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Abstract

The purpose of this report is to provide a detailed assessment and investigation into
the performance of the Real-Time Kinematic (RTK) network Nordic Construction Company
(NCC) established, as part of its aim to better leverage technology within its business, to
ensure the high quality and efficiency its clients have come to expect of NCC. Within the
course of this investigation, extended RTK and raw data survey sessions were undertaken
at each of four baselines significant to NCC (5, 15, 25, and 35 kilometers) from three of
NCC’s five RTK base stations. Subsequent analysis resulted in hard documentation of the
network performances and of the fidelity of the implementation itself. The research also
resulted in deliverables consisting of statistics, computations, as well as utilities that will
aid in decision making and allow users to better integrate and utilize the RTK network

confidently within projects.

It was found that NCC's RTK performed essentially as expected in each
circumstance and well within theory and empirical experience in terms of expected
accuracies and best practices. This was concluded by comparison to accessible works by
the U.S. Army Corps of Engineers and the NAVSTAR (GPS) development team. Of which
are aggregated within document EM-110-1-1003 (NAVSTAR Global Positioning System
Surveying) published by the U.S. Army Corps of Engineers. It is important to outline that
this manual’s extensive use as a primary work throughout this report is due to authors’
trust in the publishing sources as well as the documents robust combination and illustration
of theoretical and empirical content. The manual states that performance in the range of 1-
3 centimeters in the horizontal and 3-10 centimeters in the vertical should be expected

under the circumstances tested herein and to a majority were achieved.

Some unique observations and patterns were identified as a result of discussion with
NCC and analysis of the data. Patterns in the data pointed to a number of things in regards
to the time and elevation mask influence. During the morning sessions the fifteen and thirty
five kilometer baselines exhibited better performance, while conversely the five and twenty
five kilometer baselines performed best in the afternoon. In regards to elevation mask, little
influence was found at the five kilometer baseline length, whoever the 10° displayed the

best performance at the remaining baseline lengths.
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Preface

Nordic Construction Company (NCC) is a Swedish construction firm based in Solna,
Sweden. As part of their strategy to better leverage technology, an investment was made
to establish a continuously operating GNSS Real-time kinematic network, consisting of
numerous reference stations, in specific areas of Sweden. This was done to aid in
increasing the accuracy and confidence in projects and the machinery which rely on
detailed measurements and control. NCC has requested an investigation be undertaken into
the testing and documentation of the performance and reliability of their RTK network. The
primary focus being on the relative and absolute accuracy of the corrections sent to the
field from each of the reference stations for increasing distances from the reference

stations and the fidelity of the network.
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Methodology

Background Technology:

Global Navigation Satellite System (GNSS)

Global Navigation Satellite System or GNSS is the overarching term for space based
satellite navigation systems within orbit around the Earth. There are many components,
which could be considered as part of GNSS, but the most commonly referenced come in the

form of two distinct nation based systems.

The first operational, and currently most predominant, system was launched in 1978
(full operational available in 1994) by the United States Department of Defense and is
commonly known as GPS (Global Positioning System). The GPS system today consists of 30
satellites orbiting 20,200 km from the Earth’s surface, of which 24 are at present used for
positioning and thereafter shifting to 27 by 2012. These satellites operate within a three—
orbit—-six—plane constellation and by 2012 will have nine satellites per orbit. This system is
the most complete and functional system of the group and therefore specifications surround

GNSS performance discussed later in the report will be in reference to the GPS GNSS.

The next of these, and second most capable of the systems, is the Russian
Federation’s GLONASS, short for [Glo]bal [Nalvigation [Slatellite [S]ystem. GLONASS, as
of 2010, is composed of 24 orbiting satellites with launches originating in 1982 and full
operationality being declared in 1993. These 24 GLONASS satellites orbit at a lower
altitude compared to GPS of 19,100km and operate eight satellites in a similar three—orbit—

six—plane configuration.

Another system worth mention, although at this time not a true GNSS or of any
consequence to this reports research, is the Chinese expansion of their current
geostationary regional satellite system into a fully global orbital system titled COMPASS.
The planned equipment and operating specifications project that this system will consist of
35 satellites in total and operate at 21,500km above the Earth.

The theory and functioning of these systems and their ability to accurately derive a
position on the Earth’s surface is an extremely complex task in practice, but in principle is
based on the calculation of distance based on time and geometry. A simplified explanation
can be put forth like so: The ground position/receiver collects the satellites signals that are
being transmitted down to earth. These signals contain much information but basically

contain which satellite it was sent from, its location in space, the exact atomic time the
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signal was transmitted from space and the locations of the other satellites according to this
transmitting satellite (U.S. Army Corps of Engineers, 2007). The receiver then calculated a
baseline distance between itself and a given satellite by multiplying the time difference
from transmission to reception and multiplying it by the speed the signal travels, which in
this case is virtually the speed of light (Leick, 2004). This is then done with at least three
satellites to get a 2D position and at a minimum of four satellites to gain a 3D position (U.S.
Army Corps of Engineers, 2007). The more satellites the receiver is able to utilize the more
optimized these calculations can be. And therefore, a more superior position solution will
result (Leick, 2004).

This technique outlined above is commonly known as Absolute Positioning and is
recognized to have an average accuracy in the range of in the best case less than or equal
to 13 meters in the horizontal and 22 meters in the vertical and in very unfavorable
conditions 36 meters and 77 meters respectively within what 1s known as the SPS
(Standard Positioning Service) which uses only a single (L1 C/A Code) signal from the GPS
system to calculate location (U.S. Army Corps of Engineers, 2007). The Precision Position
Service or PPS is available only under direct permission from the U.S. Department of
Defense and is a combination of the L1 and restricted L2 precise code GPS signals. This
dual frequency approach allows for position accuracies of less than 10 meters in all
dimensions (U.S. Army Corps of Engineers, 2007). For a short time this dual-frequency
approach was unavailable for none authorized user, unavailable until the L2C signal was
introduced to allow for dual-frequency positioning for non-military and civilian use. These
accuracies are achieved thanks to techniques which compare these two L1 and L2
transmissions to eliminate some of the inherent and unavoidable error sources in not only
the GPS system but of which would also affect other GNSS.

GNSS Error Sources

Since GNSS operate part of their segment in mid—earth orbit there are a number of
systematic error sources, which influence the operational outcomes on the ground of these
systems. These error sources can add tens of meters or more of uncertainty to a position
solution and each can be defined and broken down into seven categories according to
Parkinson & Spilker, 1996.

Ephemeris Errors:
Ephemeris errors are uncertainties in the broadcasted satellite position in space.

These uncertainties are then transmitted and used in calculations by the receiver on the

ground for positions solutions and therefore reduce the quality of the positioning result.
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Normally, these errors in the predicted satellite position are in the order of 8 meters or
less (U.S. Army Corps of Engineers, 2007). This discrepancy is still relatively minute
considering the orbital perturbations of the GPS satellites are extremely difficult to
measure and predict and often only produce an error on the ground of + 2.5 meters or less
in field applications (Leick, 2004). However, users are able to acquire precise ephemeris
data, for example from the U.S. National Geodetic Survey, of the actual tracked satellite

orbits for use in post processing of the data in office applications.

Satellite Clock Errors:

As mentioned above, distance calculations, and therefore position calculations, within
GNSS rely chiefly on time to achieve a result. Then, naturally, any errors in this time
element will introduce error into the position calculated. This is due to computation the
ground receiver does when it compares its internal clock to the signal transmission
timestamp transmitted by the satellite. These errors can contribute up to and around a £ 2
meters shift in position (Leick, 2004). Ground stations are used to monitor these
inconsistencies and adjustments are broadcast to compensate and reduce these differences

down to the nanosecond level (U.S. Army Corps of Engineers, 2007).

lonosphere Errors:

The ionosphere is the first of two parts of the Earth's atmosphere that manipulate
the GPS signals as they pass from space to the ground receiver. The ionosphere is a 150
km layer of the atmosphere composed of charged particles, which affect GNSS signals by
dispersion and refraction (U.S. Army Corps of Engineers, 2007). The degree of which this
occurs is dependent on the density of these charged particles, which is also a function of
the time of day as this effect is higher during the day than night (U.S. Army Corps of
Engineers, 2007). This slowing and alteration (curvature) of the GNSS signals causes an
incorrect distance calculation as the signal no longer travels at the speed of light and can

induce an error of =5 meters (Leick, 2004).

Troposphere Errors:

The troposphere is the second section of the atmosphere that can influence signal
propagation. Unlike the ionosphere, the troposphere’s effect is based on the water content
in the “dry” and “wet” segments within its boundaries, which stretch from zero to ten
kilometers above the Earth (U.S. Army Corps of Engineers, 2007). However, like the
ionosphere the troposphere also slows the GNSS signal as it travels, but due to the
relatively small section of the atmosphere it occupies its effect is in the region of half a
meter (Leick, 2004).
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Multipath Errors:

The refraction of GNSS signals is not only an issue in the atmosphere it is also an
error source on the ground. The multipath effect is when the transmitted signal is received
(in singles or duplicates) by the GNSS receiver from more than one path (a direct or
indirect path) and therefore can result in an incorrect position calculation of £ 1 meter if
proper planning or corrective techniques are not employed (Parkinson & Spilker, 1996).
The multipath effect is often of most concern in urban environments or environments with
highly reflective and elevated surfaces of which are easy for the signal to refract off of
(U.S. Army Corps of Engineers, 2007).

Antenna Phase Center Variations:

The internal components of the GNSS equipment can also introduce error into a
position calculation in the area of a few centimeters (El-Rabbany, 2002). This error comes
from the location offset between the geometric center of the GNSS unit and the electronic
sensor within the device that actually receive the satellite signal. This is call the antenna
phase center variation or PCV. This centimeter level systematic error can be eliminated by

calibration of the GNSS control unit and software used to account for the offset.

Receiver Errors:

Receiver error refers mainly to the quality of the processing hardware. This is in
regard to its ability to accurately track and process the satellite(s) signals its ability to
measure finite differences in time (U.S. Army Corps of Engineers, 2007). Previously
receiver processors relegated these tasks to few too little processor pipelines/channels
which resulted in concerns tracking the minimum of four satellites, but now are equipped
with a multitude of processing channels, speed and precision levels there is a negligible

effect on the position solution (Parkinson & Spilker, 1996).

Some of these error sources can be eliminated by implementing dual-frequency
receivers and techniques using a single advanced GNSS unit. However, with other error
sources this approach is not viable as a means of correction o so another technique is used

to eliminate or account for much if not all of these sources of error; Differential Positioning.

Differential Positioning

Differential positioning is the broad term for the method of comparing the relative
difference in position between a minimum of two GNSS receivers; receivers of which are
congruently collecting and calculating positions solutions transmitted from the GNSS
satellite segment. At least one of these receivers is positioned over a known location (the
reference) while the other receiver(s) are positioned in the field over unknown locations
(the rover(s)). The basic premise is, at congruent points of time shared between the

reference and rover receiver, corrections to the position of the rover(s) can be made from
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the differences between the known reference receiver’s location and its calculated position.
The resulting accuracies achieved, of which depend on the hardware and signals used, are
in the meter to centimeter range with less advanced methods (U.S. Army Corps of
Engineers, 2007). There are a number of different implementations of differential
positioning that result in different configurations and levels of accuracy, but for the
purposes of this report these derivatives will not be covered and instead focus will be on

the method utilized in this research, which is the real-time kinematic method.

Figure 1: RTK Positioning Diagram

Differential Positioning
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Real-Time Kinematic (RTK) Positioning

Real-time kinematic, or RTK for short, positioning is one differential GNSS method,
widely used, that allows users to utilize real-time baseline corrections while measuring
unknown points in the field statically or dynamically. RTK is different and at an advantage
compared to other differential techniques as there is no need to have a static initialization
and solution of satellite data and periodic loss of satellites can be tolerated thanks to OTF
(ON-the-fly) processing features (U.S. Army Corps of Engineers, 2007). RTK is capable of
realizing decimeter to centimeter accuracies, thanks to the elimination of aforementioned
error sources, by implementing corrections sent via radio link or GSM connections from a
reference station to the rover unit (U.S. Army Corps of Engineers, 2007). The highest

centimeter level of accuracy is only possible when there is a RTK fixed vs. a float solution.
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A fixed solution i1s where enough common data was collected between the rover and
receiver to fix signal ambiguity parameters as integers, thus assuring that the position
solution is at the centimeter level (El-Rabbany, 2002). If this ambiguity cannot be fixed as

an integer a float solution is calculated resulting in a solution of the decimeter level (El-
Rabbany, 2002).

Given that RTK delivers impressive results in the area of accuracy, mobility, and
operational steadiness the RTK method as an ideal method for medium to high precision
surveying and in many applications of which can be found in the construction industry.
Hence, the Nordic Construction Company (NCC) has chosen to integrate this technology
into their operational structure with the establishment of a private, company operated, RTK

network in their major operating territory, entitled NCC—-Net.
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NCC-Net

NCC’s RTK network “NCC-Net” consists of five continuously operating reference
stations spread throughout the Stockholm region (Stockholms Lin). The five stations are
located approximately 25 kilometers apart with the first being found in the town of Uppsala,
another located in the area of Arlanda Airport, the central server in Solna, one in
Sodertélje, and the final reference station being located in Nyndshamn. Figure 2 can better

illustrate the organization of the network:

Figure 2: NCC Net Diagram including equipment usage by location.
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All data collection and RTK correction computations are handled at the central
server in Solna. From this location rover units connect via GSM/GPRS internet connections
to any of the available mount points to receive their corrections, such as CMR/+, RTCM or
standard DGPS. Each station is equipped with Topcon antennas and receivers (shown in
figure 2) that are capable of tracking both GPS and GLONASS in both Code and Phase on
the L1 and L2 signals. The central server handles the delegation of RTK reference station
corrections to the field rovers based on their proximity to a given base station; the closest
base station is the only utilized station with this method with no full network based

correction scheme being employed.

Figure 3: NCC- Conceptual Diagram
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SWEPOS

SWEPOS is a network of approximately 120 permanent GNSS
reference stations spread across Sweden of which is currently run by
the National Land Survey of Sweden (Lantmiteriet) (Jonsson, Helding,
Jamtnis, & Wiklund, 2006). The mission of the SWEPOS system

according to Lantmaiteriet is the following:

. Provide L1 and L2 raw data to post—processing users.

o Provide DGNSS and RTK corrections to real-time users.

. Act as high—precision control points for Swedish GNSS users.
o Provide data for scientific studies of crustal motion.

Figure 4: SWEPOS Coverage
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In the breadth of this research paper, SWEPOS reference data will be used in the
establishment of the “true” observation positions in post-processing. This is done in order
to bring the millimeter accuracies required to use raw data observation in the establishment

of these reference benchmarks.

Analysis Techniques

Baseline Accuracy

As mentioned the NCC RTK network distributes corrections to the field rover units
via the mobile wireless GPRS network. This helps eliminate the restraining nature of the
former method involving radio signal based correction broadcasting, now wherever one has
GPRS network access they are able to utilize RTK network corrections. However, new

1ssues arise from this increased mobility.

As mentioned earlier in the report, error is induced by the refraction of the GNSS
signal as it passes through the Earth’s atmosphere. This is a primary error source in single
baselines RTK (Langley & Kim, 2008), like that of NCC-Net. This error increases greatly
with distance as the atmosphere effect seen by the base station diverges from that
experienced by the rover as they diverge (Langley & Kim, 2008), as a result making the

RTK corrections based on the base station’s location less pertinent to the rover’s location.

Also, as the distance of the rover from the reference station increases so can the
latency of corrections (Wegener & Wanninger, 2008). The delay in time of the transmitted
corrections can result in undesired inaccuracies during operation due to RTK corrections
being unique to a given moment in time. In order to maintain centimeter level accuracies
latencies of one second or less are required to maintain applicability (Wegener &
Wanninger, 2008). The extent to which this occurs can heavily depend on the quality of the
mobile network used, equipment employed, or a number of other factors which has been

and will be cause for research outside the scope of this report.

Therefore, for NCC's purposes, the question is only how much does increasing the
distance between the reference and rover within NCC’s network affect the quality of the
positioning results? What effect does it have on the calculated position solution vs. the true
position? What effect does it have on the consistency of the calculated position? As a
result, in order to test this effect and in consultation with NCC, it was decided to perform
observations at four different radiuses. The baselines selected were 10 kilometers apart
starting at 5 kilometers and ending at 35 kilometers from the base station. Once relevant
data is collected, at these different intervals, and analyzed the above questions posed by

NCC can be answered.
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Relative Accuracy

The relative accuracy of a position measurement can denote many things depending
on the context. For NCC’s case it was important to look at it in means of constancy in
measurement within their RTK system; to what degree does the position solution fluctuate

over an observation period from the session’s mean solution?

This analysis was important for NCC primarily from a machine control standpoint.
Figure 3 shows GNSS based navigation and operation of field machinery is not just one of
three ways NCC employs the network, machine control makes up the vast majority of the
operations relying on the RTK network. According to NCC, not only do machine operators
rely on accurate position information in the manual operation of the machinery but so do the

automated machine system.

Producing an answer to display this phenomenon is rather uncomplicated once the
data is collected. To do this each distinctive observation, consisting of the rover’s position
parameters in northing, easting, and height, will be compared against the average position
parameters of all the observations over the total observation session. This will, after
processing procedures later explained, result in a plot illustrating how much the rover’s
position varied positively or negatively in relation to the average over time. Absolute

accuracy will be handled in a similar, although more laborious, manner.

Absolute Accuracy

Absolute accuracy with regard to GNSS is described as the closeness of the systems
position solution to the “true position” on the earth, albeit this “true position’ is in all
senses unobtainable. For NCC, a large part of project planning involves a virtual planning
and design component. Construction projects are planned and designed in an office
environment for many different reasons from cost reduction, quality assurance and
documentation for example. However, if these designs aren’t accurately translated into the
real world the costs incurred could be imagined to be great. Therefore, NCC has to be able
to trust that the positions, dimensions, etcetera of their virtual world are carried out
accurately in the real world and the RTK system is a valuable component in ensuring this.
Thus, testing and documentation of the absolute accuracy of NCC-Net is also part of the

analysis.

As with the relative accuracy analysis, each distinctive observation, consisting of the
rover’'s position parameters in northing, easting, and height, will be compared against
another calculated position. This analysis differs in that the “true position” is computed.
Raw data that, as mentioned, 1s being collected alongside the RTK adjusted data is post-—
processed in software (a process to be discussed later in more detail) to produce a position

is theoretically within millimeters of the “true position” (U.S. Army Corps of Engineers,
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2007).This result can be illustrated and will show how much the rover’s position varied
positively or negatively in relation to the “true position” (the position computed by relative

static observations) over the survey time.

Elevation Mask Influence

Another area of interest and evaluation concerned the degree of influence that
varying elevation masks had on the results. The purpose of the elevation mask of a GNSS
unit is to allow the user to input a mask, from O to 90 degrees, that controls the field of
view to the satellites of the GNSS sensor. This is done to help eliminate satellites which are
too low in the horizon or to have more control over the satellite geometry used in the

positioning solution.

This 1s mainly of interest as a means for NCC to influence the quality of their results
out in the field. Choosing an elevation mask, and therefore which satellites you track for a

position solution, could allow the field user to influence their results for the better.

For this project three distinct elevations mask were chosen at five degree intervals
starting at five degrees and ending at fifteen degrees. This data, when compared to
absolute and relative accuracies, should illustrate a general idea of the influence of the

elevation mask over the position solution.

Time Influence

Observation times were also very much an important consideration during the
investigation. In order to obtain the best results the duration of the observation has to be
comprehensive enough at varying baselines. This is done for example to ensure enough
time at longer baselines for a more refined position solution through the access to more and
varied satellite geometries and developed ambiguity resolution by the GNSS unit (U.S.

Army Corps of Engineers, 2007).

The U.S. Army Corps of Engineers’ NAVSTAR GPS manual was then consulted to
determine the minimum observation times required based on factors such as the baseline,
equipment and techniques used. The manual prescribed times based on the aforementioned
factors and more. With geodetic dual frequency equipment used for vertical measurements
and baselines of 20-40 km a 120 minute session was recommended to adhere to a three
centimeter accuracy level and a 20 minutes session at that range was suggested for
horizontal measurements at a one centimeter level. So, since vertical accuracies of the
system were a key feature of the investigation the former session time of 120 minutes was

selected.
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It is important to mention that the elected observation schedule was also based to
better coincide with NCC’s working schedule and lessen the impact of temporal variability
(weather, satellite geometry and coverage) and influences on the outcomes. Therefore,
based on the above, the procedure then involved two, two hour, observation periods, one in

the morning between 10:00 and 12:00 as well as one in the afternoon from 13:00 to 15:00.

Planning and Procedures

Survey Planning

In order to effectively carry out the commissioned research careful field planning
occurred before field measurements were to take place. During the planning process
Google Earth was employed as a tool to carry out reconnaissance and design as best as
possible in order to minimize field exploration work. As seen in the NCC-Net diagram
earlier and radii discussed earlier, concentric rings were formed within Google Earth in
increasing distances (5 km , 15 km, 25 km, 35 km) from each of the reference stations. An
overlay of the regional public transportation network was set as an overlay and from there
suitable locations were picked to achieve the following goals. One: to find locations which
satisfied measurements from at least two reference stations and two radii; done in order to
minimize the number or observation sessions in the field. Two: to then identify and select
as observation points, large, open and unobstructed areas close to public transportation
stops, in proximity to the initially identified locations as. Care was taken to balance locating
appropriate survey locations which provided access but did not sacrifice research
requirements or ideal observation locations and were within 300 meters of the defined

radial requirements.

The following locations in Table 1 were chosen based on the above methodology in
addition to the timeline available to complete field surveying, which will be further

discussed later in the report:
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Table 1: Selected Survey Locations in and around Stockholm

Range/Station Arlanda Sodertilje

5 KM

15 KM

25 KM

Rosenberg Djursholm Ronnige

Station Ekeby Station
Kungssidngen Varby Gérd Fittja
Station Station Station
Djursholm Rosenberg Aspudden
Ekeby Station Station
Aspudden Kérsta Djursholm
Station Station Ekeby

Field Procedures

The field procedures undertaken were those recommended and outlined for high

precision field measurements in the U.S. Army Corps of Engineers NAVSTAR Global

Positioning System Surveying manual EM-1110-1-1003. The procedures aimed to provide

guidelines to help ensure a high level of quality in observations and eliminate sources of

gross error. The following is an outline of these procedures to be performed at the

beginning and at the end of every observation session:

Antenna Setup

Securely plant tripod over survey point and perform initial adjustment/leveling
of tribrach.

Center tribrach over point and re-level; utilize both optical plumb and plumb
bob to reduce centering error.

Mark north orientation point on antenna to be pointed north every epoch.
Measure and document instrument height measured from antenna base and

with measuring device constant add.

Data Collector Setup
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Create job and enter appropriate title and date

Configure relevant starting parameters such as:

Observation data collection interval (10 seconds) and type (RTK and Raw
Observations).

Antenna height (Varied).

Coordinate and height system (SWEREF99 TM and WGS Ellipsoidal Height).



e FElevation masks (5°, 10°, 15°). Alternate every 10 minutes.
e Signals and GNSS systems to be tracked (GPS, GLONASS, L1 and L2C).
e Establish RTK radio link and gain initialization.

e Begin data collection when suitable.

Field Records
e Field notes to be record in the field notebook and/or data collector.
e Project Name and Date.
e Approximate Location/Station ID.
e Weather Conditions.
e (Observation starting and stopping times.
e Site sketch and/or site directions.
e Equipment setup Information (Equipment details, types, heights and
parameters).

e Problems faced or events of note.

Equipment

The equipment used to undertake this study
included two Leica 1200 Series GNNS receivers
paired with Rx1250 series data collectors (Fig. 5).
These units were setup and implemented out in the
field also wusing Leica tripods, mounting and

measuring equipment.

Below one can find the specifications for both the

GNSS and Data Collector units from the g;?il;goa Leica 1200 Series GNSS Unit &
manufacturer’s documentation:
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Triple frequency + 120
Channels

GPS/ GLONASS/ Galileo/
L1/1.2/L5 GPS + L1/L2
GLONASS

E1/ E5a/ E5b /Alt-BOC Galileo
Full Real Time RTK

Use as rover or reference
Reliable wireless
communication via Radio-
Handle and Bluetooth®

Wireless

256MB FlashCard for Data
Collection

Advanced, long range Position
update rate selectable up to 20
Hz.

RTK technology Latency < 0.03
secs.

Range 40 km or more in
favorable conditions.
Self-checking.

Accuracies Kinematic

Horizontal: 10 mm + 1 ppm



Vertical: 20 mm + 1 ppm e RTCM V2.1/2.2/2.3/3.0/3.1.

Static (ISO 17123-8) e Reference station RTK rover
Horizontal: 5 mm + 0.5 ppm fully compatible with Leica’s
Vertical: 10 mm + 0.5 ppm Spider

Reliability: 99.99% for e Networks:

baselines up to 40 km. e 1-MAX & MAX formats,
Formats supported for e VRS and Area Correction
transmission and reception: e (FKP) reference station
(Leica, Leica 4G), CMR, CMR+, network

Office Procedures and Post-Processing

The office and post processing procedures formed two distinct components of the project,

of which consisted of a post—observation data transfer, documentation, organization and

conversion. The second part being performing the GNSS observation post—processing and

analytics in conventional and industry standard software.

Post-observation procedures consisted of the following steps:

Data Collector

The Leica RX1250 is connected to a windows based pc where windows explorer is

used to move all pertinent data associated with a job manually.

This data is then saved into a folder hierarchy outlined as:
Location>Reference Station/Range>Filename.

The RX1250 also handles the collection and storing of the raw GNSS
observations. Next, these raw data files are transferred and loaded into the
associated job through the same files mentioned above.

Raw data files are also stored in their related file folder in the aforementioned
file hierarchy.

Data Transfer for Primary/Supplementary Analysis — Morning/Afternoon

The data collector allows for limited text file or Microsoft Excel compatible
data export of standard GNSS collected data. This includes point related data
about northing, easting, height, PDOP, and number of satellites. This is done
with a semi—automatic report creator built into the SurveyWorx software on
the data collector unit.

As with the other files these reports are stored in their appropriate folders for

later use in relative position processing in MS Excel.

GNSS post-processing procedures were carried out once all field observation sessions and

data collection operations were completed. This process included the following:
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Data Conversion

e Leica formatted raw observation data is exported by Leica Geo Office into the
standardized RINEX file format.

e Preprocessing

e A new project correlated to the date of observation is created with
SWEREF99 TM used as the coordinate system.

e RINEX field observation data obtained from Leica Geo Office is loaded into
the newly created project in Trimble Total Control.

¢ SWEPOS Reference station data, also in RINEX, is as well loaded into Trimble
Total Control. Of which the date and time overlap is congruent.

e Parameters regarding the antenna and receiver used are inputted, required in
order for the software to function properly, and verified for both the
observation data and SWEPOS position.

e The data is then examined for consistency in heights any other anomalies
which need to be removed or corrected.

e All observation raw data is then altered within the software from being
identified as RTK data into static data.

Data Post Processing

A baseline computation is processed within Trimble Total Control between the
Stockholm SWEPOS reference station and the field raw observations.
The above baseline procedure provided a least squares adjusted point position in the form
of a Northing, Easting and Ellipsoid Height. This point position was then regarded as the
absolute or “true” location of the measurement. This was then used to compare against
RTK data collected for the associated location in order to obtain the variance between the

true and RTK positions.
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Data Quality Assessment

Data error sources were an important area to consider while undertaking data
collection, especially when dealing with measurements as is the focus of this report. It is
commonly accepted that error sources fall into three primary types; these being gross

error, systematic error and random error.

In order to avoid and eliminate gross errors, errors due to undetected mistakes
occurring during data collection and handling due to human error, malfunction of
instruments or incorrect methods (Fan, 1997), during the course of the investigation a clear
set of procedures in the field and office were adhered to. These procedures were derived
from the software and hardware operating manuals as well as best practices put forth by
the U.S. Army Corps of Engineers and experienced gained during the authors’ course of
study. Computations and formulas used, within the various software, were double checked
for consistency and if values fell within rational ranges. In the end, due diligence and
following procedure 1s about the best one can do to avoid gross error. On the other hand,

other sources of error mentioned above within the data can be tested for.

Systematic errors are non-random errors introduced consistently by the systems,
environment and mechanisms involved in the measurement (Fan, 1997). Again, best
practices were followed to reduce systematic error involved in the equipment setup and
user operation. However, potential errors introduced from other sources had to be tested

for within all of the collected data and was done in the following manner.

And lastly, random errors are errors which are introduced randomly and affect the
data in an unsystematic manner (Fan, 1997). These types of errors are treated for by
maintaining a high level of quality in the measurement method as well as undertaking a
large number of measurements, since the random error becomes minimal as the

measurement quantity increases (Fan, 1997).

Due to the possible existence of the above errors beyond what procedure accounted
for statistical testing was carried out insure there was insignificant levels of gross or
systematic error existed in the data. A statistical technique, put forth by Fan (1997), was

employed to do such testing and the procedure and its formulas are outlined next.

Since we assume that any errors found in the RTK and static measurements are
uncorrelated they should follow a normal distribution. And below we test on this principle
and that values pertaining to Absolute Accuracy (1.1) should be less than three times the
weighted combination of the RTK and Static measurements’ standard deviation (1.5,1.6). If
this is true it can be said that the RTK measurements are statistically equal (with 99.7%
confidence) in quality and gross or systematic error are none—existent or negligible.
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First, we compute the absolute values of the differences between the weighted mean values
of RTK coordinates (Xprg, Yrrx Zrrx) and the coordinates obtained from the static GPS
observations, which are considered Absolute Accuracy:

AX = WRTK - XStaticl

- (1.1)
AY = |YRTK - YStaticl
AZ = |ZRTK - ZStaticl
The weighted means of the RTK coordinates are computed as:
n
= _ i1 WiXgrki
XRTK - n
i=1 Wi
(1.2)
n
% _ 2i=1 WiYrrki
RTK — n
i=1 Wi
n
= D=1 WiZgrki
ZRTK - n

i=1 Wi

Where (Xgrk, Yrrx Zrrx) are the individual coordinates and w; is the individual coordinate’s

weight computed from the 3D quality control value (O'3Dl-) assigned to the coordinates by
the Leica GPS1200:

(1.3)

If there are no systematic errors within the data these differences should statistically equal
to zero. In order to be able to test and see if these differences are indeed equal to zero we

have to consider the standard deviation of the mean RTK coordinates (Xgrk , Y pri » Z gy )

which can be calculated as:

— 2
o _ X w; (XRTKL' - XRTK)
RTK, (n— Dn

(1.4)
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— 2
D Wi(YRTKi - YRTK)
(n—1)n

ORTK, =

— 2
D Wi(YRTI(i - YRTI()
(n—1)n

ORTK, =

With w; also being the aforementioned weighting of the individual coordinates.

Next, the standard deviations of the static coordinates are established from priori standard
deviations. These are determined from formulations for horizontal and vertical measures,
found in the Leica 1200 GNNS user manual, based on baseline distance and are as follows:

Ostatic, = omm + 0.5ppm
Ostatic, = 5mm + 0.5ppm

(1.5)

Ostatic, = 10mm + 0.5ppm

This allows for a combined standard deviation (a7;) containing Ogrk,, ORTK,» ORTK, and

Ostaticy» OStatic, OStatic, and is computed as follows:

Or; = The combined standard deviation of the individual RTK and static coordinates.

_ 2 2
Orx = J OrTk,” Tt Ostatic,

_ 2 2
Ory \/URTKy + Ostatic, (1.6)

_ 2 2
0Tz = \/ OrTK,” T Ostatic,

And finally, as mentioned, for this statistical test to hold true the following equation should
hold true.

AX<OTx*3
AY <Ory*3 (1.7
AZ <O0T1z*3

e}
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This is to say that the difference between the RTK mean position and “true” static position
(AX,AY,AZ) should be less than three times op; (a factor of three is used to get a 99.7%
confidence level for normal distribution per Fan, 2007) in order to determine that these
differences are statistically equal to zero with 99.7% confidence within a normal

distribution and therefore contain no systemic error.

Data Quality Test Results
Table 2 below illustrates the outcome of the data quality analysis in the form of a
pass or fail grading of each of the individual stations performance tied to the horizontal and

vertical.

Table 2: Pass/Fail Data Table
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Primary and Supplementary Analysis:

Automated data importation and straightforward Excel analysis were used to

complete the primary and supplementary analysis sections of the report.

Four datasets exported from Trimble Total Control (done from every given survey
location and range) containing RTK data and satellite statistics for the morning and
afternoon sessions were used as inputs. These data sets contain information regarding
RTK Northing, Easting, Ellipsoidal Height and 1-3D Quality Control, satellites in view and
their DOP (Dilution of Precision) information. This yielded 12 unique Excel data sheets with

the associated computations for each range and base station.

Once importation was complete sub-tabs were auto-populated and the Excel
computations were computed. The deliverables included tabs displaying data for morning,
afternoon, whole day, and 5-10-15 degree survey sessions automated graphs relative
accuracy graphs for the whole day and 5-10-15 degree sessions. All of which have been
omitted, aside from the below sample, from the report and can be referenced in the

appendix section at the end of the paper.
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Sub-data/analysis within each individual tab displayed RTK Northing, Easting,
Ellipsoidal Height and 1-3D Quality Control in addition to delta x, y and z seen in Figure 7-
A on page 29. This delta was computed from the mean position (used as relative position)
in Figure 7-B. Figure 7-B also exhibits the absolute location calculated in Trimble Total

Control the variance between it and the relative position.

Finally, Figure 7 -C segments the delta variance data into several important
statistical benchmarks. The first are common arithmetic calculations regarding accuracy
finding the average deviation, maximum positive and negative values plus calculations
regarding precision such as standard deviation of the RTK data. The formulas used to
calculate these values can be found formulas section at the end of the report. The other
categories in section C are more specific to and developed for NCC’s interests particularly

in the arena of integrating this investigation into corporate and project decision making.

Many, if not all, projects have some sort of expected or mandated quality control or
tolerance in regard to measurement accuracy. Subsequently, section C within all tabs
allows a user to enter tolerances for each axis, in centimeter level denominations, tied to a
given project to aid in measurement planning. This allows a user to see what percentage of
the given measurements within the tab meet or exceed expected tolerances and then select
the appropriate survey environment based on the data collected on the network

performance.
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Results

Base Station Results

The next section of the report will put forward the summarized performance results
obtained from data collection, testing and analysis. It is important to mention certain

components of the results.

The X, Y, and Z delineation represent the planar and height value of the collected
position. The D further denotes the divergence from the mean X, Y, and Z of the whole
sample data. And then, one step further within the results, there is a tolerance element.
This is standard benchmark given by NCC as to the preferred accuracies in the planar
coordinates as well is measured height. This benchmark is set at two centimeters for the

planar X and Y and then a looser three centimeters in the Z, or height component.

The below section illustrates the tabulated and summarized results from the data
analysis methodology employed during the research. Table 3 provides a hyperlinked key to

reading the results found underneath.

Table 3: Reference/Table Key

X, Y, and Height demarcations.
The maximum # difference between one RTK position epoch \
and the RTK mean position.

RTK Weighted Standard Deviation

Different between static ‘true position” and mean RTK
position solution.

Designated project tolerance level

The percentage of RTK epochs which met tolerance.
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Arlanda Reference Station

Five Kilometers and Fifteen Kilometers

NEC'Solna

.

NCC S&dertalje’

T

Height

Stockholm

Table 4: Arlanda 5 & 15km

X Y Height
-13.76 -9.19 -44.21 -20.56 -17.70 -40.39
25.79 7.58 36.47 34.55 13.30 48.37
4.85 2.24 10.98 6.93 4.29 11.07
-9.77 1.95 34.65 -2.33 -16.19 17.36

20 20 30 20 20 30
99% 100% 98% 99% 100% 96%
Twenty five Kilometers and Thirty five Kilometers
Table 5: Arlanda 25 and 35 Km
X Y Height X Y Height
-54.20 -31.60 -144.65 -142.87 -131.13 -197.32
77.05 22.10 158.95 261.05 36.85 224.85
12.71 6.71 21.71 0.37 0.17 0.58
-3.83 -13.21 6.88 23.29 -3.45 27.61
20 20 30 20 20 30
87% 100% 83% 82% 97% 71%

31| Page




Solna Reference Station

NEC'Solna

Stockholm

\

NCC Sadertalje”

i

Five Kilometers and Fifteen Kilometers

Table 6: Solna 5 and 15 Km

X Y Height X Y Height
-15.67 -24.86 -49.42 -94.69 -22.02 -66.17
52.93 29.06 55.91 46.00 84.41 227.37

3.93 291 10.51 10.67 6.89 21.52
-3.75 -23.87 30.06 -29.21 -4.44 -5.41
20 20 30 20 20 30
100% 100% 99% 92% 99% 80%

Twenty five Kilometers and Thirty five Kilometers
Table 7: Solna 25 and 35 Km

X Y Height X Y Height
-49.93 -39.47 -108.89 -974.09 -91.40 -126.92
63.93 26.86 198.87 80.78 683.65 897.25
16.80 10.59 30.33 138.44 97.55 135.61
15.54 15.50 -44.97 23.06 -14.52 11.30

20 20 30 20 20 30
81% 95% 72% 69% 87% 56%
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Sodertilje Reference Station

R b
NCC Arlanda’
s b Mo
- ER A

NEC'Solna
Stockholm

\

NCC Sadertalje’
o ’ X o

Five Kilometers and Fifteen Kilometers

Table 8: Sodertilje 5 and 15 Km

X Y Height X Y Height
-22.16 -17.78 -45.03 -20.11 -15.44 -48.21
2411 15.36 67.09 28.76 17.20 62.19

6.75 5.14 13.49 6.67 5.31 14.63
-3.16 -4.51 -23.43 -4.79 -12.63 36.18

20 20 30 20 20 30

100% 100% 96% 100% 100% 94%
Twenty five Kilometers and Thirty five Kilometers
Table 9: Sodertilje 25 and 35 Km

X Y Height X Y Height
-40.12 -60.59 -91.17 -166.02 -92.83 -170.94
127.36 55.62 144.71 141.43 71.02 274.45

15.38 8.74 22.59 27.14 15.71 41.36
-11.59 -0.04 9.45 38.52 -38.06 -19.95
20 20 30 20 20 30
80% 96% 82% 68% 83% 65%
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Coverage Maps

NCC-Net Coverage Maps:

One of the additional deliverables NCC wanted as part of the project work was a
visual aid to illustrate the extent of the network testing on top of segmented coverage maps
displaying reliability zones. The source of this reliability rating was based on the relative
accuracy measurements and can be understood to come from the results tables above. It
was then decided, in conjunction with NCC, that there be will four reliability levels

represented corresponding with each radii tested.

The first of these zones, and most favorable, represented by a green sector would
outline where 90% or more of the RTK measurements would be from the decided tolerance
(2 cm X&Y, 3 cm height). The next zone seen below with a yellow hue represents the area
where 75 to 90% of the RTK measurements meet tolerance. The next two sectors, orange
and red, equate to the 60 to 75% zone and the 60% or less zone respectively. Figure 8 on

page 34 illustrates the above.
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Full Coverage Map
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Conclusions

This thesis work represents the first time documented relative and absolute
accuracy test of the NCC RTK Network within the Stockholm region in its current form. All
the data collected, previous analysis techniques and remaining visual presentation of
results were shared with NCC personnel to be absorbed. This whole project was also
presented to NCC during their Mittraff 2010 in June.

The tolerance levels for relative and absolute accuracy were set to 2 cm on plane
while 3 cm on the height when all the result tables and visuals such as coverage maps and
graphs were created. However, it was aimed to create an interactive database for NCC
where they can alter those tolerance levels and see the changing results for their coverage
levels within their network. Using Excel tables that contains whole project data and
presents the required analysis techniques depending on users’ input for tolerance error
levels on plane and height, NCC was given the chance to have further look to their
coverage and accuracy levels for their RTK Network. As a result a user could then identify

a base station, range, survey time and elevation mask best suited to the accuracy needs.

Looking at the results it can be seen that NCC-Net performed as would be
anticipated. When compared to theoretical and real world performance numbers, such as
those performance numbers put forth by the U.S. Army Corp. of Engineers in their
NAVSTAR Surveying Manual. The manual outlines baselines accuracies in the range of one
to three centimeters horizontally and three to ten vertically. NCC-Net had very similar
(some being slightly better or slightly worse) to these ranges for results at the varying

distances studied.

Also, within an analysis of the visual components of the investigation one can come
to some other conclusions about the networks performance. One can see that for default
tolerance levels (2 cm plane, 3 cm height), it can be concluded that up to the 15 km radius,
from every station within the RTK network, 90 % or more measurements are within the
desired error levels. And the vast majority of measurements to 25km will also meet this
tolerance. On the other hand, it was also observed that this coverage percentage might
drop down to 60 % at 35 km for some stations. If the tolerance levels are set to be higher
depending on the accuracy level that NCC seeks per project, one can see higher coverage

percentages at higher radii within NCC RTK network.

The intent was also to investigate the effects of elevation mask and time on the
measurements while collecting the data for the project. Some unique observations and best
practices were identified as a result of discussion with NCC, geographic location and

analysis of the data which concluded as:
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Some unique observations and patterns were identified as a result of discussion with
NCC and analysis of the data. Patterns in the data pointed to a number of things in regards
to the time and elevation mask influence. During the morning sessions the fifteen and thirty
five kilometer baselines exhibited better performance, while conversely the five and twenty
five kilometer baselines performed best in the afternoon. In regards to elevation mask, little
influence was found at the five kilometer baseline length, whoever the 10° displayed the

best performance at the remaining baseline lengths.

During the project, the intent was to utilize different hardware and software
packages to connect, obtain and analyze data linked to the operation of the NCC RTK
Network. Even though different instruments and software were attempted to be used from
different brands such as Topcon, Trimble and Leica within the project, the best results at
connecting, data collection and analysis were achieved using combination Leica 1200 GPS
series instruments along with Trimble Total Control software systems as mentioned before
in the instrument and post processing sections of this paper. This also leaves another
opening for investigation, the behavior of and implementation of unique, to NCC’s Network,

software and hardware brands

Even though there were such patterns within the data collected for this specific
project, it can be assumed that these patterns might alter depending on the amount of the
data collected and operators that are doing the actual data collection in the field as well as
many other factors that vary based on the project and the project environment; all of which

could lead to and necessitate further investigation.

However, these areas of further investigation aside, it is felt that this report
represents a large first step into the investigation of the performance of the NCC RTK
Network.
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Formulas

Absolute Accuracy:

AX = WRTK - XStaticl

_ (1.1
AY = |Yprk = Yoaticl
AZ = |ZRTK - ZStaticl
Weighted mean of RTK coordinates:
L WX (1.2)
XY, Zye = 21200 '
Weight that is computed from 3D quality value
1
w; =
O3pi*
(1.3)
Standard deviation of the RTK coordinates:
_ 2 Wi(Xgrii — XrrK)
ORTK, = n—1
Y W;(YrTKi—YRTK)
o — (1.4)
RTKy \/ n—-1
- _ 2 Wi(Zrrki — Zrrk)
RTK, n—1
Standard deviations of the static coordinates:
Ostatic, = omm + 0.5ppm
Ostatic, = Smm + 0.5ppm (1.5)

Ostatic, = 10mm + 0.5ppm

ori = The combined standard deviation of the individual RTK and static coordinates.

39| Page



_ 2 2
OTx = \/ OrTK,” Tt Ostatic,

2 2
Oy \/URTKy + Ostatic,, (1.6)

_ 2 2
Orz = \/ Orrk,” t Ostatic,

Sigma Test:
AX OTx
AY < Ory *3 (1.7)
AVA OTz

e}
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