern (individually for each carrier frequecy
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Figure 2.13: Electrical phase center and antenna reference pgiofman\Wellenhof,
Lichtenegger, & Wasle, 2008)

Introducing for the PCO the vectaras indicated irFigure2.13 and the unit vectoro between
the satellite and the receivesco, the influence of the PCO on the phase sueamentcanbe

obtained as the projection of a onto the unit vectdretween the satellite and the receiver

()

y Wz’ (2.55)
The influence of PCV on the phase pseudorange, demstaslcy, is described by a function
depending on the azizoitebatelite, and df the dargier zequeficy h an g

y Yy | BAQ (2.56)
The total correction fothe phase pseudorangee to PCO and PCV is the combined effect
&ePCO+a&PCV. Applying this total correction, th

terms, the coordinates of the ARP will result after processing the measured data properly. As see

from Figure2.13, the resulting height component must still be reduced by the antenna height.
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2.3.6 Differencing positioning technique

2.3.6.1Single differencing

Satellite j @@

Station A Station B

records L, records L/
atepochs 1,2, 3, ... atepochs 1,2,3, ...

Figure 2.14: Single differenes geometryHofmanWellenhof, Lichtenegger, & Wasle, 2008)

Two receivers and one satellite are involtedthe single differencingThe purpose of single
differencing is to eliminate satellite clock bias. The phase equdbotise two points are below

by denoting the receiver sitéd andBo and the satellitéo:

O 7 O™ Qo Y O 6 (2.57)
0 7 o™ Qo Y O 6 (2.58)

The single difference phase is defined as the difference between these two:

Y0 O O (2.59)
Y0 o Od® ™ wQd Q6 Y Y O 0O &6 &
Y0 y W&o YY YO Y8 (2.60)

Equation 2.60) is referred to as singl@ifference equation. This equation stresses one aspect of
the solution for the unknowns on the right side. A system of such equations would lead to a rank
deficiency even in the case of an arbitrarily large redundancy. Thissntleainthe design matrix
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of the adjustment has linearly dependent columns and a rank deficiency Eijste 2.14

illustrates the geometry sfngledifferencing.

An assumption has been made, that the satellite clockdbiasdentical at the slightly different
times that the signal was transmitteddt@nd to B. The difference in transmission time could be

as much as a few millisecond®o, the satellite clock biadl has canceled at the final formula.

Although the single diérence has the advantage that many error sources are eliminated or
reducedthe disadvantage is that only relative position can be estimated (unless the network is
globalscale). Moreover, the receiver clock bias is still unknown, and very unpredi¢tédifiman
Wellenhof, Lichtenegger, & Wasle, 2008)

2.3.6.2Double differencing

Cr) Satellite k

Satellite j @

\

Station Station B

records L, and L X records L and L*
at epochs 1, 2, 3, ... atepochs 1,2, 3, ...

Figure 2.15: Double differences geometfdofmanWellenhof, Lichtenegger, & Was|2008)

Two receivers and two satellite are involved to the sidgferencing. The purpose of double
differencing is to eliminate receiver clock bias. The phase equations for the two points are below
by denoti ng tAaedBogndttwos a¢é ejlahdk bes fifi

() ~o

N % o YY YO Y5 (2.61)
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i) Y W&o YY YO Y6 (2.62)

The double difference phase is defined as the difference betinesantwo:

YO YO YO (2.63)
n Y0 y” y” W&o Yo yY YY YO YO Y6 Y5
Y0 % Y'Y YO Y6 (2.64)

The doublesuperscript is used to denote quantities identified with two satellites, and the-upside
down triangular symbol as a mnemonic device, to empaaisat the dirence is made between

two points in the skykigure2.15illustrates the geometry of double differencing.

Any systematic effects due to unmodelled atmospheric errors are generally increased slightly by
approximately 40% by double differencing as gamed to single differencing. Similarly, random
erras due to measurement noise and multipath are increased. Overall, random errors are
effectively doubled as compared with the undifferenced observation equation. On the other hand,
the motivation for doulel differencing is to remove clock bias, which woatdate much larger
errors(HofmanWellenhof, Lichtenegger, & Wasle, 2008)

The double difference combination has an additional advantage, in that the ambiguity is an integer:

o) y6 Y6 (2.65)
N 6 6 6 6 (2.66)
V8 _ . . 0 _ . . 0 _ . .« 0

_ e . 0
N _ 06 0 0 0 (2.67)
N _Yi (2.69)

Hence we can write the double differenced phase observation equation:

Y0 Y &¥yo YY Yo Y5 _ Y0 (2.69)
From the point of view of estimation, it makes no difference whether we use a minus or plus sign
for N, so long as the padli derivative has a consistent sign
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3 GNSS RECEIVER&ND SOFTWARE PACKAGES

3.1 GNSS Receivers

During the time span of research, the following instruments are used:

1 1 geodetic Leic&RX1200receiver with Antenna type: Leica AX1202GG
1 1 U-blox LEA-4T module andts default antennaand

1 1 low-cost GPS receiver Samsung Galaxy S8

3.1.1 Leica GRX1200

As mentiond in Leica GRX1200 Product Description Brochure, the Leica GRX1200 Series is
designed specifically for use at reference stations. The measurement enginessGiirt
GLONASS, Galileo and BeiDou. Regarding data management, removable and robust
CompactFlasitcards up to 1 GB are used for logging data. According to Leica, 1 GB is sufficient
for about 7 weeks of 1Hz L1+L2 GPS datdso, Leica GRX1200s able to trak the new mult
frequency signals from modernized GPS (including L5 and L2C), GLONASS anddGahlere

is no need for powertonsuming external memory storage, which typically cannot fulfil in the
tough environment conditions to which reference statiomg®posed. Files can be logged in raw
data and/or RINEXile (Leica Geosystems AG, 2009)

The Leica GRX120Quses SmartTr&ctechnology.S ma r t T headvancednieasurement
technology consists in advanced GPS acquisitiochteéque: after switching on the time needed

to acquire all satellites is typicalB0 seconds; after loss of lock-eequisition starts typically
within 1 second; very high sensitivity, it acquires more than 99% of all possible observations above

10 degres elevatior(Leica Geosystems AG, 2009)
Themain charateristics ofLeica GRX120Qan be listed:

1 Acquisition within seconds,
1 Excellent signal strength,

1 Reliable tracking to low elevations,
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Suppresses phase and code muiltipa
Jamming resistant,

Measurements up to 20 Hmnd

= =2 =2 =4

Low power consumption.

Figure 3.1: Leica GRX1200 and AX1202 GG antenna

Thetype of connected antenna directly affethe performance of this sensdn this research,
AAX1202GG0 st anda(sedFiggre3d)doelteicacGRA1200 asedhas antenna
will suppress multipatigeliver highquality observations for single stations and netwdrksest
generation of geodietantenna from Leica includes suobllimeter phase center accuracy, high
quality measurements even from low elevation satelbted have buiin ground plane for

multipath suppression.

The builtin File Transfer Protocol (FTP) sernfeatureallows simge and quicknanual download
of data without the need for special software. Alternatively, FTP Push can be used in order to

automatically uploadata from the receiver to a remote FTP server.
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Leica GRX1200 Series is sheltered inside a strong magnesiusimfand is dsigned to MIL

STD-810 (United States Military Standard) specifications to withstand the roughest use and the
most severe environments for protection. These receivers can operate through a wide temperature
range, are fully waterproof, rain,rshand dustmof (seeTable3.1 for details)(Leica Geosystems

AG, 2009)

Table3.1: Technical data for GRX1200 (courtesy Leica Geosystems).

Leica GRX1200 Nominal value of frequency in L1 subband, in MHz
GNSS technology SmartTrack+
Measurement precision
1 carrier phase L1:rms=0.2 mm L2:rms=0.2 mm
f code L1: rms =20 mm; L2:rms =20 mm
Web & FTP services Yes
Optional control softare Leica GPS Spider software
Weight 1.2 kg
Temperature range -40°C to +68C
Waterproof MIL-STD-810F

Temporary submersionto 1 m

Shock/drop on hard surface | Withstand 1.0 m drop

Supply voltage Nominal 12V DC
Raw data logging MDB (Leicaproprietary format) and RINEX
Data streaming RTCM v2.1/2.2/2.3/3.0
NMEA 0183
Leica LB2 raw data
NTRIP Integrated NTRIP server

Table publishedby Leica under accuracy headirgggivenin Table 3.2 for interested normal

baselines
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Table3.2: Accuracies withdifferential phase in pogprocessing fonormal baselines with
GRX1200+ Serieplus(Leica Geosystems AG, 2009)

Static Kinematic
Horizontal Vertical Horizontal Vertical
5 mm + 0.5 ppm 10 mm + 0.5 ppm 10 mm + 1 ppm 20 mm + 1 ppm

3.1.2 U-blox LEA-4T receiver

U-blox is a Swiss compangnd a providethat creates wireless semiconductors and modules for
consumer, automotive and industrial markékshlox develops and sells chips and modules that
support global satellite navigation systems (GNSS), including receivers for GPS, GLONASS,
Galileo, BeiDou, ad QZSS. The Evaluation Kit with Precision Timing output was developed by
u-blox as a lowcost singlefrequency RTK technologublox, 2007)

Singlefrequency GNSS receivers access only L1 frequehg.singlefrequency codeeceiver,
is the cheapest and the least accurate type of receivers, also caleosto&@NSS receiveit
measures the pseudoranges with the C/A code(ahlgx, 2007)

The accuracy of the time pulse is as good as 5ynshronized to GPS or UTC time. An accuracy
of 15 ns is achievable by using the quantization error infeom&b compensate the granularity of

the time pulseMain features:

16-channel ANTARIS®4 positioning engine
Stationary mode for GPS timing opeoat,

15 ns timing accuracy (error compensated)
Single Satellite GPS timing

10 Hz raw measurement datatjput and

1
1
1
1
1
1 Supports SBAS: WAAS, EGNOS, MSAS
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3.1.3 Samsung Galaxy S8

In this thesis, Samsung Galaxy S8 device is used as a single freguesitghone which rn
Android 7.1. It is visible inFigure 3.2 that the Samsung S8 shows aagreansparency in being

able to analyze also the navigational message, and trace almost the whole of the GNSS
constellations. The table distinguishes the versioo f t h e Exgnesvwhiches iderdifiedi

for all the devices produced for the markeEurope, the Middle East and Africa

Android Automatic Gain Navigation Accumulated HW L5 Global

Model .
- version Control messages delta range clock Support systems

Huawei Mate 20 X 9.0 no yes yes yes yes GPS
GLONASS
GALILEO
QzZss

Huawei Mate 20 RS 9.0 no no yes yes yes GPS

(Porsche Design) GLONASS
GALILEO
BeiDou

Huawei Mate 20 Pro 9.0 no no yes yes yes GPS
GLONASS
GALILEO
BeiDou

Huawei Mate 20 9.0 no no yes yes yes GPS
GLONASS
GALILEO
BeiDou

Huawei Mate 10 8.0 no yes yes yes no GPS
GLONASS

Huawei Mate 10 Pro 8.0 no yes yes yes no GPS
GLONASS
Qzss

Google Pixel 2 XL 8.0 yes no no yes no GPS
GLONASS
GALILEO
BeiDou
QZss

Google Pixel 2 8.0 yes no no yes no GPS
GLONASS
GALILEO
BeiDou
QZss

Sony Xperia XZ1 8.0 no no no yes no GPS
GLONASS
GALILEO
BeiDou

Samsung Note 8 71 no yes yes yes no GPS

(Exynos) GLONASS
GALILEO
BeiDou

Figure 3.2: Devices that support raw GNSS measurements and the data
(https://developer.android.cdguide/topics/sensors/grss
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https://developer.android.com/guide/topics/sensors/gnss

The Android operating systemhastad ¢ i nt er face call ed AApplica
(API') o that al hesysemsdunaionalities. Accestatiee GHSStmeasurements

in the Android devices were added iRPWevel 24 embedded in Android N using tBRSSClock,
GnssNavigationMessagsmd GnssMeasuremegtassesBefore that, researchers had access with

API level 23 to the following Android classes:

1 GPS Satellite containing such basic satellite informatioreasmuth, elevation, PRN and
C/No. It also flags if the satellite is used in the PVT (position, velocity and time) solution
and the availability of almanac aeghemerides.

GPS Statusprovides information about the status and solution of the GNSS chipset.
Location, indicating if a positional and time solution is provided.

NMEA Listener, providing basic NMEA sentences.

Figure 3.3: Location API in Android API Level 23 (on the left) and Level 24 (on the)right
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FromAPI level 24(Android 7), researchers have access to API level 23 and the follGNSH

raw and computed information:

1 GNSS Clock that catains:
- Receiver time (used to compute the pseudorange);
- Clock bias
1 GNSS Navigation Messagedhat contains:
- Navigation message bits (all the constellations);
- Navigation message status.
1 GNSS Measurementsthat contains:
- Received satellite time (used to compute the pseudorange);
- Code;

- Carrier phase

While data is directly received from the GNSS chipeetearcherdo not have direct access to
the chipset.

FingerprintScanner  HRMSensor Rear Camera BT/WiFi Bixby Button

NFC/MST/
Antenna Wireless ChargingIC  USBType-C = Battery Speaker HeatPipe EarJack DDI Pressure Sensor

Figure 3.4: Samsung Galaxy S8 Scheme
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3.2 Software Packages

In this thesis, the various software is usedtalyze and process the data: Leica Geo Office,
MATLAB , QGIS,OruxMaps, GNSS Analysis APP and RTKLIB.

In order to import datéo QGIS, the final results fronLeica Geo Office arexported as ASCII
files. Output data from OruMaps is .gpx file can be imported by QGIS. Output file is logged by
GNSS Logger in Androidds to be transformed into a format can be imported by QGIS. For this
task, MATLAB may be used.

3.2.1 Leica Geo Office

Leica Geo Office (LGO) is a software produced by Leica Geosystems, a Switzerland enterprise
that produces instruments for surveying and measent and the relative software to process the
data acquired. LGO isedlicated to process data from GNSS survey and is able to handle many
different processing scenarios: static, rapid static-atwpgo, kinematic. It can process data from
multi constelations, GPS, GONASS and Galileo and can process both single frequemcy
double frequency data. Many tools to import data from different formats (for example raw data,
cad and GIS data), to export data and create report are avéiNapietti, 2013/2016)

In present thesis, LGO is used forganting raw data from Leica GRX1200 and process double
frequency data for stepndgo and kinematic surveying scenarios. Final results from LGO are
exported in ASCII file.

3.2.2 QGIS

QGIS isfree andopensourcedesktop GIS. It allowsiserto create, edit, visuae, analge and
publish geospatial information on Windows, Mac OS, Linux, BSD and Android. The QGIS project
is under very active development by an enthusiastic and engaged developairoty (OSGeo,
2019) QGIS supports botraster and vector layergector data is stored as either point, line, or
polygon featuresMultiple formats of raster images are supported, and the software can
georeference images.Igd, QGIS supportshapefiles, coveragepersoml geodatabasesdxf,
Maplinfo, PostGIS and other formd@GIS, 2019)
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In present thesis, QGIS version 3.0.0 is useeédding, visualzing andanalying geospatiatiata.

3.2.3 MATLAB

MATLAB is an interpreted language for numaticomputation. It allows to perform numerical
calculations and visualize the results without the need for complicated andaiseming
programming. MATLAB allows its users to solve problerascurately, prduce graphics easily
and produce code efficiegt{Edurev, 2019)MATLAB has several advantages over languages:

1 Its basic data element is the matrix. A simple integer is considered a matrix of one row and
one column.

1 Vectorized operations. Adding two arrategether needs only one command, instead of a
for or while loop.

1 The graphical output is optimized for interactitdsercan plot your data very easily, and

then change colors, sizes, scales, étcusing the graphical teractive tools.
(York University, 2019)

In present thesis, MATLAB R2018a is used éaliting, visualzing, analying and processing the

data.Some written codes used in processing and analysis are added to Appendix A,.B and C

3.2.4 OruxMaps
OruxMapsis a free map viewer for android platform. It can display OpenStreetMap maps (raster
tiles and vector maps froMapsforge) and has tracking and waypoint recording features making

it suitable for gathering data. It can be downloadenhffottps://www.oruxmaps.com/cs/gn/

In present thesis, Ortkaps is used for Record a track and Export a track in GPX format. The aim
is to get a first idea of how much compatible coordinatesgeneratetly android smartphone

GPSin comparison witla geodetic receiver when both are used in the same filed condition.
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3.2.5 GNSS Analysis APP

The GPS Measurement Tools project includes GNSS Ldggandroid and GNSS Analysis App
for desktop GNSS Loggers a samplepplication that shes how to log data related to Android
location, including raw GNSS measurements. To get GNSS output with the sampedpp)
device must support raw GNSS measurements.

o~
®

3151

s

\

GNSS Logger

.

Figure 3.5: The relation olGNSS Logger and GNSS AnalyS$§\SS Logger collects the
measurements that can be consumed by GNSS Analysis.

Onceuserhas captured the GNSS log using the GNSS Loggsercan copy the log files from

the device to computer for further aysib with GNSS Aalysis App. The GNSS Analysis app

reads the GPS/GNSS raw measurements collected by the GNSS Logger and uses them to analyze
the GNSS receiver behavi(geeFigure3.5). The GNSS Analysis app is built MATLAB , but

userdon't need to haveIATLAB to run it. The app is compiled into an executable that installs a
copy of the MATLAB Runtime.

Google has publicly released GNSS Analysis Tools to process and analyze GNSS raw
measurements from your phon&pp-developers, resarchers and educatazan download and

reach more detailed informatioht{ps://developer.android.com/quide/topics/sensorsygnss
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Some reports of the end of processing with GNSS Amallyool are added to Appendix D.

3.2.6 Geo++ RINEX Logger

Geo++ RINEX Logger wss Android API services to logaw GNSS measurement data into a
RINEX file including pseudoranges, accumulated delta ranges, doppler frequencies and noise
values.lt supports GP$GLONASS/ GALILEO / BDS/ QZSS for L1/ L5/ E1B/ E1C/ E5A

(as supportedly the device)lt can be downloaded from:

(https://play.google.com/store/apps/details ?idgdepp.rinexlogger&hl=en

10:30 &A= F

Geo++®t,A

RINEX Logger

Now supporting dual-frequency!

gl

0:00:25

ogglng . e

Figure 3.6: Geo++ RINEX Logger interface

3.2.7 RinexOn

RinexOn utilizes the measurements of the Android Raw Measurements API to produce RINEX
Observation and Navigation Message Filesf the Android GNSS chipsélthe app was written
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by NSLas part of the FLAMINGO projech(tps://www.flamingognss.com/The application was

launched at th&SA (European Global Navigation Satellite System Agg Raw Measurements
Task ForceaNVor k shop N GNSISe Rawt leaBrom researMahp t o
2018.

Features of the application are presented on below:

1 RINEX observation The app currently produces a RINEX observation file for the GPS,
GLONASS and Galileo constellationfhe RINEX files are currently only written in
version 3.03.

1 RINEX navigation message: The app currently produces a RINEX navigation message file
for GPS and GLONASS constellations.

1 NMEA log: NMEA message log may also be werit

9 : Settings

RINEX Observation
Number of Satellite Measurements

y RINEX Observation
Marker Constellation  Measured  Tracked Log RINEX observation f

All 31 10
Hourly

GPS 1 Create new RINEX Observation file each hour

GLONASS Always Log
Observations w
Galileo

Beidou
RINEX Navigation Message

ZSS
. : RINEX Navigation Message
Log RINEX navigation m f

SBAS

File Size

File Type

RINEX Observation Other Logs

NMEA Measurements
Log NMEA measurements file

RINEX Navigation Message

Figure 3.7: RinexOn interface
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3.2.8 RTKLIB

RTKLIB is an open source software written in C language for standard and precise positioning
with GNSS. The main developer is Tomoji Takasu of the Tokyo UnivexEMarine Science and
Technobgy. It can be downloaded fronmitp://www.rtklib.com).

It supports data from many different sysg2irke GPS, GLONASS, Galileo, QZSS, BeiDou and
SBAS; variais positioning modes are alable for bothreattime and posprocessing: Single,
Differential GNSS, Kinematic, Static, Movirigaseline, Fixed, PRRinematic, PPFStatic and
PPRFixed.

In present thesis, the version 2.4.2 installed for dividing a long observation period intoemultipl

short observatn windows and pogprocessing datgsee Chapter Fyom the ublox.
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4 RESEARCH APPROACH

I n Androi d Rel ease N (ANougato), Googl e i
measurements from android smartpleomdterthis announcement, users will be able to log GNSS
raw measurements such as GPS satellite information (C/No, azimuth, elevation if a particular
satellite has been used in the PVT), NMEA sentences and PVT solution with the proper time stamp.
This can open may possibilities for thesinglefrequency GNSS receiveralso called lowcost

GNSS receiverintegrated in smartphones.

The singlefrequency GNSS receivers are widely used in smart mobile devices: in addition to
smartphones, in car navigation ®m, smamwatch, tablet with navigation applications. The
technique used to get up the position isdimglepoint positioning that reach an accuracy of tens

meters.

An opportunity to do better and complete research with GNSS raw measurements frogi¢he sin
frequency GNSS receivers camprove the accuracies for smart mobile devices. Tens meters
accuracy could be enough for most of daily navigation purposes, however it could beaobetter
increase it for some particular casesages needs higher accurédgcimete of accuracy) like

navigation for impaired people.

In this aspectmainly, the research investigates assessment of kinematic and short session static
accuracies with single frequency laast receivers. Additionally, share$at kind of difficdties
are faced, how goodhe results are evaluatetvhen the singldrequency GNSS receiver raw

measurements are processed and analyzed with well know geodetic software packages

One of the major challeng#o reach better accuracies in the research cémesshat period of
time (51 10 minutes) surveys are not good enough to solve ambiguities ntlestiofe. However,
in the research, experiments are perform&t short period of time applications with mobile
devicesContrary in standard procedures staticpositioning is up to 6 houmsith geodetic GPS

Besides u-blox is a singldrequency GNSS receiveneasures the pseudoranges with the C/A
code only. For the research, the investigatiijax data makes sense to see behavior under short
periodof time surveys. In this aspect, the research contains the processing and analysis of static

positioning for short time periods withhlox either.
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Briefly, one reference network with st@mdgo surveying technique, one referetregectorywith
kinematicsurveyirg technique were carried out to assess the behavior of the measurements over
time with single frequency GNSS receivers. Additionadly, experimentvith static surveying

technique is studied to create a general impression of gnegleency GNS$eceivers

The chapter will start with brief description céference networksetup and continues with
detailed explanation of fieldiork and storing data for the reference networks. Alsexplains
applied algorithmso generate the reference netwawkt the final,created reference networase

presented.

4.1 The Reference Network Sap
The field work was conducted in2 differentlocations in Milano, inside Leonardo Campus of
Politecnico di Milanowith stopandgo sureying techniqgue and kinematic saying technique.

Each surveying technique is achieved in different chosen loc#tios 2 referenceyenerated

Figure4.1: Research area

64



1 Reference Networlt: The fieldexperiments with stepndgo surveing technique is set
around fountainn green area in front of Leonardo Campus of Politecnico di Milano
1 Referencelrajectory2: The field experiments with kinematic surveying technigqusets

in green area in front of Leonardo Campus of Politecnico tiri

The both reference is locateta couple of hundred meters range to the Milano Permanent Station
| (seeFigure4.1). During the time span of dikeld work, a singlegeodetic Leic&RX1200receiver
(see Chapter 3) with Antea type: Leica AX1202G@ used.

4.2 Reference Network: The Foutain

i Ref er e n c ehad\been sevaroknd thedfountain in green area in front of Leonardo Campus

of Politecnico di Milano in 2017, several days in November and Decembdti(rze4.2).
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Figure 4.2: Estimated point locations around the fountain (in red) estthmated starting point
location (in yellow)
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Measured pointsare defined on eachoint between stones sutnoding the fountain area.
Consequently, &undred joints are defined as measurement pattund the fountainStones
surrounding the fountain area have differentsaeltheycover approximately 75 meters round
(seeFigure4.3).

Figure 4.3: Joints between stones and several example points measured with Leica GRX1200

As it can be seen iRigure4.1, the location isn the middle of the green area, faorh buildings
this shoulddecrease the errors due to multipath. Furtherntioessurveying area is suitable for the

receiver carcontinwouslytrack at least 4 satellitegth 15° angle view.

Surveying for Reference Network 1-The Fountain-

i SttamgGoGPS Surveyi ng T eeddunng theusardeying by Leica GRXA200n
in order to define Reference Network Lleica receiver is uskeas rover the whole timét the
below, more information about experiment is sorted:

1 A Stam@Go GPS Surveying Teclmiu e & t he ki nematic techni gt
receiver continues to track satellites while it is in motitiris known as stoand-go (or
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semikinematic) technique becausithe coordinates of the receiver are onlyhefinterest
when it is statinary (the stop part) but the receiver continues to function while is being
moved (the “~god part) fr (Rmospne stationary
1 Only GPS satellites are considered in processing.
9 Elevaion mask is defined a1
1 No SNR mask is used.
1 5 epochs measured for each point.
Six repetitiors are made with StoandGo GPS Surveying around the fountaBurveys have
takenby Leica geodetic receiverses Milano Permanent Statibon the roof of Department of
Architectue building in Politecnico di Milano, in via Edoardo Bonardi,[8stance between
Milano Permanent Statiohand surveying points amender couple hundred meteiiue 3-D

coordinate®f the Milano Permanent Statibmare listed inTable4.1.

Table4.1: Truecoordinates in UTM32N for Milano Permanent Station

East [meters] North [meters] Height [meters]
517924.014 5036298.544 187.262

By LGO, the results arebtained inETRF UTM-32N coordinates (East, North, Heiglét,) for
eachrepetition. 6 coordinates for each point from 6 repetition of saoptgo surveying are
averaged in order to use reference in comparison with coordinates frornosdowGPS

measurements.

Analysis of Referen® Network 1-The Fountain-

An analysis of the data perfomed in order to shothe quality of theeference whicls produced
by averaging the coordinates. The analysis assesses tlaabdjg of the data which is the

maximumdifference between estirte coordinates Table4.2.

Reference Network 1 (around the fountain) is used in comparison with kinematic and static

surveying by smartphone in Chapter 5.
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Table4.2: Repeatabilityof Reference Network 1

East tm] | North [cm] | Height [cm]
Best 0.3 0.5 0.4
Worst 4.2 4.3 4.5
Mean 1.9 1.9 2.2

4.3 Referencdrajectory2: Kinematic Trajectory

i Re f eTraentary? davebeen set in green area in front of Leonardo Campus of Politecnico
di Milano in 2017, several days in November and DecemberHigere4.4). The area used for

kinematic trajectorys near thdountain area (seleigure4.l) .
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Figure 4.4: Estimated trajectory (in yellow) and estimated end point locations (in red)
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As seen orfrigure4.4, a visible and repeatable path has been identified on the middle of the green
area.Determined track goes throudjie joints between concrete blocks all the way long on the
ground from Point Ao Point B.Track mostly follows the center of the path. However, middle of
the patththere is a marble floor. At that area track goes around the marble floor by following joints.
Defined track has approximately 275 meters length.

Endpoints of the traclRoint A and B, shown oRigure4.5:

1 Point A has chosen at 13th pillar looking from south to north

1 Point B has chosen at 14th pillar looking from nortkdath.

Figure 4.5: The locations of Point A and Point(Bn the left point A is presented, on tight
point Bis presentejl
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Theestimated-D coordinates of the endpoints are listed able4.3.

Table4.3: Approximately endpoint coordinatéSTRF UTM32N)

Points X(East)(meters) Y (North) (meters) h(meters)
A 517646.9 5036043.9 159.9
B 517646.2 5036131.8 160.1

The definedtrack for ReferenceTlrajectory?2 is in the same green area applied Raference
Network 1 As we rememberedhe location is chosen at the middle of the green area, far from
buildings to decrease the errors due to multipath. Furthermore, the surveying suéabie
because the sky is almost open abbseangle viewHowever, track (approximately 275 meters
track) forkinematic surveyss longer in comparison with fountain area (approximately 75 meters

round).

4.3.1 Surveying for ReferencErajectory2 -Kinematc Trajectory

AKi nematic Surveying Techniqgqueo is pmerdeftor m
define Referenc@rajectory2. Leica receiver is used as rover the whole time. At the below, more

information about experiment is sorted:

1 AKi ne®uaveyingTech i q is &generalization of stegndgo technique usedhile
generating Reference Networklfistead of only coordinating the stationary points and
disregarding the trajectory of the roving antenna as it moves from-fpgpaint, the
intertion of kinematic surveying is to determine the position of antenna while it is in

motion.In many respects the technigue is similar to stoggo technique.That is,

ambiguities must be resolved before starting the survey, and ambiguities must be

reinitializedduring the survey when a cycle slip occ(R&o0s)
Only GPS satellites are considered in processing.
Elevation mask is defined as 15°.

No SNR mask is used.

= =2 = =2

Sampling rate is defined as 1ZH1 observation for each sean
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Kinematic surveydy Leica geodetic receiver at Refereniaajectory2 uses Milano Permanent
Station| on the roof of Department of Architecture building in Politecnico di Milano, in via
Edoardo Bonardi, 9 as Reference Network 1. The distance beMitarmo Permanent Statidn
and surveying points is under couple hundred meters. Thec8ordinates of the Milano

Permanent Statiohare listed inTable4.1.

Theposiionsare collected 4 times by walking with constant speed fromtRA to Point B and 4
times from Point B to Point Ay Leica GRX1200.n total, eight repetitiorare made with
kinematicsurveying on the defined tracBy LGO, the results arebtained inETRF UTM-32N
coordinates (East, North, Heiglét,) for eachrepettion.

4.3.2 The clustering of points from geodetic receiver

The clustering methods are performed for smoothing the point cloud which is obtained by 8

repetition of kinematic surveywo different clustering method are studied:

1 K-means Method, and

91 Clustering mdtodimplementedy the author.

K-means is studied as®of the populaclustering method. Additionally, a clustering method has

been implemented by the author as an alternative.

4.3.2.1K-means method

K-means is one of the unsupervised learning algorithrmsstitee the clustering problem. The
procedure follows aimple and easy way to classify a given data set through a certain number of
clusters (assumike clusters) fixed a priori. The main idea is to defineentroids, one for each
cluster. These centroidg$hould be placed in a cunning way because of diffdogation causes
different result. So, the better choice is to place them as much as possible far away from each other
(MacQueen, 1967)

In present thesis,-keans clustenig algorithm is used to create the reference from bmwoid in

MATLAB. The whole code will be presented in Appendix B.
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With k-meansclustering algorithm, 4 different reference are created by chamkgpagameter

which defines the number of centreitk parameter is chosen as 270 and 540 in order to define a
centroid for each meter and half meter at approximately 270 meters path. In addition, as an author
chace, k-means algorithm is performed wik¥400 and k=450 to see well smoothed centroid
spread. Ale, 'Replicatesparameter is defined as 25 which desitlee number of times to repeat
clustering using new initial cluster centroid positions. Used algorithm initializes centroids and uses
squared Euclidean distance by defaukmiangeturns the solutio with the lowest sum value of

the point distanceto centroids.

In total, four result with different k parameters (270, 400, 450, &#®3hown inFigure 4.6 -
Figure4.13. The statistical comparison begen reference and leeost GPS measurements are
only given for references produced with270 andk=540.

The result obtained by k=270 gives the smoothestaergpreadHowever, as seen Kigure4.7,
the corners are rounded. Bye increase of k parameter, artifacts are started to occur on the corners

and some areas whichegpoints have wide spread.
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Figure 4.6: Centroids with k=270 in red (image is generated with QGIS). Bludeciefines
zoomed area for the followirfggure 4.7.
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Figure 4.7: Red defines centroids, green defines points measured with Leica GRX1200 at zoom
area for ACe&nd Figured® wi t h k=
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Figure 4.8: Centroids with k=400 in red (image is generated with QGIS). Blue circle defines
zoomed area for the followirfggure 4.9.
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Figure 4.9: Red defines centroids, green defines points measured with Leica GRX1200 at zoom
area for fACent Figuredd with k=4000 (
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Figure 4.10: Centroids with k=450 in red (generated with QGIS). Blue circle defines zoomed
area for the followingrigure 4.11.
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Figure4.11: Red defines centroids, green definemisomeasured with Leica GRX1200 at zoom
area for ACent Figured®) with k=4500 (
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Figure 4.12: Centroids with k=540 in red (generated with QGIS). Blue circle defines zoomed
area for the followingrigure 4.13.
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Figure 4.13. Red defines centroids, green defines points measured with Leica GRX1200 at zoom
area for fACent Figured®) with k=5400 (
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4.3.2.2Clustering methodnplementedby the author

Beside kmeans method, another clustering methaohiementedy the author. On the contrary
a certain number of clusters (assukwdusters)asfixed a prioriin k-meansjmplementednetiod

classifesa given data set throughdistance between centroid and measured points.

In implementednethod, T=25cmand T=50cmare defined as a threshold distance (paranigter
betweencentroid of each cluster and measured points in clusters, pointcloud could be
clustered in 25cm and 50cm radius circle. This values are corresponding tk pdrameters
means (humbeaf clusters) in kmeans methokE2700ne centroid for each meter aweb400ne
centroid for each half meter).

To explain how algoritim works, a simple example can be shown. At the beginning, amosit
be chosewery carefullyas the first pointln Figure4.14, Point 1 chosen athe starting point. As
a startthemean is calculated for the closest point &aiht 1 and showas ablue dot between
them inFigure4.14.

Figure 4.14: The first step of the example of the clustering meiitmpdementedby the author

In Figure4.15, thecircle has bendrawn with red according to defin@gparameter @aradius. As
it is seenthepointsare in threshold (in circle T parameter). In this caghealgorithm continuous

to add the closest points.
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T=radius

Figure4.15: The second step of the example of the clustering metippementedby the author

After that, the mean is calculated again watthdingthe second closest point to Point 1 and
controlled forT parameter if it fulfils the conditiontbedistance between o#oid and pointsnust

besmaller tharT parameter}in Figure4.16-.

Figure 4.16: The third step of the example of the clustering meitnpdementedby the author

The same process contadfor the third and fourth closest pointskigure4.17 and Figure4.18.
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Figure 4.18: The fifth step of the example of the clustering meithptementedby the author

When %" closest poinis added the clusterhé mean of the points (shown in yellow) moved to
new location shown irFigure4.19. This time,the distance between points and mean is greater
thanthe defined thresholdT{ parameter). This shows the last pdiRbint 6) belongsto another
cluster(seeFigure4.19).

Figure 4.19: The sixth step of the example of the clustering methplgmentedby the author
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In this case, Points @eeFigure4.19) is removed from the first cluster and then the sproeess
is startedfor the second cluster with Point 6. After follmg the same stepsf the process3

clustes arecreated for whole point cloud (sEegure4.20).

1st Cluster 2nd Cluster
3rd Cluster
© (o}
o @ o
o

Figure 4.20: The last step of the example of the clustering mdathptementedby the author

In present research, the centroids of the clusters (it can be seen with blue gogussit.20) are

used to define the reference. i MATLAB Codeo t

With this clusteringalgorithm, 2 different reference are created by changin§ parameter
(T=25cmandT=50cn) which defines thenaximumdistance of points to the centroid. The outputs
from both T parameters are presentedrigure 4.21, Figure 4.22, Figure4.23 and Figure 4.24

respectively.

The result of clustering withi=25cmcan be compared with-lheans clustering=540 results.

The comparison between both shothsit they have similar results, however, implemented
clustering mdiod has more artifacts thannkeans. Also, the comparison been the result of
clustering withT=50cmand kmeans clustering k=270 leads to the same conclusion. In the end,

implemented clustering method have similar results with a little bit more astifact
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Figure 4.21: Centroids with T=25cm in red (image is generated with QGIS). Blue circle defines
zoomed area for the followirfggure 4.22.
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Figure 4.22: Red defines centroids, green defipemts measured with Leica GRX1200 at zoom
area for ACent rEguds2)wi t h T=25cmo
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Figure 4.23: Centroids with T=50cm in red (image is generated with QGIS). Blue circleedef
zoomed area for the followirf§gure 4.24.
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Figure 4.24: Red defines centroids, green defines points measured with Leica GRX1200 at zoom
area for fACent rKguds23)wi t h T=50cmo (
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5 SINGLE FREQUENCY RECEIVER EXPERIMENTS

The chapter is divided intfour sections, corresponding to the experimé&intst, U-blox data is
observed foshort observation windowa static modeThen two kinematicsurvey eperiments
executed with Samsung Galaxy S8 on Reference Network Refetence Trajectory 2And
finally, static survey with smartphone will be discus$€tKLIB is used as the preferred software
package for processing raw GNSS measuremeé&héstesearchs interested in only GPS satellites

while processing the observations.

5.1 Experimentl: Static Survey with kblox

The data used in this experiment were acquired during a survey made in Milano, took place in
2014, between GPS day6® and ®4 on the woof of Department of Architecture building,
Politecnico di Milano, in via Edoardo Bonardi, 9 ($égureb5.1). The experimentlata is set up

from February1®, 2014 to March5™", 2014 with a sampling rate of 1 Hz Static Surveying
Techniqueby U-blox LEA-4T. The field part of the experimerg made byanother author, but

collected data is used thepresent research.

In Experiment 1the aim is the assessmaftaccuracyof relative static data processing for L1
receivers. In the researdiefore the smartphone raw GNSS measurement processingingtea
frequency receivet)-blox LEA-4T data accuracis studied forthe shortcutsof time period. For
this purposesU-blox receiver isused as rover with the following observational operating

parameters:

T AStatic Surveying Te dhe meceiver eetnains ixedaduri@NeS s u 1
period of observation, that is usually called occupation time. The occupation time refers to
the time for how long the rover unit should be kept static kdese the desired level of
accuracy. Longer occupation timesgl lead to higher accuracy.

1 Only GPS satellites are considered in procesdBerause, in the research, author is
interested with only GPS.
Elevation mask defined as 10°.
No SNR mask is used.

Sampling rate is defined as 1HZ (1 observation for sacbnd)
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Figure5.1: The position of Milano Permanent Station | and thelok, the approximate
distance is less than 80 meters.

Milano Permanentt&tion| has beemisedas referencevhile the experimernis placed on the roof

of Department of Architecture buildingdeFigure5.1). Thecoordinates of the Milano Permanent
Station are listed iffable5.1.

Table5.1: Thereference coordinates in UTM32N for Milano Permanent Station |.

East [meters] North [meters] Height [meters]

517924.014 5036298.544 187.262
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Theflowchart inFigure5.2, summarizes the overall procedure to identify the differences of each

individual part of the whole experant

10NV Bl ElE) asample rate of 1HZ
28th Feb and 16th MaRamul&ilR{e11k:1

Daily sessions
between 1st5th Mar
(in total: 5 session)

aprocessed by RTKPOST
waveraged for the reference position

AN I \ASEES Tolise cprocessed by RTKPOST
5 days adefining the best and the second best hourly
(in total: 120 session)EEERLIE

The best and
the second best hourl
sesions for each day

wiwo sesions for each five day (in total: 10
sessions)

10 minutes period of
time session
(in total: 60 session)

oprocessed by RTKPOST
ustatistical calculations and analysis

5 minutes period of
time session
(in total: 120 session)

aprocessed by RTKPOST
ostatistical calculations and analysis

Figure 5.2: The flowchart oExperimentl

5.1.1 Define the reference with daily data prodegs

The raw observation data collected witkblox LEA-4T in .ubx file formatmust betransformed

to RINEX file format for processing. To do this, several options are available, but the author
decided to us®TKCONYV function of theRTKLIB software packagéor the consistencysee
Figure5.3). The raw observation data acquiredUb¥plox which is continuous from Februat$},

2014 to Marcts™, 2014 is divided to 5 daily smaller sessions.
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¥4 RTKCONV ver.24.2 - X

] Time Start (GPST) ] Time End (GPST) Cinterval | Unit

'RTCM, RCV RAW or RINEX OBS  ?

C:¥Users¥can_d¥OneDrive¥Masaustu¥data ubloxs¥COM13_140228_144204. ~ & ...
) Format

O Auto v
RINEX OBS/NAV/GNAV/HNAV/QNAV/LNAV and SBS
C:¥Users¥can_d¥OneDrive¥Masaustu¥data ubloxs¥COM13_140228_144204.c| B |«

C:¥Users¥can_d¥OneDrive¥Masaustu¥data ubloxs¥COM13_140228_144204.r & |-
C:¥Users¥can_d¥OneDrive¥Masaustu¥data ubloxs¥COM13_140228_144204.¢

|C:¥Users¥can_d¥0neDrivE¥Masausm¥data ubloxs¥COM13_140228_144204.F| & |+

C:¥Users¥can_d¥OneDrive¥Masaustu¥data ubloxs¥COM13_140228_144204.c

C:¥Users¥can_d¥OneDrive¥Masaustu¥data ubloxs¥COM13_140228_144204

|C:¥Users¥car|_d¥0neDrive¥Masaush..|¥data ubloxs¥COM13_140228_144204.5| 5] |-«

Plot... Process... Options... Exit

Figure 5.3: Interface of the RTKCONYV function of the RTKLIB software

By using RTKPOST function of the RTKLIB softwarestimated baselines between Milano
Permanent StatiohandU-blox observations are calculated from the daily oleteya data with
the staticmodefor each 5 day Static point positioning by double differencing the carrier phase
observations can reach accuracies atcarttimeter level (literature 0iSLlcm) in which is detailed
according to fALei ptax3. lhpreant rdgeanch) @aly singfeequenCyhdata
from U-blox is available fothe processing, therefora slight decrease in accuracy is expected.

The processing parameters used for processing by RTEidBelow:

Processing mode: Static

Frequenaes: L1 frequeny

Filter type: Combined

Elevation cutoff: 15 degrees

No SNR mask

lonosphere correction: Broadcast
Troposphere correction: Saastamoinen

Satellite ephemerides: Broadgast

=4 =/ =4 A4 A4 A4 -4 - -1

Ambiguity resolution: Continuous

The solutions arprintedin E/N/U-Baseline fomat. The estimated baselines are presented for each

daily observation is iffable5.2.
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Table5.2: Theestimated baselines of the dailyblox observations to Milano Permanent Station

Sessions Eastbaseline [m] North-baseline [m] Up-baseline [m]
01/03/2014 -44.296 -45.14 6.009
02/03/2014 -44.290 -45.18 6.013
03/03/2014 -44.29 -45.148 6.014
04/03/2014 -44.290 -45.18 6.014
05/03/2014 -44.288 -45.183 6.016

The results of thetatistical analysis of the daily observati@sgiven inTable5.3. Mean baseline
from Table5.3 will be used asreference baseline on the next calculationsifeshoiter session

observation statists.

Table5.3: The final results of daily observatio(s: East, N: North, U: Up).

Statistics E-Baseline N-Baseline U-Baseline
Mean [m] -44.291 -45.148 6.013
Minimum [m] -44.296 -45.153 6.009
Maximum [m] -44.288 -45.144 6.016
Standard Deviation [cm] 0.297 0.324 0.254

5.1.2 Processing hourly data and defining the two best hourly session for each day
After processing daily observations, analyzing the resultanaling the reference baseline; daily

raw obseration data by tblox is divided to hourly session by RTKCONV function of the
RTKLIB software asthat wasdone earlier. With this prprocessing of hourly observation
sessions, in total, 120 shorter raw olsaéon data are obtained.
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By using the same pressing parameters with daily observation data processing, estimated
baselines for hourly datare processed from 120 sessions. This processing is made by using
RTKPOST function of the RTKLIB software #satwasdone before fothedaily data.

The time sges of the residuals (the hourly sessitimat were processed to estimate the rover
positions) relative to the reference position (average of the daily sessions) were computed with

following formula:
Tw o o (5.1)
Where:

1 xis the reference position of the rowenich is the average of the daily sessi(seeTable
5.3)
Xi is the estimated position foession,

Uxi is the vector of the residuals.

The residuals are presented as local East, North ami ddpnparisorio the reference position. In
total, 116 hourly session out of 120 gave the fixed result which is the 97% of theutotaér of
the sessiom FourBlunders in a form of residuals arstid in a table below.

Table5.4: RTKLIB residuals of blundered hourly sessions

Day Starting Time dE [cm] dN [cm] dU [cm] 3-D [cm]
01/03/2014 01:00 AM -21.8 -2.6 -03 22.0
02/03/2014 00:00 AM -226 0.9 -3.1 22.8
02/03/2014 01:00 AM -248 -1.8 -1.0 249
03/03/2014 04:00 AM -124 -2.2 1.8 127

The statistics of the fixed solutions are presentéihlyie’5.5, also positions errors witlespect to

the reference (created with hourly data) are shownguare5.4. The results are satisfactory: The
Root Mean Square (RMS) error of the solutions is 1 cm for East, 0.5 cm for North and 1.3 cm for
Up.
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Figure 5.4: Statistical results for hourly data with respect to refere created from daily data

Table5.5: RTKLIB hourly residuals of final solution (E: Eabt;, North, U: Up).

Statistics E [cm] N [cm] U [cm]
Mean 0.9 -0.3 11

Minimum -0.3 -1.7 -04

Maximum 17 0.7 34
RMS 10 0.5 1.3

The best two result for each day from hourly sessions are sefectidther calculations of 5

minutes and 10 minutes session windd8vB. distances between hourly observation and reference

position which comes daily sessions are considered to define best seBsaseshourly session
residuals are presentedTiable5.6.
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Table5.6: The bestwo results from hourly observatiaesiduals

Date Time dE [cm] dN [cm] dU [cm] 3-D [cm]
01/03/2014 | 04:00 AM 0.1 0.1 0.3 04
11:00 PM 0.7 0.1 0.0 0.7
02/03/2014 | 04:00 AM 0.2 -0.3 05 0.6
06:00 AM 0.3 0.1 0.4 0.5
03/03/2014 | 04:00 PM 04 01 0.4 0.6
08:00 PM 01 0.2 0.9 0.9
04/03/2014 | 04:00 AM 0.6 -0.2 -0.1 0.7
06:00 AM 0.6 0.0 0.5 0.8
05/03/2014 | 04:00 AM 0.5 -0.3 0.3 0.7
07:00 AM 0.6 03 0.3 0.8

5.1.3 Processing and analyzing the 10 minutes period data

60 session of 10 mirtes period observation data are created by dividing with RTKCONYV function
of the RTKLIB software athat wasdone before. By using the same processing parameters with
daily and hourly observation data processing, estimated baselines for hourly datagseutdrom

60 sessions. This processing is made by using RTKPOST function of the RTKLIB softieat as
wasdone before for daily and hourly data.

The time series of the residuals (10 minutes time period sessions were processed to estimate the
rover posdiions) relative to the reference position (average of the daily sessions) were computed
with the samdormula for hourly data (seequation5.1)

In total, 31 session out of 60 gave the fixed result which is the 52% of the total. However, the result
of 06:10 - 06:19, 02/03/2014 data is unacceptable (farther than 3.5 meters to reference position),
neverthelss result is fixed. This session is excluded from statistical calculations. The statistics of
the fixed solutions without the unacceptable session asemex inTable5.7. Also, the table
contains the statistics of all solutions (fixed and float). The root mean square (RMS) error of the
solutions for fixed is 1.4 cm for East, 0.3 cm for North and 0.7 cm foiTbig errors with repect

to reference (created with 10 rates sessions data) are showfrigure5.5.
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Table557.RTKLI B 10 minutes sessi oalldogetherdixed ahdifladt s

of
solutions at the left, and only for fixed solutions at the r{@mmbined filter type results).

Combined
Together- fixed and float results Only fixed results
Statistics dE [cm] dN [cm] dU [cm] dE [cm] dN [cm] du [cm]
Mean -19.4 -0.5 12 -0.6 -0.1 0.5
Min -89.6 -21.0 -433 -2.8 -0.6 -04
Max 14.0 29.2 45.0 1.2 0.4 16
RMS 338 8.7 14.4 14 03 0.7
1 5 T T T T T
East
1F North | 4
f d I‘\\ '\\I
0.5r A ;~_’..”§““------'|I [N\ I ‘__Il 1
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Figure 5.5: Statistical resultgfrom combined)for 10 minutes period data with respect to

refererce created from daily data
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In addition to the fixed solutions:

U 25 session out of 60 gave the float resdtich is the 42% of the total. Statistics of float

results with fixed results are presented able5.7.
0 4sessionouto6 0 di dnot omvhieheodd asitugtions. €he outptts file of 4
sessi ons 6 RIKRDS&Tewere hohcgntan peither a result @wor report. These
4 files only had the header part without a
beidentified, even though the situation was asked to the unofficial RTKLIB forum (which

is the only option for users).

After the results obtained witfiCombined f i | t er t y poewardoa ddackivardd nal | vy,
filter type are studied:

1 Forward: Kalmans performed forward in time,
1 Backward:Kalmanis performed backward in time,

1 Combined: Combination of the both.

Statistical comparison of the time series for 3 different filter type parameters is presérabtein
5.8 and Table 5.9. The difference of the results from the time series for 3 different filter type

parameters are not significant in comparing to instrumental accuracy.

98



Table5.8: Thestatistical comparison of the time series for 3 different filter type parani&feminutes session data).

fyfordixed sol uti o

Combined Forward Backward
Ebaseline | N-baseline | U-baseline | Ebaseline | N-baseline | U-baseline | Ebaseline | N-baseline | U-baseline
= Mean[m] -44.518 -45.130 6.073 -44.526 -45.1% 6.038 -44.513 -45.133 6.0%
E Min [m] -46.342 -45.358 5.581 -45.343 -45.358 5.582 -45.34%6 -45.387 5.587
% Max [m] -44.151 -43.830 8.725 -44.148 -44.857 6.4&2 -43.98L -44.859 6.416
ff Std [m] 0.372 0.197 0.388 0.298 0.086 0.152 0.301 0.0 0.151
= Mean[m] -44.297 -45.18 6.018 -44.312 -45.18 6.018 -44 311 -45.148 6.018
i% Min [m] -44.319 -45.1%4 6.010 -44.319 -45.1% 6.010 -44.318 -45.153 6.00
%‘ Max [m] -44.2°0 -45.144 6.029 -44.305 -45.144 6.029 -44.303 -45.144 6.028
© Std [m] 0.013 0.033 0.004 0.004 0.0 0.004 0.004 0.033 0.004
Table59RTKLI B 10 minutes sessionsd6 residuals of
solutions(Forward and Backward filter type results)
Forward Backward
Fixedand float results Only fixed results Fixed and float resuls Only fixed results

dE [cm] | dN [cm] | dU [cm] | dE [cm] | dN [cm] | dU [cm] | dE [cm] | dN [cm] | dU [cm] | dE [cm] | dN[cm] | dU [cm]
Mean -23.5 -0.3 25 2.1 -0.1 0.5 -22.2 -0.4 21 -2.0 0.0 0.5
Min -105.2 -21.0 -43.1 -2.8 -0.6 -04 -105.5 -23.8 -42.6 2.7 -0.5 -0.5
Max 143 29.1 449 -1.4 0.4 16 31.0 28.9 40.3 -1.2 0.4 15
RMS 378 8.5 153 22 0.3 0.7 37.2 91 152 21 0.3 0.6
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5.1.4 Processing and analyzing the 5 minutes period data

120 session of 5 minutes period observation dateraated by dividing with RTKCONV function

of the RTKLIB software. By using the same processing parameters with the previous data
processig of U-blox, estimated baselines for hourly data is processed from 120 sessions. This

processing is made by using RT®BT function of the RTKLIB software disat wasdone before.

The time series of the residuals for 5 minutes time period sessionserédetine reference position

(average of the daily sessions) were computed Bdgtiation5. 1

In total, 28 session outf 120 gave the fixed result which is the 23% of the total. However, the
resuls of 3 sessionsvereunacceptable (farther than a meterdéerence position), nevertheless

result is fixed:

M Thesession between 11:35:00 FM.1:39:59 PM at 01/03/2014
1 Thesesion between 06:15:00 AM06:19:59 AM at 02/03/2014
 Thesession between 08:50:00 FM8:54:59 PM at 03/03/2014.

These sessions are exadd from statistical calculations. The statistics of idrmainingfixed
solutions are presented Trable5.10. Also, the table contains the statistics of all solutions (fixed
and float). The root mean square (RMS) error of thetswls for fixed is 1.3 cm for East, 0.3 cm

for North and 0.6 cm for U@.he errors with respect to reference (created with 10 minutes sessions

data) are shown iRigure5.6.

Table5.100 RTKLIB 5 mi nut es sessionso® residuals of

solutions at the left, and only for fixed solutions at the right

Together- fixed and float results Only fixed results
Statistics dE [cm] dN [cm] du [cm] dE [cm] dN[cm] du [cm]
Mean -373 35 55 -03 -0.1 0.2
Min -156.5 -66.5 -87.7 -3.1 -0.6 -1.1
Max 1348 483 898 15 0.5 14
RMS 61.5 199 32.2 1.3 0.3 0.6
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Figure 5.6: Statistical result§from combinedjor 5 minutes period data with respect to
reference created from daily data

In addition to the fixed solutions:

U 25 session out of 60 gave the float resdtich is the 42% of the total. Statistics of float
results with fixed results aregsented iMable5.7.

0 33 session out of whiehGsthd sachenodld situgtionvhave beenyseen e s u |

with 10 minutes sessionshe outputs file of 33sesso n s 6 pr RTKPOST werey b y

not contain neither a result nor error repohte3e33files only had the header part without
any result or error message.

In addition toiCombined f i | tFerwardd y Beckwand f i | t er t ythatwasar e

done with 5 minutes sessions. Statistical comparison of the time series ftar@ndifilter type

parameters is presentedlinble5.11 andTable5.12. The difference of the results from the time

st

series for 3 different filter type parameters are nghificant in comparing to instrumental
aauracy.
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Table5.11: The statistical comparison of the time series for 3 different filter type parameter (5 minutes session data).

Combined Forward Backward
Ebaseline | N-baseline | U-baseline| Ebaseline | N-baseline | U-baseline | Ebaseline | N-baseline | U-baseline
= Mean[m] | -44.6709 -45.0913 6.0948 -44.7977 -45.1111 6.0833 -44.7965 -45.1135 6.0860
g Min [m] -46.3417 -45.8131 4.9592 -46.1214 -45.8113 4.9592 -46.1287 -45.8632 4.9610
2 Max [m] -42.7492 -43.8295 8.7250 -42.9417 -44.3395 7.0697 -42.9416 -44.3400 7.0736
ff Std [m] 0.5634 0.2514 0.4491 0.5511 0.2311 0.3645 0.5548 0.2341 0.3666
= Mean[m] | -44.2936 -45.1493 6.0155 -44.3126 -45.1493 6.0155 -44.3122 -45.1490 6.0162
i% Min [m] -44.3220 -45.1539 6.0026 -44.3222 -45.1539 6.0026 -44.3221 -45.1555 6.0012
%‘ Max [m] -44.2764 -45.1434 6.0269 -44.3044 -45.1434 6.0269 -44.3044 -45.1437 6.0274
© Std [m] 0.0132 0.0032 0.0056 0.0046 0.0032 0.0056 0.0046 0.0032 0.0057
Table5.12 RTKLIBEmi nut es sessionsodo residuals of final solution for
solutions (Forward and Backward filter type results).
Forward Backward
Fixed and float results Only fixed results Fixed and float results Only fixed results
dE [cm] | dN [cm] | dU [cm] | dE [cm] | dN [cm] | dU [cm] | dE [cm] | dN [cm] | dU [cm] | dE [cm] | dN [cm] | dU [cm]
Mean -50.7 3.7 7.0 -2.2 -0.1 0.2 -50.6 3.5 7.3 2.1 -0.1 0.3
Min -183.0 -66.3 -105.4 -3.1 -0.6 -1.1 -183.8 -71.5 -105.2 -3.1 -0.7 -1.2
Max 134.9 80.9 105.6 -1.3 0.5 14 134.9 80.8 106.0 -1.3 0.5 14
RMS 74.7 23.3 37.0 2.2 0.3 0.6 74.9 23.6 37.2 2.2 0.3 0.6
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5.2 Experiment2: Kinematic Survey with Smartphone on the Fountain

Expaiment 2 have been set around the fountain in green area in front of Leonardo Campus of
Politecnico di Milano in 209, for several days iMay. The experiment is performed on Reference
Network 1 (see Chapter 4), and coordinated are genevéted samplig rate ofl HZ in motion

by using OruxMaps applicatiaaf Samsung Galaxy S8.

In Experimeng, the aim is the assessmefticcuracy of the single frequency smartphone receiver
for kinematic approactDuring thewhole experimentDruxMapsapplication is usg as a map
viewer which had access £°1 level 23 This means, in ExperimeBt raw GNSS measurements

are not collected. The coordinates gemerated bamsung Galaxy Séhipset.

As remembered, a hundred point surrounding the foumta@measured witH_eica Geodetic
receiver by 6 repetition. By using OmMaps, the coordinates are collected by counterclockwise

walking with a constant speed on tipath defined by Reference Network 1.

Five repetition is made witruxMaps application atmd the fountainOruxMaps carstore and
transform the output to several file formdts present research, the outputs from Qfaps are
taken as .gpx fileOutput filerepresents theoordinates in units of geographic coordinate system
(latitude, longitale and elevation)These coordinates are converted to ETRF UIAW

coordinates (east, north and height) by using QGIS.

The pointpositionsfrom five repetition ofsmartphoneaneasurements are compared one by one
with reference which is produced from 6 repetition of geodetaeiver measurements. The

comparison can be seeisually in Figure5.7.
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Figure 5.7: Low-costreceivercoordinates generated by android smartphone chipset in
comparison to referare (in red).Survey 1=light blue, Survey 2=light green, Survey 3=purple,
Survey 4=orange ahSurvey 5=pinKproduced by GIS).
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Theresidualsare calculated for statistical analysis with the following formula:

T o o (5.2)
Where:

1 xis the reference position of the rowenich is defined as the closest reference point to the
estimated positiornx(),
1 X is the estimated position for sessi, and

Uxi is the vector of the residuals.

The statistical calculations of the comparison are made by MATLAB. The results are presented in
Table5.13. The distances between estimated points and references ce8cmetersRelaed
di st gnpheasedpresent€tures.8 - Figure5.12 respectively.

Table5.13: Statistical results for kinematic surveys with smartphone arounathdin (only
OruxMaps). The distances between reference and estimated positions are calculajedtinn

above
Survey D Mean [meters] Max [meters] STD [meters]
Survey 1 18 42 11
Survey 2 29 8.0 2.0
Survey3 16 6.0 1.1
Survey4 16 45 12
Surey5 13 5.0 1.0
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Figure 5.8: Statistical results foSurvey 1 with respect to reference created by average of Stop
and-Go surveying (Reference Network 1).

error [m]
-
1

0 20 40 60 80 100 120
epoch

Figure 5.9: Statistical results for Survey 2 with respect to reference created by average-of Stop
and-Go surveying (Reference Network 1).

106



0 20 40 60 80 100 120 140 160 180
epoch

Figure 5.10: Statistical results for Survey 3 with respect tference created by average of Stop
and-Go surveying (Reference Network 1).
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Figure 5.11: Statistical results for Survey 4 with respect to reference created by average-of Stop
and-Go surveying (Reference Metrk 1).
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Figure5.12: Statistical results for Survey 5 with respect to reference created by average-of Stop
and-Go surveying (Reference Network 1).

5.3 Experiment: Kinematic Survey with Smartphone on the &inatic Trajectory

Thetess havebeenseton Referencdrajedory 2 in green area in front of Leonardo Campus of
Politecnico di Milano in 2017for several days in November and Decemb®ith Samsung

Galaxy S8 points are measured with a sampling rate ldZ1

The flowdhart inFigure5.13, summarizeghe overall procedure to identify the differences of each

individual part of the wholexperiment.

. . ol4 repetition with OruxMaps in smartphoneS
Field experiment ol4 repetition with GNSS Logger in smartphone

. owNo need with OruxMap
Processmg WGNSS Logger data processed with GNSS Analsis Tool

. . uStatistics and analysis
Result discussion Tables

Figure5.13: The flowchart of Exp@&ment3.
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Kinematic surveys with Leica geodetic receiver and clustering methods are explained in detail in

Chapterd. End of these surveys, four reference trajeesoarecreated:

1 k-meansk=270,

1 k-meansk=540,

1 implemented clustering metho@=25cm

1 implemented clustering metho@=50cm

These reference trajectoriase compared witthe measurement obtained by android smartphone

receiver on the following.

In Experiment3, the aim isthe assessment dhe accurag of the single frequency smartphone
receive for kinematic approach. In the experiment, this time raw smartphone measurarsents
collected and processed by GNSS Analysis Tools in order to compaigrposssing results with

thecoordinates produced ltlge smartphone chipset.
Two different applicaon are used simultaneously with smartphone:

1 OruxMaps: Map viewer applicatioaused to collect positions proved by Samsung Galaxy
S8 chipset
1 GNSS Analysis Tool: GNSS Logger to log raw GN@8asurementshich are collected

by Samsung Galaxy S8 receivers

5.3.1 OruxMaps
Theaim of the survey with OruxMaps is to get a first ideauttheaccuracyof coordinates which
are generated by smartphone chipsethat wasdone in Experimen®. This time aound,

comparisons done with Referencérajectory?2.
In total 14 repetitions of surveys are performed:

T Surveys which are | abeled with odd numbers
with constant speed from Point A to Point B

1 Surveys which areabeled witrevennumbers (Surve®, 4,6, € ) ar e fpmPoinbr me d
B to Point A asasequence of previous one.
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Observations are stored for each second (1i¥itput file which is executed in .gd®e by
OruxMapsrepresents theoordinates in units of geographic coordinate system (latitude, longitude
and elevation)These coordinates are converted to ETRF LB2W coordinates (east, north and

height) by QGIShat wasdone in the previous experiment.

The distance$rom each estimated poitd the closest reference poir{teenerated by Hneans
k=270) calculated byEquaion 5.2 as Experimenf. Mean distance, maximum distance and

standard deviation of distances for each survey preseniebia5.14.

Table5.14: Statistics of the distances betweastimated points and the closest reference points
for k-means k=270.

SurveyID | Mean[meters] | Max [meters] | STD [meters]
Survey 1 19 5.9 1.3
Survey 2 2.5 7.2 16
Survey3 2.1 5.6 1.3
Survey4d 6.6 153 3.9
Surveys 49 12.3 38
Survey6 4.1 9.9 24
Suvey7 19 3.8 1.0
Survey8 3.5 9.0 18
Survey9 3.2 10.5 2.4
Surveyl0 4.0 13.2 2.7
Survey 1L 3.1 7.6 1.6
Survey P 3.0 8.8 1.9
Survey B 2.6 6.8 16
Survey 4 4.2 13.0 3.2
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High difference between sequence surveys are noticed. For examptifféhences between
Survey 3 and Survey 4 are quite high takeamsideration theis 6 minutes time difference

between them

A simple analysis is performed in order to see difference between 4 reference trajectories (two of
them by kmeans, two of thenby implemented clustering method) dime first 2 surveys.
Therefae, the distances to the closest reference pdanteach epoclareevaluated. Statistics of

results are presentedTiable5.15.

Table5.15: Statistics of the distances between estimated points and the closest reference points
for k-means k=270 and k=540, implemented clustering method T=25cm and T£S50cvey 1
and Survey Dy OruxMap3}

Survey 1 Survey 2
References Mean Max STD Mean Max STD
[meters] | [meters] [meters] [meters] [meters] [meters]
k=270 19 5.9 1.3 2.5 7.2 16
k=540 1.8 5.6 13 2.4 6.9 15
T=25cm 1.8 56 13 2.4 7.1 16
T=50cm 19 5.9 1.3 25 7.2 15

As is seen iMable5.15, there is no significant difference between different reference trajectories.

This is expectethatthere was no big difference between referdraectories.

As an examplestatistics of the comparison between Survey 1 and Survey 2 with reference
trajectory (kmeans, k=270) are detailed on the followiisgeFigure 5.14). Epoch by epoch,
distances to the reference trajectoryn{&ans, k=270) graphs are presenteé&igure5.15 and
Figure5.16.
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Figure 5.14: The @mparison between Survey 1 and Survey 2 with respect to the reference
trajectoryk-means k=270. Survey 1 = light green, Survey 2 = light blue and Reference
Trajectory2 = red.
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Figure 5.15: Statistical results for Survey 1 with respect to reference created witkdhs
clustering method k=270cm (OruxMaps).
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Figure 5.16: Satistical results for Survey 2 with respect to reference created witie&ns
clustering method k=270cm (OruxMaps).
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5.3.2 GNSS Analysis Tools

I n Androi d Rel ease N (ANougat 0)
measurements from smartphones. Afteait, Google has publicly released Analysis Tools to
process and analyze these measurem&nggdysis Toolancludes GNSS LoggekPK for android

and GNSS Analysis App for desktdp.present research, the aim of the use of the Analysis Tools

is to investyate and analyze these raw measurements.

GNSS Logger APK is aample application that shows how to log data related to Android location,
including raw GNSS measurements. This application can create outputHiléxt extersion for
GNSS Analysis Tooin Desktopwhich can process and analyze GNSS raw measurements from

your phone GNSS Analysis Tool is released by Google in ordese® in @tail how well the

Googl e

nt

GNSS receivers are working in each particular phone design and thus improve the GNSS design

and peformance in their phone$&sNSS Logger APK and GNSS Analysis Tool are publicly

available forappdevelopers, researchers aulicators

Version: v2.0.0.1 Platform: 7.0 Manufacturer: samsung Model: SM-GSS50FG

Fix, Provider,Latitude, Longitude,Altitude, Speed,Accuracy, (UTC) TimeInM=ilg
Hav,5vid, Type, Status,Messageld, Sub-messageld, Data (Bytes) g

Raw,15372977,485265000000,,,-1211809192735079954,0.
Raw, 15372978, 485265000000,,,-1211809192735079954,0.

M e e e e e e e

.140805604608, ,,
.140805604608, ,,

0,3 0,4,
0,3 0,5,0.
Raw, 15372978, 485265000000, ,,-1211805192735079954,0.0, 3.140805604609,,,0,16,0
Raw, 15372979,485265000000,,,-1211809162735079954,0.0,3.140805604609,,,0,20,0
Raw, 15372979,485265000000,,,-1211809162735079954,0.0,3.140805604609,,,0,21,0
Raw, 15372980,485265000000,,,-1211809162735079954,0.0,3.140805604609,,,0,25,0
Raw, 15372980,485265000000,,,-1211809162735079954,0.0,3.140805604609,,,0,26,0
Raw, 15372981,485265000000,,,-1211809192735079954,0.0,3.140805604609,,,0,29,0
Raw,15372981,485265000000,,,-1211809192735079954,0.0, 3. 140805604609, ,,0,31,0
Raw, 15372982,485265000000,,,-1211809162735079954,0.0,3.140805604609,,,0,10,0
Raw, 15372982,485265000000,,,-1211809162735079954,0.0,3.140805604609,,,0,95,0
Raw, 15372983, 485265000000, ,,-1211809192735079954,0.0, 3. 140805604609, ,,0,9,0
Raw, 15372983,485265000000,,,-1211809192735079954,0.0, 3. 140805604609, ,,0,11,
Raw, 15372984, 485265000000, ,,-1211809192735079954,0.0,3.140805604609,,,0,20,
Raw, 15372984, 485265000000, ,,-1211809192735079954,0.0,3.140805604609,,,0,19,
Raw, 15372985, 485265000000, ,,-1211809192735079954,0.0, 3. 140805604609, ,,0,21,
Raw, 15372985, 485265000000, ,,-1211809192735079954,0.0,3.140805604609,,,0,3,0.
Raw, 15372986,485265000000,,,-1211809192735079954,0.0,3.140805604609,,,0,4,0.
Raw, 15372986,485265000000,,,-1211809192735079954,0.0,3.140805604€09,,,0,5,0.
Raw, 15372987,485265000000,,,-1211809192735079954,0.0,3.140805604609,,,0,11,0

Fix,gps,45.477730,9.225810,162.912776,0.010354,3.000000, 152777446000003

.o,aw 395277925344740, 166, 16.4089
.0,17,18399780,55,24.5289035034179688, -627. &
.0,47,395277929825723,17,34.75349044799805, -
.0,47,395277921488434,8,40.69122314453125, &
.0,47,395277930703667,19,33.55036163330078, -
.0,47,395277928638143,8,41.28543472250039, 4
.0,47,395277925659571,35,28.432239532470703
.0,227,60459935551308,51,31.243000030517578
.0,227,604595935252395,62,29.55190559387207,:

Raw,ElapsedRealtimeMillis, TimeNanos, LeapSecond, TimeUncertaintyNanos, FullBiasNanos,BiasNanos, BiasUncertaintyNanos, Drif1

,3952779325855175,21,32.5959658009359414, -
,3952775919461466,8,41.340702056884766,2
23058082,

227,6045599260715930,33,34.98670578002583, 80!
, 60455929847 755,68,28.791624069213867,
,604559935054881,65,21.850017547607422,
,6045599245865960, 36, 34.244071960445922 1
,60455929840507,108,24.73240280151367T.
60459920 37479,37,34.08804702758789, 1!
60459522085955,78,19.353710174560547, -
527097,1000000000,17.80568313558986328, .
,3952635240558952,7,36.5472594616659922, 3!

“1 =1 B R BB
-J-J-J-J

[T

l«bml\ll\]l\]l\]l\]l\]l\
S

NMER, $GPGGR, 134740.00,4528.663774,N,00913,54859%7,E,1,15,0.3,114.8,M,48.1,M, , *cA00N

,152777443115488

Figure5.17: GNSS Logger APK output.
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By usingGNSS Logger APK14 surweys are madesimultaneouslyith OruxMaps. As mentioned
before, surveys labeled with odd numbersraegle by walking fronPoint A to Point B and the
even numbered survegsefrom Point B to Point AData is stored for each second (1HE)e
outputs from GISS Logger APK are taken unique formatvhich can be analyzed and processed
by GNSS Analysis Tool in Desktoffhe unique format (sdeigure5.17) is not readable by well
known GNSS processing packages which are able to read RidtEat.

14 GNSS Logger outpuatre processed B3NSS Analysis Tool in Desktophich uses Weighted
Least Sqgare Estimation to compute positiorfaable5.16 presents the statistical results for 14

Survey processed by GNSS Analyscoll

Table5.16: Statistics of the distances between estimated points and the closest reference points
for kmeans k=27@GNSS Analsis Tool)

SurveyID | Mean [meters] | Max [meters] | STD [meters]
Survey 1 3.7 223 3.2
Survey 2 5.3 194 4.1
Survey3 5.0 30.7 52
Survey4 4.2 23.3 3.8
Surveys 4.0 22.5 35
Survey6 4.8 238 4.2
Survey7 4.7 228 4.1
Survey8 4.3 28.0 35
Survey9 3.8 20.8 3.4
Surveyl0 6.1 51.2 6.5
Survey 1L 3.8 186 3.1
Survey P 6.6 39.9 6.0
Survey B 3.9 17.0 3.1
Survey 4 49 32.1 4.3
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Addition to the processing raw GNSS measurements, GNSS Analysis Tool prepenes for
thedata.According tothereports the expected Weighted Least Squares horizontal scatter is about
10 to 20 meters in open sky. It is smaller when clock is continuous, larger when they are near
buildings. In the reports, there is no clock discontinteportedor anylog files (see the example
reports in AppendixXC).

The results(see Table 5.16) shows that pogprocessed GNSS raw measurements by GNSS
Analysis Tool provide less accuracy thitwe position generated by Samsung Galaxy S8 chipset
(see Table 5.14). Probably, by using additionalinstruments such aecho sounder, sonars,
anemometer, gyrocompassnartphone chipseprovides higher accuracy and smother results
could ben causedAdditionally, the smartphone chipset could be amgethe better results to the

stronger filtering thaWeighted Least Squatestimationwhich GNSS Analysis Tool uses

The samanalysis is performed in order to see difference between 4 reférajgotories (two of
them by kmeans, two of them by implemented clustering method) on the first 2 surveys.
Therefore, the distancestite closest reference points for each eparetevaluated. Statistics of
results are presented Tiable5.17.

Table5.17: Statistics of the distances between estimated points arddbest reference points
for k-means k=270 and k=540, ptemented clustering method T=25cm and T=50cm (Survey 1
and Survey 2 by GNSS Analysis Tool)

Survey 1 Survey 2
References Mean Max STD Mean Max STD
[meters] | [meters] [meters] [meters] [meters] [meters]
k=270 3.7 223 3.2 5.3 194 4.1
k=540 3.6 223 3.2 53 194 4.1
T=25cm 3.6 222 3.2 53 194 4.1
T=50cm 3.7 223 3.2 5.3 194 4.1
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As an exampleSurvey 1 and Survey 2 point positions obtained by Samsung Galaxy S8 chipsets
and raw GNSS measuremeprocessing on Desktop are visualized with respect to reference
trajectory (kmeansk=270) in Figure5.18 andFigure5.19. Error graphs are presented for Survey

1 and Survey 2 GNSS Analysis results oa fibllowing.

Figure 5.18: Reference trajectorgreated with Kmeans clustering method k=2ifOred,
OruxMap output in blue, GNSS Analysis Tool output in green is presented for Survey 1.
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Figure 5.19: Reference trajectorgreated with Kmeans clustering method k=2ifOred,
OruxMap output in blue, GNSS Analysis Tool output in green is presented for Survey 2.
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Figure 5.20: Statistical results for Surveyldy GNSS Analysis Towlith respect to reference
created with Kmeans clustering method k=270
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Figure 5.21: Statistical results for Surved/by GNSS AnalysiBool with respect to reference
created with Kmeans clustering method k=270.
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5.4 Experiment: Static Survey with Smartphone

Experiment4 have been set around the fountain in green area in front of Leonardo Campus of
Politecnico di Milano in2019, for severaldays inMay and Juneas Experimen2. While whole
experiment, only corner points are used for static test. 8 points used in Expdramesttiown in
Figure5.23 with all measured points cover approximately 75 meters rqRederence Network

1). To put it all in simple terms, 8 corner points #vamed by a geodetic receiver and android

smartphonén order to asses to accuracy

Surveying by Leica GRX1200 is done with stapdgo method by taking 5 epoch measurement
from each pointThese measurements are used to create Reference Network 1 as mentioned before
in Chapter 4With androidsmartphongraw mesurements are stored with Geo++ RINEX Logger

and RinexOn applications. While using Geo++ RINEX Logger or RinexOn, all coordinates
generated by smartphone chipset are stored by OruxMaps @®vious experimentsNith
androidsmartphongl0 minutes survesyare done for each point withsampling rate of 1 HZ

The flowchart inFigure5.22, summarizes theveral procedure to identify the differences of each

individual pat of the whole experiment.

1.0 minutes surveying of each point with Geo++ RINEX
Logger and OruxMaps in smartphone

w10 minutes surveying of each point with RinexOn and
OruxMaps in smartphone

Field experiment

wNo need with OruxMap
. uRaw measurements from Geo++ RINEX Logger processed
Processing with RTKIib 2.4.3

uRaw measurements from RinexOn processed with RTKIlib
2.4.3

obtatistics and analysis

Result discussion WTables

Figure 5.22: Flowchart o Experimen
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Figure 5.23: Reference poistin green

In Experiment4, the aim isthe assessment dhe accuracy of the single frequency smartphone
receiver forthe static approachn the experiment,lapoints (seeFigure5.23) are measured with

10 minutes sessignn static mode by Geo++ RINEX Logger and Rinex(mhe sessions by
Geo++ RINEX Logger andhe sessiondy RinexOn are measurdd different days.Both
apdications store the data in RINEX 3.03 file format. In order to process the collected data,
RTKLIB 2.4.3 b34s usedand results are presented intégearchAlso, several different software

aretested for processingpwevertheycould not reacho suaessful results.

While processingMilano Permanent Statidhwhich is new permanent station after replaeem

of theMilano Permanent Statidns usedMilano Permanent Statidihis replaced on the roof of
Department of Chemistry buildirigplitecnico dMilano, in Piazza Leonardo da Vind2, because
of therenovation on theoof of Department of Architecta building The dstance between Milano

Permanent Statiolh and surveying points astill under couple hundred metei$e coordinates
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of the Milano Permanent Statidinare listed inTable5.18. They were needed for DGPS analtist

point positioning.

Tableb5.18: Thereference coordinates in UTM32N for Milano Permanent Station II.

East [meters] North [meters] Height [meters]
517914.526 5036118.876 191.11

5.4.1 Geo++ RINEX Logger
Geo++RINEX Logger uses Android API Level 24 services to log raw GNSS measurement data
into a RINEX file version 3.03including pseudoranges, accumulated de#tages, doppler

frequencies and noise values.

A simple analysis of the data acquired frad@eo++ RINEX Logger shows an incorrect
reconstruction for different periods of Galileo and BeiDou observations compatible with an
incorrect decoding of the observatsan Figure5.24. Highlighted lines in the example shows the
Galileo and BeiDu observationsre shifted and the values are incorrectly decoded as huge
numbersHowever, in a processing of only GPS observations these errors have no impact.

> 2019 5 17 11 47 4.0003653 3 1iM8

Geo++ MARKER NAME3

> 2019 5 17 11 47 4.0003653 0 17@@

C13 38407966.81%  200000361.2191 -269.383 33.946

20 210277103 107 114222727 2007 =888 150 32 05

304535682522.160 -2881.865 27.6561

24 8730947437.200 -1666.637 31.949

25 6729831356.940 747417019913544.1001 163.648 32.226
il 421104 A0 1 Il 21 I e e I I C 15

G12 22494366.474  118208693.6631 -2483.734 37.073

G14 23439334.840  123177162.5601 -1670.722 31.237

G24  25857636.731 -3516.094 12.000

G25 20601682.852  108262573.6071 -729.034 39.450

G286 20144877.352  105862044.5381 612.096 34.685

G31 21531177.676 1646.057 23.400

G32 24167621.804 -25B86.485 25.825

ROS 19257858.962 1242.397 24.240

R16 21274472.589 -2907.031 29.191

R1S 21588871.835  115242863.1331 -3396.004 35.176

R20 21653389.570  115790404.7811 4056.657 30.176

> 2019 5 17 11 47 5.0003654 0 leida@

C13 38408046.563  200000786.918 -269.699 34.919

€29 219373%4.058  114233763.542 -886.560 37.461

©304835475548.280 -2881.150 27.960

E24 9030740292.720 747418601200674.6001 -1964.421 32.843
E25 9029623802.970 747418585333481.600 183.000 32.746
G02 23421464.757  123080603.356 -1712.135 36.405

Figure 5.24: Example of a reconstructigeroblem observed in data acquired from Geo++
RINEX Logger for Point 1.
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An analysis a the continuity of the observations highlights the significant discontinuity of the
phase observations acquired®go++ RINEX Loggein Figure5.25. The problem occued on

somesessions, the reason of gmomalous behaviaould not be defined.

RIE 21614723.238  115380863.470 -3411.516 34.777
R20 21626272.443  115645397.374 4041.010 29.680
> 2019 5 17 11 47 43.0003708 0 16M@
C13  38411655.760 pem—— -275.656 35.101
c2¢  21945551.111 -904.768 36.740
C30 25685226.688 —2686.583 25.147
E24 0422869556.060 -1675.151 30.118
E25 0421737548.720 166.940 33.143
502 23435528.022 ~1730.960 37.263
512 22514478.351 —2493.340 39.358
Gl4 23453944.572 -1690.158 34.274
525 20608818.212 -745.147 39.646
529 20142057.544 591.069 36.953
531 21519227.649 1524.540 34.136
©32 24188482.562 -2594.116 24.571
ROS 19250522.740 1216.467 30.082
R16 21297385.427 —2825.960 27.848
RIS 21615407.065 -3409.848 32.155
R20 21625552.042 “——  4041.740 29.645
> 2019 5 17 11 47 44.0003710 0 1608
€13 38411770884 @ e —276.026 31.010
C2%  21945775.656 -905.782 36.831
©30 25655540.663 -2887.277 21.475
E24 0722662444.640 ~1975.694 29.031
E25 0721530030.100 166.797 33.083
502 23435916.852 -1730.640 33.915
512 22515019.776 -2493.905 40.080
Gl4 23454313.317 -1690.216 33.545
©25 20609007.981 ~746.356 40.359
28 20142014.673 590,021 37.216
531 21518933.652 1824.282 34.230
532 24189038.677 -2593.490 25.196
ROS 19250371.345 1217.517 30.812
RIE 21297976.015 S\ —  —2924 . 657 27.333
502
612
GL4)
624
2
=
E
HGZS
2
3L
632
L4730 11, 114830 114500 1.:5%00 1150030 12:52:00 115130 115200 115530 mwsEn 115330 1L5400 115430 1L5%00 13530 1600 L3 115700
1J2019/05,17 L1:97:04 GFET-D5/17 157 13 GPET ; P10 1-9039 L2L/25LY5 15 A 19017 15527 PET -

Figure 5.25: Discontinuity problem in the L1 phase observations presetta acquired from
Geo++ RINEX Logger for Point 1
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5.4.1.1Processing with RTKIB

Data processing was reproduced with RTKLIB v. 2.4.3 b28. All solution files are obtained with
the respective configation parametersThe parameters and the main considerations about the

choices made are reggented below:

1 Only GPS satelliteareused in processing (research limitatiori3)ring whole research
only GPS satelliteareused in processing.

1 Cutoff = 15° dgending on the observed SNR values. For satellites with an elevation lower
than 15 degreefi¢ SNR values are lower than 25 dBHz.

1 SNR mask =0 dBHz since the use of a 15°aftiingle allows to remove the observations
that have a higher probability of Ingi affected by signal disturbances.

1 RAIM FDE not applied due to the limited number of s#&dlin view when processing
using only GPS.

1 Code / CarriePhase Error Ratio L1 equal to 300 in place of the standard value of 100,
because smartphone observatiaresnoisier than the observations acquired by other GNSS
receivers.

{ CarrierPhase Bias equ#o 100 instead of Isince the initialization of the uncertainties
of phase ambiguity, which is based on a difference between code and phase observations
within RTKLIB, is affected by the different noise of the observations. Too low value could
causemstability in the Kalman filter

1 Integer Ambiguity Resolution Algorithm = OFF. Based on experience on processing raw
GNSS data acquired from smartphone,ghase ambiguity fixing algorithms often leads
to false fixes in the final solution. This is cerigia technological problem that surely can
be overcome in the future.

1 Combined filter typgrovides smoother solution with combining forward and backward

fil ter solutions. All filter types are testedrtakethe best choice.

All session presented in thesearch for Geo++ RINEX Logger are measured on M&y Ad19.
Thesesmartphone observations are processed with 3 different position mode hyBRngle

Point Positioning, DGPS and StatRTKLIB settings interface is presentedrigure5.26.
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Options X Options X

Settingl Setting2 Output Statistics Positions Files  Misc Settingl Setting2 Output Statistics Positions Files  Misc
Positioning Mode Static v Integer Ambiguity Res (GPS/GLO/BDS) OFF v ON ON
Frequendies / Filter Type L1 v | Combined v Min Ratio to Fix Ambiguity
Elevation Mask (°) / SNR Mask (dBHz) |15 v Min Confidence / Max FCB to Fix Amb
Rec Dynamics / Earth Tides Correction OFF OFF v Min Lock / Elevation (©) to Fix Amb
Ionosphere Correction Broadcast 2 Min Fix / Elevation (°) to Hold Amb
Troposphere Correction Saastamoinen 2 Outage to Reset Amb/Slip Thres (m) 5 (|0.050
Satelite Ephemeris/Clock Broadcast 2 Max Age of Diff (s) / Sync Solution [30.0 | ON

RecPCV [ |Phwu [ |Rej Ed [JRAIM FDE | DBCorr Reject Threshold of GDOP/Innov (m) [30.0 [|30.0
Exduded Satellites (+PRN: Induded) | ‘ Max # of AR Iter/= of Filter Iter | 1 ‘ 1
Meprs [[Jeo [JGalleo [(JQzss []sBAs []BeiDou [JIRNSS Baseline Length Constraint (m
Load... Save... oK Cancel Load... Save... oK Cancel

Figure5.26: RTKLIB settings window

5.4.1.2Single Point Positioning for Geo++ RINEX Logger
RTKLIB employs an iterated weighted LSE (least square estimatiothifar S i n (gihglepbint
postioning) mode with or without SBAS correctionSBAS corrections are not used in the

research for smartphone observations.

By using single point positioningode 600positionsarecomputedor each 10 minutes session.
Obtained files from RTKLIBrepresentshecoordinates in units of geographic cooat system
(latitude, longitude and height). These coordinates are converted to ETREBRINMoordinates

(east, north and height) by using QGIS that was done in the previous experiment.

The results obtainedf each poinare shown epoch by epoch Figure5.27 and Figure 5.28.
Statistics of sing point positioning results are calculated by MATLAB code and presented in
Table5.19. All related statistical error graphs are presekigdre5.29 - Figure5.44 respectively.

Final results for each poiarecalculted by averaging alpochs and presentedrigure5.45.
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Point 1 Point™ o

Figure 5.27. Example of the single point position mode res{if@nt 1, Point2, Point3 and
Point4) (Geo++ RINEX Logger)
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Figure 5.28: Example of the single point position mode results (Point 5, Point 6, Poird 7 an
Point 8)(Geo++ RINEX Logger)
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Table5.19: Sitistics of single point positioning resu(fSeo++ RINEX Logger)

Point ID East [m] North [m] Heightim] |[p 9 w{pb oYpl oY
MIN 517531.836| 5036051.257 122.593| -19.438| -32.878 -37.574
MAX 517566.888 5036138.156 199.985| 15.614| 54.020 39.817
Point1 | Mean | 517551.651 5036087.264 157.545 0.377 3.129 -2.622
Median | 517551.999| 5036086.891]  157.593| 0.725 2.756 -2.574
STD 5.118 12.340 11.809 5.128 12.721 12.087
MIN 517535.171) 5036042.894 84.351| -16.168| -46.686 -75.852
MAX 517573.253 5036138.14 202.385| 21.913| 48.563 42.181
Point2 | Mean | 517552.385 5036092.189  155.915 1.045 2.608 -4.289
Median | 517552.385 5036091.655 155.732 1.045 2.075 -4.472
STD 5.463 13.323 14.917 5.558 13.566 15.510
MIN 517508.338 5035806.973 100.843| -43.085| -286.734 -59.371
MAX 517594.797) 5036325.141 217.594| 43.374| 231.434 57.380
Point3 | Mean | 517552.391| 5036092.903  158.120| 0.968 -0.805 -2.094
Median | 517552.032| 5036093.881]  158.165| 0.609 0.173 -2.050
STD 8.468 29.532 17.570 8.516 29.519 17.680
MIN 517534.366| 5038061.865 107.837| -17.127| -37.297 -52.349
MAX 517580.136| 5036148.982 201.368| 28.643 49.821 41.183
Point4 | Mean | 517552.873 5036100.425  157.733 1.380 1.263 -2.453
Median | 517552.318 5036100.744 157.867 0.825 1.583 -2.318
STD 6.244 13.686 14.180 6.390 13.732 14379
MIN 517525.662 5036014.478 63.393| -17.569| -84.792 -96.808
MAX 517572.342) 5036171.504 209.669| 29.110 72.235 49.468
Point5 | Mean | 517543.315| 5036100.088 157.584 0.083 0.819 -2.617
Median | 517543.461] 5036099.007 156.471 0.229 -0.263 -3.730
STD 7.018 17.660 19.845 7.012 17.662 19.999
MIN 517503.706| 5036051.544 95.583| -29.192| -46.141 -64.611
MAX 517551.108 5036146.491 230.740| 18.210 48.807 70.546
Point6 | Mean | 517531.472 5036102.482 165.976| -1.427 4.797 5.782
Median | 517531.836| 5036102.675 166.246 | -1.063 4.990 6.052
STD 7.590 15.452 23.397 7.715 16.164 24.077
MIN 517517.495 5036066.582 99.760| -15.220| -19.529 -60.440
MAX 517554.404] 5036110.726 213.264| 21.689 24.615 53.064
Point 7 | Mean | 517533.307| 5036088.304 157.462 0.593 2.192 -2.737
Median | 517532.856] 5036088.094, 156.584 0.142 1.982 -3.616
STD 5.992 8.101 16.485 6.015 8.385 16.695
MIN 517528.404] 5036063.758 118.127| -14.586| -20.489 -42.054
MAX 517559.954] 5036111.489 198.641| 16.964 27.242 38.460
Point 8 | Mean | 517544.396 5036084.114 157310 1.406 -0.134 -2.871
Median | 517544.487| 5036084.217 156.394 1.497 -0.030 -3.787
STD 5.101 7.445 13.937 5.286 7.440 14.217
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Figure 5.29: Horizontal errorsof single point positionindor each epoch oRoint 1 with respect
to reference(Geo++ RINEX Logger data obtainemh May 1%, 2019)
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Figure 5.30: Vertical errors of single point positioning for each epoch on Point 1 with respect to
reference. (Geo+4RINEX Logger data obtained on Mayth, 2019)
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Figure 5.31: Horizontal errorsof single point positionindor each epoch on Point 2 with respect
to reference. (Geo++ RINEX Logger data obtained on May 1ah9p
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Figure 5.32 Vertical errors of single point positioning for each epoch on Painith respect to
reference. (Geo++ RINEX Logger data obtained on May 17th, 2019)
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Figure 5.33: Horizontal errorsof single point positionindor each epoch on Point 3 with respect
to reference. (Geo++ RINEX Logger data obtained on May 17th, 2019)
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Figure 5.34: Vertical errors of single point positioning for each epoch on P8inith respect to
reference. (Geo++ RINEX Logger data obtained on May 17th, 2019)
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Figure 5.35: Horizontal errorsof single point positionindor each epch on Point 4 with respect
to reference. (Geo++ RINEX Logger data oiied on May 17th, 2019)
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Figure 5.36: Vertical errors of single point positioning for each epoch on Péinith respect to
reference(Geo++ RINEX Logger data obtained on May 17th, 2019)
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Figure 5.37: Horizontal errorsof single point positionindor each epoch on Poiltwith respect
to reference. (Geo++ RINEKogger data obtained on Mdyrth, 2019)

Figure 5.38: Vertical errors of single point positioning for each epoch on Poinith respect to
reference. (Geo++ RINEX Logger data obtained on May 17th, 2019)
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