UNIVERSITY OF VAASA

SCHOOL OF TECHNOLOGY AND INNOVATIONS

COMMUNICATION AND SYSTEMS ENGINEERING

DALBERT ZIMUZOCHUKWU ONYEBUCHI

PERFORMANCE EVALUATION OFCOST PRECISION POSITIONING METHODS FOR

FUTURE PORT APPLICATIONS

al a0 Sésl dor theKdegree of Master of Science in Technology submitted for

assessment.

VaasaAugust25, 2021.

Supervisor Professor Heidi Kuusniemi
CoSupervisor Professor Mohammed Elmusrati
Instructor Dr. Mohammad Zahidul Hassan Bhuiyan

Research ManagebDepartment of Navigation and

PositioningNational Land Survey of Finland



UNIVERSITY OF VAASA
SCHOOL OF TECHNOLOGY AND

INNOVATION

Author: Dalbert Zimuzochukwu Onyebuchi

Student Number 7109554

ThesisTitle: Performance evaluation of lowost precision
positioning methods for future port applications

Degree: Master of Science in Technology

Major of Subject: Communication and Systems Engineering

Supervisor: Professor Heidi Kuusniemi

CoSupervisor: Professor Mohammed Elmusrati

Instructor: Dr. Mohammad Zahidul Hasan Bhuiyan

Research Manager, Department of Navigation and
Positioning, National Land Survey of Finland

Year of Entering the University:2016

Year of Completing the Thesis: 2021 Number of mges: 215

ABSTRACT

In recent times, a lot of research has been conducted to improveattiracy of various
positioning systems. The motivation behind this trend is to ensure high quality GNSS services for
various applications. In particulamghasis ha been placed on improving the level of accuracy

of consumer grade GNSS receiv&ignificant improvements in the quality of signal reception

of these receivers would enable lewost solutions for asset management in for example, harbor
areas.Research ifReceiver Autonomous Integrity Monitoring-ault Detection and Exclusion
(RAIMFDE) algorithms give users the ability to exclude satellites with degraded signals, hereby
improving the performance of the GNSS solutibhis research investigates and evatisthe
performance of various customer grad&NSSpositioning systems intended for port
applications. Various high precision techniques such as Precise Point Positioning afidnBeal
Kinematic were conducted and accuracy levels were noted on daiftd leceivers, Single
frequency receivers, and GN8&bled smartphone. Our final conclusion suggests optitoal-
costGNSS solutiorfsr asset monitoring and management.

KEYWORDS&NSS, PPP, RTK,-tmst, precision navigation, DGNSS/DGPS, SBAS/EGNOS/WAAS,
RAIMFDE port operations, position detenination, navigation algorithms.
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1. INTRODUCTION

Global Navigation Satellite Systems (GNSS) aystam of satellitegn the medium

earth orbit that provides global autonomous gepatial positioningcoverage and

uses lineof-sight time signals to deliver location (longitude, latitude, and
altitude/elevation) to small earth bound receivers. Trag used for navigation and
position determination.This term includes e.g. the GPS, GLONASS, Galileo, Beidou
and other regional sysins. GNSSs are designed in such a way to allow for
redundancy to ensure 100% availability. This design feature makes them suitable for
applications that required remote continuous monitoring suchpaslestriari air

navigationJand surveyingand autonomos driving.

1.1Background

In recent times, there ia high demand to us&NSS fofreight asset management.
This trend is precipitated by the miniaturization of radio frequency electronics, an
increase of computing power in small devices, and increasmdiracy inboth
standard point positioning (SPP) aprecise point positioning (PPP) GNSS related
technology. Besides,100% availabilityof GNSSsnakes them suitable fothis
application

Furthermore, the rise of Internet of things (I0T) technology netass that freight
assets such as ships, and shipping containersebstely monitored to deliver
favourable return on investments (ROI). With I1€)Btems stakeholders can glean
useful insights to optimize supply chain processes and reduce carbon faoffinis

also allows for port automation, herby improving process efficiency and reducing
lead times. Besides, portability, adaptabilityw price and lonenergyconsumption

of consumer grade GNSS receivers make it suitable for use in various environments
and for various purposes. In addition, the improveairier to Noise ratioG/No) of
consumergrade GNSS receivers makes them suitable for use in industrial
applications. These devices can deliver sub meter level precise point positioning

(PPP) and alle for selective receiver tuning. For example, it is possible to select a
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specific satellite constellation depending on the user locatidevertheless, GNSS
signals suffer from interference due to reflections, natural obstacles in port areas
necessitatinghe needfor backup navigation system, as well as terrestrial systems
(for example e_.oran) and augmentation systems (like DGPS or SEAIr
practical maritime uses include applications for search and rescue, inland
waterways, environmental protectiomd sailing (European GNSS Age@6ty5s).

In addition, GNS&nabled smartphong have been used for PPP and SPP evaluation
and analysis yielding a coordinate accuracy of the order of 1-sig(@as) using 30
minutes of data while retainingode noise and mtipath effects due to antenna

design restrictiongLachapelleet al,, 2019)

1.2 Thesis Statement

The main task in this thesis is to evaluate the performance level ofctsi
consumer grade GNSS receivers for port operations to assess their feaaiulity
suitability. Analysis is performed via collecting RINEX obsergaiuh navigation
data from a single frequency and double frequency-tmst GNSS receivers, as well
as a smartphone for StandaRbint Positioning (SPA3gealtime Kinematics (RTK),
and Precise Point Positioning (PR®jaluations m RTKLibwith EUREF Reference
RNEX data for error corrections. These devices are categorized singge
frequency and double frequency lowcost GNSS receiver®ata subject to
evaluation wascollected at theUniversity of VaasaGNSS research lab, and the
Kvarken Portearbour arean the Vaasa RegioWarious statisticare conductedand
analysedsuch asHorizontal and Vertical errors {4gma: 95% confidence level).
Comparisons such asalysis of accuracpyecision and availability will be made for
GNSSolutions with RAIMFDE (Receiver Autonomous Integrity Monitorik@ult

Detection and Exclusion), and without RAHDE settings.
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1.3 Motivation

In recent timesGNSS has largely been considered a maritimggation technique

A set of set operational performance requinents for GNSS has been set hg t
International Maritime Organization (IMO) for Wonllide Radio Navigation
Systems (WWRNS) recogniti®O Resolution A. 915(22002. The data showa
growth trend for the nstalled base of GNSS devices across the wéh risels
expected to reach 100% by 2023 (GNSS Market Rep@15). Moreover GNSS
penetration, a metric that shows the proportion of all possible vessels equipped by
GNSS indicatean upward trend. Core regional venue of GNSS device sale, and
amount of GNSS sales when consideringeesses has also increas&esides, there
exist emerging opportunities for GNSS applications such as marine engineering for
example cable or pipe laygn search and rescue, and traffic management/
surveillance. These could serve as avenues for future grokdrithermore, the
availability of various types of receivers and frequency configurations enable various
applications.There istherefore motivation to embark ona GNSS port application
pilot study also for the Vaasa RegionResearch findingsvould shorten future

researchefforts and deploymengwith increased automation needs

1.4 Maritime user needs and requirements

Major GNSS regulatory bodies bBuas International Maritime Organization (IMO),
US Federal Radionavigation Plan (FEB)op€) MARUSE project (MARINd the
International Hydrographic Organization (IHpgcify performance parameters for

different phases of navigation as shown in Tdhle
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Tablel. Comparison of IMO, FRP and IHO main performance parameters

IMO MAR FRP  [HO IMO FRP IMO FRP IMO MAR FRP  IMO FRP
Ocean 10 - 10 1800¢ 30 - 99.8 99 NA  * 25/ 25/ TBD 10  TBD
100 3700 420 30days ;5 105 105
Coastal 10 10 460 5 - 998 99.7 NA  * 25/ 251 TBD 10  TBD
10 30 days 105  10°
Port 10 0 8 - 5 - 998 99.7 99.97 * 25/ 25/ TBD 10  TBD
Approach 20%* 10 30 days 105 105
&
Restricted
waters
Port 1 1 - 2 99.8 - 99.97 - 25/ 25/ - 10
30 days 105 105
Inland 10 3 2¢5 2 99.8 99.9 99.97 * 25/ 75/ TBD 10  TBD
waterway 30 days 10° 10°
s(IWW)

TBDg To be discussed

* Dependent upon mission time

** Varies from one harbour to another

Llh ljd2GSR | OOdzNI Oé8 A& d&al EMNYidzW yHiteté2 & [io tpdsze 2 G £ |
(Source: European GNSS Age6y9).

The table above shows accuracy, integrity and availability requirements for various
phases of navigatian

The European Global Navigation Satellite Systems Agency (GSA) defines port
operations as activies directly associated with vess€lsuropean GNSS Agency,
2019. They are

a. Local Traffic Management

b. Container and cargo tracking and asset management

c. Law enforcement activities

d. Cargo handling

Other broad definitions of port operations include: poravigation, tugs and
pushers operations, navigationaids management, asualty analysjs
leisurefecreation, aitomatic collision avoidance and track contrAccuracy and

coverage requirements differ for eadf theseport operation category
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Furthermore,Maritime and Inland Waterways (IWW) user requirements for port

operations are placed into categories as shown in Table 2:

Table2. Consolidated maritime and IWW us€&rsquirements for poriapplications

Category2  Port Operations: Locakssel traffic  1m horizontal accuracy 95%
(Im horizontal accuracy services\TS 99.8% availability over any 30 day,

requirement) Casualty AnalysispR approach, 2.5m horizontal alert limit,

restricted waters and inland Time to alarm smaller than 10 s,
waterways Integrity risk smaller than 18 per 3 hours,
Leisure boat applications in Regional coverage (local for VTS)

congested Position fixes at l@st once per second

areas (geofencing, boatdpections,

docking assistance)
Category 2+ General Navigation (SOLAS): Identical to category 2, with the addition of a
(same as 2 + local Ports and restricted waters. local coverage and a continuity of 99,97 % ow
continuity requirement) = General navigation (recreation and | 15 minutes

leisure): Ports and restricted waters

Operations of Locks, Tugs, Pushers

and

Icebreakers
Category 2++ Ports operations: Container / Cargo Identical to catgory 2, with the addition of a

(same as 2 + local 1m management & Law enforcement local coverage and a positioning accuracy

vertical accuracy requirement of

requirement) 1 m vertical (95%)

Category 3 Marine Engineering : Dredging and | 0.1m horizontal and vertical accuracy 95%
(0.1m horizontal construction works 99.8% availability over any 30 day,
accuracy Inland Waterways: bridge collision = 0.25m horizontal alert limit,

requirement) warningsystems Time to alarm smaller than 10 s,

Integrity risk smaller than 18 per

3 hours,

Local coverage

Position fixes at least once per second

Categry 3+ Operations: Docking Requirements differs from category 3 with

(same as g no vertical
accuracy + continuity

requirements)

Category 3++ Port Operations: Cargo handling

(same as 3 stringent
TTA

requirement)

Source(European GNSS Agen2919.

vertical accuracy, which is not applicable and
continuity requirement of 99,97 % over 15
minutes

Requirements are identical to category 3,
except a stringent integrity requirement

with a time to alarm smaller than 1 s
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The table aboveshows various categpY I NAGAYS FyR L22 dzaSNEQ

for port applications

1.5Methodology

To assess lowost user device performancewd sets of experimentsvere

conducted at two different locations.

a. Test 1.Dynamic testat Kvarken Ports Vaasa.

Devices inclde Topcon GNSS Reference system, two dual frequeGtySS
receivers (tbloxZEBF9R(1), andZEDBF9R(2)), asingle frequencysNS$eceiver
(u-blox EVKM8T), andGNS&nabled smartphon¢Samsung Galaxy s8).

b. Test 2:Stationary testsat Fabrikki Building rotdp, University of Vaasa.
Devices include a dual frequency GNSS receivetdoxuZEEF9P), a single
frequency GNSS receiver-iflox EVKMS8T), and GNS$8nabled smartphone
(Samsung Galaxy s8).

For each test casa64-bit PC with AMD Ryzen 3 PRO 2300U wéead/ega Mobile

Gfx 2.00GHz processor, 8.00GB RAM is used to obtain GNSS observation and
navigation data (in *.ubx format) from lowost ublox™ consumergrade GNSS
receivers continuously for one month. During data collection, various GNSS modes
are seleted/enabled (GPS, GLON&\&alileo, and SBAS) and logged separately for
evaluation. The data obtained is converted to RINEX format by the means of-a third
party *.ubx to RINEXconverter Converted RINEX data is then inputted into the
RTKLilsoftware(Takasi, T.,2007-2013 pg. 1)for Standard Point Positioning (SPP),
differential GNSS and EGNGfrected RTKand Precise Poirositioning (PPP)
evaluations with RAINFDE enabled, and also repeated with RAINE disabled.

Broadcast ephemeris, precise orbasd clocks, and ionosphere corrections are
used for all ér all GNSS post processing modesng evaluated, and for both
kinematicand stationary tests Data from the EUREF Reference station is used for

analysis. The VAARFIN reference station is seledtavith a baseline of 18.3 km.
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For PPRNnd RTKRPseudo range smdloing is also experimented by using the Fix and
Hold Integer ambiguity algorithnfurther analysis such as NENorth-EastUp)
positioning error, Horizontal (2D) and Vertical errors, DiludrPrecision (DOP),
and analysis of Availability, and precision based on RANE will be performed,
Results wilcomparedacross devices and processing modes] an optimal GNSS

solution is suggested fasset monitoring and managemeinta port environnent.

1.6 Expectation
The thesis will demonstrate and suggests optimal GNSS solutions suitable for future
port applications such as automated asset monitoring and management. The
analysiswill also compare results across different GNSS frequency receindrs a
computational modes. Outcome of thvgork will serve as a foundation for future
low-costY AYSYIF GAO t NBOAAS t2Ay0 t2aAldA2yAy3 |

cube satellite for its precision positioning solution in orbit.
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2. GLOBAL SALHTE NAVIGATIGBYSTEMS

2.1Fundamentals of Satellite Navigation Systems

GNSS is a group of several satellite navigation (SATNAV) systems and their
augmentations. These SATNAYV systems provide global or regional satellite coverage.
GNSS provides positiovelocity and time based on the Coordinated Universal Time
(UTC) timescale. GNSSs consist of core constellations; a group of 24 or more
satellites located in the medium earth orbit (MEO) arranged in 3 or 6 orbital planes
with four or more satellites per pte, and a network of earth ground stations to
monitor the health and status of the core constellations, and communicate for
example, navigation data with other satellites. These systems use a direct sequence
spread spectrum technique to broadcast UTC symmized ranging codes and
navigation data on two or more frequencies. The navigation data contains the
location of the satellite at the time of signal transmission. The ranging code provides
the user receiver with signal propagation time data to estimadéehite-to-user

range and compute the PVT solution.

Time of Arrival (TOA) is a ranging technique used by GNSS to determine user
position. With the aid of TOA measurements from multiple satellites, it is possible to
achieve threedimensional positioningplanet al,, 2006 pg.24; Kaplaret al., 2017

pg. 37. To achieve this positioning, ranging codes or signals that travel at the speed
of light (3 x 18m/s) from a transmitting satellit@re usedOn-boardsatellite clocks

are used to control the timingf the code or signalAll satellites within a SATNAV
constellation are synchronized to an internal systems time scale known as system
time. The ranging signal is embedded with this timing information to enable a
receiver to compute the difference betwedhe time of signal transmission and
arrival (satelliteto-user propagation time). To compute the sateliteuser range,

the satelliteto-user propagation time is multiplied by the speed of the ranging signal
(the speed of light)Using ranging codes suttaneously from three satellites, a user

canbe inone of the two points where thepheresaroundthese satellitesntersect
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as shown in the Figusela and b Other methods such as the use of reference
coordinate systems, and augmentation systems are tgguiecisely select the user
location. To achieve the 3Dimensional PVT navigation solution, a minimum of four

satellites is required.

Figurel. User located at one divo points on shaded circle
(SourcesKaplaret al,, 2006 pg. 27 Kaplan et al., 201ag. 40.

In thefigure above, a user is located at one of the two points on the shaded area.

@ Plane of satellite

locations

Figure2. User located at one of two points on circle perimeter

(SourcesKaplaret al,, 2006 pg. 4Q Kaplan et al., 2017 p&7).

In thefigure above, a user is located at one of the two pooniscircle perimeter
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2.1.1 Reference coordinate systems

Reference coordinate systerage Cartesian coordinate systennsed torepresent
the position and veldty vectors ofthe satellite and receiver. They can be
categorized intorertial and rotating systems, Eartentred systemsand local
(topocentric) systems.
a. EarthCentred Inertial (ECI) Coordinate System
This coordinate system is used to measure and whetee the orbits of
al0SttAGSad 9FNIKQa OSYdiSNI 2F Yl aa Aa
in fixed direction with respect to the stars.2 § S@SNE 9 NI KQ& 20 f
polar motion, nutation and precession causes change in the ECI orientation
axis To solve this problem, the adssdefined at a particular time instance
or epoch.
b. EarthCentred EartH-ixed (ECEF) Coordinate System
This is used to calculate the GNSS receiver position. With this system,
latitude, longitude, and height can be compdt®ith ease. Th&X¥plane is
placed concurrently to the equatorial plane of the earffransformation
between ECI and ECEfnade for high precisio®NSS orbit computation.
With ECEF, polar motion, nutation and precession are linjKeglanet al,,
2006pg. 49 Kaplaret al,, 2017 pg32).
c. Local Tangent Plane (Local Level) Coordinate Systems
Its principle of depends on the local vertical direction and the rotation of
9 NIKQ& |EA&ED ¢KNBS O22NRAYyFGSa YI 1S d
local easten axis position, and vertical axis position. The configuration of
these axicoordinates carbe east, north, up (ENU) or north, east, down
(NED). They are used in aviation and marine cyli&séo represent state
vectors(Wikipedig 202®).
d. Local Body Frae Coordinate Systems
CKA& Aada dzaSR G2 FaOSNIlIAYy +y 2062S0GQa

drag modelling. The center of the object may serve as the origin (not
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compulsory), while the body frame coordinate axes depend on the principal
axes or symmetry axes of the object.

. Geodetic (Ellipsoidal) Coordinates

This system considers the true geoid shape of the earth. Here, the reference
ellipsoid serves as the reference surface, on which the geoid latitude,
longitude, and elevation are computedhe NGA(National Geospatial
Intelligence Agency) EGM2008VGS 84 version Geopotential Model, now
referred to as EGM2008 is the bdgtown global geoid mod€Kaplaret al,,

2017, pg. 50).

International Terrestrial Reference Frame (ITRF)

ITRF uses the ECEF Caatesoordinates system. It is important to note that
the reference system discussed the previous sectiongre theoretical
systems for determining position, and coordinates as defined by the
International Earth Rotation and Reference Systems Servic8)(lkplan

et al, 2017 pg. 51). he reference frame is used for the actual
implementation. The IERS manages and reviews various ITRF
implementations such as ITRF94, ITRF96, ITRF97, ITRF2000, ITRF2005,
ITRF2008, and ITRF2{ké&plaret al,, 2017 pg. 52).The International GNSS
Service (IGS) enables users to gain access to the reference frame for GNSS
applicationswith the aid of more than 400 referenc8tations.This data
comprises of troposphere and ionosphere parameters, orientation of the
earth, and malels of satellite antennas to achieve accurate GoiSis and

clocks computatiorfinternational GNSS Servj@920).
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2.1.2Satellite Navigation (SATNAV) Segments

GNSS are made up of three segments. Space segnmitpCsegment and User
segment as shwn in Figures.

- <X
e @\Jb

Space Segment r

&

Cj{\\‘\ User Segment
-

=59

SN ] e ‘ﬂw

1 )
_|—> Monitor Stations | Ground antennas
-

Master Station

Control Segment

Figure3. SATNAV Segments

a. Space segment
The space segment comprises of a constellation of space satellites called
space vehicles (SV4).is used to broadcast the pseudo random number
(PRN)odes on multiple quenciesIn GPS,hiese SVs contain a primary
navigation payload used for PVT computatiolm secondary nuclear
detonation (NUDET) detection system ttetecting and reporting radiation
phenomena that occurs on Earth, and a vehicle control subsystem for
maintaining the SVs orbital positigiiKaplanet al, 2006 pg. 67 Kaplanet
al., 2017 pg. 104

b. Control segment
This segment is used for station keeping and system health (Electrical Power
System monitoring, and orbital position maintenance), dady updates of
the satelliteclock, ephemeris, almanac dagaseudorange and carrier phase
measurements for satellite error correction, with the aid of master control
station (MCS)nonitor stations and ground antenn@aplaret al., 2006 pg.
68; Kaplaret al.,2017 pg. 10h
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c. User segment
The User segment is any GNSS enabled receiver or equipféypical
GNSS receiver comprises of the antennas, Receiver front end, Processor,
user control display uniand Power supplyit receives the navigation data
on multiple frequenciesand from multiple constellationscquires the signal
by identifying the satellite PRN codes, and coarsely estimating the time delay
andDopplershifts. It also tracks the signal by finely estimating the time delay
and Doppler shifts, synhronizes the navigation data, measures the
pseudoranges and carrier phase, decodes the navigation message,
computes the PVT solutigrcorrects for positiomg errors by using data
from a Dfferential GNSEDGNSShterface such as EGNG®Bd displays the

information on a user interfacas shown in Figurébelow:
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Figure4. A Typical GNSS receiver

(Adapted from Kaplaret al, 2006pg.107; Kaplan et al., 201jFg. 154 Gleasoret al,, 2009 pg.

12).
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2.1.3 Software Defined GNSS rigee

Software defined GNSS receivers can be used for flexibility. The flowchart of a

GNSS software defined receiver (see Fidy)rexplains how the PVT solution is

obtained.
IL,—» Collect FFT
data

1 1
1 1
| 4 signal FFT \ |
: : Allocate Tracking Channel
1 1
I Coarse Signal FFT X 1 Lol ieieeie il i bl
' Doppler < | PRN Code FFT ! ! * !
| Loop + 1 1 1
, No 1 ! Carrier Replica !
' Threshold ' \ \
| Detection o 1 !
! ~ Acquire | ! Code Replica Sample !
1 * signal 1 Loop 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
! Yes 1 1 1
1 1 1
! Fine * ! !
1 1 1
, Doppler non FFT ) X
| Loop Correlations | |
1 1 1
1 1 1
1 Satellite Vehicle Search/Determine SV Position 1 1
L e o DL LIl ______ f |
every 1 ms.
_____________________ calculate the difference
r v 1 L between Observed vs
; Predicted ranges to obtain
i Estimat:
Synchranize P Sd A€ Ll Line of Sight Vectars, and
bits (every 1 seudoranges generate a Geometry
ms) matrix
and Process *
Nav Bits No
Y
Y Solve for all

vy v

PLL

\_*_1

DLL

Y

Update

Carrelators

Start Tracking

Carrection <
Tolerance

Yes

¥

Save Current
Estimate

corrections and
update Position
estimate

Finish

Figureb5. Software defined GPS receiver acquisitioacking and navigation process

(Adapted from Gleasoret al,, 2009a pg. 62; Gleasah al, 2009b)
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a. Acquisition
Acquisition is a technique used to obtain a rough estimate (within0+3
chips) of a GPS/GLON®®eidouk DI f Af S2 &l G St brA(@8Qa / 21
signal. It is important to consider frequency and time uncertainties when
designing acquisition systems.
For acquisition, a fair amount of data is gathered and used for FFT acquisition.
To achieve this, the satellite to search for is specifiedstgnning coarse
Doppler bins. Then an FFT is applied on the sample input bAfterwards,
the sample FFiB multipliedwith the pre-calculated PRN code FFT (the PRN is
used to identify the satellite)Furthermore, an inverse FFhd a search for
peaks e&ceeding the detection thresholis performed Once a signal is
obtained, a fine Doppler searéh performed andhe results (perform debug
searches if specifieds stored Finally signalsare allocatedto a tracking
channel.

b. Tracking
Tracking is the aadf finding and maintaining fine synchronization. Phase
lockedloops (PLL) and FrequercgckedLoops H.L) are used to achieve
tracking and synchronization. PLLs are used for obtaining carrier phase
information. FLLs are used to obtain carrier frequenaiprimation. It is
important to consider the receiver noise error and tracking error when
designing a GNSS code and carrier tracking loop system.
After acquisition, to achieve tracking the sample tracking loop is called every
1ms. Bit synchronization andqaress navigation bits are applied to the signal.
It is then passed through a Frequency Locked loop (FLL) to obtain frequency
information or Phase locked loop (PLL) to obtain Phase information. After
which it is passed through a Delay Locked loop (DLL)ptaimothe code
information. Correlators are updated, and the next channel is

searched/tracked.
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c. Navigation Solution
Pseudo ranges and carrier phases are computed together with the navigation
messages (decoded) to obtain a navigation solution of positielocity and
time. The Navigation process allows the PVT to be calculated and obtained.
To begin, the satellite position is determined by the Code delay and Doppler
shift values. A rough estimate is used to guess the satellites position. Then
signal obserations are used to estimate the pseudoranges. To achieve this, a
correction vs tolerance decision method is used. If the correction is greater
than the tolerance, the pseudoranges are recomputed. Then the difference
between the observed signal and the dreted ranges is noted to obtain Line
of sight Unit vectors, and further Geometry Matrix. Functions are used to
solve for corrections and the position estimate is updated until the correction

is less than the tolerance value. At this point, the estimasaiged.

2.2 Global Satellite Navigation Systems (GNSS) Constellations

SATNAYV systems can be categorized into two broad systems based on region of
coverage. Global SATNAV systems and Regional SATNAV systems. Global SATNAV
systems consist of the United S&at 2 F ! YSNRA OF Qa Df 26l f t2ah
Russian Global Navigation Satellite System (GLONASS), European Union (EU) Galileo
{FGStEEAGS {2aGSYZ IYR [/ KAYlIQ&a .SA52dz bl @,
SATNAV Systems consist of, Indian Regioagightion Satellite System (IRNSS)

1y26y o0& GKS 2LISNI (Ay3 ydenitls SatellitedSydten Yy R W
(QZSS). The major difference between these two categories is that Global SATNAV
systems use gestationary orbit while the Regional SATNAV systeise inclined

orbit to cover area of interesiTable 3elow shows the launch date, coverage area,

coordinate reference frame, frequency/coding, and precision of various GNSS

constellations.
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Table3. GNSS ConstellationBands, fFequencies and Signals

®
g Coverage Category
|58

Global

Global

Global

Regional

Regional

Owner

USA

Russia

European

Union

China

India

Japan

No of Satellites in

w
g

24

24

33

7

4

orbit
Orbit

MEO

MEO

MEO

GEO

IGSO

MEO

GEO

GSO

GSO

GEO

Orbit Radius (Km)

N
o
)
o
)

19,130

23,222

35,786
35,786

21,528

36,000

32,600

39,000

Coordinate
Reference Frame

WGS84

PZ90

GTRF

CGCS200

0

WGS84

QZSSRT

Time

/Period/Rev. or
Sidereal time

GPST
1197h
(11h
58min)
2
GLONASST
11.26h
(11h
16 min)
/2.125
GST
14.08h
(14h 5min
)
1.7
BDT
12.63h
(12h
38min)
/1.888
IRNWT
23.93h
(23h
56 min)
/1
QZSST
23.93h
(23h
56 min)

i

Time start

06 Jan

1980

02 Oct

1982

22 Aug

1999

30 Oct

2000

01 July

2013

01 Nov

2018

Frequency/Coding

1.5631.587 GHz (L1)
1.215%1.2396  GHz
(L2)

1.164;1.189 GHz (L5)
CDMA
1.59%1.610GHz (G1)
1.23%1.254GHz G2)
1.18%1.214GHz (G3)

FDMA/CDMA

1.55%1.592GHz (E1)
1.1641.215GHz
(E5alb)
1.26(;1.300GHz (E6)
CDMA
1.561098GHz(B1)
1.589742GHz(B1-2)
1.20714GHz(B2)
1.26852GHz(B3)
CDMA
1176.45MHz(L5)
2492.028VIHz(S)

CDMA

1575.42MHz
(LIC/A L1C,L1S)
1227.60MHz  (L2C|
1176.45MHz (L5,L5S
1278.75MHz (L6)

CDMA

Precision

5m (no DGPS

or WAAS)

4.5mc 7.4m

im (Public)
0.01m

(Encrypted)

10m (Public)
0.1m

(Encrypted)

1m (Public)
0.1m

(Encrypted)

1m (Public)
0.1m

(Encrypted)
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The table above shows various GNSS constellations, their bands, frequencies and

precision.

2.3GNSS basic observables/ measurements
2.3.1Radio Frequency Carrier

Radio frequency multiplearriers are used by GNSSs for signal propagation. This

frequency is expressed as:

"Q —, expressed in units of cycles/second. (E2.1)

For GPShe L band (& 2 GHz) is usedll other constellations use frequencies
between 1 and 2 GHZ he carrier frequency is modulated with a modulation
signal to convey all necessary satellite data and achieve precise user equipment
localization. The modulation frequency is expressed as:

i0 GOAT OO 0 (E2.2)
The paameters are as follows: Signal voltaged, amplitude + «,
frequencyf] «, and phase offset «. This signal can be phase, frequency or

amplitude modulated.

2.3.2Modulated Signal

To obtain a modulated signal, the unmodulated RF carrier is matliglith the
information signal to generate a waveform by Binary Phase Shift Keying (BPSK)
modulation techniques.

Mathematically, the data waveforr™® « can be described as:

Qo A0 O E4A (E2.3)
Wherg®sisthekthdatah G 6 Ay G KS palsshapaba s HMBU YR
The data waveform® «is a baseband signal because its frequency is
concentratedaroundzero hertzModulating this data waveform with an RF carrier
ONBIFGSa | oFyR LI} aa &aa3dyuehop comtéhSis 0 y R

concentrated around the carrier frequency.
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2.3.3GNSS Signal

A GNSS signal is product of the carrier frequency, the spreading code (PRN
(pseudo random noise)y <« and the navigation datg <.
It is given by the equation:

00 Y'Y DO 000 ME (T DO o (E.2.4)

2.3.4Pseudoranges

The pseudorange is the distance between the both antennas of a GNSS receiver
and satellites when taking into account all biases such as satellite and receiver
clock offses, atmospheric delays etc.lk is measured as a function of signal
transmission and reception time.
It is given by:

YO oY o0°7Y (E.2.5)
Where:
c = speed of light = 299,792,458 (m/s¥ 4| is thesignal reception time in the
receiver clock time scal@nd <4 signal transmission time, in the satellite
clocks time scale. (Kaplahal, 2017 pg. 510).
The Pseudorang¢ | measurement can be expressed as the geometric range
between the antennas of both the satellite and the receivantenna phase
centres z at transmission and reception time respectivetheir respective clock
biases ™| ¥ and
W 3, tropospheric delayq|J hionospheric delay K , measurement error
£ caused by the receiver noisend other sources of errors and biasesshown
in (E.2.6):

Y © Hd®oe 9yoe o0y 0O QG Y O - (E28)
Ly, and k" are theinstrumental delays from theeceiver and satelliteWhile

I | Ris the effect of multipath Ly, , 4 | hand LY are code and frequency

dependent.
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2.3.5Carrier phaeand phaserangemeasurements

Apart from the code, the distance between the satellite and the receiver can be
measured with the carrier phasel  of the signal. This model is termedrder
phase measurement modelt is defined as the beat frequey between the
reference frequency generated by the receiygenerated by the local oscillator)
and the received satellite sigfa&arrier frequencyGurtner, W., 2007)
The carrier phase measurements  _ %o;; can be modelleds:
o 5 7 O™ o qY o G
8 Y _o6y Q y - (E.2.7)
Where,# ; isthe phaserangeof the transmitted satellite navigationsignal; and
receiverlocal oscillator,_ isthe wavelengthof the carrier,6 j isthe phasebias
of the carrier,and Q  isthe correctiontermsthe carrierphase Thesdermsare
asfollows: Offsetsin the Antennaphasecenter, station displacementsausedby
earthtides, satellite clockrelativity, and phasewindup effect.
It is more precise (in the order magnitude of two) than the code measurements.
However the integer number of wavelength_ 0 are ambiguous, and needs t
be resolved, hence the term integer ambiguity resolutiBange discontinuities or
signal jumps occur as a result of random ambiguities changes each time the
receiver loses signal lock with the satellitEsom (E.2.7)the phase bia®  can
be derivedasshownin (E.2.8):
0 j A o Ug (E.2.8)
Wherel fisthe O NN SiNdgerdimbiguBy,O I NNA ambiga. Of S
It can be observed that the ionospheric term is negative for both codiepduase.
This implies thathe carrier phase measurement is advanced as a result of the
ionosphere. This advance is equal to the delay on the code measurements.
(Navipedia 202C; Navipedia 202@).
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2.3.6Geometric range between satellite antennas andeiger antennas

Geometric range is theeal distance between the antenna phase center positions

of the satellites and receivers in the inertial coordinate system.

It is given by:

" EYO0O1 60 Yol 0 & (E.29)
Where,"Y 0 is the coordinate transformation matrix at the timéfrom ECEF to
ECI (earth center inertial), 0 whoh  is the receiverantenna phase
center position at timeo, andi 0 who i  is the satellite antenna

phase center position atignal transmissiotime 0 using the ECEF (earth center
earth fixed) coordinates system.
Accountng for the effect of earth rotatior as shown irHgure6, (E.29) canbe

expressed as shown in (E.B)Qvith a precision level of 1mm.

" A0 Y 40 0 1 0=k (E.29b)
¥ »
A
Receiver |
T 5.5 ‘\‘
/ ") r (f)\".
z
{ . B .
O T l » L
x Satellhte
Earth s
fgg(rr‘_r)
~ T _»

ECEF at signal transmission ~ ECEF at signal reception

Figure6. Diagram of Geometric Range between satellite antennas and receiver
antennas

(SourceTakasyT.,2007-2013 pg. 40).

The figure above shows the geometric range between satellite and receiver

antennas.
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In this thesis, the effect of eartlotation will be corrected with IGS rapid combined

earth rotation parameter (EOP) orbit solutions

2375 ANBOGAZ2Y 2F {F0SttA0GSQa !'TAYdziK FyR St S¢

Thesignal propagation between the receiver and the antenna expressed as a unit

LOSline-of-sight) vector in the ECEF coordinate is given by:

Q — (E.2.10

A A

From (E.B), the angles of azimuth & and elevatioriO afrom the receiver to the

satellte as:
Qr 0Q QhoRo (E.211)
o4 i oodhe (E.2.D)
0a O QIQE (E.2.B)

O is the coordinate rotation matrix frorECEF tthe receid S MEak
coordinates Figure7 shows the receiveelevation and azimuth angles, and local

coordinates.

.
L_.(/"'\%

AT

A o

z (1)
7\{ Satellite

T |
e
_ \(M

x (E)

Figure7. Receiver elevation and azimuth angles, and local coordinates

(Source: Takasd,, 2007-2013pg. 141)
The figure above showsReceiver elevation and azimuth angles, and local
coordinates.

For this thesis, melevation mask angle of 10 degreeas selected.
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2.4 GNSS error sources

GNSS sufferfrom a variety of errorsThese errors negatively impact the GNSS

receiverPVT solutionTable 4shows various error sourcetheir description, error

rangesand compensation.

Table4. GNSS errors, description, error range and correction

(Source: NovateR02(n)

S/N | Source Description
1 Satellite Clock error of 10
Clocks nanoseconds results in

metres position error.

2 Orbit Errors | Orbital changs or
perturbations cause positior
errors.

3 lonospheric  lons in the atmospherdgat

Delays 80km - 600km above earth;

delay satellite signalleading
to significant  satellite
positionerror. It is difficult to
predict as it depends on eartl
and space weathel
conditions.

4 Tropospheric Caused by earth weaén
Delays conditions such as
atmospheric  temperature,

humidity and pressure in the

troposphere.
5 Receiver Caused by receiver hardwai
Noise and software.

6 Multipath Caused by refleatg surfaces
near the receiver.

Error
Range
+2m

+25m

+5m

+0.5m

+0.3m

Error Compensation and
solution.

Augment with precise clocl
data from SBAS, PPP seev
providers. Use RTK ¢

DGNSS receiver
configuration.
Download precise

ephemeris data from SBA!
PPP service providers. U
RTK or DGNSS receiv
configuration.

Use Multiple satellite
transmission frequencies
and RTK or DGNSS systet

Use RTK and DGN:
systems.

Use highend / quality
receivers.

Select an open location fa
the antenna. Useaguality
receivers.
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The table above showsriousGNS®rror sourcesand methodsto resolve them.

The errors due to the ionosphere and troposphere can be modelled matheatigitas

stated below:

2.4.1Troposphere Model

The mathematical expression for the standard atmosphere is:

N pmM@ p G&uLLYTQ?® (E.2.12
Y p@t ¢® pTMQ CxXPU (E.215)
Q gpnyAopt—F2 — (E216)

From (E.214, E.215, and E.26), the tropospheric delayY also known as the

Saastamoinen model is derived as:

oy

n — muQ OAl (E.2.7)

Where the total pressure (hPa) isrded as, the absolute air temperature (K)

as’Y

The partial pressure (hPa) of water vapour is terme@aghile ‘s the geodetic

height above MSL (mean sea levéd is the relative humidity, and

G - 'O isthe angle of zeth (expressed in radians).

In our experiments, the Saastamoinen model was used for tropospheric
corrections. ThilkRTKLilzonfiguration approximates the geodetic height as the

ellipsoidal height, and fixes the relative humidity at 70Pékasu;T., 20072013
pg. 149.
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2.4.2Broadcast lonosphere Model

GPS, and QZSS navigation data use the following broadcast parameters to correct

for ionospheric errors in single frequency GNSS devices:

n ' h AR AR ARAAR (E.2.B)

From the above equation, thé ionospheric delayO (m) also known as the
Klobuchar model can be obtained@s{ m Dt 0iHn n C

0 ¥ 8 (E.2.D)
B —_ — ss 8
Where:

©— m8ic ¢ (E.220)
. . ATodx (E.221)
- - — (E.222)
« + TBIQAT O p®pX (E.223)
0O 1T®¢ p1L O (E.224)
'O p8t p@ TW 0 Od (E.225)
0 — (E.226)

B

2.4.3lonospherefree LC (linear combination)

The presence of dual frequency GNSS signal measurements allows for the
elimination of errors caused by the ionosphere. To achieve this a LC (linear
combination) of duafrequency measurements is used in @\tfta processing.
The expression is given below:

Op 605 60 (E.227)

B 0 5 O (E.2.B)

WhereD f, is the ionospherdree LC oft and 0 is the pseudorange, and
is the phaseaange.

The coefficient® , andd can be expressed as:
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5 — (E.2.D)

5 — (E.230)

The frequencies (Hz) 6f and0 measurements aréQand "Qrespectively.

The frequencies) and0 are used for GPS, GLONASS and QZSS,iwhaad

0 are used for Galileo in current versionRTKLib

LG A& AYLERZNIOIYyG G2 y2S 0KFG dKSotL2y 2 alLXK
used in during this master thesis because it increases the 2D error. Future
experiments will investigate why this occurred. Therefore the broadcast
ionosphere model was used as the ionosphere corrections for both single and dual

frequency GNSS devices.

2.4.4GNSSatellite ephemerides and clocks

Broadcast ephemerides are data which contain information on the current and
predicted location (position, and velocity), timing, and health of a GNSS satellite.

This information is used to estimate the relatieeation of the satellite in respect

to its earth position. This data can be used for future satellite condition
predictions, and for scheduling GNSS data collecflbe. broadcast ephemeris

data6 Ay wLb9.- F2NXIG0 Aa @I fdf Bpack SadileSyy f & on
Data, CDDI|2021a).

Precise ephemerides and clock data are station and satellite orbit solutions used

for GNSS post processing. The clock data is used for determining the precise
coordinates of observation stations, gravity field paraeretand earth orientation

parameters (EOP).

EarthOrientation Parameterd 9 ht 0 O2Yy Gl Aya AYyF2NXIGA2Yy 2
In this research work, the broadcast ephemerides will be obtained from the ublox

GNSS devices, while the earth orientation parame{&OP), precise ephemerides

YR Of 201 RFEGF gAff 0SS 200 Ay ERSFNRY b! {
2010), and clock RINERXay J.,& Gurtner, W.,2010), formats respectively.
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The final, most consistent IGS orbit solutions with the highestityugénerated

13 days after the end of the solution week will be used. While the IGS rapid
combined earth rotation parameter solution will be used as the EOP data. The
Extended Standard Produat o6 {t o O0 F2NXI 0 A& dzaASR FT2NJ |
Archive of Space Geodesy Data, CDR031b).

2.5 DifferentialGNSS

Differential GNSS istachniquecommonly usedo improve GNSS performancé.
uses conventional surveying technigues to determine to a high degree of accuracy,
the position of a fixed GNSSmver known as a base station. Furthermasnges
to GNSS satellites-iiew are determined by the base station with the following
techniques:
T The codebased positioning technique.
1 Satellite coordinate determination usimgecisely known orbit ephemerideand
satellite time.
A comparison is made between the surveyed position and the position calculated
from the satellite ranges by the base statidmy difference in position is as a result
of atmospheric delay, satellite ephemeris and clock errors. Theses are sent to
20KSNI NBOSAYSNBE ONBYSNHUL o0& (KS ol asS adld
calculations. To apply retime corrections, a minimum of four GNSS satellites in
view and a data link is always required between the base statiohaarover. The
NEJSNRa O2YLMziSR LRaAGA2yY Fo0az2fdziS | OOdzN.
station. Signals from satellites used by both base station and rovers experience
similar atmospheric conditions if the base station and rovers are not too distant
from each other. Hence, Differential GNSS can be used in cases where tens of
kilometres separation exist bew@en base stations and receive(SourceNovatel
202M).
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Figure8. Schematic of a differential GNSS system

(Source: iz-TaHsuet al, 2016)
The figure above shows thigchemat of a differential GNSS system. In the figure,

major GNSS constellations such as GPS, Galileo and GLONAS are shown.

Types of DGNSS techniques incliRisal Time Kinematics (RT&)dWideAreaReal
Time Kinematics WARTK) Both techniques are based on carfrase
measurements.

(Navipedia, 2026).

Examples of commercial DGNSS are:

a. Trimble provides various navigation solutions for different industry sectors
such as; maritime, agriculture and aatotive industries. For example, Trimble
Db{{ tflyyAy3a hytAyS u SylotSa dzaSNa
satellites constellations, viewadio frequency propertiesavailability and
coverage areg(GNSS Planning Onljri29172018

b. Geotrim Oy is anrganization that provides GNSS positioning, spatial data and

geospatial resources Finland For instance its Trimnet VRS service ® provides
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24/7 customizable, flexible GNSS measurement solutions with an accuracy
classes of 1 mm, 1 cm, 10 cm, 30 cm andrBOlt is also an authorised reseller
of Trimble products(Geotrim Oy2020a and b).

c. Leica Geosystems provides surveying solutions such as smart antennas, GNSS
software, andreceiver€ 2 NJ SEI YL S GKS [ SAOF Db{{ {|
operating reérence network.2 KAt S GKS [ SAOI [/ NRaa/ KSO]
based GNSS Quality control/deformation monitoring servidéeica
Geosystems2020aand b).

d. The Finnish Reference (FinnRef) Station is a free DGNSSssgroicded by
the National Land and Sty of Finland (NLSyhe NLS also provides other
spaial data positioning servicegFinnRef 2020. Other DGNSS services
providers in the Nordic region includ®lattias Eriksso2017)

e. The Swedish Maritime Administratio(Swedish Maritime Administratign
2020).

f. The Norwegian Mapping AuthorifiNorwegian Mapping Authority2020).

g. National Land Survey of Iceland (Nk&t) a GNSS Permanent Tracking Station
Reykjavik, Icelanthanaged by Sonel (National Land Survey of Icel2@20a
and b).

h. The EUREF Pernart GNSS NetworkEUREF Permanent GNSS Network
2020).

2.6 Satellitebased augmentation systems

An SBAS systeffshown in figure 9)s comprised of geosynchronous satellites,
reference stations, and master stationgilink stations.

GNSS signals from saitelé are received by geographically distributed reference
stations (in a SBAS service area), and forwarded to master statidigle-area
corrections can be computed by the master stations as the location of these

reference stations are precisely known.eBle corrections are then uploaded to the
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SBAS satellite by the master stations and broadcasted to the GNSS receivers located
within the SBAS coverage area.

The corrections are received by thesar equpment andapplied in range

calculations
M55 SHAS
hatallites Satellite

-

[

gl
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Figure9. SBAS (Satelliieased Augmetation Systempschematic diagram.

(Source: NovateR02@).
The figure above shows an SBAS system comprisiagedérence station, master
stations, GNSS satellites, SBAS satellites and&piped GNSRceivers

Satellitebased Augmentation Systems (SBAS) are used for position accuracy
enhancements in application for which DGNSS would be expensive or impractical; for
instance where rovers are sparsely dispersed over a large geographical area. It is a
geosynchronous satellite system that provides GNSS signal accuracy, integrity and
availability improvement services. To improve the positioning accuracy,-avete
corrections for GNSS errors are transmitted by SBAS network. Integrity
enhancements is achied by detecting satellite signal errors, and notifying receivers
not to track those satellites. The SBAS network transmits satellite ranging signals to

improve signal availabilitgs shown in figure 10
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Figurel0. EGNOS ardhtture.
(SourceSergio Magdalenet al.,2019.

The figure above shows the architectureTdfe European Geostationary Navigation
Overlay Service (EGNOB)is architecture is comprised of GNSS constellations, SBAS
satellites, Reference monitoring netwqr data processing centres and -lipk

stations.

Various SBAS services is being planned or implemesoieit as

a. Wide Area Augmentation System (WAAS)
It was developed by th&S FedefaAviation Administration (FAAX provides
GPS correctionand a cerified level of integrity to theaviationindustry, thereby
assising aircraftin carrying out precisioapproaches at airports. Civilian users
in North America can use these corrections without paying a fee.
The GPs data is received by a Wide Area Masatio8 (WMS) from Wide Area
Reference Station@VRS) located across the United Statd3ifferential
corrections are calculated by the WMS, which then uploads them to two WAAS
geostationarysatellites. The WAAS broadcasts these corrections to receivers
throughout the United States. Corrections for ionospheetay, satellite timing,
and satellite orbits are computed and processed separately on demand by user

application.
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Correction data is broadcasted on the same GPS frequency, hence the same
antenna and reeiver equipment can be used. Line of sight (LOS) is required for
correction datatransmission from one of the WAAS&tellites.(Federal Aviation
Administration 2020).

. European Geostationary Navigation Overlay Service (EGNOS)

TheEuropean Geostationary aNigation Overlayervice (EGNOS) is an
augmentation system developed by the European Space Agency in partnership
with the European Commission (EC) and EUROCONE&Opean Organization

for the Safety of Air Navigation).

With EGNOS, the accuracy of pasis derived from GNSS signals is improved.
Users are also alerted on GPS signal reliability. Several European countries and
member states within the Europedsnion are served by three EGNOS satellites.
Differentialcorrection data is broadcasted publiclpcacan be used fosafety

of-life applicationsThesesatellitesare locatedover the eastern Atlanti©cean,

the Indian Oceayand the Africamid-continent (EuropeasNS&gency202(0a)
MTSAT Satellitbased Augmentation Navigation System (MSAS)

MSAS isan SBAS proviny augmentationservices to JapanTwo Multi-
functional Transport Satellites (MTSAT) and a networlgroind stationsare

used forGPS signalmugmentation(NEC Corporatiqr2020).

. GP$SAided GEO Augmented Navigation System (GAGAN)

Flight ravigation over the Indian airspace is supported by the GAGABISBAS
system uses three geostationary satellites, 15 referestations, three

uplink stations and two control centres. It is compatible with other SBAS systems,
such as WAAEGNOS and MSASovernment of India2020).

. System for Differential Corrections and Monitoring (SDCM)

The SDCM was developed by the Russian Federation for both the GLONASS
and GPS navigation integrity monitoring and accuracy improvements. Plans for
L1 SBAS coverageeovthe Russian territory was slated for 2016, and L1/L5
coverage by 2018. Additional services in L1/L3 GLONASS for Precise Point
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PositioningPPP) was scheduled for 201@Russian System of Differential
Correction and Monitoring (Russian SDCR0R0).

OthSNJ { . ! { &aeadsSvya AyOf dzRS /Akdgmgrtaiba { b! {
{ealdsSYVy I yR Wide daée&KDiff¢rentel Glaba Positioning System
(WADGPSJEuropearGNS3\gency202M).

GroundBased Augmentation System

A Ground Based Augmentation SystéBBASuses VHF radiink to provide
receivers withdifferential corrections and satellite integrityonitoring. It is dso
known as a Locarea Augmentatiorsystem (LAAS). It is comprisefdseveral
GNS&ntennaspositionedat known locations, a centrabntrol system and a
VHF radio transmitterCoverage area is small (by GN&®dards). It is used by
applications (such as airports) requirinfggh levels of accucy, availability

andintegrity. (Novatel,Satellitebased Augmentation Syster2®20).
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3. POSITION, VELOCITY, TIME (PVT) ESTIMATION

3.1 Code based positioning (standard positioning algorithms)

3.1.1Least SquareSstimationMethod (LSE)

To obtain an optimal user position solution, pseudorange errors of visible satellites
are assumed to & Gaussian (independent and identically distributed).
The weighted least squares (WLS) estimate is given by:

30 EN € €n 17" (E.3.2
Where Ris the covariance atrix of the pseudorange errors;dis offset in the
position of the user and time bias relative to the linearization poamd,| "is the
net error in the pseudorange values.
Excludingly and] "gives theleastsquares solution matrix or pseudoinverse:

30 € € € (E.3.2
In cases bsignal quality differences in pseudorange measuremeataeighted
estimation procedure is applied on the user equivalent range errors (UERES) by

expressing these UERESs as an observation covariance matrix R:

" mm Tt
A n E m (E.3.3)
m 1m o,

Various signal properties such as thermal noise in receiver, multipath (treated as
a noiselike quantity), andignatto-noise ratio of measurementaake up the data

in the covariance matrpR It is common practice to arbitrarily chee the data in
covariance matrix.

The Least Square Estimation algorithm is used for obtaining both SPP (single point
positioning), and SPP (with SBAS corrections) solutions. RTKLin utszatad
weighted leastSjuare Estimator.

Propagation of covariance

The propagation of covariance is used to determine the covariance matrix of any

arbitrary linearly combined measurement whose property (expected values
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characteristics) is expressed as a data covariance matrix as shown in §&d3.4,
E.3.5):
For an arldrary linear equations = ewhere, .is the covariance matrix o
The propagation of covariance is given by:
T X —wl=l A 00" Al (E.3.4)

J

Applying the ules of (E.3.4, and E.3.5) to the weighted least squares problem

gives:

) Coa s C o

0 "o EN € €1 M (E.3.6)
00 EN € €0 ITMM N €€en € (E.3.7)

Noo A EnN € (E.3.8)

Where Ty is the parameter estimate covariance, andis the measuremern®

covariance matrix.

Post-fit residuals:

The differences betweembserved parameters and estimated parameters are
called posffit residuals *1 . They occur as a result of the absorption of noise
measurements into the estimated parameters. They are not the same as the errors
in the data.The postf A G NI & A Rakzlmatixan®e derividdh fioryl the

propagation of covariance (see E.3.4, E.3.5) as shown below:

” s «Ié
1 € o R (E.39)
(]o . A . ; 2 ”

& EN € €N (E.310)
IR U&f’ E Eén £ €7 R (E.311)
A T n €€n € ¢ (E.312)

WherenhT’l is the minimum normalized squared residuals.
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3.2 Carrier phasdased positioning algorithms

3.2.1Real Time Kinematics (RTK)

RTK is a carridrased ranging techniquésee figure 11)Rangingaccuracy are

more precise than that of codeased positioning by large magnitud@$ovate|

202). In RTK the rage is computed by estimating the number of carrier cycles
between the satellite and the rover station. This value is multiplied with the
wavelength of the carrier. The range contains errors from satellite clocks and
ephemerides, ionosphere and tropospherghese errors are eliminatedy an

Gl YOA3IdzA (1 & NBwheH demdrhigeythe nldtbé 6f hivlé cycles, and
obtains precise integer carriebased measurementsin high precision GNSS
receivers, ambiguities can be resolved almost instantaneouBhe N2 @S NI &
position is determined by using algorithms that incorporate ambiguity resolution
and differential correctiont KS&4S O2NNBOGA2ya | NS RSLISYyRS
location, and quality of its ephemerides.

The position accuracy is dependent on #eeuracy of the differential corrections,

the quality of base station and rover transceiveasd the distance between base
station and the rover (known as a baselin#)is important to select the right

location so as to minimize interference and musiip.
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Number of carrier cycles GNSS Satellite
from the satellite to the
equipment is determined and
used to calculate the range.

- Correction data
from the base

Ea N =7 £ station is transmitted
() Carrier wave, for Carrier Phase ||  to the rover station
A\ example L1 at 1575.42 MHz,Measurements/A|  for use in real-time,
| which has a wavelength '\, orisused laterin
A\ of about 19 centimetres / o \ post processing
Rover Station Base Station

Figurell Real time Kinematics (RTK) Schematic

(SourceNovatel,2020d).

The figure above shows a schematic diagram of a Real time Kinematic (RTK) system

comprising of GNSS satellites, rover and base stations.

Network RTKs implemented with a number of widely spaced permanent stations.
In Network RTK, a central processing station receives positioning data from the
permanent stations regularly. When needed, user terminals send their
approximate location to theentral station, while and the central station transmits
corrected position information to the user terminal. By doing so, the number of
required RTK base stations is redudedtacan alsdbe transmitted ovewarious
wireless media such a=llular adio.
a. Kalman Filters:
The Kalman filter is used GNSS PVT (position, velocity, and timing)
applications. ltincorporates past measuementsand facilitate the fusion of
GNSS measurements with measurements from other sensditss

mathematical algorithm produaeestimates of the state vector x at discrete
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epochs of time (indexed by subscript k) using a vector of noisy measurements
z with (possibly timevarying) covarianc&that is assumed to be available at
each epoch. In general, the state vector x is the setasfables of interest.
Since the Kalman filter algorithm necessarily operates in discrete time, the
dynamics matrix F can be assumed p#atge constant and well

approximated over discrete time intervals by the correspondingatrix:

€ €30 ¢ 301 88 (E.3.13)

Wherel represents then x nidentity matrix;n is the dimension of the state

vector; andz-orepresents the propagation interval.

5SLISYRAY3I 2y (GKS aSOSNAGe 2F (S Kz2ailQ:

first or second ader in  «s generally adequate. As an alternative to including
more terms in the expansion of, the size of <«an be reduced, resulting in
multiple propagation steps of the filter for each measurement update siep

shownin figure 12below:

Initialize
Kp—g, Py

\
k|

Propagation step

™ Ry = PpRpy

P.” =@, P @, + Quu

Update step

K,= P, HS (H, P, H,S + R,

X = ﬂk_ + KJ.- (ZL- — [[;‘ i.’(_ _:| =3

P, = (1 — K yH P, (1 — K,H.)" + K, R, K.,7

Figurel2. Kalman filter processing architecture

(Source: Kaplaet al.,2015 pg. 813).
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The figure above shows the processing architecture of a Kalman filter with

Initialization, propagation and update steps.

. Extended Kalman Er (EKF):

In RTKLib, EKFs are used to obtain DGNSS, RTK, and static final solutions.
The EKR weighted, recursive least squares estimator. The outputs from an
EKF will often be better than those from the least squares method. EKF
assumes some knowledgéthe receiver dynamics. When these assumptions
are incorrect, problems can arise quickly. The basic concept behind the EKF
filter is that some of the parameters being estimated are random processes
and as data are added to the filter, the parameter esttes depend on new
data and the changes in the process noise between measurements. (Kaplan
et al.,2015 pg. 813).

With EKF, A measurement vectorat epoch’l can be used to estimate the
state vectoro hcovariance matrixXEof an unknown model parameter as

shown in (E.3.14):

6 o £ b £ 0 (E.3.14)
'E 8 EE E E £ £ & (E.3.14)
¢ EE ECEE R (E.3.15)

0 is the estimated state vector arit is the covariance matrix at epoch time
.
Assuming system nelinearity, the EKFs state vector update time and

covariance matrix are:

0 ¢l o (E.3.16)
"E gl "E gl "B (E.3.17)
With state transition matri' , and System noise covariance matex

between epoch timél and’l
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c. 55 05 2iffe®@icd:m 5
With the5 5 6 5 2ifflm®ric® ®RBK algorithm, and other biases can be
eliminated. From (E.2.@nd E.2.8 a simplified carrier phase observation
equation for a given satellite and epoch can be derived as

% " O YI 00O © o _ - (E.3.B)

Where k isionospheredelay, 9| wsthe tropospheredelay, {4 .. isthe offset
of the receiverclockfrom the reference(GPS)ime; ‘H‘1| 4+ .4sthe offsetof the
satellite clock from the reference (GPS)ime; 3F, is the speed of light in
vacuumy , is the carrier nominal wavelength;d | is the carrierphase
ambiguity (integernumber);: , are the measurementoise components,

multipath and other effects;

Computingthe geometricalrange z , betweenthe satelliteandthe receiver
as a function of coordinates of the satellie ¢ HA' A' and

receive @ ' A" gives:

”

® 7 @) U o] U (E.3.B)
Assumingthat there are two receiversa, and b making simultaneous

measurementsat the samenominaltime to satellites1 and 2, the double

differenceobservablebecomes

T

%" %" ! " "( ) "‘ ) "\‘ll "\‘l'
8 _0 0 - (E.3.20

From (E.3.15) clock offsets and hardware biasesof both the satellite and
receivercancelout. Notethat 0 0 isthe singledifferenceambiguities
difference,and can be parameterizedas a new ambiguity paramete 0

0 istherefore an integer asall other non-integer terms causedby clock
offsets and other biasesin the GPScarrier phase observationhas been

eliminated.Thisisthe advantageof the double-differencealgorithm.
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It is alsopossibe to estimatethe double differenceambiguityusinga float
approachinsteadof an integer one. However,accuracywill decreasefrom
cm-levelto dm-level. Therefore,it is standardRTHKpracticeto fix ambiguities
to integerfigures.

Integer AmbiguityResalition:

This is the processof resolvingthe float O NNJA S atabigdiies intd
integer valuesafter the estimatedposition of the receiverantenna(rover),
velocityandfloat singledifferenceO I NNJA ShieHisbeansbtained. It
is done to improve the accuracyand convergenceime. Thebestaccuracy
occurswhen RTKcarrier phaseambiguitiesare fixed to integers. Integer

ambiguitiesare resolvedin the followingways:

a. LAMBDAmethod: The LAMBDAmethod is an efficient searchstrategy
(Teunisseret al., 1995. In RTKLiband extensionof this method called
MLAMBDA(Changet al., 2005) It usesa linear transformationand a
tree-searchalgorithm to reducethe integer vector spaceand obtain
integerambiguitie: andtheir correspondingcovariancematrix “Eg by
eliminatingthe initial phaseterms of the receiverasshownin (E.321)
below:

o AOCI.E o 1 o) (E.3.21)
Where o isthe mostfitting integervector.
The solution =| is validated by comparing the weighted sum of the
squaredresidualsof the secondbest solution o to the besio to a

threshold'Y asstatedin (E.3.21)elow:

Y 2 2 Y (E.322)
(o] (o]
G 1 1 0 (E.3.23)

Finally, (E3.23 is used to obtain the FIXEDposition of the rover
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antenne G and velocity of the receiver antenna  or the FLOAT

solutions of and >if the validation fails.

RTKLib employs four typef integer ambiguity resolubin technique
namely: Continuous, Instantaneous, Fix and Hadd Ambiguity
resolution in PPP (PFAR). In Continuous mode, the static integers are
resolved by estimigng the phase biases continuously, over every epoch
with the aid of a default Kalman Filteuith filter updates from the float
solution only In the Instantaneous modehase bias estimates are
recalculated every epoch. In Fard-Hold, the filter updatas achieved

by using the pseudmeasurements generated by the fixed solution.
(Tim Ever#t, 20219. (E.3.21, E.3.22, and E.3.23) are also used fer Fix
and-Hold method, except that the carrigthase bias DD parameters are

tightly constrained to the fixefde solvedinteger values.

In this research,the Minimum Ratioto Fix Ambiguity will be setto a
default value of 3.0, a minimum fix countof 0 andthe & Gané&l 2 f R ¢
method will be used.The Fix and Hold method will be selected as it
enables the tracking ahoving GNSS receivers (Takabu2007-2013
pgs. 165169).

b. Other methods include Double Difference Ambiguity fixing and
UndifferencedAmbiguityFixing.
(Novate| 202@G; Navipedia2020d; Navipedia202Qe).

3.2.2Wide Area Real Time Kinematics (WARTK)

The WideArea Reallime Kinematics (WARTK) technique was developed by the
gAGE/UPC grougt extends the scale of local area rémhe carrier phase
ambiguity resolution services. This creates wide area services with greater than

100 km baselines.
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For dualand trifrequency systems, WARTK uses an optimal combination of
accurate ionospheric and geodetic models in a permanent reference stations
network.

The range is limited to a few ten of kilometres as a result of differential ionospheric
correction. The usedf ionosphere correction data prevents resolvingeger
ambiguitiesin reaktime thereby limiting accuracy to stdecimetre levelsOne

way to improve accuracy is by using multiple reference stations with shorter
baselines (<20 km). However, a very lagmaount of this stations would be
needed to serve the European region.

To increase the service area of dual andrequency RTK/NRTK systems, optimal
processing of carrigphase GNSS observables and accuratetia ionospherie
correction computatiors are needed. (Navipedia 202(; Navipedia 2020g;
EuropeanGNSS Agencg02().

3.2.3Precise Point Positioning (PPP)

PPP is a positioning technique that provides Hetel accuracy from a single
receiver wihout a base station (WikipediaPD2M). To achiee this, GNSS system
errors are modelled and removed with the aid of satellite clock and orbit
corrections, obtained globally networked reference stations. Satellite or internet
services are used to deliver these corrections to the end users resulting
centimetre-level accuracy (3cm)lhe GNSS observables for a PPP system are
carrier phase and differential delays between different GNSS frequency signals.
Significant convergence time is required to resolve biases and achieve decimetre
level accuracyTo increasepositioning accuragyPPP systems provide corrections
similar to those of an SBAS system. However, users have to pay for these
corrections. Unlike the SBAS system which is regional, PPP systems are global.

Hgure 13 shows the schematic diagram of a iy@l PPP system
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Figurel3. Schematic diagram of a Precise Point Positioning (PPP) System

(Source: NovateR02().
The figure aboveshows the schematic diagram of a PPP system. Data from the

reference station via thénternet are also provided to the GNSS user.

Precise positioningare used inrobotics, autonomous navigation, agriculture,
construction, and mininglts primary weaknesswhen compared to other
conventional consumer GNSS solutions are higher power pimgesquirement,
longer fullaccuracy convergence times of up to tens of minutes, and external
ephemeris correction connections. As a result of this, applications suflbeds
trackingand asset management may not be willing to payaf®PP service ortly
gaina few extra centimetre of precisiotiowever PPP servicamay be useful in
robotic applications where eboard processing power and regular datansfer
are assumed.
The following methods can be used to reduce errors in. PPP

a. DualFrequency Opation: By using a combination of duftequency GNSS

measurements, the firsbrder ionospheric delay can totally be eliminated as

it is proportional to the carrier wave frequency.
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b. External Error Correction Dat&atellite orbit and clock corrections such a
the TerraStar servicd €rraStay2021)from Novatel Hexagon2021)can be
used. The TerraStar service uses Inmarsat satellites to generate and
broadcast corrections to endsers.Other PPP service providers exist such
VERIPOE/ERIPQ2021),andOmniSAR (OmniSTARD21)

c. Tropospheric delay odelling: The UNB3m model, an improved version of
UNB3 isa neutral atmosphere delay model developed by the University of
New Brunswick in Canada. It is used to correct tropospheric delay errors
(Leandroet al.,, 2006).

d. PPP Filter Algorithms: AtKHs used for the PPP estimatiowith an EKF,
states of the psition, receiver clock error, tropospherdelay and carrier
phase ambiguities are estimatedhe algorithmminimizes noise in the
system andachievesentimetre levelpositioning accuracysuccessive GNSS
measurements are used to improve the estimates of the EKF statethaytil
converge to stable and accurate valuksPPP, theonvergence timéor less
than 10cm horizontal error is typicallyetween 20 and40 minutesand
depends on the number of satellites available, satellite geometry, quality of
the correction products, method of correction application,receiver
multipath environment and atmospheric conditions.

ZD (ZereDifference) measurement models:

TheZD (zerdifference) measurement equations similar to the single point
positioning model is used for PPP instead of DD (Dediffierence)
measurement model utilized in RTRhe ZD (zerdifference) measurement
model is stated below:

oy 7 oW o qdY o Y 85 Q - (E.3.24)

¢

e » o®o Qyo Y - (E.3.25)

Wherea  is LKl a Snoflthed 52 y 2 a4 LIK A0t & NS

pseudorangeneasurementsComparingvith (E.3.27)ionospheredelayhas
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been eliminated by using the A 2 y 2 & LIK S CLENovE#NIE2620::
Wikipedia,202M).

3.3 Receiver Autonoaus Integrity MonitoringRAIM)Fault Detection and
Exclusior{FDE)

RAIM is a user receiver algorithm used to ascertain the integrity of the GNSS
solution. To achieve this, the algorithm compares each smoothed pseudorange
measurement with each other to chk for consistencyn satellite measurements

The receiver contains the RAIM algorithm. A minimum of six visible satellites is
required to detect and exclude a satellibausinglarge position errors from the
navigation solution without interruptions.

To achieve this, the RAIM algorithrtakes noise assumptionsand geometry
measurements, probabilities of the maximum false starts allowed, and missed
detections.These metrics are then used to produce tharizontal Protection ével
(HPL)YKaplaret al.,2017)

Before RAIMFDE is applied, the solution has to be validated. From (E.3.12), the
solution is validated ithe normalized squared residudld is less than the chi
square distribution of the number of estirtead parameters and measurements as
shown in (E3.26)f the SSE (sum of squared errors) of a satellite exceed a threshold,

the satelliteis excluded as shown below:

Kl

La & op (E.3.26)
''$/ 0" $0 (E.3.27)
Where the number of estimated parametersi isthe number of measurements
isi ,6 A 0K OKA ma lj dzITNBgre®df fiegdydt-, = {lak» , 8 P8
In RTKLib, with RAHMDE enaleld, the final solution is the minimum normalized

squared residuald’l (see E.3.12f the chisquare test in (E3.28ails.
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3.4GNSS&ccuracy metrics

3.4.1Dilution of Precisiond§OP)

Dilution of precision is termused to characterize the accuna of the position

time solution.There areseparateDOP metricsuch asHDOR; horizontal dilution

of precision VDOR; vertical dilution of precisiofPDOR; position (3D) dilution of
precision TDOPg time dilution of precisionand GDOR; geometric diution of
precision

The Geometric Dilution of precision is ratio of the change in the output location
(the X, y, z position) to the change in the measured data (pseudoranges) at time t.
It is fairly the ratio of position error to range error.

From (E.2,and E.3.} for & & ho iy Fd  the covariance matrif: of the
partial derivative othe pseudranges of x, y and z positioandwith respect to

its receiver clock biag) of the satellitescan be derived:

2
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Note that the positions of the satellites, and clock bias will be estimated by using
satellite ephemerides and clocks from a reference stafidre table below shows

the accuracy ratings for various DOP levels.

Table5. Dilution of Precision (DOP) accuracy ratings

DOP Value  Rating Description

1 Ideal Highest precision and confidentavel in positional

measurements for sensitiv@pplications e.g. Aviation

1-2 Excellent Excellent precision and confidence étin positional
measurements.

2-5 Good Minimum acceptable confidence level for good positional
prediction.

5-10 Moderate Positional measurementsan be used for calculations.

Recommends open sky view, and improvement in fix quality
10-20 Fair Low confdence levebf positional measurementshould be
used only for rough estimation
>20 Poor Poor confidence level of positional measurements with erro
up to 300 meters for a-bneter accuracy device. Discard

measurements.

The table above show variouCP values, their correspondingrating and
description.
DOP statistics from GNSS devices used for this experiments will be observed and

recorded (See Chapter 4).

3.4.2 GNSS Availability

GNSS Availability is the percentagfeime in which the services of aawigation
system is usable. GNSS accuracy is expressed as:
, 000 , (E.3.35)
Where,, isthe positioning accuracy standard deviation, and is the satellite
LJASdzR2NF y3IS YSI adzNB Y SWirio® DARsusly &IHHRBP, RS JA | i
PDOP, GDOP, and VDOP can be used to determine this ac@ilnaggometry of
the satellitesat any given location and time of the day determines the accuracy of
GNSS availability (Kaplanal.,(2017)).
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GNSS&\vailabilityis influenced by GNsSalmanac data, location, date of prediction
(GNSS almanacs are accurate for up to a week), elevation mask angle, terrain
mask, satellite outages, and maximum D@&Bplaret al.,2017).

The desired Accuracy is affected by tthieeshold of the maximum acpgable DOP
value. Hence, the commonly used service availability threshold in GIS performance
a0 yRIFNRa A& | t5ht O6LIRaAAGAZY RAfdziAZ2Y
Defense, Global Positioning System Standard Positioning Service Performance
Standard2008).

For this researchan elevation mask angle of 10 degrees, andaximum DOBf

5.0 will be used. This implies that the reject threshold of GDOP (Geometric
Dilution of precision) is 5.0 for all GNSS devicsnsequently, the GNSS is
declared unavdable if the DOP exceeds 5.0 by the processing software (in our
case, RTKLib)he author experimented with lower GDOP threshold and observed
that lower thresholdbelow 5.0resulted in no signavailability for the Samsung
Galaxy s8 mobile device. Sigraalailability was noticed in the-blox GNSS

receivers at a lower threshold of 1.5.

3.5GNS9®ost processing software

RTKLIB an open source program package for standard and precise positioning with
GNSS (global navigation satellite systeRI)KLIBonsiss of a portable program

library and several APs (application programs) utilizing the library fotinrealand
post-processing. Various processing modes such as Single, DGPS/DGNSS, Kinematic,
Static, MovingBaseline, Fixed, PRematic, PPBtatic and PRFixed are
supported. Standard formats ammtotocols suctas RINEX, RTCM, BINEX, NTRIP 1.0,
NMEA 0183, SR8 ANTEX 1.4, IONEX 1.0, NGS PCV and EMS 2.0 are also supported.
With RTKLIBoroprietary messages from GNSS vendors like NovAbdbx Furuno,

JAVAD, etc. can be read, decoded and processed.

The GNSS post processing mode available in RTKLib are explained below:
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a. Code based Single Point Processing Mod€TiKLIB

RTKLIEBEmploys an iterated weighted LSE (least square estimation) for the
{Ay3f S 6aAyYy At S LRAYG LRAAGAZ2YAY IO Y2R

perform a single point positioning with SBAS corrections, an input SBAS file is
necessary. lonosphere Corremtioptions can be set by applying a broadcast
A2Yy2&8LIKSNRAO Y2RSt = {.1{ A2y 2aLIKSNRO
combination with dual frequencies, Estimate ionospheric parameter STEC
(slant total electron content), broadcast ionosphere model provided b$%Z
or by using IONEX TEC grid data.
I dzaSNJ aK2dz R a4S0i ¢NRLIRALIKSNE / 2NNBOGA2
station positions) parameters by applying the Saastamoinen model, SBAS
tropospheric model (MOPS), Estimate ZTD (zenith total delay) paresrete
EKF states, Estimate ZTD and horizontal gradient parameters as EKF states.

b. Codebased DGPS/DGNSS Processing MoR& iKL1B
The EKF (extended Kalman filteNSS signal measurememd ephemeris
ionosphere and troposphere correction modelse usedto obtain the final
solutionsfor DGPS/DGNSS Process$itugle.

c. Carrierphase Processing ModesRTKLIB
For Carrietphase processing, the following processing modes are supported:
a {U0FGAOY /I NNASNIolFaSR {GlF0A0 LRaAAGAZY .
b. YAYSYI GAOY [/ I NNbsfiohingg  aSR YAYSYIFGAO LI
c.az2z@Ay3amn. asSy az2@Aay3a ol asStAiys
d. Fixed: Rover receiver position is fixed
e. PPP Kinematic: Precise Point Positioning with kinematic mode
f. PPP Static: Precise Point Positioning with static mode
g. PPP Fixed: Rover receiver position is fixed with PPP mode

Fnal solutions for the above processing modes are obtained with the EKF (extended

Kalman filter), and integer ambiguity resolution algorithifisakasuy ., 20072013
pg. 1).
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4. LOW-COST IMPLEMENTATIONSPP SPPEBAS, PPP AND
RTK

GNSS Data were acquiretbrh stationary and dynamic tests at two different
locations over different time periods using various GR&8ivers as shown in Figure

14 and 15espectively.

DATA ACQUISITION

Site B:
Fabrikki Building Rooftop
University of Vaasa
Stationary tests

Site A:
Kvarken Ports Vaasa
Dynamic tests

N N
X RN

Smariphane:
S

3 hours
(EVK-M2T, ZED-F9F, &
Smartphone)

Figureld. Synthetic outline of data acquisition procedures

In the figure above, various GNSS devices such as dual frequdsioyx dEEFOP,
single frequency #lox EVKM8T, and smartphone are used to collect data for a
duration of 19 and 32 minutes during tlilgynamictests at site A,and for 3 lours

during thestationary testsat site B
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Site B:
Stationary tests
(University of Vaasa)

Site A
Dynamic tests
(Kvarken Poris Vaasa)

Figurel5. Google map with KML plots of experiments
(Source: Google Earth Engi2®21 All rights reserved).
In the figure above, Site A is a port test location with high apadth environment

characteristicsand shadowing. Site B is located at the University of Vaasa. The roof

top of Fabrikki building was used to collect static data.
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4.1 Stationary tessetup at University of Vaasa

Staticdatawere obtained from the roof top ofabrikki building athe Universityof
Vaasa. Data collected from all receivéos an observation perio®f 3 hoursas

shown in Table 6

Table6. GNSS Observation Information for stationary tests

LOCATION FABRIKKI BUILDING ROOFTOP, UNIVERSIT
VAASA

Date of observation 02.10.2020

Session length 3 hours(180 minutes)

Time (seconds of the day) 34200¢ 45000

Week number 276

Day number 2 (Tuesday)

GPS Time of Week since 1st epoch 2125

Rover Observation Data GNSS Receivers

Base Station Observation VAA200FIN_R_ 20202760000
_01D_30S_MO.000

Satellite and station clock solution  igs21255.clk

lonospheric Correction igsg2760.20i

EOP (Earth Orientation Parameter: igr21255.erp

Data

SBAS Data 276:PRN12ah00-h23.ems

The table above showmformation on dservation date,session lengthpase

station and correctiomparametersused for stationary tests.

Test Equipment:

a. U-blox ZEBF9R01B00 (C099-9R1-03) Dual Frequency Receiver with Multi
band antenna

b. U-blox EVKM8T-0-01 (NEGM8T-0-10) GNSS Evaluatiort;K$ingle Frequency
receiver.

c. Samsung Galaxy S8 Android 9 Smartphdmedel Number: SM5950F, Buikd
number: PPR1.180610.011.G950FXXU9DTF1

d. Geo++ RINEX 2.1.6 (GNSS data logger for smartphones)
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S8

Figurel6. Stationary test LayoutSide View)

The photo above shows the layout (side view) of the stationary test with various
receivers such as ZHDOP (dual frequency receiver), EMEBT (single frequency

receiver), and Samsung s8 (smartphone).

Stationary
Tests

Figurel?. Statianary test Layout (Top View)
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The photo above shows the layout (top view) of the stationary test with various

receivers such as ZHDOP (dual frequency receiver), EMRT (single frequency

receiver), and Samsung s8 (smartphone).

Ground Truth Estimation:

Themean of fixed (resolved integers) epoch RTK static solutions were used as the

estimatedtrue positionfor the ZEEF9P (dual frequency receiver). Extrapolations

where made for other GNSS devices based on their relative positions to the ZED

FIP aslsown inthe Figure 8 and 19 below:

The XY - Flane
Antemma Location [cm]

28 cm

— ) 188 cm
u-blox ZED-F9P o G

Dual Frequency Receiver

Antenna Location u-blox EVE-MST

—_—————————————— Single Frequency
Lat, Long, Alt: Receiver Antenna Location
63.1038586855268 (Lat N)
21.5933692724158 (Long E)

42 1350992725025 (Alt. U)

63.103858402 (Lat N)
21593366318 (Long E)

Lat, Long, Alt: ‘
41.6138 (AIL. U)

XYZ Coordinates:
2690002 5453 (X)
1064687 2588 (Y)
5665261.9020 (Z) XYZ Coordinates:
2690002 4453 (X)
10646870588 (Y)
5665261.4020 (Z)

63.103868504 (Lat M)
21593338274 (Long E)

Lat, Long, Alt: ‘
41.0197 (Alt. U) )

%
8@ cm 1’\ ‘&)

Samsung Galaxy S8
Mobile device
Antenna Location

XY Z Coordinates:
2690001.745 (X)
1064685 25388 (Y)
5665261 4020 (Z)

Figurel8. Stationary test Layout XY Plane

The figure above shows the layout (XY plane) of the stationary test with various

receivers such as ZHDOP (dual frequency receiver), EMET (single frequety

receiver), and Samsung s8 (smartphone) with their corresponding coordinates

(Latitude, Longitude and Altitude)and horizontal distances (in centimetres)

between each receiver
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The Z - Flane
‘-l ZED F9P
Dual Frequency Receiver
Awtesna Lecation
................................................................................................... FEu
=
g
@
n
bz EVE MIT Samsumy 53 Mobile device
Simple Frequency Awirwna Lecation
Antenma
......................................................................... Y.

Figurel9. Stationary test Layout Z Plane
The figure above shows the layouE plane) of the stationary test with various

receivers such as ZHDOP (dual frequency receiver), EMET (single frequency

receiver), and Samsung s8 (smartphone) witight differencegin centimetres.
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4.2 Dynamic testsetup at Kvarken ports Vaasa

Kinematic (Dynamic) testaere conductedat the harbour witha pedestrian

averagespeed of approximately Bm/h. The environment has high mujpath and

shadowing characteristics.

Data collected from all receivers inding TopcorGNSSeference receiversvere

segmented into observation periods of 19, and 32 minutes to assess accuracy as a

function of observation timas shown in Table Gelow:

Table7. GNSS Observation Information fiynamic ests

LOCATION

Date of observation
Session length
Week number

Day number

GPS Time of Week since 1st epoch
GNSS Reference System
Rover ObservatiorData

Base Station Observation
Satellite orbit solution

Satellite and station clock solution

lonospheric Correction

EOP (Earth Orientation Parameter:

Data
SBAS Data

KVARKEN PORVAASA
24.09.2020

19, and 32 minutes

268

4 (Thursday)

2124

Topcon GNSS Reference Receiver
GNSS Receivers

VAA200FIN_R_20202680000_01D_30S_MO.00c
igs21244.sp3
igs21244.clk

igsg2680.20i
igr21244.erp

268-PRN12h12-h23.ems

The table above shows information on observation date, session length, base

station and correction parameters used for dynamic tests.
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Test Equipmentsee figures 20, 21, and 22 below)

a. A Topcon GNSS Refece Receiver (in motion with other GNSS receivers) from
NoviaUniversity of Applied Sciences.

b. Two (2) ublox ZEEFOR01B00 (C099-9R1-03) Dual Frequency Receivers with
Multi-band antennas for repeatability.

c. U-blox EVKM8T-0-01 (NEGV8T-0-10) GNSS Evalian Kit; Single Frequency
receiver.

d. Samsung Galaxy S8 Android 9 Smartphone, Model NumbeG3@F, Build
number: PPR1.180610.011.G950FXXU9DTF1.

e. Geo++ RINEX 2.1.6 (GNSS data logger for smartphones).

Estimating the ground truth

Comparisons will be made thithe results of the high end Topcon GNSS Reference
Receiver (labelled TPC) and other low cost receivers and smartphones.

Given the high crtevel accuracy of the Topcon GNSS Reference Receivers (Trimble
for post processing), its position will serve as tieference to evaluate all other
NEOSAOBSNBRQ RSNAOSR LR2aAlAizyao
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ublox ZED-F9P-

' Topcon GNSS |
Reference
System

Dynamic tests at Kvarken Ports Vaasa

Figure20. Dynamic tests at Kvarken Ports Vaasa

The photo above shows the layouts (top view, and side view) of the dynamic test

with various receivers such as TopcBNSS reference system, ZE9R(1) (dual
frequency receiver 1), ZHEOR(2) (dual frequency receiver 2), EMIBT (single
frequency receiver), and Samsung Galaxy s8 (smartphbontje lower left end of

the picture, the aerial map of the test site is st
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The XY - Plane
Antenna Location [cm]
erasrsrasrasrErrasraaas o
u-blox ZED-F9P (2)
Dual Freguency Receiver 2
d Antenna Location
Samsung S8 Mobile device
Antenna Location
@ oonnnnnnnnnnonnannonnnnnonnnnnonnonn | RRRERREERERCEEREEE X
H
o
H S
_ = °
2 ]
56.301256 (53.381) cm =
5
u-blox ZED-F9P (1)
Dual Frequency Receiver
Antenna Location
X ~
E k) S oo oo o o Y
o .
gég o ee----=-75.3787 (75.3768) cm E . 2.153%
=4 L : 5
2.2 o) PP 60000 000000000000 000000000000046000000066004060000a004006000000000000000000000006h00a00000000| PEREEREE AXTIETTIT ¥..
=] EE 0
< H = = : 25 m
] 4 . | 5 5 : S
: ublox EVKATFE ™"~ 3= oo P RTEPPREPRRPIPPIPE: e FU A
Single Frequency 5 3 :
Receiver Antenna Location ] : v
.5 : -
i = 41.561 cm - H
- 53.5 m .- H
= i :
H 59.962 cm H
H 75.346 cm H
H 8.5 o

Figure21. Dynamic test Layout XY Plane

The figure above shows the layout (XY plane) of the dynamic test with various
receivers such as Topcon GNSS reference systemFZHD) (dual frequency
receiver 1), ZEBB9R(2) (dwal frequency receiver 2), ENBT (single frequency
receiver), and Samsung Galaxy s8 (smartphar®] horizontal distancegin

centimetres)between each receiver
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The Z - Flane
Antenna Height [em]
wbiex ZFD-FOF (3)
Dwal Frequency Receiver 2
Lacatiom
Tepcan
Refexemce Receiver
Antesma Lacation
w-hlex EVE MET
Simple Fi ] Samvmmg 5 Molile devicr

68 cm

88 cm

248 cm

208 cm

Figure22. Dynamic test Layout Z Plane

The figure above shows thiayout (Z plane) of the dynamic test with various

receivers such as Topcon GNSS reference systemiFZ¥D) (dual frequency

receiver 1), ZEPB9R(2) (dual frequency receiver 2), EMBT (single frequency

receiver), and Samsung Galaxy s8 (smartphomed height differences(in

centimetres)between each receiver
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Device Performancduringdynamic tests

Figure23. Device performance of dual frequentyS O S A & S NBFOR(1JzndZEE %9 5
FIR(2) duringl9 minutesdynamictests

(Source: RTKIMbBRTKPO ).

Figure245 S@A OS LISNF 2 NX I yOS 2 F RdzZFIR(1FaNBZEDzSy O@
FI9R(2) during 32 minutes dynamic tests

(Source: RTKIMBRTKPOS).

Figure23 shows the performance of ubl&EDBFIR(1) (red colour) versus ZEHIR
(2) (purple colour). It is evident that the first ublox device (FRB(1)) experienced
outage problems during the 19 min observation session. Similar behaviour were

observed in all GNSS processing solutions ofPZHDPL) as compared to ZHEDR

&
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(2). As a result, statistical comparison cannot be made betweerF2R[) and
ZEDF9R(2) for a session length of 19 min. Loss of signal was registered during the
32 min observation in areas of signal obstruction, and logad construction works

as shown ini§ure 24. Both devices were available at all time of the experiment. In

all cases, ZEBOQR(1) suffers from greater mufiath due to antenna placement.
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4.3GNS$Slata post processing setup and methods

Varpus tools and methods were employed for GNSS data post processing. Figure

25shows a synthetic outline of these procedures.

DATA PROCESSING

GNSS Reference
Analysis of Accuracy, W &mr‘l:hm
and Availability
SPP, SPP+SBAS, PPP, RTK J ulox ZED-FoPs
ublox EVK-MBT
ublox ZFD-FOP
Analysis of Accuracy 1 i
[SPP. SPP+SEAS, PPF, StaticRT KJ ublox EVECMET
Smariphone
Analysis of Accuracy and 1
{ Availability RAIM v o RAM

Site A:
Kvarken Ports Vaasa
Dynamic tests

GNSS Reference o
19 min

GNSS Reference 32 min SPP, SPP+SBAS, SPP, SPP+SBAS,
PPF, RTK PPF, StaticRTK
RTKLib ‘

MATLAB H ;
= |XE Site B:
‘\ m Fabrikki Building Rooftop

University of Vaasa
Stationary tests

¥y ¥

pel

19 min ..’ 3 hours
- ol r/ (ZED-F9P, EVK-MET, and
32 min » o« Smartphone)

+-

RAIM

Figure25. Synthetic outline of data processing procedures

The figure abovehows the data processingguedures, tools and methods used

for GNSS data processing.

Step 1: RTKLib GNSS Post processing.

Single Positioning (SP), Single Positioning with SBAS (SPP+SBAS), Precise Point
Positioning (PPP), and Réiate Kinematics (RTK) performance evaluation were
performed using RTKLib, a wiklown open source software.

Two sets of posprocessing were carried out: with RAIDE setting enabled, and

without RAIMFDE setting enabled.

For SPP, PPP and RTK, $aastamoinemmodel was selected for troposphere

correctons, while the Broadcast ephemeris was used to reduce ionospheric errors.
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For SPP+SBAS, the SBAS model was used for troposphere and ionosphere
corrections.

TheMinimum elevation angle used for holding ambiguity has been set to 0.

A reject GDOP threshold 6f0 was selected as the standard across all deases
the selection ofa lower GDOP threshold excludab GNS®bservation from the
mobile device.The smoothercombined solution (with forward and backward
Kalman filtersolutiong was used to guarantee fa for every data point in case of
data anomalies, to provide extra validation of results and increase the confidence
of the fix or float solutionWith combined mode, higher fix percentages and fix
confidence is achievable (Tim Everett, 2021b).

To improve thePPP an@RTK solution, a filter iteratioof 1000 was selected for some

casegqseeTable &or more details)

{GSLI vy {GFrGAEGAOKE 1yl fedara gAlK al! ¢[! . nu
MATLAB a weKknown proprietary software was used for data cleaning, and
calculation of Availabty, Horizontal and Vertical errors{&gma: 95% confidence

level). It was also used fgrerforming graphical statistical comparisons amongst

various devices and GNSS processing modes.

{GSL) oY +AadzZ ftATIFGAZY 6AGK aAONRaz2Flise 9EO
Finally, Microsofto EOSt u 61 & dzaSR T2NJ RIGF @Aadza £ AT

visualizations include: analysis of availability, and positioning accuracy.
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Table8. RTKLIB parameters used for data processing

RTKLIB

Parameters

Software Version

Elevation Angle
Observations
Session Length
Time format
Constellations
Troposphere
Ephemeris

IGS Corrections

Refrence Station

Processing modes

RAIM
Ambiguity
Min ratio to fix
ambiguity
Minimum fix
count

Minimum
elevation
ambiguity hold

Filter type

Number of filter

iterations

Dynamic tests

Location: Kvarken Ports Vaasa

RTKLib v. 2.4.3 (RTKCONV, RTKPOS"

10°

L1 and L2

32 min, 19 min

Coordinated Universal Time (UTC)
GPS, GLONASS, Galileo, QZSS, Beidc
Saastamoinen

BroadcastSBAS

Satellite orbit solution, Satellite an
station clock solution, Earth Rotatio
Parameters, and lonospheric correctior
VAA200FIN (Vaasa, FIN)

18.0- 18.3km Baseline

Single with broadcast ephemer
corrections

Single with broadcast and SB¢
ephemers corrections

PPP

RTK

Reject Threshold of GDOP value: 5.0
Fix and hold* (LAMBDA)
3

for integer ambiguity resolution is set t
0

Minimum elevation angle used fo
holding ambiguity has been set to 0.
Smoother combined solution  witt
forward and backward Kalman filte
solutions**

1***(for mobile device) and 1000***(u

blox GNSS receivers)

Footnotes: * RTK, PPP RTK, PRP** RTK, PPP

Stationarytests

Location: Fabrikki Building Rooftop
University of Vaasa

RTKLib v. 2.4.2(RTKPOST);

v.2.4.3 (RTKCONV)

10°

Lland L2

3 hours

GPS Time (GPST)

GPS, GLONASS, Galileo, QZSS, Beid
Saastamoinen

Broadcast, SBAS

Satellite and station clock solution, Ear
Rotation Parameters, and lonospher
corrections.

VAA200FIN (Vaasa, FIN)

18.0- 18.3km Baseline

Single with broadcast ephemeri
corrections
Single with broadcast and SB¢/

ephemeris corrections

PPP

StaticRTK

Reject Threshold of GDOP value: 5.0
Fix and hold* (LAMBDA)

3

for integer ambiguity resolution is set t
0

Minimum elevation angle used fo
holding ambiguity has been set to 0.
Smoother combined solution  with
forward and backward Kalman filte
solutions**

1*** for mobile device and tblox GNSSE

receivers)
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The table abovehows the RTKLib parameters used for GNSS data post processing.
In the table, filter type, numbeof filter iterations, ambiguity method, and reject

threshold of GDOP value are shown.
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4.4 GNS3%requencies used fastationary tests

GNSS receivers use various frequencies in various constellation to generate a PNT
solution. Table9 - 12 showthe constellationsand correspondindrequenciesused

for Positionng, Navigation and Timing (PNT) durstgtionary tests

Table9. GNSS frequencies used in obtaining the PNT solution for stationary&38

LOCATION:ABRIKKI BUILDING ROOFTOP, UNIVERSITY OF VAASA

DURATION OF OBSERVATION 3 hours Observation
Constellation Channel Satellite Vehicle = u-blox u-blox Samsung Galaxy st
Number (SV) ZEDFOP  EVKMS8T
GPS L1C/A G1 - - X
G2 X X -
G3 X X X
G4 X X X
G6 X X X
G8 - - X
& X X X
G10 - - X
G11 - - X
G12 - - X
G17 X X X
G19 X X X
G21 - - X
G22 X X X
G26 - X X
G28 - - X
G31 X X X
G32 - - X
L2CL G1 - - -
G3 X - -
G4 X - -
G6 X - -
€ X - -
G17 X - -
G3L X - -
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The table above shows the GPS channalsd correspondingatellite vehicle

numberusedin obtaining thePNT solutiorfor stationary tests.

Table10. GNSS frequencies used in obtaining the PNT solution for stationésy@sdileo)

LOCATION: FABRIKKI BUILDING ROOFTOP, UNIVERSITY OF VAASA

DURATION OF OBSERVATION 3 hours Observation

Constellation Channel Satellite Vehicle = u-blox u-blox Samsung Galaxy st
Number (SV) ZEDF9P = EVKMS8T

GALILEO E1C El - - -
E4
B
E11
E19
E21
E27
E36

E5BQ E1l

E4
E9
E11
E19
E21
E27
E36

X -

toX X

X X X X
X X X X X

X X X X X X X

The table above shows theal#eo channels and corresponding satellite velac

numberusedin obtaining thePNT solutiorfor stationary tests.
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Table 11. GNSS frequencies used in obtaining the PNT solution for stationary tests
(GLONASS)

LOCATION: FABRIKKI BUILDING ROOFTOP, UNIVERSITY OF VAASA

DURATI® OF OBSERVATION 3 hours Observation

Constellation Channel Satellite Vehicle = u-blox u-blox Samsung Galaxy st
Number (SV) ZEDFOP  EVKMS8T

GLONASS L1OF R1 - -
R2
R3
R7
R8 - -
R9 - -
R10
R11
R12
R17
R18
R19
R23
R24

L20F R1

R2
R3
R8
R11
R12
R18
R19

X X
X X

1 > s 1

X X X X X X X X X X X

X X

1 > > 1
] 1 > >

X X X X

The table above shows thdGNASS8hannels and correspondingatellite vehicle

numberusedin obtaining thePNT solutiorfor stationary tests.
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Tablel2. GNSS frequencies used in obtaining the PNT solution for stationary tests (Beidou
and QZSS)

LOCATION: FABRIKKI BUILDING ROOFTOP, UNIVERSITY OF VAASA

DURAION OF OBSERVATION 3 hours Observation
Constellation Channel Satellite Vehicle = u-blox u-blox Samsung Galaxy st
Number (SV) ZEDFOP  EVKMS8T
BEIDOU B1D1 B6 X - X
B9 X - X
B11 X - X
B16 X - X
B19 - - X
B21 X - X
B22 - - X
B28 X - -
B34 - - X
B36 - - X
B2D1 B6 X - -
B9 X - -
B11l X - -
B14 - - -
B16 X - -
QZSss L2C Q2 X X X

The table above shows thBeidouand QZS$hannels andtheir corresponding

satellite vehicle numbensedin obtaining thePNT solutiorior stationary tests.
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4.5GNS%requencies used for dynamic tests

GNSS receivers use various frequencies in various constedlaiigenerate a PNT
solution. Table 13 ¢ 16 show the constellationsand correspondindrequencies

used for Positioning, Navigati and Timing (PNT) durikgnamic tests

Tablel3. GNSS frequencies used in obtaining the PNT solution for dynami¢G&ss

LOCATIONKVARKEN PORTS VAASA

DURATION OF OBSERVATIC 19 min Observation 32 min Observation

Constelldion
Satellite
Vehicle
Number (SV)
ZEDF9P (1)
ZEDF9P (2)
X X X X X X X \plox
EVKMS8T
Galaxy s8
ZEDF9P (1)
ZEDF9P (2)
EVKMS8T
Galaxy s8

®
w
X X X samsung

0]

T

%)

(I

[N

Q

>

O .

=
X X X y-blox
X XX y-blox

(@)

D
X X X X y-blox
X X X X y-blox

X X X X y-blox

@
o

x

Gl1
G12
G17
G19
G22
G25 -
G31
G32
L2CL G1
G3
G4
G6
G12
G17 X X - -
G25 - - - =
G31 - X - -
G32 - X - -

X X X X X
X X X

>< 1

X X X X X

X X X X X X X X X gamsung

X X
X X X X X X
X X X X X X X

X X X X X
X X X X X

x
X X X X X X X X X X X X X

X X X X X X X X X

The table above shows the GPS channelsd corresponding satellite vehicle

numberusedin obtaining the PNT solutiofor dynamictests.
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Tablel4. GNSS frequencies used in obtaining the PNT solution for dynamic tests (Galileo)

LOCATIONKVARKEN PORTS VAASA

DURATION OF OBSERVATIC( 19 min Observation 32 min Observation

Gonstellation
Channel
Satellite Vehicle
Number (SV)
ZEDF9P (1)
ZEDF9P (2)
EVKMS8T
Samsung
Galaxy s8
ZEDF9P (1)
ZEDF9P (2)
EVKMS8T
Samsung
Galaxy s8

=

Q)
>
C
—
m
O

E1C

m
w
X XX y-blox

m
H
X XX y-blox
X XX y-blox

m
a1

m
©
x

E13
E15
E31
E5b  E1
E3
E5
E9
E13
E15
E31
E5BQ E1
E3
E5
E9
E13
E15
E31

X X X X X X bplox

X X X

x
X X X X X X X X X X plox

X X X X X X X X X

X X X X X X

X X X X X X
X X X X X X X X X X X X X X X X X X X X X _plox

X X X X X X X X X X X X X X X X X

X X X

The table above shows theaBeochannels and corresponding satellite vehicle

numberusedin obtaining the PNT solutidior dynamictests.
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Table 15. GNSS frequencies used in obtaining the PNT solution for dynamic tests
(GLONASS)

LOCATIONKVARKEN PORTS VAASA

DURATION OF OBSERVATIC 19 min Observation 32min Observation
3

s €3 o w ., 2 g o

3 T 23 % . % . B 22 % & & 22

g 8 TE ©SfK 8Kk 83 25 &% 5K s5g 23

S 5 §2 IH TN Ta 88 IH TN Ta &6

GLONASS L10OF R1 X X - X X X - X
R2 X X X X X X X X
R3 - - - - X X - X
R8 X X - X - - - -
R10 - X - - - - - -
R11 - - - - X X - X
R17 X X X X X X - X
R18 X X X X X X X X
R19 - - - - - X - -
R24 X X X X - - - X

L20F R1 X X - - X X - -

R2 X X - - X X - -
R3 - - - - X X - -
R8 X X - - - - - -
R11 - - - - X X - -
R17 X X - - X X - -
R18 X X - - X X - -
R19 - - - - - X - -
R24 X X - - - - - -

The table above shows thd GNAS8hannels and corresponding satellite vehicle

numberusedin obtaining tle PNT solutiofior dynamictests.
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Table16. GNSS frequencies used in obtaining the PNT solution for dynamic tests (Beidou
and QZSS)

LOCATIONKVARKEN PORTS VAASA

DURATION OF OBSERVATIC 19 min Observation 32 min Observation

Constellation
Satellite Vehicle
Number (SV)
ZEDF9P (1)
ZEDF9P (2)
u-blox
EVKMST
Samsung
Galaxy s8
u-blox
ZEDF9P (1)
u-blox
ZEDF9P (2)
u-blox
EVKMST
Samsung
Galaxy s8

o
m
o
(@]
c
e
iy
O
fay
@
=
=
X X u-blox

o)
N
(o))
XXX X yoblox
1 x X 1 1
X X ! x !
X >< 1 1

X X X X X X X
X X '

o8}
N
5]
x
X X X
X X

vs)
w
S
X X X X X

B2D1 B6 =

X
B11 X
B14 X

B16 -
Qzss L2C Q2 -

X X X X X

X X X

The table above shows ttigeidou and QZS$annels and their corresponding

satellite vehicle numbeunsedin obtaining the PNT solutidior dynamictests.
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4.6 Observed DOP statis from GNSS devices

4.6.1 Observed DOP statistics from devices dustagionary tests

Tables 17 and 18 show DOP values registered by the OEM softwaetéu)for

dual frequency and single frequendgvices during stationary tests.

Tablel7. DOP values of Dual frequency device (Jr)ngstationary tests

Device : ZEPB9P

3 hr Observations

Description Minimum Maximum Average Deviation  Unit
Velocity Accuracy @ 0.04 0.16 0.07 0.02 m/s
3D

DOP Horizontal 0.4 0.7 0.5 0 -
DOP Vertical 0.7 1.3 0.8 0.1 -
DOP Geometric 1 1.7 11 0.1 -

The table above shows minimum, maximum and average zDfs of Dual

frequency device (3 hr) during stationary tests.

Tablel8. DOP values of Single frequency device (larngstationary tests

Device : EVKIST

3 hr Observations

Description Minimum Maximum Average Deviation Unit
Velocity Accuracy | 0.01 0.03 0.02 0.01 m/s
3D

DOP Horizontal 0.5 0.8 0.5 0 -
DOP Vertical 0.7 1.2 0.8 0.1 -
DOP Geometric 0.9 1.6 11 0.1 -

Thetable above shows minimum, maximum and average DOP vafugmgle

frequency device (3 hguringstationary tests
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4.6.2 Observed DOP statistics from devices dudggamic tests

Tables 19 24 show DOP values registered by the OEM softwaceter) for

dual frequency and single frequency devidesing dynamic tests

Table19. DOP values of Dual frequen() device (19 mimjuringdynamic tests

Device ZEBF9R(1) 19 min Observations

Description Minimum Maximum Average Deviaton = Unit
Velocity Accuracy @ 0.05 0.23 0.09 0.03 m/s
3D

DOP Horizontal 0.5 0.6 0.5 0

DOP Vertical 0.8 1 0.9 0

DOP Geometric 1 14 11 0

The table above shows minimum, maximum and average DOP values of Dual

frequency(1) device (19 min) during dymac tests.

Table20. DOP values of Dual frequen(3) device (19 min) during dynamic tests

Device : ZEBIR(2) 19 min Observations

Description Minimum Maximum Average Deviation Unit
Velocity Accuracy | 0.04 0.17 0.07 0.02 m/s
3D

DOP Horizontal 0.5 0.6 0.5 0

DOP Vertical 0.8 1.1 0.8 0

DOP Geometric 1 15 1.1 0.1

The table above shows minimum, maximum and average DOP values of Dual

frequency(2) device (19 min) during dynamic tests.
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Table21. DOP values of Single frequency device (19 min) during dynamic tests

Device : ENVKIST 19 min Observations

Description Minimum Maximum Average Deviation Unit
Velocity Accuracy | 0.01 0.2 0.02 0.01 m/s
3D

DOP Horizontal 0.6 2.3 0.7 0.2 -
DOP Vertical 0.8 29 0.9 0.2 -
DOP Geometric 1.1 4.5 1.3 0.3 -

The table above shows minimum, maximum and average DOP \a&l&sgle

frequency device (19 min) during dynamic tests.

Table22. DOP values of Dual frequengdy) device (32 min) durgndynamic tests

Device : ZEPP9R(1) 32 min Observations

Description Minimum Maximum Average Deviation Unit
Velocity Accuracy | 0.05 0.25 0.08 0.02 m/s
3D

DOP Horizontal 0.5 0.9 0.5 0.1 -
DOP Vertical 0.7 1.4 0.8 0.1 -
DOP Geometric 1 1.9 11 0.1 -

The table above shows minimum, maximum and average DOP vafuesal

frequency(1) device (32 min) during dynamic tests.
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Table23. DOP values of Dual frequen(@) device (32 min) during dynamic tests

Device ZEBF9R(2) 32 min Observations

Description Minimum Maximum Average Deviation Unit
Velocity Accuracy @ 0.04 0.13 0.06 0.02 m/s
3D

DOP Horizontal 0.5 0.8 0.5 0 -
DOP Vertical 0.7 1.3 0.8 0.1 -
DOP Geometric 1 1.8 1.1 0.1 -

The table above shows minimum, maximum anegrage DOP values Dual

frequency(2) device (32 min) during dynamic tests.

Table24. DOP values of Single frequency device (32 min) during dynamic tests

Device : EVKIST 32 min Observations

Description Minimum Maximum Average Deviation Unit
Velocity Accuracy 0.01 0.38 0.02 0.02 m/s
3D

DOP Horizontal 0.5 3.4 0.7 0.3 -
DOP Vertical 0.8 5.7 11 0.4 -
DOP Geometric 1.1 8.7 15 0.7 -

The table above shows minimum, maximum and average DOP \a&l&sgle

frequency device (32 m) during dynamic tests.
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5. DISCUSSION

5.1 Statistical analysis and data visualizatiostafionary tests

5.1.1Statisticalanalysisof stationary testaithout RAIMFDE enabled

a. Dual frequency-blox ZEEF9P3 hrstationarytest (without RAIMFDE)

Dual frequency #blox ZEEFIP 3 hr stationary test
(without RAIM-FDE)

4
3.5
3
g 2.5
S 2
i 15
1
05 I
0 [
SPP | SPP+SBAS PPP RTK “';\e}r%ﬂer
m Horizontal error (2D) (95%) [m] 3.6618 3.6205 0.2263 0.0047 1.0775
m Vertical error (95%) [m] 2.5991 3.402 0.7873 0.0024 2.248

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m]

Hgure 26. Data visualisation of dual frequencyblox ZEEFOP 3 hr stationary test
(without RAIMFDE)

From Figure &, it can be observed that 2D and vertical error reduces from code
based positioning techniques to carrghase paitioning techniques. The best
GNSS solution is the RTK solution with a horizontal accura@yl ofcm and

vertical accuracy dd.24cm. More information can be found crable25.
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Table25. Statistical analysis of dual frequeneyplox ZEEFOP 3 hr stationary test
(without RAIMFDE)

GNSS Postrocessing SPP SPP+SBAS PPP u-center
Modes PVT*
Session length =I&s

u-blox ZEBF9P
(without RAIM-FDE)

Horizontal error (2D) [m] 3.6618  3.6205 0.2263 0.0047 1.0775
(95%)

Verticd error [m] (95%) 2.5991 @ 3.4020 0.7873 0.0024 | 2.2480
Horizontal Min [m] 0.0112 0.0155 0.0038 0.0004  0.0078
Horizontal Max [m] 14.3975 7.6567 0.2515 0.0105 1.4971
Horizontal Mean [m] 15340 1.5213 0.1182 0.0018  0.5290
Horizontal SD [m] 1.1200 @ 1.0174 0.0613 0.0015  0.2823

b. Single frequency-blox EVKM8T 3 hr stationary test (without RAINMDE)

Single frequency-blox EVKMS8T 3 hr stationary
test
(without RAIM-FDE)

6
5
E 4
5 3
(T 2
1 il
0 — B
SPP | SPP+SBAS PPP RTK ”;flr%tfr

m Horizontal error (2D) (95%)
[m]

m Vertical error (95%) [m] 3.8213 5.1985 0.4834 0.3074 2.5152

Processing Modes, *except otherwise stated

4.5453 4.701 0.1912 0.5784 1.8913

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m]

Figure27. Data visualisation of single frequencyblox EVKM8T 3 hr stationary test
(without RAIMFDE)
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From Figure 2, it can be oberved that 2D and vertical error reduces from code
based positioning techniques to cardghase positioning techniques. The best
GNSS solution is the RTK solution with a horizontal accuracy of 57.84 cm, and

vertical accuracy of 30.74 cm. More inmimation can be found on Table62

Table 26. Statistical analysis of single frequencyplax EVKMS8T 3 hr stationary test
(without RAIMFDE)

GNSS Postrocessing SPP SPP+SEBBA PPP u-center
Modes PVT*
Session length 3 hrs

u-blox EVKMS8T (without

RAIMFDE)

Horizontal error (2D) [m]  4.5453  4.7010 0.1912 0.5784 1.8913
(95%)

Vertical error [m] (95%) 3.8213 | 5.1985 0.4834 0.3074 | 2.5152
Horizontal Min [m] 0.0299 0.0322 0.0047 0.0070 | 0.0220
Horizontal Max [m] 12.2925 8.3388 0.2236 0.7915 2.9667
Horizontal Mean [m] 2.0555 2.1462 0.0901 0.1774 0.9302

Horizontal SD [m] 1.3097 | 1.3079 0.0511 0.1540 0.5148
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c. SamsungGalaxy s8smartphone 3 hr stationary test (without RAINDE)

Samsung Galaxy s8 smartphone 3 hr stationary test
(without RAIM-FDE)

60
50
— 40
E
§ 30
- 20
10
0 [ |
SPP SPP+SBAS PPP RTK
m Horizontal error (2D) (95%) [m] 26.2239 52.9679 0 2.3884
m Vertical error (95%) [m] 20.6921 29.7152 0 3.0371

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m]

Figure28. Data visualisation of Samsg Galaxy s8 smartphone 3 hr stationary test
(without RAIMFDE)

From Figure &, it can be observed that 2D and vertical error reduces from code
based positioning techniques to cardphase positioning techniques. The best
GNSS solution is the RTK solutigith a horizontal accuracy of 2.39 m, and

vertical accuracy of 3.04 m. More information daafound on Table2
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Table27. Statistical analysis of Samsung Galaxy s8 smartphone 3 hr stationary test
(without RAIMFDE)

GNSS é#5t-Processing Modes SPP SPP+SBAS| PPP
Session length 3 hrs

u-blox Samsung s8 (withou

RAIMFDE)

Horizontal error (2D) [m] 26.2239 52.9679 N/A 2.3884
(95%)

Vertical error [m] (95%) 20.6921 29.7152 N/A 3.0371
Horizontal Min [m] 0.0926 0.3392 N/A 0.4633
Horizontal Max [m] 69.2910 117.7133 N/A 2.4249
Horizontal Mean [m] 10.7473 16.6093 N/A 1.0899
Horizontal SD [m] 7.8315 16.0563 N/A 0.6967

5.1.2Statistical analysis atationary testavith RAIMFDE enabled

a. Dual frequency ublox ZEHEOP G stationary test(with RAIMFDE)

Dual frequency tblox ZEEF9P 3 hr stationary test
(with RAIM-FDE)

4.5
4
. 3.5
= 3
g 25
o 2
i, 15
1
0.5 .
0 u-center
SPP SPP+SBAS PPP RTK PVT*
m Horizontal error (2D) (95%) [m] 3.6587 4.1762 0.2323 0.0043 1.0775
m Vertical error (95%) [m] 2.5976 3.3992 0.7997 0.0022 2.248

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m]

Figure29. Data visualisation of dual frequencyblox ZEEFOP 3 hr stationary test (with
RAIMFDE)
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From Figure @, it can be observed that 2D and vertical error reduces from code

based positining techniques to carrigphase positioning techniques. The best

GNSS solution is the RTK solution with a horizontal accura@yl®fcm and

vertical accuracy dd.2cm. More information can be found on Tablg. 2

Table28. Statstical analysis of dual frequencyblox ZEEF9P 3 hr stationary test (with

RAIMFDE)

GNSS Postrocessing SPP+SBAS PPP

Modes
Session length 3 hrs

u-blox ZEBFI9P  (with
RAIMFDE)

Horizontal error (2D) [m]  3.6587 @ 4.1762
(95%)
Vertical error [m] (95%) 2.5976 | 3.3992

Horizontal Min [m] 0.0047  0.0059
Horizontal Max [m] 14.4049 9.8678
Horizontal Mean [m] 1.5387 1.6617

Horizontd SD [m] 1.1224 1.2676

0.2323

0.7997
0.0064
0.2380
0.1205

0.0615

0.0043

0.0022
0.0004
0.0113
0.0018

0.0014

u-center
PVT*

1.0775

2.2480
0.0078
1.4971
0.5290

0.2823
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b. Singlefrequency ubloXeEVKMS8T 3 hr stationary test(with RAIMFDE)

Single frequency-blox EVKM8T 3 hr stationary
test
(with RAIM-FDE)

6
5
E 4
§ 3
LI 2
1

u-center

SPP SPP+SBAS PPP RTK PVT*
m Horizontal error (2D) (95%) [m] 4.5692 5.0567 0.1908 0.5758 1.8913
m Vertical error (95%) [m] 3.8213 5.1692 0.4869 0.3092 2.5152

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m]

Figure30. Data visualisation of single frequencyblox EVKM8T 3 hr stationary test
(with RAIMFDE)

From Figure30, it can be observed that 2D and vertical error reduces from code
based positioning techniques to cardghase positioning techniques. The best
GNSS solution is the RTK solution with a horizontal accuracy of 57.58 cm, and

vertical accuracy d30.92 cm. More information can be found on Tabg 2
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Table 29. Statistical analysis of single frequencyplox EVKM8T 3 hr stationary test
(with RAIMFDE)

GNSS Postrocessing SPP SPP+SBA PPP u-center
Modes PVT*
Session length 8 hrs

u-blox EVKM8T (with
RAIM)

Horizontal error (2D) [m] 45692  5.0567 0.1908 0.5758 1.8913
(95%)

Vertical error [m] (95%) 3.8269 | 5.1692 0.4869 0.3092 2.5152

Horizontal Min [m] 0.0249 0.0034 0.0112 0.0097 0.0220
Horizontal Max [m] 12.3002 19.7384 | 0.2201 0.7952 2.9667
Horizontal Mean [m] 2.0617 2.3362 0.0916 0.1784 0.9302

Horizontal SD [m] 1.3212  1.5479 0.0500 0.1544 0.5148
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c. Samsung Galaxy s8 smartphonier 3tationary test(with RAIMFDE)

Samsung Galaxy s8 smartphone 3 hr stationary test
(with RAIM-FDE)

45
40
35
30
25
20
15
10

Error (m)

= |
SPP SPP+SBAS PPP RTK

m Horizontal error (2D) (95%) [m] 28.4821 42.2334 0 1.4596
m Vertical error (95%) [m] 22.5707 35.5023 0 2.5507

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m]

Figure31. Data visualisation of Samsung Galaxy s8 smartphone 3 hr stationary test (with
RAIMFDE)

From Figuredl, it can be observed that 2D and vertical error reduces from code
based positioning techniques to cardghase positioning techniques. &lest
GNSS solution is the RTK solution with a horizontal accuratyt®fm and

vertical accuracy d2.55 m More information can be found on Tal86.
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Table30. Statistical analysis of Samsung Galaxy s8 smartphone &tionstry test
(with RAIMFDE)

GNSS Posrocessing Modes SPP SPP+SBAS PPP
Session length 3 hrs

u-blox Samsung s8 (with

RAIM)

Horizontal error (2D) [m] 28.4821 42.2334 N/A 1.4596
(95%)

Vertical error [m] (95%) 22.5707 35.5023 N/A 2.5507
Horizontal Min [m] 0.0943 0.2215 N/A 0.1804
Horizontal Max [m] 106.3466 118.3552 N/A 12.1589
Horizontal Mean [m] 11.4582 15.3874 N/A 1.1658
Horizontal SD [m] 8.9357 13.0185 N/A 2.4776
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5.2 Statistical analysis and data visualizatiordforamic ests
5.2.1Statistical analysis afynamic testavithout RAIMFDE enabled
5.2.1.119 minutesdynamic testgwithout RAIMFDE

a. Dual frequency-bloxZEBF9R(1) 19 mindynamic tesiwithout RAIMFDE

Dual frequency tblox ZEEFIP (1) 19 min dynamic

test
(without RAIM-FDE)
12 120
10 100
(4 ° [ e O\O
8 8 80 2
5 6 60 2
w 4 40 S
z
2 hEm’
0 0
u_
SPP SPAPSJrSB PPP = RTK  center
PVT*
m Horizontal error (2D) (95%) [M]L1.1742 10.7292 4.9955 2.8998 2.2346
m Vertical error (95%) [m] 7.3337 6.6956 4.1008 1.8818 2.1766
e Availability (%) 88.37 8501 36.81 8837 9561

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m] @ Availability (%)

Figure32. Data visualisatioof dual frequency tblox ZEEF9R(1) 19 min dynamic test
(without RAIMFDE)

From Figure2, it can be observed that 2D and vertical error reduces from code
based positioning techniques to cardphase positioning techniques. The best
GNSS solution is¢lRTK solution with a horizontal accuracf . 8m, and vertical

accuracy ofL.9m.

SPP, anBTHKhave equal highest availabiliti@PFhas the lowesavaibbility. SPP
with EGNOS corrected ephemeris (SPP+Siph#g¢dhas a higher accuracy than
SPP asesult of applied ephemeris correctioridore information can be found
on Table31 below:
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Table 31. Statistical analysis of dual frequencyblox ZEEFOR(1) 19 min
dynamic test (without RAINFDE)

GNSS Poftrocessing SPP u-center
Modes PVT*

Sessionength = 11 min
u-blox ZEBFIP (1)
(without RAIMFDE)

Availability (%) 88.37 85.01 36.81 88.37 95.61
(Total no of minutes) | (10.75mins) (10.783mins) | (9.917mins) = (10.75mins) = (11mins)
Seconds of the day 40558 - 40556 - 40570s- 40558 - 4054%-
41203s 41203s 41165s 41203s 41202s
Horizontal error (2D) 11.1742 10.7292 4.9955 2.8998 2.2346
[m] (95%)
Vertical error [m] 7.3337 6.6956 4.1008 1.8818 2.1766
(95%)
Horizontal Min [m] 0.4641 0.1603 0.3088 0.1478 0.3565
Horizontal Max [m] 22.9996 24.0339 8.1674 4.4038 2.7959
Horizontal Mean [m] 4.3029 3.6760 1.9703 1.6962 1.4601
Horizontal SD [m] 3.6299 3.1650 1.2806 0.7107 0.5428
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b. Dual frequency tblox ZEDF9R(2) 19 mindynamic tesi{without RAIMFDE)

Dual frequency tblox ZEEFIP (2) 19 min dynamic

test
(without RAIM-FDE)
12 90
(o}
10 80
° ® o 70
(=)
— 8 . 60 2
S 2
2 403
L >
4 30 2
20
2
II BL°"
0 u- 0
sPp SPAPSJ’SB PPP  RTK  center
PVT*
m Horizontal error (2D) (95%) [m]L0.6144 8.6225 3.4357 | 2.3877 1.9984
m Vertical error (95%) [m] 8.6525 6.189 @ 3.6128 1.9072 0.7044
@ Availability (%) 70.46 73.49 59.43 70.46 85.14

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m] @ Availability (%)

Figure33. Data visualisation of dual frequencyblox ZEEFOR(2) 19 min dynamic test
(without RAIMFDE)

From Figured3, it can be observed that 2D and vertical error reduces from code
based positioning techniques to cardghase posibning techniques. The best
GNSS solution is the RTK solution with a horizontal accuracy of 2.4 m, and vertical
accuracy of 1.9 mSPPand RTK have equal availabilities. PPP has the lowest
availability. SPP with EGNOS corrected ephemeris (SPP+SBAS) regspleed
higher accuracy than SPP as a result of applied ephemeris corredions.

information can be found on TabB&?2 below:
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Table32. Statistical analysis of dual frequencplox ZEEFIR(2) 19 min dynamic test
(without RAIMFDE)

GNSS Poftrocessing SPP u-center
Modes PVT*
Session length = 19 mir

u-blox ZEBFIP (2)
(without RAIMFDE)
Availability (%) 70.46 73.49 59.43 70.46 85.14

Total no of minutes: - - - - -
18.733 min
Seconds of the day:
4054%- 41666s

Horizontal error (2D) 10.6144 8.6525 3.4357 2.3877 1.9984
[m] (95%)

Vertical error [m] (95%) 6.3624 6.1890 3.6128 1.9072 0.7044
Horizontal Min [m] 0.0226 0.0406 0.0488 0.0319 0.0953
Horizontal Max [m] 23.0000 38.9856 10.6033 7.7384 3.0121
Horizontd Mean [m] 2.7034 2.2330 1.4955 0.9163 0.8777

Horizontal SD [m] 3.2617 3.1973 1.0684 0.8093 0.5167
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c. Single fequency ublox EVKM8T 19 mindynamic tesiwithout RAIMFDE)

Single frequency-blox EVKM8T 19 min dynamic

test
(without RAIM-FDE)
50 90
( ]
45 80
40 70
X
—~ % — o 60 2.
£ 30 . £
5 25 I
= 40 =
i 20 g
15 30 Z
5 l 10
0 ° 0
u_
SPP SPAPSJ’SB PPP  RTK  center
PVT*
m Horizontal error (2D) (95%) [m[L7.9191 16.6664 0 11.4987 47.3788
m Vertical error (95%) [m] 12.382  13.6268 0 11.4579 9.2675
@ Availability (%) 58.86 52 0 58.77  85.14

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m] @ Availability (%)

Figure34. Data visualisation of single fregouey ublox EVKM8T 19 min dynamic test
(without RAIMFDE)

From Figured4, it can be observed that 2D and vertical error reduces from code
based positioning techniques to cardghase positioning techniques. The best
GNSS solution is the RTK solution vatimorizontal accuracy daf1.5m, and

vertical accuracy df1.5m.

PPRs unavailableSPP with EGNOS corrected ephemeris (SPP+SBAS) applied has
a higher accuracy than SPP as a result of applied ephemeris corredfiores.

information can be found on TabB3 below:
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Table33. Statistical analysis of single frequencplax EVKM8T 19 min dynamic test
(without RAIMFDE)

GNSS Poftrocessing SPP
Modes
Session length = 19 mir

u-blox EVKM8T
(without RAIMFDE)

Availability (%) 58.86 52.00 N/A 58.77 85.14

(Total no of minutes) (18.717 min) | (18.717 min) = N/A (18.717 min) | (18.733 min)

Seconds of the day 40543 - 40543- 40543 - 4054%-
416665 41666s 416665 416665s
Horizontal error (2D) 17.9191 16.6664 N/A 11.4987 47.3788
[m] (95%)
Vertical error [m] (95%) 12.3820 13.6268 N/A 11.4579 9.2675
Horizontal Min [m] 0.2615 0.1619 N/A 0.0161 0.8799
Horizontal Max [m] 28.6561 35.8383 N/A 20.6858 71.5538
Horizontal Mean [m] 7.6662 7.5601 N/A 4.2492 21.4407
Horizontal SD [m] 5.1471 0.0074 N/A 3.2921 15.5471

d. Samsung Galaxy s&artphonel9 mindynamic tesiwithout RAIMFDE

Samsung Galaxy s8 smartphone 19 min dynamic test
(without RAIM-FDE)

70 20
[ 18
60 16 S
A 50 14 >
~ 40 12 =
5 10 g
= 30 8 T
w 20 6 >
4 <
10 2
0 e 0
SPP SPP+SBAS PPP RTK
m Horizontal error (2D) (95%) [m] 54.4937 @ 60.5431 0 58.3557
m Vertical error (95%) [m] 47.3246 = 38.3302 0 50.8989
@ Availability (%) 11.85 18.17 0 8.35

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] = Vertical error (95%) [m] @ Availability (%)

Figure35. Data visualisation of Samsung Galaxy s8 smartphone 19 min dynamic test
(without RAIMFDE)
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From Figre 35, it can be observed that 2D and vertical error reduces from code
based positioning techniques to cardghase positioning techniques. The best
GNSS solution is the RTK solution with a horizontal accuracy of 54.5 m, and
vertical accuracy of 47.3 rRPP is unavailable. More information can be found
on Table34 below:

Table 34. Statistical analysis of Samsung Galaxy s8 smartphone 19 min dynamic test
(without RAIMFDE)

GNSS Posftrocessing Modes SPP
Session length = 19 min

Samsungdsalaxy s§without

RAIMFDE)

Availability (%) 11.85 18.17 N/A 8.35

(Total no of minutes) (18.567 min) (18.717 min) N/A (18.567 min)
Seconds of the day 4054%-41665s = 40543-41666s 4054%- 41665s
Horizontal error (2D) [m] 54.4937 60.5431 N/A 58.3557

(95%)

Vertical error [m] (95%) 47.3246 38.3302 N/A 50.8989
Horizontal Min [m] 2.6721 2.2239 N/A 0.7116
Horizontal Max [m] 158.5248 92.2811 N/A 126.5632
Horizontal Mean [m] 24.0751 26.3720 N/A 21.3158

Horizontal SD [m] 19.1180 17.5709 N/A 23.4858
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5.2.1.232 minutesdynamic testgwithout RAIMFDE
a. Dual frequency tbloxZEBFIR(1) 32 mindynamic testwithout RAIMFDE
Dual frequency tblox ZEEF9P (1) 32 min

observation
(without RAIM-FDE)

14 90
12 o 80
70 ¢
—_ 10 ® S
E . 5 ° 60 :2,
= ° 50 3
g 6 40 (—%
w 30 >
4
. 5
; ooy
0 Hm 0
u_
SPP SPAPSJ'SB PPP  RTK  center
PVT*
m Horizontal error (2D) (95%) [m]12.2803 8.1772  1.3921 3.249  2.5309
m Vertical error (95%) [m] 7.137 5.1497 1.0445 3.3823 2.1486
@ Availability (%) 56.4 = 62.65 46.15 56.4 = 76.48

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m] @ Availability (%)

Figure36. Data visualisation of dual frequencyblox ZEEF9R(1) 32 mindynamic test
(without RAIMFDE)

From Figure 8, it can be observed that 2D and vertical error reduces from code
based positioning techniques to cardphase positioning techniques. The best
GNSS solution is the RTK solution with a horizontal accur@crof and vertical

accuracy oB.4m. More information can be found on Tal38 below:
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Table35. Statistical analysis of dual frequencplox ZEEFIR(1) 32 min dynamic test
(without RAIMFDE)

GNSS Poftrocessing SPP u-center
Modes PVT*

Sesion length = 31 min
u-blox ZEBFOR(1)
(without RAIMFDE)

Availability (%) 56.4 62.65 46.15 56.4 76.48
(Total no of minutes) | (30.967 min) | (30.967 min) = (0.21667 @ (30.967 (30.967 min)
Seconds of the day 4196%- 4196%- min) min) 4196%-
43827s 43827s 42293s- | 4196%- 43827s
42306s | 43827s
Horizontal error (2D) 12.2803 8.1772 1.3921 3.2490 2.5309
[m] (95%)
Vertical error [m] (95%) 7.1370 5.1497 1.0445 3.3823 2.1486
Horizontal Min [m] 0.0364 0.0822 0.2163 0.0837 0.1808
Horizontal Max [m] 22.0487 19.0137 1.3921 43.3517 3.6655
Horizontal Mean [m] 4.5063 3.2248 0.9080 1.9909 1.4644
Horizontal SD [m] 3.4768 2.3696 0.4905 1.8863 0.5531
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b. Dual frequency tblox ZEDF9P(2) 32 mindynamic tesiwithout RAIMFDE

Dual frequency #blox ZEEFIP (2) 32 min dynamic

test
(without RAIM-FDE)
12 80
e
10 ° 70
e ] 60 X
T 8 50 2
§ 6 40 ﬁ
w 4 309
II 20 <
2
10
. H =
SPP+SB u-center
SPP AS PPP RTK oo
m Horizontal error (2D) (95%) [m]10.2117 6.6761 3.6397 1.752 @ 1.7186
m Vertical error (95%) [m] 6.1057 4.2692 3.7639 2.2641 1.1877
@ Availability (%) 59.95 67.92 58.66 59.74 73.36

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m] @ Availability (%)

Figure37. Data visualisation of dual frequencyblox ZEEF9R(2) 32 min dynamic test
(without RAIMFDE)

From Figure 3, it can be observed that 2D and vertical error reduces from code
based positioning techniques to cardphase positioning techniques. The best
GNSS solution is the RTK solution with a horizontal accuracy of 1.75 m. More

information can be found on Tab86 below:
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Table36. Statistical analysis of dual frequencyplox ZEEFIR(2) 32min dynamic test
(without RAIMFDE)

GNSS Poftrocessing SPP u-center
Modes PVT*

Session length = 32 mir
u-blox ZEBFOR(2)
(without RAIMFDE)

Availability (%) 59.95 67.92 58.66 59.74 73.36
(Total no of minutes) | (32.417 min) = (30.967 min) | (29.917m (32.417 (32.467 min)
Seconds of the day 4188%- 4196%- in) min) 4187%-
43827s 43827s 4203%- | 4188%- 43827s
43827s | 43827s
Horizontal error (2D) 10.2117 6.6761 3.6397 1.7520 1.7186
[m] (95%)
Vertical error [m] (95%) 6.1057 4.2692 3.7639 | 2.2641 1.1877
Horizontal Min [m] 0.0603 0.0149 0.0810 0.0415 0.1004
Horizontal Max [m] 20.2629 18.2723 12.4929 | 20.2089 2.3677
Horizontal Mean [m] 2.4984 1.6828 1.7479 0.9114 0.9022
Horizontal SD [m] 3.2359 2.1966 1.1665 0.9492 0.4583
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c. Singlefrequency ublox EVKM8T 32 mindynamic tesiwithout RAIMFDE

Single frequency-blox EVKM8T 32 min dynamic

test
(without RAIM-FDE)
70 90
60 L 80
70
50 X
- 60 2.
- 40 o o 50 %
thJ 30 40 =
30 2
20
20
" . L L] o
0 ° 0
u_
SPP SPAPS+SB PPP = RTK  center
PVT*
m Horizontal error (2D) (95%) [M]L5.9325 17.2853 0  10.3386 64.9812
m Vertical error (95%) [m] 10.4225 9.6959 0  9.6263 16.9946
e Availability (%) 51.75 53.33 0 51.75  78.59

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m] @ Availability (%)

Figure38. Data visualisation of single frequencyplox EVKM8T 32 min dynamic test

(without RAIMFDE)

From Figure 8, it can be observed that 2D and vertical@rreduces from code

based positioning techniques to cardghase positioning techniques. The best

GNSS solution is the RTK solution with a horizontal accurat wf. More

information can be found on Tabl& ®elow:
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Table37. Statistical analysis of single frequencplax EVKMBT 32 min dynamic test
(without RAIMFDE)

GNSS Poftrocessing SPP u-center
Modes PVT*
Session length = 32 mir

u-blox EVKM8T
(without RAIMFDE)
Availability (%) 51.75 53.33 N/A 51.75 78.59

(Total no of minutes) | (32.467 min) | (30.283 min) = N/A (32.467 min) = (32.467 min)

Seconds of the day 4187%- 4187%- 4187%- 4187%-
43827s 43696s 43827s 43827s
Horizontal error (2D) 15.9325 17.2853 N/A 10.3386 64.9812
[m] (95%)
Vertical eror [m] (95%) 10.4225 9.6959 N/A 9.6263 16.9946
Horizontal Min [m] 0.2407 0.1813 N/A 0.0819 0.1521
Horizontal Max [m] 29.9689 36.5528 N/A 22.6997 82.9715
Horizontal Mean [m] 6.3606 7.1528 N/A 3.7874 15.9806
Horizontal SD [m] 4.4767 5.2466 N/A 3.2239 182042

d. Samsungsalaxy 8 smartphone32 mindynamic tesiwithout RAIMFDE

Samsung Galaxy s8 smartphone 32 min dynamic test
(without RAIMFDE)
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0 ° 0
SPP  SPP+SBAS PPP RTK
m Horizontal error (2D) (95%) [m] 65.2538 @ 43.9789 0 73.9476
m Vertical error (95%) [m] 50.8149 53.3029 0 70.9055
® Availability (%) 8.3 5.85 0 5.41

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] = Vertical error (95%) [m] @ Availability (%)

Figure39. Data visualisation of Samsung Galaxy s8 smartphone 32 min dynamic test
(without RAIMFDE)
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From Figure 8, it can be observed that 2D and vesl error reduces from code
based positioning techniques to cardghase positioning techniques. The best
GNSS solution is the SPP+SBAS solution with a horizontal accuracy of 44 m. More

information can be found on Tabl&8®elow:

Table 38. Statistical analysis of Samsung Galaxy s8 smartphone 32 min dynamic test
(without RAIMFDE)

GNSS Poftrocessing Modes SPP
Session length =28 min

Samsung Galaxy g&ithout
RAIMFDE)

Availability (%) 8.3 5.85 N/A 5.41

(Totd no of minutes) (24.3 min) (23.633 min) N/A (24.05 min)
Seconds of the day 42015%-43473s | 42094%-43512s 42015 - 43458s
Horizontal error (2D) [m] 65.2538 43.9789 N/A 73.9476

(95%)

Vertical error [m] (95%) 50.8149 53.3029 N/A 70.9055
Horizontal Min[m] 1.5519 0.7357 N/A 3.6593
Horizontal Max [m] 92.3091 64.6034 N/A 216.4757
Horizontal Mean [m] 28.9345 23.2717 N/A 24.9580

Horizontal SD [m] 19.6875 12.3138 N/A 29.4890
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5.2.2 Statistical analysis afynamic testwith RAIMFDE enabled
5.22.1 19 minuteslynamic testgwith RAIMFDE

a. Dual frequency tbloxZEBF9R(1) 19 mindynamic tes{with RAIMFDE

Dual frequency #blox ZEEFIP (1) 19 min dynamic

test
(with RAIMFDE)
12 120
10 s - 1000\0
8 8 80 2
5 6 60 3
| 4 40 g
<
i Bm
0 0
u_
SPP SZPS+SB PPP = RTK  center
PVT*
1 0,
= Horizontal [e;:]or (2D) (95%)1( 6047 10.7513 4.8611 2.9158 2.2346

m Vertical error (95%) [m] 6.9124 7.5617 3.7296 2.8521 2.1766
@ Availability (%) 9395 9486 43.02 9395 95.61

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m] @ Availability (%)

Figure40. Data visualisation of dual frequencyblox ZEEFOR(1) 19 min dynamic test
(with RAIMFDE)

From Figre 40, it can be observed that 2D and vertical error reduces from code
based positioning techniques to cardphase positioning techniques. The best
GNSS solution is theTKsolution with a horizontal accuracy @9 m. More

information can be found onable P below:
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Table39. Statistical analysis of dual frequencplox ZEEFIR(1) 19 min dynamic test
(with RAIMFDE)

GNSS Poftrocessing  SPP u-center
Modes PVT*

Session length = 11 mil
u-blox ZEBF9R(1)
(with RAIMFDE)

Availability (%) 93.95 94.86 43.02 93.95 95.61
(Total no of minutes) = (11.017 min) = (11.017 min) | (10.38 (11.017 (21 min)
Seconds of the day 405425 40542s min) min) 40542s
41203s 41203s 40542s 40542s 41202s
41165s 41203s
Horizontalerror (2D) 10.6947 10.7513 4.8611 2.9158 2.2346
[m] (95%)
Vertical error [m] 6.9124 7.5617 3.7296 2.8521 2.1766
(95%)
Horizontal Min [m] 0.3649 0.816 0.0726 0.1326 0.3565
Horizontal Max [m] 22.9200 24.0604 2.3412 4.3154 2.7959
Horizontal Mean [m] 4.33093 3.7000 1.2487 1.6792 1.4601

Horizontal SD [m] 3.5227 3.1857 0.0059 0.7062 0.5428
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b. Dual frequency #loxZEBFIR(2) 19 mindynamic tesiwith RAIMFDE

Dual frequency tblox ZEEFIP (2) 19 min dynamic

test
(With RAII\/I-FDE)
14 . 90
°
0 . 70 <
£ €0 >
= 8 50 =
g 6 40 8
(1] 30 g
4 <
I i
2 L
0 L 0
u_
SPP SPAPS“LSB PPP  RTK  center
PVT*
m Horizontal error (2D) (95%) [m]11.9644 11.3036 3.5341 3.0518 1.9984
m Vertical error (95%) [m] 7.7931  7.7497 3.7987 2.6606 0.7044
® Availability (%) 78.91 8416 66.28 78.47  85.14

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m] @ Availability (%)

Figure41. Data visualisation of dual frequencyblox ZEEFOR(2) 19 min dynamic test
(with RAIMFDE)

From Figurell, it can be observed that 2D and vertical error reduces from code
based positioning techniques to cardghase positioning techniques. The best
GNSS solution is the RTK solution with a horizontalracg of1.9 m. More

information can be found on Tab#® below:
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Table40. Statistical analysis of dual frequencplox ZEEFIR(2) 19 min dynamic test
(with RAIMFDE)

GNSS Poftrocessing  SPP u-center
Modes PVT*

Session length = 19 mil
u-blox ZEBFIR(2)
(with RAIMFDE)

Availability (%) 78.91 84.16 66.28 78.47 85.14
Total no of minutes: - - - - -
18.733 min

Seconds of the day:

40542s- 41666s

Horizontal error (2D)  11.9644 11.3036 3.5341 3.0518 1.9984
[m] (95%)

Vertical error [m] 7.7931 7.7497 3.7987 2.6606 0.7044
(95%)

Horizontal Min [m] 0.0433 0.0775 0.0126 0.0510 0.0953
Horizontal Max [m] 35.2124 40.4764 10.4631 | 9.6137 3.0121
Horizontal Mean [m] 3.4234 3.1020 1.5641 1.0879 0.8777
Horizontal SIm] 4.1696 4.8369 1.1175 0.9611 0.5167




124

c. Single frequency-blox EVKM8T 19 mirdynamic tesiwith RAIMFDE

Single frequency-blox EVKMS8T 19 min dynamic

test
(with RAIM-FDE)
50 o 90
45 . . . 80
;10 70
= 5 60 >
£ 30 =
= 50 5
< 25 40 8
= 20 T
w 30 >
15 <
5 10
0 o U 0
SPP SPAPSJ’SB PPP  RTK  center
PVT*
m Horizontal error (2D) (95%) [m]L9.4488 20.0655 0 12.7335 47.3788
m Vertical error (95%) [m] 13.0522 14.9579 0 13.0387 9.2675
@ Availability (%) 76.69  77.76 0 76.6  85.14

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m] @ Availability (%)

Figure42. Data visualisation of single frequencyblox EVKM8T 19 min dynamic test
(with RAIMFDE)

From Figre 42, it can be observed that 2D and vertical error reduces from code
based positioning techniques to cardghase positioning techniques. The best
GNSS solution is the RTK solution with a horizontal accuracy of 12.7 m. More

information can be found oifable41 below:
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Table41. Statistical analysis of single frequencplax EVKM8T 19 min dynamic test
(with RAIMFDE)

GNSS Poftrocessing u-center
Modes PVT*

Session length = 19 mit
u-blox EVKMS8T (with

RAIMFDE)

Availability (%) 76.69 77.76 N/A 76.60 85.14
Total no of minutes: - - - - -
18.733 min

Seconds of the day:

40542s- 41666s

Horizontal error (2D) 19.4488 20.0655 N/A 12.7335 47.3788
[m] (95%)

Vertical error [m] 13.0522 14.9579 N/A 13.0387 9.2675
(95%)

Horizontal Min [m] 0.2770 0.2824 N/A 0.1026 0.8799
Horizontal Max [m] 30.3670 63.9454 N/A 29.5780 71.5538
Horizontal Mean [m] 8.2615 8.6353 N/A 4.6321 21.4407
Horizontal SD [m] 5.5095 6.5517 N/A 3.7258 15.5471
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d. Samsung Galaxy s&artphonel9 mindynamic tesi{with RAIMFDE

Samsung Galaxy s8 smartphone 19 min dynamic test
(with RAIM-FDE)
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SPP SPP+SBAS PPP RTK
m Horizontal error (2D) (95%) [m] 75.9143  69.0277 0 58.1326
m Vertical error (95%) [m] 54.4539  41.6751 0 55.0309
@ Availability (%) 43.95 50.94 0 31.7

Processing Modes

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m] @ Availability (%)

Figure43. Data visualisation of Samsung Galaxy s8 smartphone 19 min dynamic test
(with RAIMFDE)

From Figurel3, it can be observed that 2D and vertical error reduces from code
based positioning techniques to carriphase positioning techniques. The best
GNSS solution is the RTK solution with a horizontal accuracy of 58 m. More

information can be found on Tabl2 below:
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Table42. Statistical analsis of Samsung Galaxy s8 smartphone 19 min dynamic test
(with RAIMFDE)

GNSS Postrocessing
Modes

Session length = 19 min
Samsung Galaxy g&ith
RAIMFDE)

Availability (%) 43.95 50.94 N/A 31.70
Total no of minutes: (18.733 min) (18.683 min) N/A (18.717 min)
18.733 min 4054%-41666s = 4054%-41663s 4054%- 41665s

Seconds of the day:
4054%- 41666s

Horizontal error (2D) [m] 75.9143 69.0277 N/A 58.1326
(95%)

Vertical error [m] (95%) 54.4539 41.6751 N/A 55.0309
Horizontal M [m] 1.5029 1.9221 N/A 0.8391
Horizontal Max [m] 162.3666 157.8586 N/A 133.5729
Horizontal Mean [m] 29.8387 29.8777 N/A 19.7137

Horizontal SD [m] 23.6040 20.9410 N/A 19.6326
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5.2.2.232 minutesdynamic testgwith RAIMFDE

a. Dual frequency #blox ZEBF9R(1) 32 mindynamic tesiwith RAIMFDE

Dual frequency tblox ZEEF9P (1) 32 min dynamic

test
(with RAIM-FDE)
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— ) o]
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u_
SPP SZP;SB PPP = RTK center
PVT*
m Horizontal error (2D) (95%) [M]12.9675 10.1835 1.3896 3.374 2.5309
m Vertical error (95%) [m] 8.4235 7.3206 1.0407 4.444 2.1486
@ Availability (%) 641 7217 4615 641  76.48

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m] @ Availability (%)

Figure44. Data visualisation of dual frequencyblox ZEEF9R(1) 32 min dynamic test
(with RAIMFDE)

From Figurel4, it can be observed that 2D and vertical error reducemfoode
based positioning techniques to carrphase pogioning techniquesSPP with
EGNOS corrected ephemeris improves the SPP sollMiore information can
be found on Tabld3 below:
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Table43. Statistical analysis of duakfjuency ublox ZEEFI9R(1) 32 min dynamic test
(with RAIMFDE)

GNSS Poftrocessing SPP u-center
Modes PVT*
Session length = 31

min
u-blox ZEBFIR(1)
(with RAIMFDE)

Availability (%) 64.10 72.17 46.15 64.10 76.48
(Total no of mirutes) | (30.967 min) | (30.967 min) = (0.21667  (30.967 min) | (30.967 min)
min)

Seconds of the day 4196%- 4196%- 42293- 4196%- 4196%-
43827s 43827s 42306s 43827s 43827s

Horizontal error (2D) = 12.9675 10.1835 1.3896 3.3740 2.5309

[m] (95%)

Verticalerror [m] 8.4235 7.3206 1.0407 4.4440 2.1486

(95%)

Horizontal Min [m] 0.0327 0.0394 0.2183 0.1509 0.1808

Horizontal Max [m] 25.6795 55.4417 1.3896 11.7832 3.6655

Horizontal Mean [m] = 4.8292 3.6899 0.9054 1.9829 1.4644

Horizontal SD [m] 3.7625 4.1236 0.4888 0.9810 0.5531
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b. Dual frequency #loxZEBFIR(2) 32 mindynamic tesiwith RAIMFDE

Dual frequency tblox ZEEFIP (2) 32 min dynamic

test
(with RAIM-EDE)
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m Horizontal error (2D) (95%) [m]12.4286 9.0031 3.8328 1.8557 1.7186
m Vertical error (95%) [m] 71386 6.8102 4.0276 23572 1.1877
@ Availability (%) 66.89 71 61.4  66.68 73.36

Processing Modes, *except otherwise stated

m Horizontal error (2D) (95%) [m] = Vertical error (95%) [m] @ Availability (%)

Figure45. Data visualisation of dual frequencyblox ZEEF9R(2) 32 min dynamic test
(with RAIMFDE)

From Figurel5, it can beobserved that 2D and vertical error reduces from code
based positioning techniques to carriphase positioning techniques. SPP with
EGNOS corrected ephemeris improves the SPP solution. More information can
be found on Tabld4 below:
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Table44. Statistical analysis of dual frequencplox ZEEFIR(2) 32 min dynamic test
(with RAIMFDE)

GNSS Poftrocessing SPP u-center
Modes PVT*
Session length = 32

min
u-blox ZEBFOR(2)
(with RAIMFDE)

Availability (%) 66.89 71 61.40 66.68 73.36
Total no of minutes: - - - - -
32.467 min

Seconds of the day:

4187%¢ 43827s

Horizontal error (2D)  12.4286 9.0031 3.8328 1.8557 1.7186
[m] (95%)

Vertical error [m] 7.1386 6.8102 4.0276 2.3572 1.1877
(95%)

Horizontal Min [nj 0.0154 0.0179 0.0440 0.0753 0.1004
Horizontal Max [m] 22.5372 34.7969 12.8158 9.7283 2.3677
Horizontal Mean [m] 3.0165 2.4730 1.8039 0.9111 0.9022
Horizontal SD [m] 3.7582 4.4401 1.2282 0.6239 0.4583
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c. Single frequency-blox EVKM8T 32 mirdynamic testwith RAIMFDE

Single frequency-blox EVKM8T 32 min dynamic

test
(with RAIM-FDE)
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PVT*
m Horizontal error (2D) (95%) [m]L7.5023 23.5863 0 11.3508 64.9812
m Vertical error (95%) [m] 12.6994 15.1027 O 9.3176 16.9946
@ Availability (%) 63.45 69.05 0 63.45 78.59

Processing Modes
m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m] @ Availability (%)
Figure46. Data visualisation adingle frequencw-blox EVKM8T 32 min dynamic test
(with RAIMFDE)

From Figure @, it can be observed that 2D and vertical error reduces from code
based positionindechniques to carriephase positioning techniquesith the

RTK as the besblution More information can be found on Tabi®& below:



133

Table45. Statistical analysis of single frequencplax EVKM8T 32 min dynamic test
(with RAIMFDE)

GNSS Poftrocessing SPP u-center
Modes PVT*
Session length = 32

min
u-blox EVKMS8T (with
RAIMFDE)

Availability (%) 63.45 69.05 N/A 63.45 78.59
(Total no of minutes) | (32.467 min) @ (32467 min) = N/A (32.467 min) (30.283 min)
Seconds of the day 4187%¢ 4187%¢ 4187%¢ 4187%¢
43827s 43827s 43827s 43696s
Horizontal error (2D)  17.5023 23.5863 N/A 11.3508 64.9812
[m] (95%)
Vertical error [m] 12.6994 15.1027 N/A 9.3176 16.9946
(95%)
Horizontal Min [m] 0.1671 0.1252 N/A 0.0640 0.1521
Horizontal Max [m] 30.9783 46.1038 N/A 26.6344 82.9715
Horizontal Mean [m] 7.1657 8.3245 N/A 4.1420 15.9806
Horizontal SD [m] 5.1438 6.8751 N/A 3.7120 18.2042
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d. Samsung Galaxy s&artphone32 mindynamic tesiwith RAIMFDE

Samsung Galaxy s8 smartphone 32 min dynamic
test
(with RAIM-FDE)
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m Horizontal error (2D) (95%)

[m] 82.1276 55.0874 0 113.9631
m Vertical error (95%) [m] 65.477 74.3787 0 103.633
® Availability (%) 33.06 15.58 0 18.11

Processing Modes

m Horizontal error (2D) (95%) [m] m Vertical error (95%) [m] @ Availability (%)

Figure47. Data visualisation of Samsung Galaxy s8 smartphone 32 min dynamic test
(with RAIMFDE)

From Figure 4, the best solution is SFSBASHIigher processing techniques do
not improve the quality of the GNSS solutidore information can be found on
Table 4 below:



Table 46. Statistical analysis of Samsung Galaxy s8 smartphone 32 min dynamic test

(with RAIMFDE)

GNSS Postrocessing
Modes

Session length = 32 min
Samsung Galaxy g&ith
RAIMFLE)
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Availability (%) 33.06 15.58 N/A 18.11

(Total no of minutes) (28.683 min) (26.633 min) N/A (28.433 min)
Seconds of the day 4196% ¢ 43690s  42094¢ 43692s 4196% ¢ 43675s
Horizontal error (2D) [m] 82.1276 55.0874 N/A 113.9631

(95%)

Vertical error [m] (95%) 65.4770 74.3787 N/A 103.6330
Horizontal Min [m] 0.1480 0.2838 N/A 0.5552
Horizontal Max [m] 154.8628 144.1454 N/A 175.4149
Horizontal Mean [m] 32.6425 25.9279 N/A 27.5699
Horizontal SD [m] 25.4448 17.5574 N/A 32.%40
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5.3 Analysis of positioning accuracy &iationary tests

5.3.1 Analysis ofpositioning accuracydeviceto-device comparisonsfor stationary

tests
Positioning Accuracy 3 hr stationary test
Dual frequency ZEB9P vs single frequency EMRT
vs Samsung Galaxy s8 smartphone
(without RAIM-FDE)
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u-blox ZED- u-blox EVK- Samsung
FOP 2D FoP MsT 2D M8T = Galaxysg GV S8
vertical vertical vertical
error error 2D error
error error error
m SPP 3.6618 2.5991 4.5453 3.8213 = 26.2239  20.6921
mSPP+SBAS = 3.6205 3.402 4.701 5.1985 = 52.9679 = 29.7152
= PPP 0.2263 0.7873 0.1912 0.4834 0 0
RTK 0.0047 0.0024 0.5784 0.3074 2.3884 3.0371
m u-center PVT*  1.0775 2.248 1.8913 2.5152 0 0

Processing modes

u SPP m SPP+SBA3s PPP m RTK mu-center PVT*

Figure48. Positioning accuracy 3 hr stationary test for dual fregey vs single frequency
vs smartphone (without RAHADE)
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From figure48, dual frequency receivers (ZEDP) have better accuracy when
compared to other devices. The smartphone is the poorest performer.

Typically, the accuracy improves across the differgrocessing modes: SPP,
SPP+SBAS, PPP, and RTK; with SPP being the poorest and RTK being the best.
SPP+SBAS is the worst because the Geographic location suffers from poor EGNOS
(SBAS) signal availability (Bhuigaml., 2017.

In absence of RAWMADE, aelatively good RTK centimetre level horizontal accuracy

of 0.47 cm was achieved by the dual frequency receivers (ubloxFRE] during

a stationary test session length of 3 hours.
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Positioning Accuracy 3hr stationary test
Dual frequency ZEB9P vs single frequency EMRT
vs Samsung Galaxy s8 smartphone
(with RAIM-FDE)
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m SPP+SBAS 4,1762 3.3992 5.0567 5.1692 42.2334 35.5023
m PPP 0.2323 0.7997 0.1908 0.4869 0 0
RTK 0.0043 0.0022 0.5758 0.3092 1.4596 2.5507
H u-center PVT* 1.0775 2.248 1.8913 2.5152 0 0

Processing modes

u SPP mSPP+SBAS: PPP m RTK mu-center PVT*

Figure49. Positioning accuracy 3 hr stationdagst for dual frequency vs single frequency
vs smartphone (with RAMADE)
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From figure 9, dual frequency receivers (ZEDP) have better accuracy when
compared to other devices. The smartphone is the poorest performer.

Typically, the accuracy improvesrass the different processing modes: SPP,
SPP+SBAS, PPP, and RTK; with SPP being the poorest and RTK being the best.
SPP+SBAS is the worst because the Geographic location suffers from poor EGNOS
(SBAS) signal availability (Bhuigaml., 2017.

In preseme of RAIMFDE, a relatively good RTK centimetre level horizontal
accuracy 00.43 cm was achieved by the dual frequency receivers (ublox~2ER

during a stationary test session length of 3 hours.
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5.3.2 Analysis of positioning accuracy (with RAMEvs without RAIMFDE)for

stationary tests

Positioning Accuracy 3 hr stationary test
Dual frequency tblox ZEEF9P
(with RAIM-FDE vs without RAINFDE)
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S
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1
05 I I
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u-blox ZED-F9P ”F';Xf,\’/(l %/Er[t)i;?P u-blox ZED-FOP  u-blox ZED-F9P
RAIM 2D error 2D error vertical error
error
m SPP 3.6587 2.5976 3.6618 2.5991
m SPP+SBAS 4.1762 3.3992 3.6205 3.402
m PPP 0.2323 0.7997 0.2263 0.7873
RTK 0.0043 0.0022 0.0047 0.0024
W u-center PVT* 1.0775 2.248 1.0775 2.248

Processing modes

m SPP m SPP+SBA3s PPP m RTK mu-center PVT*

Figure50. Positioning Accuracy 3 hr stationary test for dual frequency receiver (with
RAIMFDE vs without RAHADE)

Enabling RAINFDE reduced the horizontal error of the dual frequy receivers
(ublox ZEBFIP) fron0.47 cmto 0.43 cm (sedigure 50).
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Positioning Accuracy 3 hr stationary test
Single frequency-blox EVKM8T
(with RAIM-FDE vs without RAINFDE)
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RAIM 2D error 2D error vertical error
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m SPP 4.5692 3.8269 4.5453 3.8213
m SPP+SBAS 5.0567 5.1692 4.701 5.1985
m PPP 0.1908 0.4869 0.1912 0.4834
RTK 0.5758 0.3092 0.5784 0.3074
H u-center PVT* 1.8913 2.5152 1.8913 2.5152

Processing modes

u SPP m SPP+SBAS PPP m RTK mu-center PVT*

Figure51. Positioning Accuracy 3 hr stationary test for single frequency receiver (with
RAIMFDE vs without RAHADE)

There is no significant improvememt positioning accuracy with RAIKDE
enabled for the single frequency device. In the RTK case, a slight improvement of

0.03cm is observe(kee figure 51)
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Positioning Accuracy 3 hr stationary test
Samsung Galaxy s8 smartphone
(with RAIM-FDE vs without RAINFDE)
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s8 RAIM 2D error error s8 2D error s8 vertical error
m SPP 28.4821 22.5707 26.2239 20.6921
m SPP+SBAS 42.2334 35.5023 52.9679 29.7152
m PPP 0 0 0 0
RTK 1.4596 2.5507 2.3884 3.0371

Processing modes

u SPP m SPP+SBA® PPP m RTK

Figure52. Positioning Accuracy 3 hr stationary test for smartphongh(RAIMFDE vs
without RAIMFDE)

Enabling RAIMFDE improves the horizontal and vertical accuracy in RTK and SPP
with EGNOS (SPP+SBAS). There is no improvement for the SPP case.
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5.4 Analysis of availability fatynamic tests

5.4.1 Analysis of Availality (Device to device comparisons) fiynamic tests

Availability (%) 19 min dynamic test
dual frequencies (1 & 2) vs single frequency
VS smartphone
(without RAIM-FDE)
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u-blox ZED-F9P  u-blox ZED-F9P U-blox EVT-M8T Samsung Galaxy
(€] 2
u SPP 88.37 70.46 58.86 11.85
m SPP+SBAS 85.01 73.49 52 18.17
m PPP 36.81 59.43 0 0
RTK 56.4 70.46 58.77 8.35
W u-center PVT* 95.61 85.14 85.14 0

Processing Modes

m SPP m SPP+SBASs PPP m RTK mu-center PVT*

Figure53. Analysis of availabilityl9 min dynamic test for dual frequencies (1 & 2) vs
single frequency vs smartphone (without RARDE)

From figures3, the largest avidability occurs in the dual frequency receiver (ZED
FIP), while the least availability is recorded in the smartphdinere is also a
decrease in availability across the various GNSS processing modes with SPP as the

highest and PPP as the least.
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Availability (%) 19 min dynamic test
dual frequencies (1 & 2) vs single frequency
VS smartphone
(with RAIM-FDE)
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m SPP 93.95 78.91 76.69 43.95
m SPP+SBAS 94.86 84.16 77.76 50.94
m PPP 43.02 66.28 0 0
RTK 93.95 78.47 76.6 31.7
H u-center PVT* 95.61 85.14 85.14 0

Processing Modes

u SPP mSPP+SBAS: PPP m RTK mu-center PVT*

Figue 54. Analysis of availabilityl9 min dynamic test for dual frequencies (1 & 2) vs
single frequency vs smartphone (with RARIDE)

From figureb4, the largest availability occurs in the dual frequency receiver {ZED
FIP), whé the least availability is recorded in the smartphoiiéere is also a
decrease in availability across the various GNSS processing modes with SPP+SBAS
as the highest, followed by SHPTK, and PPPhe availability of the-genter PVT*

solution is displagd to show that 100% availability was not observed. Lesser

availability is noticed after RTKLib GNSS processing due to software limitations.
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Availability (%) 32 min dynamic test
dual frequencies (1 & 2) vs single frequency
VS smartphone
(without RAIM-FDE)
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u-blox ZED-F9P  u-blox ZED-F9P U-blox EVT-M8T Samsung Galaxy
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m SPP 56.4 59.95 51.75 8.3
m SPP+SBAS 62.65 67.92 53.33 5.85
m PPP 46.15 58.66 0 0
RTK 56.4 59.74 51.75 541
H u-center PVT* 76.48 73.36 78.59 0

Processing Modes

u SPP m SPP+SBA3s PPP m RTK mu-center PVT*

Figure55. Analysis of availability32 min dynamic test for dual frequencies (1 &) vs
single frequency vs smartphone (without RAHDE)

From figureb5, the largest availability occurs in the dual frequency receiver {ZED
FIP), while the least availability is recorded in the smartphdinere is also a
decrease in availability acro®e various GNSS processing modes with SPP+SBAS
as the highest, followed by SPP, RTK, and PPP. The availability-oétitenPVT*
solution is displayed to show that 100% availability was not observed. Lesser

availability is noticed after RTKLib GNS$¢Bsing due to software limitations.
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Availability (%) 32 min dynamic test
dual frequencies (1 & 2) vs single frequency
vs smartphone
(with RAIMFDE)
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Figure56. Analysis of availability32 min dynamic test for dual frequencies (1 & 2) vs
single frequency vs smartphone (with RARDE)

From figures6, the largest availability occurs ine dual frequency receiver (ZED

FIP), while the least availability is recorded in the smartphdinere is also a
decrease in availability across the various GNSS processing modes with SPP+SBAS
as the highest, followed by SPP, RTK, and PPP. The aiadathie ucenter PVT*

solution is displayed to show that 100% availability was not observed. Lesser

availability is noticed after RTKLib GNSS processing due to software limitations.



147

5.4.2 Analysis of Aailability (with RAIMFDE vsvithout RAIMFDE) fodynamictests

Avalilability (%) 19 min dynamic test
Dual frequency tblox ZEEF9R(1)
(with RAIM-FDE vs without RAINFDE)
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m SPP+SBAS 94.86 85.01
m PPP 43.02 36.81
RTK 93.95 88.37
H u-center PVT* 95.61 95.61

Processing Modes
B SPP m SPP+SBASPPP m RTK mu-center PVT*
Figure57. Analysis of availabilityl9 min dynamic test for dualfrequency ublox ZEP
FIOR(1) (with RAIMFDE vs without RAHADE)

From figure 3, more availability is observed with RARDE solutions.
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Availability (%) 19 min dynamic test
Dual frequency tblox ZEEF9R(2)
(with RAIM-FDE vs without RAINFDE)
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Figue 58. Analysis of availabilityl9 min dynamic test for dual frequency tblox ZED
FIR(2) (with RAIMFDE vs without RAHADE)

From figure 8, more availability is observed with RARDE solutions.
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Availability (%) 19 min dynamic test
Single frequency-blox EVKM8T
(with RAIMFDE vs without RAINFDE)
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Figure59. Analysis of availabilityl9 min dynamic testfor single frequency blox EVK
M8T (with RAIMFDE vs without RAHADE)

From figure B, more availability is observed with RARDE solutions.
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Availability (%) 19 min dynamic test
Samsung Galaxy s8 smartphone
(with RAIMFDE vs without RAINFDE)
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Processing Modes
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Figure 60. Analysis © availability - 19 min dynamic test for Samsung Galaxy s8
smartphone (with RAIMFDE vs without RAHADE)

From figure60, more availability is observed with RARDE solutions.
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Availability (%) 32 min dynamic test
Dual frequency tblox ZEEF9R(1)
(with RAIMFDE vs without RAINFDE)
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Figure61. Analysis of availability32 min dyamic test- for dual frequency tblox ZED
FIR(1) (with RAIMFDE vs without RAHADE)

From figure61, more availability is observed with RARDE solutions.
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Availability (%) 32 min dynamic test
Dual frequency #blox ZEEFIR(2)
(with RAIMFDE vs without RAINFDE)
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Figure62. Analysis of availability32 min dynamic test for dud frequency ublox ZED
FIOR(2) (with RAIMFDE vs without RAHADE)

From figure62, more availability is observed with RARDE solutions.
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Availability (%) 32 min dynamic test
Single frequency-blox EVKM8T
(with RAIMFDE vs without RAINFDE)
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Figure63. Analysis of availability32 min dynamic testfor single frequency blox EVK
M8T (with RAIMFDE vs without RAHADE)

From figure63, more availability is observed with RAIMDE solutions.
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Availability (%) 32 min dynamic test
Samsung Galaxy s8 smartphone
(with RAIMFDE vs without RAINFDE)
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B RTK 18.11 541

Processing Modes
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Figure 64. Analysis of availability 32 min dynamic test for Samsung Galaxy s8
smartphone (with RAIMFDE 8 without RAIMFDE)

Fom Figures 5¢ 64, RAIMFDE enabled solutions typically have higher availability

when compared to no#iRAIM solutions across all devices.
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5.5Analysis of positioning accuracy fiymamic tests

5.5.1 Analysis of positioning acany (devicdo-device comparisons) for dynantists

In this section, dual frequency (1) will not be displayed because it experienced
signal outage after 11 minutes. Onfnalysis fordual frequency (2), single

frequency and the smartphone will lwBsplayel.

Positioning Accuracy 19 min dynamic test
Dual frequency #blox ZEEF9P vs single frequency
u-blox EVKM8T
vs Samsung Galaxy s8 smartphone
(without RAIM-FDE)
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error error 2D error
error error error
m SPP 10.6144 6.3624 17.9191 12.382 54.4937 47.3246
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PPP 3.4357 3.6128 0 0 0 0
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m u-center PVT* 1.9984 0.7044 47.3788 9.2675 0 0

Processing modes

u SPP m SPP+SBAS: PPP mRTK mu-center PVT*

Figure 65. Positioning accuracy 19 min dynamic test for dual frequency vs single
frequency vs smartphone (without RAIRDE)
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From figure 6, dual frequency receivers (ZEDBP) have better accuracy when
compared to other deices. The smartphone is the poorest performer.

Typically, thepositioning accuracy improvesacross the different processing

modes: SPP, SPP+SBAS, PPP, and RTK; with SPP being the poorest and RTK being
the best.

In absence of RAIMDE, a relatively god@TK horizontal accuracy 3 m was

achieved by the dual frequency receivers (ublox-EEB), during dynamictest

session length af9 minutes

Positioning Accuracy 19 min dynamic test
Dual frequency tblox ZEEF9P vs single frequency
u-blox EVKMS8T vs Samsung Galaxy s8 smartphone
(with RAIM-FDE)
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PPP 3.5341 3.7987 0 0 0 0
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W u-center PVT* 1.9984 0.7044 47.3788 9.2675 0 0

Processing modes

u SPP m SPP+SBAS: PPP mRTK mu-center PVT*

Figure 66. Positioning accuracy 19 min dynamic test for dual frequencyvs simgle
frequency vs smartphone (with RAIRDE)
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From figure 6 above dual frequency receivers (ZEDP) have better accuracy

when compared to other devices. The smartphone is the poorest performer.

Typically, the positioning accuracy improves across theerdifit processing

modes: SPP, SPP+SBAS, PPP, and RTK; with SPP being the poorest and RTK being
the best.

In presenceof RAIMFDE, a relatively good RTK horizontal accura8yQofnwas

achieved by the dual frequency receivers (ublox-EEB), during a dymic tes

session length of 19 minutes.
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Positioning Accuracy 32 min dynamic test
Dual frequency #blox ZEEF9P vs single frequency
u-blox EVKMS8T vs Samsung Galaxy s8 smartphone
(without RAIM-FDE)

80
70
60
. 50
E
§ 40
L0
30
20
i II I
u-blox ZED- u_blgSPZED- u-blox EVK-+ u-b:\(z>8(_|l_EVK— Samsung (Ssglrg)s(ur;%
FOP 2D . M8T 2D i Galaxy s8 Xy
vertical vertical vertical
error error 2D error
error error error
m SPP 10.2117 6.1057 15.9325 10.4225 65.2538 50.8149
m SPP+SBAS 6.6761 4.2692 17.2853 9.6959 43.9789 53.3029
PPP 3.6397 3.7639 0 0 0 0
mRTK 1.752 2.2641 10.3386 9.6263 73.9476 70.9055
mu-center PVT* 1.7186 1.1877 64.9812 16.9946 0 0

Processing modes

u SPP m SPP+SBAS1 PPP mRTK mu-center PVT*

Figure67. Positioning accuracy32 min dynamic test for dual vs single frequency vs
smartphone (without RAIMFDE)

From figure @ above dual frequency receivers (ZEDBP) have betteaccuracy

when compared to other devices. The smartphone is the poorest performer.

Typically, the positioning accuracy improves across the different processing
modes: SPP, SPP+SBAS, PPP, and RTK; with SPP being the poorest and RTK being
the best.
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In absace of RAIMFDE, a relatively good RTK horizontal accuracy of 1.7 m was
achieved by the dual frequency receivers (ublox-EEB), during a dynamic test

session length of 32 minutes.

Positioning Accuracy 32 min dynamic test
Dual frequency tblox ZEEF9P vs single frequency
u-blox EVKMS8T vs Samsung Galaxy s8 smartphone
(with RAIM-FDE)
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Figure68. Positioning accuracy32 min dynant test- for dual vs single frequency vs
smartphone (with RAIMFDE)
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From figure 8, dual frequency receivers (ZEDP) have better accuracy when
compared to other devices. The smartphone is the poorest performer.

Typically, the positioning accuracy impes across the different processing

modes: SPP, SPP+SBAS, PPP, and RTK; with SPP being the poorest and RTK being
the best.

In presence of RAIMDE, a relatively good RTK horizontal accuracy of 1.8 m was
achieved by the dual frequency receivers (ublox-EEB), during a dynamic test

session length of 32 minutes.
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5.5.2 Analysis of positioning accuracy (withlRRADE vs without RAHADE) fodynamic

tests
Positioning Accuracy 19 min dynamic test
Dual frequency tblox ZEEFI9R(1)
(with RAIM vs without RAIMFDE)
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PPP 4.8611 3.7296 4.9955 4.1008
mRTK 2.9158 2.8521 2.8998 1.8818

Processing modes
u SPP m SPP+SBA® PPP B RTK
Figure69. Positioning accuracyl9 min dynamic testfor dual frequery ublox ZEEF9R
(1) (with RAIMFDE vs without RAHADE)

From figure 6, enabling RAIMFDE improves the positioning accuracy for SPP and

PPP. There is no improvement for SPP+SBAS and RTK.
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Positioning Accuracy 19 min dynamic test
Dual frequency #blox ZEEFIR(2)
(with RAIM vs without RAIMFDE)
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Processing modes
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Figure70. Positioning accuracyl9 nin dynamic test for dual frequency tblox ZEEF9R
(2) (with RAIMFDE vs without RAHADE)

From figurer0, enabling RAIM-DEdoes notimprove the positioning accuradgr

all processing modes.
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Positioning Accuracy 19 min dynamic test
Single frequency-blox EVKM8T
(with RAIM-FDE vs without RAINFDE)
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Figure71. Positioning accurac- 19 min dynamic test for single frequency blox EVK
M8T (with RAIMFDE vs without RAHADE)

From figure71, enabling RAIMFDE does not improve the positioning accuracy for

all processing modes the single frequency receiver
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Positioning Accuracy 19 min dynamic test
Samsung Galaxy s8 smartphone
(with RAIMFDE vs without RAINFDE)

80
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- 50
E
§ 40
L
30
20
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0 S Gal
Samsung Galaxy sgrlgi\lljl\r;lgveftlicé:‘;(ly Samsung Galaxy Samsung Galaxy
s8 RAIM 2D error error s8 2D error s8 vertical error
m SPP 75.9143 54.4539 54.4937 47.3246
mSPP+SBAS  69.0277 41.6751 60.5431 38.3302
PPP 0 0 0 0
B RTK 58.1326 55.0309 58.3557 50.8989

Processing modes

u SPP m SPP+SBA% PPP mRTK

Figure72. Positioning accuracyl9 min dynamic testfor Samsung Galaxy s8 smartphone
(with RAIMFDE vs without RAHADE)

From figure72, enabling RAIMFDE does not improve the positioning accuracy for

all processing modes in the smartphone.
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Positioning Accuracy 32 min dynamic test
Dual frequency #blox ZEEFIR(1)
(with RAIM-FDE vs without RAINFDE)
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0 blox ZED-FOP (1
u-blox ZED-F9P (1) R%M wentical (1) y-blox ZED-F9P (1)u-blox ZED-F9P (1)
RAIM 2D error 2D error vertical error
error
mSPP 12.9675 8.4235 12.2803 7.137
mSPP+SBAS  10.1835 7.3206 8.1772 5.1497
PPP 1.3896 1.0407 1.3921 1.0445
mRTK 3.374 4.444 3.249 3.3823

Processing modes

u SPP m SPP+SBA% PPP mRTK

Figure73. Positioning accuracy32 min dynamic testfor dual frequency tblox ZEEF9R
(1) (with RAIMFDE vs without RAHADE)

From figure73, enabling RAIMFDE does not improve the positioning accuracy for

all processingnodes except PPP.
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Positioning Accuracy 32 min dynamic test
Dual frequency #blox ZEEF3(2)
(with RAIM-FDE vs without RAINFDE)
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0 I blox ZED-F9P (2 I
u-blox ZED-F9P (2)“'R‘X|‘M wenical (@) -blox ZED-FOP (2)u-blox ZED-FOP (2)
RAIM 2D error 2D error vertical error
error
m SPP 12.4286 7.1386 10.2117 6.1057
m SPP+SBAS 9.0031 6.8102 6.6761 4.2692
PPP 3.8328 4.0276 3.6397 3.7639
B RTK 1.8557 2.3572 1.752 2.2641

Processing modes

u SPP m SPP+SBA% PPP mRTK

Figure74. Positioning accuracy32 min dynamic testfor dual frequency tblox ZEEFI9R
(2) (with RAIMFDE vs without RAHADE)

From figure74, enabling RAIM-DE does not improve the positioning accuracy

all processing modes.
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Positioning Accuracy 32 min dynamic test
Single frequency-blox EVKM8T
(with RAIM-FDE vs without RAINFDE)

25
20
= 15
S
[ 10
0 blox EVK-M8T
u-blox EVK-M8T “;? Acl”l\‘/l “ortcal | U-DIOXEVK-MBT  u-blox EVK-M8T
RAIM 2D error 2D error vertical error
error
mSPP 17.5023 12.6994 15.9325 10.4225
mSPP+SBAS  23.5863 15.1027 17.2853 9.6959
PPP 0 0 0 0
B RTK 11.3508 9.3176 10.3386 9.6263

Processing modes

H SPP m SPP+SBA® PPP mRTK

Figure75. Positioning accuracy32 min dynamic test for single frequency 4blox EVK
M8T (with RAIMFDE vs without RAHADE)

From figure B, enabling RAIM-DE does not improve the positioning aecy for

all processing modes in the single frequency receiver.
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Positioning Accuracy 32 min dynamic test
Samsung Galaxy s8 smartphone
(with RAIMFDE vs without RAINFDE)

120
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§ 60
w 40
20
0 S Gal
Samsung Galaxy sgnl‘\:zlljp/lgver?iggly Samsung Galaxy Samsung Galaxy
s8 RAIM 2D error error s8 2D error s8 vertical error
m SPP 82.1276 65.477 65.2538 50.8149
m SPP+SBAS 55.0874 74.3787 43.9789 53.3029
PPP 0 0 0 0
m RTK 113.9631 103.633 73.9476 70.9055

Processing modes

H SPP m SPP+SBA® PPP mRTK

Figure76. Positioning accuracy82 min dynamic testfor Samsung Galaxy s8 smartphone
(with RAIMFDE vs without RAHADE)

From figure B, enabling RAIMFDEJoes not improve the positioning accuracy for

all processing modes in the smartphone.

From figures 69 - 76, positioning accuracy typically imprav&om codebased
GNSS processing techniques to casplkase based GNSS processing techniques
with RTK ashie best. The use of RAINDE did not significantly improve the

positioning accuracguring dynamic tests
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5.6 Ground track, ENU (east, north, up), horizontal and verticalrggiots

of various GNSSost-processing modes fatationary tests

For simplicty, only3-hour stationarytest (with RAIMFDE plotswill be presented.

5.6.1 GNSS pogtrocessing mode plots fddual frequency ZEBOP(with RAIMFDE

duringstationarytest

5.6.1.1 SPPplots for Dual frequency ZEB9P(with RAIMFDE during 3 hr stationary

tests

Ground tracks of Dual frequency SPP (with RAIM) 3 hr static observation
T T T

North{m}
T

East(m)

Figure77. Ground tracks of Dual frequency Sfith RAIMFDE) during 3 hr stationary
test.

The figure above shows the SPP solution (in red) and estimated true position (in
blue).
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East, North, and Up Errors of Dual frequency SPP (with RAIM) 3 hr static observation
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Errors [m]

100
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Figure78. East, North, and Up Errors of Dual frequency @R RAIMFDE) during 3 hr
stationary test

15 Horizontal and Vertical Error of Dual frequency SPP (with RAIM) 3 hr static observation
o

& Horizontal error

140 160 180
Time(mins})

Errors [m]

100
Time(mins)

Figure79. Horizontal and Vertical Error of Dual frequency §&#th RAIMFDE) during 3
hr stationary test

From Figure B, regionsof higher 2D errors were observed at around 120

minutes (seconds of the day) as a result of multipath.
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5.6.1.2 SPP+SBAflots for Dual frequency ZEB9P (with RAIMFDE during 3 hr

stationary test

Ground tracks of Dual frequency SPP+SBAS (with RAIM) 3 hr static observation
T T T T T
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Figure 80. Ground tracks oDual frequency SPP+SB@#h RAIMFDE) during 3 hr
stationary test

The figure above shows the SPP (with EGNOS) solution (in red) and estimated

true position (in blue).

East, North, and Up Errors of Dual frequency SPP+SBAS (with RAIM) 3 hr static observation

T |
AP s g Ay rf g V,M”“M#WW
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Erors [m]

o 20 40 60 80 100 120 140 160 180
Time(mins)

Errors [m]

I
o 20 40 60 80 100 120 140 160 180
Time(mins)

Figure81. East, North, and Up Errors of Dual frequenciP-S&5BABwith RAIMFDE)
during 3 hr stationary test
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Horizontal and Vertical Error of Dual frequency SPP+SBAS (with RAIM) 3 hr static observation
L]

—&— Horizontal error

1] 20 40 60 80 100 120 140 160 180
Time(mins)

Errors [m]

80

Time(mins)

Figure82. Horizontal and Vertical Error of Dual frequency SPP+8B%SRAIMFDE)
during 3 hr stationary test

From Figure 82, regions of higher 2D errors were observed atusu 120

minutes (seconds of the day) as a result of multipath.

5.6.1.3PPRlots forDual frequency ZEB9P(with RAIMFDEduring3 hr stationarytest

Ground tracks of Dual frequency PPP (with RAIM) 3 hr static observation
T T T T T T

© REF
- PPP

North(m)
=
T
|

-25 =l

East(m)

Figure83. Ground tracks of Dual frequency P@#th RAIMFDE) during 3 htationary
test.

The figure above shows the P&#tution (in red) anestimated true position (in
blue).
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naa East, North, and Up Errors of Dual frequency PPP (with RAIM) 3 hr static observation
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Figure84. East, North, and Up Errors of Dual frequency @it RAIMFDE) during 3
hr stationary test
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Figure85. Horizontal and Vertical Error of Dual frequency RHAE RAIMFDE) during 3
hr stationary test
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5.6.1.4RTHKplots forDual frequency ZEB9P(with RAIMFDE during3 hr stationary

Ground tracks of Dual frequency RTK (with RAIM) 3 hr static observation
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Figure86. Ground tiacks of Dual frequency RTWwith RAIMFDE) during 3 hr stationary
test.

The figure above shows the R3dution (in red) anestimated true position (in
blue).
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Figure87. East, North, and Up Errors of Dual frequency @itk RAM-FDE) during 3
hr stationary test
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NEE Horizontal and Vertical Error of Dual frequency RTK (with RAIM) 3 hr static observation
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Figure88. Horizontal and Vertical Error of Dual frequency Riith RAIMFDE) during 3
hr stationary test

From Figure 88, fixed integer RTK values are observed after thaution

convergesat around25 minutes (seconds of the day). In situations where fixed

solutions are not realized, a float solution is obtained.
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5.6.2 GNSS posgtrocessing mode plots f@ingle frequency EMM8T (with RAIN)

duringstationarytest

5.6.2.1 SPPplots for Singlefrequency EVAM8T (with RAIMFDE during 3 hr stationary

test

Ground tracks Single frequency SPP (with RAIM) 3 hr static observation
T T T

East(m)

Figure89. Ground tracks of Single frequency $®Rh RAIMFDE) during 3 hr stationary
test.

The figure above shows the Sgdtution (in rel) andestimated true position (in
blue).

East, North, and Up Errors of Single frequency SPP (with RAIM) 3 hr static observation
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Figure90. East, North, and Up Errors of Single frequency(&RF RAIMFDE) during 3
hr stationary test
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G Horizontal and Vertical Error Single frequency SPP (with RAIM) 3 hr static observation
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Errors [m]
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Figure91. Horizontal and Vertical Error of Singteduency SPRvith RAIMFDEQuring
3 hr stationary test

5.6.2.2 SPP+SBASots for Singlefrequency EVBST (with RAIMFDE during 3 hr

Statlonary test
Ground tracks Single frequency SPP+SBAS (with RAIM) 3 hr static observation
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Figure92. Ground tracks of Single frequency SPP+S3B#A® RAIMFDE) dung 3 hr
stationary test

The figure above shows the SPP (with EGNOIB)ion (in red) andestimated
true position (in blue)
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East, North, and Up Errors of Single frequency SPP+SBAS (with RAIM) 3 hr static observation
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Figure93. East, North, and Up Errors of Single frequency SPP+{8BARAIMFDE)
during 3 hr statioary test

Horizontal and Vertical Error Single frequency SPP+SBAS (with RAIM) 3 hr static observation
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Figure94. Horizontal and Vertical Error of Single frequency SPPH3BARAIMFDE)
during 3 hr stationary test

From Figure 94 regions of higher 2D errors were observed across the entire

observation as a result ofulti-path effects.
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5.6.2.3PPMlots for Singlefrequency EVH8T (with RAIMFDE during3 hr stationary

test

Ground tracks Single frequency PPP (with RAIM) 3 hr static observation
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Figure95. Ground tracks of Single frequency RRRh RAIMFDE) during 3 hr stationary
test.

The figure above shasithe PPRolution (in red) anestimated true position (in
blue).

East, North, and Up Errors of Single frequency PPP (with RAIM) 3 hr static observation
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Figure96. East, North, and Up Errors of Single frequency (#tR RAIMFDE) during 3
hr stationary test
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Horizontal and Vertical Error Single frequency PPP (with RAIM) 3 hr static observation
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Figure97. Horizontal and/ertical Error of Single frequency Rith RAIMFDE) during

3 hr stationary test

FromFigure97, only float RTK solutions are obtained.
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180

5.6.2.4RTKplots for Singlefrequency EVH8T (with RAIMFDE during 3 hr stationary

test

Ground tracks Single frequency RTK (with RAIM) 3 hr static observation
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Figure98. Ground tracks of Single frequency RWKh RAIMFDE) during 3 hr stationary

test.

The figure above shows the R3dution (in red) anestimated true position (in

blue).
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East, North, and Up Errors of Single frequency RTK (with RAIM) 3 hr static observation
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Figure99. East, North, and Up Errors of§lie frequency RTfvith RAIMFDE) during 3
hr stationary test
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Figurel00. Horizontal and Vertical Error of Single frequency @# RAIMFDE) during
3 hr stationary test

FromFigure 100Qonly float RTK solutions are obtathe
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5.6.3 GNSS posgtrocessing mode plots fongrtphone Samsung Galaxy(88th RAIM
FDB duringstationarytest

5.6.3.1 SPP plots foSmartphone Samsung Galaxy (@8th RAIMFDE) during 3 hr

stationary test

Ground tracks of Smartphone SPP (with RAIM) 3 hr static observation
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Figure1l01l Groundtracks of Smartphone SHRith RAIMFDE) during 3 hr stationary
test.

The figure above shows the Sgdtution (in red) andstimated true position (in
blue).

East, North, and Up Errors of Smartphone SPP (with RAIM) 3 hr static observation
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Figurel02 East, North, and Up Errors of Smartphone §Rth RAIMFDE) during 3 hr
stationary test
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Horizontal and Vertical Error of Smartphene SPP (with RAIM) 3 hr static observation

Errors [m]
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Figure103 Horizontal and Vertical Error of Smartphone $®ith RAIMFDE) during 3
hr stationary test

From figured 01, 102,and 103, high signal deviations and errors occur as a result

of device constraints and capabilities.

5.6.3.2 SPP+SBAS plotsiatphone Samsung Galaxy &#ith RAIMFDE during 3 hr

stationary test

Figure 104. Ground tracks of Smartphone SFEBASwith RAIMFDE) during 3 hr
stationary test

The fgure above shows the SPP (with EGNgo&ition (in red) andestimated

true position (in blue).

















































































