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Foreword

This document has been produced as part of a thipeovide surveyors, engineers
and their clients with guidelines for the use ofwark RTK GPS in land surveys. It
has been produced by a joint working group — Ordeafurvey, Newcastle
University, Leica, Trimble and The Survey Asso@at(TSA).

The document has been written primarily with twalgan mind:
1. To quantify the achievable accuracy.

2. To provide a basis from which to draw out best pcacguidance for those
using the various commercial network RTK solutions.

Previous guidance notes such asRIES Guidelines for the Use of GPS in Surveying
and Mappingpublished in June 2003 have covered many aspé&$8 use. With
the rapidly advancing technological edge of GP¥eying, not all aspects could be
covered by previous guidelines. This document glesithe basis for the extension of
previous guidance to cover network RTK GNSS.

Back in 2007 the TSA, as a trade association ofesuand mapping companies,
became aware of litigation against its members l@salt of accuracy using network
RTK GPS in the UK. The chairman of the TSA techhicommittee raised these
concerns with other major stakeholders, i.e. OrdaaBurvey who provide and
maintain the national network of continuously opieg GPS active stations, and
Leica Geosystems and Trimble who are correctionig®mproviders based on the
Ordnance Survey data. An initial meeting of the anajgtakeholders plus
representatives of other GPS suppliers and usestifiéd poor levels of user
awareness of best practice to achieve best accaratyan unrealistic expectation of
achievable accuracy.

The major stakeholders agreed to fund an indepérstady to address these two
issues. Newcastle University were appointed afidbhscope agreed.

The intention has always been to try to improverawass and to gétest practice
guidancepublished as widely as possible. The publicatias lbeen jointly badged by
The Survey Association, Ordnance Survey, Leica Gdems, Trimble, and the
Royal Institution of Chartered Surveyors (RICS).

This publication would not have been possible withhe funding and help provided
by The Survey Association, Ordnance Survey, Leieasgstems, Trimble and RICS.
We wish to acknowledge them for this joint approexhrrive at a workable solution.

Neil Harvey
President — The Survey Association
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Executive summary

Commercial network RTK has been available in GRélain since early 2006 and
was borne out of the Ordnance Survey's densificadfats permanent array of active
GPS receivers known as Ordnance Survey OS’ K@6 Net). Currently two
commercial providers, Leica Geosystems and Trimhle, licensed by Ordnance
Survey to offer Great Britain's geomatics commuaitgess to coordinate solutions in
real-time with sub-metre to centimetre accuracyelev Leica Geosystems' network
RTK solution known as 'SmartNet' is based on thecaled Master-Auxiliary
Concept (MAC), (Euler et al, 2004) whereas the Biamsolution known as 'VRS
NOW:' is based on the Virtual Reference Station (Y&$sproach (Vollath et al, 2000).
The body of work presented in this report seekaddress a number of questions
relating to the overall performance of SmartNet afRS NOW and specifically
focuses on:

* Accuracies attainable from both systems at a ramigeepresentative
locations that users may experience.

» Coordinate repeatabilities attainable from the systems.

» System performance at the geographical extentshef active station
network.

» System performance when significant height diffeemnexist between the
OS Net reference stations and the roving site.

* Examine the potential for enhanced network RTK sohs through the
integration of additional satellite constellatiagrals, e.g. GLONASS.

In order to assess the above, eight test locatwase identified at different
geographic locations throughout Great Britain anlbsequently a series of tests was
performed at each during the period March-April 00At each test site, precise
coordinates (‘truth' values) of both SmartNet alRISYNOW GNSS antennas were
determined, and subsequent network RTK solutioos) feach were compared and
statistically analysed to provide independent gtfiaation of overall network RTK
system performance. The ultimate goal of thising&inalysis was to provide the
surveyors and engineers utilising centimetre-lesaltions with animpartial and
independenbest practice user guide that extends beyondctivaently available, e.g.
the Guidelines for the Use of GPS in Surveying and Nappublished by Royal
Institution of Chartered Surveyors (2003) and ofirse the manufacturers’ own
guidance and advice.

Prior to data analysis of the manufacturers’ sohsgj precise coordinates solutions for
each of the test sites were determined. Threenaase(SmartNet, VRS NOW and
additional Newcastle University Leica antenna ia tentre) were set up at each test
site on a fixed bar mounting arrangement with Hatgienna separations of 250 mm.
The coordinates of the Newcastle University centialenna were determined via
Bernese v5.0 (Dach et al, 2007) processing relatvéhe five nearest Ordnance
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Survey active stations, with the ETRF89 coordinatefour held fixed. East, North
and Up coordinate residuals from this processimgg@nerally at the few millimetre
(mm) level (majority less than 5 mm) with just fivestances exceeding 10 mm. Then
'truth’ values of the SmartNet and VRS NOW antemeee determined relative to the
central antenna using the Leica GeoOffice SoftwaBer such short baselines all
standard atmospheric biases will cancel thus pmogidn excellent set of benchmark
coordinates for use in subsequent analysis.

Data analysis was preceded by the application of filkers applied to each of the

network RTK providers’ solutions. Firstly, all stions with instrument-reported

quality measures in excess of 50 mm in plan andm®0in height were removed.

Subsequently, solutions with a Dilution of Preasi®@OP) value of greater than or
equal to 3 were also removed. In the majority ades, the imposition of both these
filters retained around 95% of all solutions fromthb SmartNet and VRS NOW for

further analysis. Following the application of kbaaf the above filters a number of
tables of statistics, time series and histogransphere produced for each provider's
solution at each site (Appendix 1). It should lo¢ed that as the aim of this work is
the production of best practice guidance encompgdsoth the currently available

network RTK systems the results of all analyseshmen anonymised.

From the various analyses undertaken, it can belegded that both commercial
network RTK systems are currently operating at Isimevels of accuracy overall.
The application of simple coordinate quality and®fters in real time can greatly
improve the accuracy of both SmartNET and VRS NOWthallenging multipath
environments; however, in relatively benign envimramts no significant loss of
productivity or accuracy is suffered. The key hieréor the surveyor/engineer to pay
close attention to coordinate quality (CQ) indicat@rovided on the equipment.
Analysis of these has shown that in the main, bwtwork RTK systems deliver
coordinates that are of better accuracy than imelican real-time which should
engender confidence in the user. However, undedittons of severely limited
satellite visibility and multipath, both network RTsolution types can give over-
optimistic CQ values. In general it can be conetudhat currently commercial
network RTK services in Great Britain are achievaaguracies at around the 10 —
20 mm level in plan and 15 — 35 mm level in heigimnte sigma). Even when working
at the extents of the Ordnance Survey active né&twerg. the coastal zone,
surveyors/engineers can have a good deal of comdeéen network RTK solutions.
For example, from the limited tests performed iis tivork, rms errors in such
locations range between 10-15 mm, 7-32 mm and 18w30n the North, East and
Up directions respectively. However, in such laezd and indeed at other locations
within Great Britain (e.g. Scotland, Wales and 8wuth West of England), the user
can still be in excess of 50 km (mean distancenftbe nearest four OS Net sites.
Under such conditions surveyors/engineers may woeskeonsider the adoption of
averaged window solutions as described below.

The use of a single averaged window solution (definable in the manufacturer's
equipment) can significantly improve the levelsasturacy compared with a single
epoch network RTK solution. Testing performed his treport has determined that
rms errors can be reduced by around 5 mm, partlguia the Up coordinate

component, through the adoption of the mean of 3aminute averaged windows
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separated by 20 minutes. The separation of thewindows was also investigated
and found not to yield significant improvement begal5 minutes.

Due to the nature of receiver locations compris@§ Net, the user may find
themselves at an altitude significantly above dowethe surrounding OS Net sites.
This geographical offset has implications for comuied network RTK systems’
ability to effectively model/estimate and ultimatelemove residual atmospheric
effects and in particular tropospheric bias. Teptat representative locations has
determined that both commercial network RTK proxsdare able to mitigate residual
tropospheric errors to a large degree. Howeveergvheight differences between the
user and the nearest OS Net base stations exc@ead 26rveyors should consider the
adoption of windowing techniques.

As other satellite constellations (e.g. GLONASS &wulileo) mature, more signals
become available for integration into network RTd{usions. This work examined, at
one point only, the effect of the GLONASS signal suth solutions. Results from
this very early study should not be over-interpaidbet would appear to suggest that
the additional GNSS signals increase the avaitgbf network RTK solutions
especially in challenging environments such asutibsan canyon. However, these
initial results, although not conclusive, do noggest improvements in accuracy and
indeed imply a slight degradation. Further testoigthis aspect is recommended
following the ongoing replenishment of active siatiinfrastructure and of the
GLONASS constellation.

The periodic redistribution of water due to the aceides loads the Earth's surface,
resulting in time-varyingpcean tide loadindOTL) displacement. The complicated
Great Britain coastline and shallow seas resukanabilities in OTL, from up to
+60 mm in height displacement and +20 mm in plaspldicement over a 6 hour
period in the South-West Peninsula, to about a thirthis range throughout much of
eastern Great Britain. Again, limited testing at@TL-susceptible site suggests that
network RTK reduces OTL errors to within the limitksystem noise throughout the
majority of mainland Britain. However, further tieg, especially at sites in the
South-West, would be required to establish this enoigorously. This is
recommended.

The above experiments and analysis have allowestiassof recommendations for
practitioners to be developed (Section 7) and theBede used to form the body of
best practice guidance. Clearly, this guidancetimse delimited and future
developments in commercial network RTK may well uiegf update to these
guidelines.

Network RTK in Great Britain 6



1. Introduction
1.1 Background

Since 1998, Ordnance Survey has gradually incredsechumber ofactive GPS
stations to more than 100 with a target of ~11@yFe 1). The key driver behind this
increase has been the desire for the Ordnance \Stwvemove towards a real-time
kinematic (RTK) GPS coordinate solution sufficientaccuracy (3-5 cm) to allow
efficient and timely update of Great Britain's largcale mapping. This so-called 'OS
Net' (Ordnance Survey OS Netis effectively a densification of the originattive
station network allowing Ordnance Survey persomnoelchieve accuracies sufficient
for its map update programme. A network
approach enables the reference to roverunancesumvey éﬁf
separation to be increased beyond thez2s

single baseline traditional RTK limit of
~20 km (above which differencing of
observations no longer sufficiently
mitigates atmospheric and orbit error
with the result that ambiguity fixing is
generally rendered less successful), by
broadcasting atmospheric and other
corrections to the rover from the set o
reference stations. Briefly, OS Net is use
to provide real-time information to
Ordnance Survey surveyors using just one
'roving’ GPS receiver combined with
mobile phone data card thus allowin
coordinate determination at the require
accuracies.

-----

\. 0 255075100125
5 Vesent

‘‘‘‘‘

As a result of the development of OS Net, K;%ﬁ

Ordnance Survey has recently entered into- :
a number of third party partnerships Figure 1. OS Net reference station network.
bringing commercially available network RTK solui® to Great Britain's
surveying/engineering sectors. The first partnprsdmnounced in late January 2006,
was between the Ordnance Survey and the surveyidgeagineering equipment
manufacturer Leica Geosystems (Leica Geosystend§a20 Leica Geosystems offer
a National RTK network solution called '‘SmartNefhis announcement was quickly
followed in March 2006 by a second partnership keetwOrdnance Survey and the
equipment manufacturer Trimble Navigation (Trimi2€06). Both VRS NOW and
SmartNet solutions are derived from OS Net raw.data

© Crown copyright

Both the Trimble and Leica network RTK systems haeen designed to provide
‘centimetre level' real-time positioning anywheneGreat Britain, provided mobile

phone coverage is available. Initial coordinateuaacy testing (using the Trimble
VRS system) by Ordnance Survey (2005) has indidd@dcoordinate rms accuracies
in the order of 11, 14 and 34 mm (East, North amdifections) are obtainable.
Leica SmartNet promotional materials (Leica Geaayst, 2006b) state their system
‘performs 1-3 cm RTK surveyalthough no distinction is made as to the conmtpara
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accuracies of different coordinate components. eAamination of frequently asked
guestions on the Leica SmartNet  http://smartnet.leica-
geosystems.co.uk/SpiderWeb/frmindex.gspgcessed September 2008) reveals the
following statement;

'‘Assuming the standard GPS RTK protocols and hestipe methods are
employed for maximum precision i.e. good satelt@verage, good
geometry of precisions, low multipath environmeaits SmartNet typically
achieves an RTK rmse accuracy of 10-20 mm plan28A80 mm height, in
Great Britain' (Leica Geosystems, 2007).’

For the Trimble VRS NOW system, a similar web skarc
(http://trl.trimble.com/docushare/dsweb/Get/Docurni828/022543-

080E_R8VRS DS _0507_Ir.pdaccessed September 2008) reveals quoted acairacie
for their R8 GNSS receiver of 11 mm + 1 ppm (haonizd) and 20 mm + 1 ppm
(vertical) (Trimble, 2007), although a report pshked in their journal Technology and
More (2005) reveals actual tests using their N@#mnolina, USA, VRS system that
yield rms performance at the level of 15, 12 ananb (East, North, Up directions).

A review of the literature would appear to suggést accuracies of Great Britain's
two current commercial network RTK GPS systemssarelar, but there is currently

a dearth of independent information providing asejpendent review of the range of
achievable accuracies over the variety of situatioealistically experienced by
surveyors and engineers.

Network RTK in Great Britain 8



2. Scope of study

The scope of this study has been deliberately kepissed as there are myriad
circumstances in which one could assess network R&Kormance. Thus five
analysis aspects/objectives for Leica SmartNet dmanble VRS NOW were

identified:

1. Determine overall three-dimensional accuraciesirattde at a range of
locations.

2. Determine coordinate repeatabilities attainabke r@nge of locations.
3. Examine performance at the geographical extentiseo$ystem.

4. Examine system performance when significant hedjfferences exist
between the OS Net reference stations and theg®ite.

5. Examine the potential for enhanced network RTK @ohs through the
upgrade of OS Net infrastructure to GPS + GLONA&RIvers.

The above objectives were investigated through gesseof controlled field
experiments and subsequent data analysis.

A further aim of this project is the disseminatioh its findings to the broader
geomatics community through the formulation ofiapartial andindependenGreat
Britain network RTK 'user guide'. The lack of opepublished information on the
performance of the commercial network RTK GPS sgsten Great Britain and
indeed Europe make this project particularly timahd relevant to the surveying,
engineering and mapping communities. It shouleded that whilst the capabilities
of both commercial network RTK systems will beicatly examined, this report does
not attempt to directly rank the services with exdpto one another, but rather to
provide impartial and objective indicators of thgpital measurement quality
attainable by any system.
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3. Fieldwork

To meet the objectives outlined in Section 2, deseof field experiments was

undertaken at a range of locations across EngladdMales (Figure 2). To simplify

site selection a series of passive Ordnance Surgyork stations (OS Net) meeting
a set of selection criteria was chosen. |Initiat tdesign criteria were based on
distance of the test site from the nearest OS blateastation, the site’s elevation and
general aspect i.e. open or urban, and comprised:

Within 20 km, low elevation, open aspect

Within 20 km, low elevation, urban aspect

As for (2) but with GLONASS corrections

Within 60 km, low elevation, coastal, edge of netwo

Within 60 km, low elevation, coastal, edge of natwbut with potential for
ocean tide loading effects

Within 60 km, low elevation, surrounded by actives

Within 30 km, high elevation, close to (6)

Within 30 km, large elevation difference to neawadive.

agrwnE

© N

The above initial criteria resulted in the follogirOrdnance Survey passive sites
being selected (Table 1). Table 1 shows the rahgéetances from the test site to the
nearest four Ordnance Survey active stations,rtteeaf these baseline distances, the
mean height difference between the test site aadair active sites and the rms of
the height differences. It should also be noted sites GRAV and GRAG are the
same physical location and this site is not an @nde Survey passive site. This site
was selected specifically to provide a challengingan environment for a comparison
between GPS only and GPS/GLONASS network RTK smhsti Figure 2 shows the
Ordnance Survey network of active stations anddbations of the test sites chosen.

Table 1. Test sites selected based on initiat8elecriteria.

CALL erton GRAVesend GRAG STMG
Site Grange [(GPS/GLONASS)| (Same as GRAV) | (St. Margarets)
[Date observed 17/03/08 19/03/08 20/03/08 21/03/08
[Dist to nearest 4 Ordnance | 1 67 | 2250 km 22 - 50 km 28 - 61 km
Survey active stations
Irms baseline distance 51 km 35 km 35 km 48 km
|Mean height difference 53 m 21m 21m -81' m
Irms height difference 144 m 26 m 26 m 82m
TRETio |Church STREtton| TUSHingham GWYNfryn
Site
IDate observed 24/03/08 25/03/08 17/04/08 18/04/08
Ig'St to nearest 4 Ordnance | o7 419y | 22-72 km 31 - 69 km 45 - 80 km
urvey active stations
Irms baseline distance 70 km 48 km 50 km 64 km
|Mean height difference -56 m -255m 16 m -254 m
Irms height difference 76 m 257 m 108 m 279 m

Network RTK in Great Britain 10
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Figure 2. OS Net active stations (lighter circleether with network RTK
test sites (red triangles).

A total of seven sites yielding eight test data $&tRAG is the additional test used to
examine combined GPS/GLONASS performance) weretiftehacross England and
Wales (Figure 2) as meeting the criteria outlinbdve. At each of the sites a tripod
was set up over the Ordnance Survey passive sitkemand each manufacturer’s
antenna was set up on a bar (Figure 3) with fixeedriantenna distances of 250 mm.
In the centre of the bar was a third antenna cdedeto a Leica GX1230 (Ncl_rec)
dual frequency receiver. This receiver was usedrettord static data for the
determination of site coordinates using the Berngsescientific GPS processing
software. At each test site the mounting bar wastred such that the Ncl_rec
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antenna was over the station marker and approxiynateentated to North using a
magnetic compass to provide equipment configuratpeatability.

Figure 3. Eqipment confiuration showing intatemna distances.

Prior to fieldwork commencing it had been agreedt tbach manufacturer would
configure their RTK equipment such that the higmeshber of fixed solutions would

be recorded for later analysis. These settingegsseeily involved parameters that
would not normally be advised for general surveymgposes. The following

summarises the primary parameters set:

Trimble VRS NOW equipment parameters

» Elevation Mask: 10°
« PDOP: 99
» Horizontal and vertical quality limits set to 100m

Leica SmartNet equipment parameters

* Elevation Mask set to 10°
* No further instrument parameters were set to ertbateall fixed points were
recorded.

At least 6 hours of network RTK solutions were eoléd to allow for a significant

geometry change in the satellite constellation @anprovide a long time span of data
for analysis. Furthermore, this hardware confijara and observing procedure
helped to minimise any biasing at different siteg do varying satellite geometrical
configurations. The Ncl_rec instrument also caédct hours of static data for later
post processing.
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4. Data processing and test methodologies

4.1 Data processing

Whilst ETRF89 coordinates are already available dibrsites occupied except for
GRAV, the stability of Ordnance Survey passive mekvsites is uncertain so the
coordinates of these sites were initially recomguising data from the mid-mounted
receiver (Ncl_rec) as a 'sanity' check on procegssincedures and to provide a means
of determining precise 'truth’ coordinates for 8rmartNet and VRS NOW antenna.
During the Bernese v5.0 processing of the centngdraa the following parameter
settings were selected to provide coordinatesehtghest quality:

* Processing was performed relative to the five r&tdd& Net active sites, with
the ETRF89 coordinates of the best four held fixed.

* IGS final precise orbits were used

* Final station coordinates were based on networkgasing as opposed to
individual baseline solutions

* Final coordinates were based on accumulated sohitising 180 second data
interval

* Antenna phase centre offsets and elevation-depérndeations were
modelled using the IGS absolute values

* An elevation cut-off angle of 15° was imposed

* Elevation-dependent weighting was implemented.s Parameter setting
down-weights observations from lower elevation ltitgs in the final
solution.

* Ambiguity resolution was attempted

» Ocean tide loading effects were corrected using-#82004 ocean tide model

» Earth body tides were modelled

* lonospheric free observable was used to generatintl coordinate solutions

» Tropospheric zenith delays were computed everyu@shat each station and
the Niell (1996) mapping function was used

Figure 4 shows the geographic locations of all s#&is together with the vectors to
the nearest five active OS Net stations used irBémmese processing. It should be
noted that in the final solution the coordinatesfair of the five OS Net stations
fixed, following closely the EA 'E1 point' procesgistrategy (Environment Agency,
2004). Table 2 provides summary information folilogvthe Bernese processing for
each test site including distance to each OS Naiost final residuals and the
percentage of L1 and L2 ambiguities resolved in fthal solution. Following the
Bernese processing the newly determined precisedicates for each test site were
used to determine 'truth' coordinates for the arderused by the SmartNet and VRS
NOW systems.
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Figure 4. Test site locations and vectors to retdinee OS Net active stations.
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Table 2. Test site residuals from four fixed site Bernese v5.0 processing.

Distance % L1and L2
Network RTK Active from dN | dE | dU [ ambiguities

Test site Station | testsite |[(mm){(mm)|(mm) fixed

ICALL erton - - - . . 91
NEWC 10 - - -
WEAR 42 -5 3 3
SEAH 64 -5 5 8
RICH 67 0 9 4

IGRAVsend - - - . - 73
MAID 22 - . -
STRA 27 4 0 5
SHOE 35 -3 2 -9
MARG 71 8 -1 -8

IGRAG - - - . - 71
MAID 22 - - -
STRA 27 1 o -4
SHOE 35 -3 -1 -2
MARG 71 9 -2l -4

STMG (St. Margarets) - - - - - 65
MARG 28 - . -
DUNG 36 -1 3 10
SHOE 59 -11 2l 12
MAID 61 -9 2l 10

TRETIio - - - . - 98
ANGE 26 - . -
ABEP 52 -2 -1 0
HORT 82 -1 -1 0
MACH 120 6 -4 2

IChurch STRETton - - - . - 92
SHRE 22 - -
SHOB 32 1 3 2
DROT 51 -1 3 8
MACH 72 4 71 16

TUSHington - - - . - 96
SHRE 31 - . -
DARE 39 -2 -3 6
LEEK 51 -2 -6 0
LICH 69 -2 1 -3

IGWYNfryn - - - . - 100
SHRE 47 - . -
DARE 45 -2 -3 9
LEEK 77 0 -4 7
LICH 96 -1 o -1

JRoot mean square - - 46 | 35| 6.9 -
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Using the Bernese-derived precise coordinates efcéntral antenna (Ncl_rec), the
Leica GeoOffice GPS processing software (LGO) wsedusubsequently to establish
the 'truth’ coordinates for both the SmartNet aRSWOW antennas by processing
short baselines relative to Ncl_rec. The followpayameters were used during this
very short baseline processing:

» Elevation cut-off angle 15°

* IGS final precise orbits

e Solution Type - Phase: all fix
* Frequency: L1 and L2

« Tropospheric model: Hopfield
« lonospheric model: Automatic

" note that both tropospheric and ionospheric errarsuld cancel completely for
these very short baseline lengths (250 mm)

4.2 Test methodologies

The test methodologies corresponding to the oljestiare now described, being
carried out with each manufacturer's equipmentisiigy the SmartNet and VRS
NOW network RTK services. At each of the testssiexperiments were undertaken
at periods of different satellite geometries anddeediffering DOP values to allow

analysis of system performance during times of botfh and low DOP. The

following aspects were assessed for each of the sitcupied:

1. System accuracies. At each test site, time series of SmartNet and \XRAWV
derived coordinates were compared to the ‘truthiegain order to assess
overall system accuracies in each coordinate coemon

2. RTK system coordinate repeatabilities:. These were examined by study of
the temporal variation of short-term system acoui@s described above) at
each site.

3. Reference network extents. System performance at test sites STMG & TRET
was analysed in regard to the fact that both sitegocated at the geographical
extents of the continuously operating referenceostanetwork. This analysis
is particularly important for those professionalshow operate in such
geographical locations and for those working inaarthat are more sparsely
populated with reference stations.

4. Height effects. System performance in relation to ability to rmatig
tropospheric effects was examined by testing NetR®dkKitions at a range of
altitudes with respect to network reference station

5. GLONASS aiding: There currently exists an area around London eviies
base station infrastructure is both GPS and GLONASGable. Solutions
from both VRS NOW and SmartNet were tested ateateivards the centre of
this area firstly using GPS alone and then using @R5LONASS.
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5. Data analysis

Prior to any statistical analysis of network RTKfpemance both the VRS NOW and
SmartNet solutions obtained at each site weredufthiered based on two criteria:

() CQfilter: Filtering criteria based on instrument-reportedrdinate quality (CQ)
measures were applied such that solutions whereingteument-reported quality
measures in excess of 5 cm in plan i.e. North aast #irections and 10 cm in height
i.e. Up direction were rejected as outliers. Tikigeasonable assuming the formal
errors reported by the network RTK systems aralvali

(i) CQ+DOP filter: A further DOP threshold was applied following &)ove such
that solutions passing the CQ filter but with DOfues greater than or equal to 3
were also rejected. Again this is a reasonabletiged quality criterion to impose.

Table 3 presents information on the total numbeolufervations recorded by each
network RTK provider's equipment at each test gigether with the number and
percentage reduction in these following the appbeoaof filters (i) and (ii). The
overall mean reduction in observations available fiother analysis was ~ 8%
however, this figure is biased by problems expeeednat GRAV and GRAG by one
of the providers (purple). More realistically iarc be seen from Table 3 that
following the combined application of filters (iha (ii) the total number of solutions
available for further analysis was in excess of 98%he majority of cases. With
regard to those sites exceeding the thresholdsilfer (i) the most likely cause of
rejection is that of very local effects and maylaetf some measure of multipath or
other local interference. Some of the problem®a@ated with GRAV and GRAG
experienced by one service provider can be exmaime part, by communication
issues although other (unspecified) factors maghead an effect. Overall, following
the application of (i) and (ii) there remained ircess of 5.8 hours of data for
subsequent analysis.

Notwithstanding the application of the above fadtehe nature of statistical analysis
will inevitably identify observations that rangetside what the user may expect. The
statistical analysis undertaken in this report a@ionguantify the significant trends that

are important to users and upon which best pragticgance can be soundly based.

Figure 5 shows a typical East, North and Up timeeseplot for site CALL with
outliers removed based on filter (i) criteria. &dsorth and Up values have been
computed by transforming the raw coordinate soh#itor each manufacturer into a
local planar coordinate system. Individual mantufeer solutions are denoted by the
different colours (purple and pink) but no furtlsggnificance should be read into this
aspect. For each piece of equipment two line pares shown in three panes
corresponding to East, North and Up coordinate aomapts. For each coordinate
component the complete epoch by epoch time sefisslotions is shown (thicker
line with more variation). The smoother lines egant 5 minute running average
solutions. The running averages allow trends iluteEms to be drawn out more
easily. Statistical data for these graphs is cdaegfrom the complete time series of
solutions. The bottom pane on these plots shoeHMP variations for HDOP and
VDOP for the respective manufacturer's equipmengimilar plots were also
generated for CQ+DOP filter (ii) solutions.
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Figure 6, as Figure 5, shows the whole time séfilesr (i) output] of reported quality
measures for each coordinate component (lightekehilines with more variation)
together with the variation in actual rms (root meguared) error computed over 300
epoch (5 minute) sliding windows. Again, individluaanufacturer's solutions are
simply denoted by different colours. Results anews for East, North and Up
directions but for this analysis a logarithmic echhs been employed. GDOP values
are shown in the bottom panel of the plot. Ploiswsng CQ+DOP filter (ii) output
are also provided in Appendix 1. The rms error h@gen computed for each
coordinate component, as:

ms= \/(obq—trutt')2+(ob§— truth’ +....+( ohs- trudh
n

Where:
obs. . are the network RTK determined coordinate companent
truth  is the corresponding ‘truth’ coordinate comeot
n is the number in the sample e.g. 300 epochs
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Table 3. Recorded observations by manufactureactt test site.

% Obs
Net RTK|Number of | Number of obs % Obs available after
Site |Provider obs rejected reduction | filter (i) and (ii)
Total obs in time window| CALL | Purple 20125
After CQ filter (i) 20073 52 0.3
After CQ+DOP filter (ii) 19891 182 0.9 98.8
Total obs in time window
After CQ filter (i)
After CQ+DOP filter (i)
Total obs in time window|GRAV| Purple 21254
After CQ filter (i) 8817 12437 58.5
After CQ+DOP filter (ii) 5533 3284 37.2 26.0
Total obs in time window|
After CQ filter (i)
After CQ+DOP filter (ii)
Total obs in time window|GRAG| Purple 23305
After CQ filter (i) 9048 14257 61.2
After CQ+DOP filter (ii) 6368 2680 29.6 27.3
Total obs in time window|
After CQ filter (i)
After CQ+DOP filter (ii)
Total obs in time window|STMG| Purple 22176
After CQ filter (i) 19697 2479 11.2
After CQ+DOP filter (ii) 19019 678 3.4 85.8
Total obs in time window|
After CQ filter (i)
After CQ+DOP filter (ii)
Total obs in time window| TRET| Purple 22035
After CQ filter (i) 20773 1262 5.7
After CQ+DOP filter (ii) 20763 10 0.0 94.2
Total obs in time window|
After CQ filter (i)
After CQ+DOP filter (ii)
Total obs in time window| STRE| Purple 22803
After CQ filter (i) 22668 135 0.6
After CQ+DOP filter (ii) 22637 31 0.1 99.3
Total obs in time window|
After CQ filter (i)
After CQ+DOP filter (ii)
Total obs in time window| TUSH| Purple 22583
After CQ filter (i) 22020 563 2.5
After CQ+DOP filter (ii) 21302 718 3.3 94.3
Total obs in time window|
After CQ filter (i)
After CQ+DOP filter (ii)
Total obs in time window|GWYN| Purple 23610
After CQ filter (i) 23193 417 1.8
After CQ+DOP filter (ii) 21538 1655 7.1 91.2

Total obs in time window|

After CQ filter (i)

After CQ+DOP filter (ii)
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Figure 5. Time series of SmartNet and VRS NOWtsmhs (epoch by epoch

as darker lines, and running average as paler) lares DOP
variations (HDOP as darker lines, VDOP as palad)rior

CALLerton site after application of the CQ filte).(
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Figure 6. Reported coordinate quality (darker jreeed rms moving window
time series (paler lines) of SmartNet and VRS NO&¥tENorth,
Up solutions together with GDOP variations (dafkegs, left-
hand scale) and number of observed satellitesr(paés, right-
hand scale) for CALLerton site after applicatiortloé CQ filter (i).

Figure 7 shows a typical scatter plot of the planrdinates for the CALL test site
indicating the variation in East and North of VR®W and SmartNet solutions.
Whilst the raw data is the same as for the EastNwodh panels of Figure 5, the
alternate form of the plot enables biases and gerd deviation away from the ‘'truth’
coordinate components to be more easily visualisBde statistics of the individual
coordinate components for these plots are natutlalysame as those shown for CQ
filter (i) type plots.
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Figure 7. Scatter plot of SmartNet and VRS NOWIsohs (darker lines)
and moving-window averages (paler lines) for CAlibersite after
application of the CQ filter (i).

Table 4 shows the statistics for all sites aftgsliaption of CQ filter (i) and Table 5
shows the matching statistics after applicatio€@+DOP filter (ii). In conjunction
with these Tables, histogram plots have been gtaterarhe left hand side of Figure
8 gives the mean and rms values (one sigma) togeitie histograms for each of the
East, North and Up directions and for each manufacs equipment. The right hand
side of Figure 8 shows cumulative histograms of dbeolute differences from the
truth coordinates, e.g. for CALL 68% of solutiomsthe East direction and passing
CQ filter (i) fall within 5 mm of the true East cqmonent, for the ‘purple’ equipment.
Coordinate quality (CQ) ratio plots have also bgemerated by determining the
actual rms error of a moving 5 minute window andding this figure by the network
RTK equipment reported quality indicator for thentte epoch of that 5 minute
window. Figure 9 presents this ratio plot usinipgarithmic scale on the y axis for
the East, North and Up coordinate components of ICfllowing the application of
CQ filter (i). Thus where the ratio is less thanity, actual coordinate quality is better
than that reported by the equipment, and vice versa

The corresponding plots to those shown in Figures%for all sites following both
filter (i) and (ii) results can be found in Appexrd..

Network RTK in Great Britain 22



CALL_filt

Cumulative percent

68% =50C
95% =8 10

Cumulative percent

68% =50
95% = 14 14

254
Hy ;34 Nu—ﬂ
G = G = =
201 Y Y 5
e
‘151 8
D [4b]
2 =
& 101 &
=
5 E 68% =9 11
o 95% = 18 23
0_
-100 -50 0 50 100 0 50 100

Difference /mm Absolute error /mm
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Table 4. Test statistics for all sites after aggtion of CQ filter (i).

Site Name CALL TUSH GWYN GRAV
North East Up North East Up North East Up North East Up
[Purple min (mm) -15 -26 -38 -127 -125 -110 -48 -56 -107 -29 -27 -75
max (mm) 67 14 45 62 25 601 52 35 106 62 25 81
mean (mm) 0 2 -4 13 -4 -13 2 3 21 2 5 -6
rms (mm) 6 5 9 19 8 24 10 9 30 12 9 23
Mean CQ 0.709 0.591 0.682 1.456 0.637 1.059 0.822 0.735 1.491 0.958 0.738 1.067
|Pink min (mm) -34 -8 -69 -33 -42 -81 -128 -73 -167 -52 -34 -132
max (mm) 17 20 52 37 33 89 54 51 82 86 61 92
Site Name GRAG STMG STRE TRET
North East Up North East Up North East Up North East Up
[Purple min (mm) -62 -41 -2470 -44 -33 -28 -11 -21 -142 -27 -38 -64
max (mm) 1263 1220 143 22 65 68 85 39 43 48 28 42
mean (mm) 22 22 -42 -10 9 24 13 0 6 -1 -7
rms (mm) 134 123 261 15 32 30 20 24 10 7 19
Mean CQ 4.380 3.922 4.688 1.205 2.848 1.554 1.308 0.841 1.024 0.880 0.585 0.962
|Pink min (mm) -55 -43 -129 -23 -55 -62 -21 -14 -64 -28 -31 -70
max (mm) 65 59 119 44 56 68 32 30 83 34 23 67
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Table 5. Test statistics for all sites after aggtiion of CQ+DOP filter (ii).

Site Name lcaLL TUSH GWYN larAV
North East Up North East Up North East Up North East Up
[Purple min (mm) -15 -26 -38 -127 -61 -110 -48 -56 -107 -23 -27 -75
max (mm) 67 14 45 62 25 566 52 35 106 62 25 81
mean (mm) 0 2 -4 13 -4 -14 2 3 21 4 5 -6
rms (mm) 6 5 9 19 8 24 10 9 30 13 9 24
Mean CQ 0.727 0.596 0.695 1.424 0.655 1.049 0.842 0.761 1.526 0.960 0.743 1.268
IPink min (mm) -34 -8 -69 -33 -42 -81 -128 -73 -167 -47 -31 -109
max (mm) 17 20 52 37 33 89 54 51 82 62 46 92
Site Name GRAG STMG STRE TRET
North East Up North East Up North East Up North East Up
IPurple min (mm) -62 -31 -129 -44 -33 -18 -11 -21 -142 -27 -38 -64
max (mm) 84 70 142 16 65 68 85 39 43 48 28 42
mean (mm) 10 9 -14 -10 8 24 13 7 0 6 -1 -7
rms (mm) 23 18 38 15 32 30 20 9 24 10 7 19
Mean CQ 0.669 0.530 0.604 1.268 2.847 1.634 1.308 0.840 1.024 0.880 0.585 0.963
IPink min (mm) -55 -43 -129 -23 -55 -62 -21 -14 -64 -28 -31 -70
max (mm) 65 59 119 44 56 68 32 30 83 34 23 67
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Table 6.

averaged results for CQ filter (i).

Effect of time separated averaged windbgeovations compared to non-

Window Single window 20 min separation 45 min sepa ration
Size N E U N E U N E U
Site (sec) | (mm) | (mm) | (mm) | (mm) [ (mm) (mm) (mm) | (mm) (mm)
ICALL Purple 1 6 5 9 5 4 7 4 3 7
5 6 4 9 5 4 7 4 3 6
180 6 4 8 4 3 7 4 3 6
300 6 4 8 4 3 7 4 3 6
ICALL Pink
TUSH Purple 1 19 8 24 18 7 20 18 6 21
5 19 8 24 18 7 20 18 6 21
180 19 7 22 18 6 19 18 6 19
300 19 7 21 18 6 19 18 6 19
TUSH Pink
IGWYN Purple 1 10 9 30 7 7 26 6 7 25
5 10 9 29 7 7 26 6 6 24
180 9 9 28 7 7 25 5 6 23
300 8 8 27 6 6 25 5 6 23
IGWYN Pink
IGRAV Purple 1 12 9 23 11 8 20 12 8 19
5 12 8 22 11 8 20 12 7 19
180 12 8 20 11 7 18 12 7 16
300 12 8 19 11 7 17 12 7 16
IGRAV Pink
TRET Purple 1 10 7 19 9 5 15 9 5 16
5 10 7 18 9 5 15 9 5 16
180 10 6 16 8 4 13 8 4 14
300 9 6 15 8 4 12 8 4 13
TRET Pink
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Table 7.

Effect of time separated averaged windbservations compared with non
averaged results for CQ+DOP filter (ii)

Window Single window 20 min separation 45 min separation
Size N E u N E u N E U
Site (sec) (mm) |(mm)| (mm) | (mm) | (mm) (mm) (mm) (mm) | (mm)
ICALL Purple 1 6 5 9 5 4 8 4 3 7
5 6 4 9 5 4 7 4 3 6
180 6 4 8 4 3 7 3 3 6
300 6 4 8 4 3 7 3 3 6
ICALL Pink
TUSH Purple 1 19 8 24 18 7 20 18 6 21
5 19 8 24 18 7 20 18 6 21
180 19 8 22 18 6 19 18 6 19
300 19 7 21 18 6 19 18 6 19
TUSH Pink
IGWYN Purple 1 10 9 30 8 7 27 7 7 26
5 10 9 30 7 7 27 7 7 26
180 9 9 29 7 7 26 6 7 25
300 8 8 28 6 6 25 5 6 24
IGWYN Pink
IGRAV Purple 1 13 9 24 14 9 23 13 9 22
5 13 9 24 13 9 22 13 9 22
180 13 8 22 13 8 21 12 8 19
300 13 8 22 13 8 20 12 8 19
IGRAV Pink
TRET Purple 1 10 7 19 9 5 15 9 5 16
5 10 7 19 9 5 15 9 5 16
180 10 6 16 8 4 13 8 4 14
300 9 6 15 8 4 12 8 4 13
TRET Pink
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6. Commentary

6.1 Network RTK accuracies

One of the key areas of interest this report ade®ess typical expected accuracies
that should be obtainable with network RTK. Aftbe application of CQ rejection
[filter ()], mean and rms values were computeddbtest sites (Table 4). Note that
the statistics from this and Table 5 have been emetpusing all data passing the
respective filter criteria. An initial inspectiasf Tables 4 and 5 indicates that both
commercial network RTK systems are operating atlainevels of accuracy overall.
In this regard it can be seen that with the appboaof a simple CQ rejection filter
(Table 4), rms accuracies when compared with dh'tnalue range between 6 —
20 mm, 5 — 32 mm, and 9 — 30 mm in the North, BastUp directions respectively.
Further inter-comparison between Tables 4 and Sealsvthat the additional
application of a DOP limit (3 in this case) does affect the overall rms statistics at
most sites, but improves greatly the performancthefnetwork RTK purple system
at GRAG (high multipath), reducing rms values fra8v to 23 mm, 123 to 18 mm
and 261 to 38 mm in the North, East and Up diresticespectively. These results
would suggest that the imposition of a DOP limit 2fdoes not adversely affect
network RTK performance in the open environmentt bu more challenging
environments can dramatically improve system réitgb

For surveyors and engineers working in real-tirhe, luxury of comparative analysis
of instantaneous results against 'truth’ valuesois available. Therefore the CQ
values provided via manufacturers’ equipment atal ior ensuring quality. An
examination of the CQ plots in Appendix 1 suggdisés for the majority of the time,
both network RTK systems are providing solutionat thave an actual coordinate
quality better than that which is reported i.e. @fo values are less than unity, e.qg.
Figure 9. Naturally there is variation around tHiat from a user’'s perspective this
should engender confidence in the systems. Howefggr more challenging
environments e.g. GRAG, the network RTK pink equepin (following the
application of CQ+DORP filter (ii)) predominantlyperts over-optimistic CQ values.
In contrast, at this site the network RTK purpleipment reports cautious CQ values
where filtered solutions are available.

6.2 Repeatabilities

The above figures would appear to suggest thatatiibe commercial network RTK
services are currently achieving accuracies atrardlie 10 — 20 mm level in plan and
15 — 35 mm level in height (one sigma). Howeveshould be kept in mind that
these statistics are derived from the complete tp@n of filtered data. Clearly,
surveyors/engineers take significantly smaller damphan this. Thus the graphs
showing epoch-by-epoch scatter plots for CQ fillgoeints e.g. Figure 7 give a more
visual insight into instantaneous network RTK perfance. An examination of these
2D plan plots in Appendix 1 reveals that for a tigkly open aspect site such as
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CALL, epoch-to-epoch 2D performance does indeedecefthe statistics above.
However, for other sites such as TRET, there aceirsions away from the 'true’ plan
coordinate at the 30 mm level that persist for sdvminutes at a time. For GRAV
(high multipath GPS only solutions) excursions a@réhe 40 — 50 mm level. Even at
STRE, another open aspect site (but with largeragilen differences), the network
RTK purple equipment suffers a significant and pngled 2D excursion at the 50 mm
level. Short term repeatability, observed oveinsés to minutes rather than tens of
minutes to hours, may therefore give a misleadmgréession of accuracy, especially
in problematic environments.

The above trends seen for CALL, TRET, GRAV and STRE& further exemplified
through examination of the histogram plots in Apgignl. Generally, these plots
show that solutions from both network RTK providare normally distributed with
some small biases although other trends are evid&ar example, at TUSH the
network RTK purple equipment shows a bimodal dstiibn for solutions in the
North component. However, for station GRAG bothkpand purple show similar
biases in the East, North and Up directions. Mdegailed analysis of these
distributions is beyond the scope of this repaut,dverall it can be concluded that the
95% confidence level may be more than twice the rms

6.3 Working at the network extents

Two sites, STMG and TRET were chosen to be atxhemities of the OS Net active
station infrastructure. STMG has active station/ do the west while TRET has
active stations only to the east. The geometritdittons represented by these two
sites are perhaps a little beyond average but garsiengineers working in the
coastal zone or indeed Scotland may well encowsiteitar conditions. For STMG
after the application of CQ+DOP filter (ii), the snarrors for the network RTK purple
are 15, 32 and 30 mm North, East, and Up compardd M, 28 and 19 mm East,
North and Up respectively for the pink equipme@omparable figures for TRET are
10, 7 and 19 mm for purple and 13, 7 and 18 mmtHerpink equipment. Again,
these statistics suggest very good performancelth\ert examining the 2D plots and
histograms for these sites reveals epoch to epaair&@ons of up to 30 mm for TRET
and significantly larger for STMG together with sifjcant biases in the histograms.
Indeed, the results for STMG are rather unusuathat both pink and purple
equipment reveal very large excursions at the dettenlevel in the East/West
direction for quite long time periods. The reasonthis cannot be determined from
the single data set observed and further experatient beyond the scope of this
report would be required.

Despite Ordnance Survey densification of the acite¢ion network it is still possible
for the user to be in excess of 50 km (mean disfafrom the nearest four active
stations in parts of Scotland, Wales and the Sbgist of England. As a visual aid
for those working in such areas, Figure 10 showsikan distance to the nearest four
OS Net active stations. Under such conditions egoxs/engineers may wish to
consider greater use of the averaging techniquiised below.
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Figure 10. Mean distance from nearest four OSablete stations (open circles).
Green triangles denote test sites used in this.work

6.4 Ocean tide loading effects

The periodic redistribution of water due to the acdides loads the Earth’'s surface,
resulting in time-varyingocean tide loading(OTL) displacement. The total
displacement comprises many periodic terms, butratd@sreat Britain, the dominant
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terms have semi-diurnal periods of 12 hours 25 msyM2) and 12 hours (S2).
Lesser effects are also observed with other seanirdi and diurnal periods (close to
12 and 24 hours respectively). The complicatecaGBeitain coastline and shallow
seas result in large variabilities in OTL displaegrt) from up to arount60 mm over

6 hours in height ani20 mm in plan near the tip of the South-West Penimdo
about a third of these ranges throughout much lahth Great Britain east of a line
roughly joining Southampton to Aberystwyth. Théeef is also large in South-West
Wales and the Western Isles. Penna et al. (20@08)de a map of the magnitude of
spatial variability of the dominant M2 OTL heighispglacement across North-West
Europe. Instantaneous differences in OTL displasdnbetween a rover and base
station can cause errors in the measured coordinate

The relative baseline technique employed in RTKitmysng means that a large
proportion of the OTL effects is differenced awajthough since the effect is not
explicitly modelled in the Trimble VRS Now and LaiSmartNet systems, residual
errors will remain. Therefore station TRET in SoMYest Wales and subject to a
large OTL displacement (M2 height amplitude 28 mmas chosen to assess the
importance of unmitigated OTL effects. The neaf@stnance Survey active station
(ANGE 27 km away) has an M2 height amplitude ofr8&, and over the 6 hour
session considered the relative OTL height disphece between TRET and ANGE
wast5 mm. Similarly, between TRET and ABEP (51 km alig} it wast10 mm and
between TRET and MACH (120 km distant) it w&&0 mm. Therefore in the RTK
network mode, residual OTL errors in the TRET heiggtimates would be expected
at the 5 — 10 mm level. From inspection of Tahléh® rms height errors over the
6 hour session for TRET are 19 and 18 mm, whichsatestantially degraded from
the control CALL errors of 9 and 14 mm. Howevérede should be compared with
the STRE errors of 14 and 24 mm, which has sinfu&seline lengths and elevation
differences to TRET, yet an M2 OTL height displaeatmamplitude of only 12 mm.
Therefore whilst OTL displacement models undoulytestould be included in
commercial RTK system analyses, more extensivintest needed, involving more
sites and longer observation sessions, to isd&texact contribution of unmodelled
OTL displacement.

Because the dominant periods of OTL are close thdl@s, in the areas where OTL
may be problematic it is possible to estimate atsieom upper bound on the errors
at a representative point within a survey area by

E=IHIHI A3 HIHH, - H A,
whereH1, H, andHs; are the height components determined from thrdependent
averaged windows (see below) separated by 3 — 3#shoMore practically, the
effect of OTL can be almost completely removedadkirtg the mean of two averaged
window sets of coordinates collected with 6 — 6%arhgeparation. This can be seen
as follows.
At a given epoch (1), the height of a point is diésd by

H, =H + Acosf
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where H is the true (long-term mean) height of the poiftis the maximum
amplitude of the semi-diurnal OTL displacement ¢hend@is the local phase of the
tide, which advances through one complete cyctg¢ @iring the period of the tide
(just over 12 hours considering the combined effe€tM2 and S2). Just over 3 hours
later, the tide will have advanced in phase by artgu of a cycle1f/2), so the height
will be given by

H, =H + Acod@ +Z)=H + Asin@

and after another similar interval, the tide wiiMe advanced by half a cycle in total,
giving

H, =H + Acod@+ 7) = H — Acosd
Taking the first and third measurements, the tright is clearly given by
F =4(H, +H,)

biased only by the smaller diurnal OTL error whwitl not be cancelled out over the
same interval.

Taking the first measurement, subtracting the lreight and squaring, we get
v )
(H,-H) =A’cos 8
and similarly for the second measurement,
(H,-H) = A*sin’ @

Adding these together and substituting Fryields an estimate of the amplitudeof
the semi-diurnal OTL displacement at that point.

Az\/%le "'Hz2 +%H32 —H;H, —H;H;

Because the interaction of the tidal constitueetgl$ to modulation o& (spring and
neap tides), this estimate is only valid on the d&ybservation, although it may
reasonably be adopted on adjacent days. It wslb a&nd to be an overestimate,
because of the random errors present in obsergatiagnH, and Hs. Individual
network RTK measurements made in the vicinity viaé biased by OTL by an
amount smaller thatA, so the bound on OTL err@r given above is best described
as a short-term upper bound. If the valueAas sufficiently small (within survey
tolerance), there is no need to carry out the auegaof 6 — 6% hour separated
coordinate sets as described above.

The OTL-related errors associated with any othesradioate component i.e. East,
North, can be similarly determined and mitigatdthaugh it should be remembered
that these are typically only around a third of thegnitude of the vertical error in the
locality.
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6.5 Windowing and repeating observations

Current advice from both commercial network RTK\pders is that some form of
epoch to epoch averaging is recommended where th& precise surveying is
required. Two key questions therefore present sadres:

(i) What is the optimal reasonable averaging windmwiod, given time
constraints that exist in most survey tasks?

(i) Does taking the average of two such windowepasated by a time
period to allow for constellation geometry changd aossible change
in atmospheric conditions, improve solutions furthe

To answer these questions statistics have beemajeddor 1, 5, 180 and 300 second
samples using only a single moving window averagg then for a double-window
average using the average of two such windows atgghrby 20 or 45 minutes.
Tables 6 and 7 present these figures for CQ f{ileonly and CQ+DOP filter (ii)
results respectively. As current practice gengnatommends the application of a
DOP filter when using network RTK, only resultsrfrorable 7 are considered here
where a DOP value of 3 has been applied. Thusgdard to question (i) above the
rms errors based on a single 1 second window rémge 6, 8, 9 mm to 19, 14,
31 mm in the North, East and Up directions respebti Little improvement is seen
for a window of 5 seconds duration. However, fd8 aninute window some small
improvement can be seen patrticularly in the Updtiioa, although further averaging
over a single window e.g. 5 minutes does not appeaoffer much additional
improvement on the determined coordinates. Witham& to question (ii), results
from the mean of two windows separated by 20 mswgleow more substantial
reductions in the rms values compared to a singhelew approach. For example,
employing this approach at TUSH based on 5 secandows improves coordinate
rms values in the Up direction by 4 mm for bothwwk RTK pink and purple
equipment. Similar improvements are also notedG&AV where multipath was
more challenging. In this case, employing two 3wie windows separated by 20
minutes offers improvement in the rms value of the coordinate but does not in
general give significantly improved results, noeddhe use of a 45 minute separation
appear to offer any real improvement over that @m@nutes. The reason for the
improvement delivered by this double window avemggiapproach is that the
separation period is driving down short period eystbiases. However, beyond 45
minutes no significant advantage is derived frorm thchnique.

Based on the results obtained single window avegagields some improvement in
coordinate determination but taking the mean ofrdioates derived from time

separated windowing (e.g. 20 minutes) offers beté=sults. It should be noted
however that the results obtained by the user nmydamonstrate such significant
improvements in that the second window will requlre equipment to be reset over
the station with the consequent introduction oftgeg errors not present in our test
scenarios. That said, in the field the potentaldompensating errors in re-centring
may well mask any biases. Further testing wouldrdmpuired to determine such
effects but this is currently beyond the scopenaf teport.

Network RTK in Great Britain 34



6.6 Height effects

One of the challenges when using any GNSS techniguéhe mitigation of
tropospheric effects. Traditionally, for statiopessing and single base station RTK
surveying up to distances of around 10 km, this lbesn addressed by the use of
differencing together with models of the 'dry’ agpbere, e.g. Saastamoinen (1972).
Key assumptions in the employment of such modetsthat the base and rover
stations are at similar altitudes and that the Ibesalistances are relatively short.
Clearly, these conditions cannot always be satisfben using network RTK and
while tropospheric models remain important, mantufiers must deal with residual
tropospheric delays arising from different atmosmgheonditions at the rover and
reference station locations. To investigate thites TUSH and GWYN were chosen.
Table 1 shows that TUSH has a mean height differefonly 16 m from the nearest
four OS Net active stations, whereas for GWYN tratue is ~250 m. The range of
baseline distances from OS Net active stationsoth BWYN and TUSH is similar.
After application of CQ+DOP filter (ii), Table 5 eWs that the rms values overall are
slightly worse for GWYN in comparison to TUSH, segting that despite the large
height separation at GWYN both network RTK systemesable to deal with residual
tropospheric error to a large extent. However, netiese height differences increase
(e.g. Snowdonia, the Lake District and Scottishhtigds) as shown in Figure 11, the
mitigation of residual tropospheric effects canr guaranteed. Under these
circumstances the adoption of windowing technigelesuld again be considered. It
should also be noted that it is possible for ther s be significantly below the nearby
OS Net active stations.

6.7 Other satellite constellations (GLONASS aiding)

Sites GRAV and GRAG differ only in that GRAG waseogted in GLONASS-
enabled mode. A comparison of the CQ+DOP-filtee=lilts (Table 5) suggests that,
if anything, the inclusion of GLONASS has led tosmnall worsening in position
quality. However, this should not be over-intetpdeas one manufacturer's system
suffered severe communication problems duringébtstat GRAG, reducing the total
available data for subsequent analysis. It carmdmeluded that additional satellite
constellation signals improve network RTK systenailbility. However, since the
testing phase of this work, further OS Net actitagisns offer GLONASS signals and
it is recommended this section of the work be resssd in the future.
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7. Recommendations for best practice

The primary goal of this report is to provide urgiening quantitative analysis of
network RTK provision in Great Britain upon whickdt practice guidance for users
of the various systems can be soundly based. & ¢btseven test sites were chosen
to provide a range of representative situations ubars of network RTK might face.
Selection criteria included factors such as théadrses and elevation differences to
nearby OS Net active stations, the aspect (opaurk@n), proximity to edges of the
network, and susceptibility to ocean tide loadiffgats. At each site approximately 6
hours of data were collected from each of the twworemt (2008) commercial
providers of network RTK solutions in Great Britaiging proprietary equipment and
firmware configurations.

The following sections present the fundamental fextthe proposed best practice
document. However, previous guidance notes sudheaRICS Guidelines for the
Use of GPS in Surveying and MappifBICS, 2003) andVirtually Right? —
Networked GPYRICS, 2007) have already addressed many of the fasodamental
aspects of GPS use and still provide a useful lmddgnowledge which practitioners
are encouraged to use.

In preparing the best practice text below the imbenis to complement and extend
current guidance and whilst the body text addrebgss practice for network RTK
surveying in Great Britain it does not address, dsgumes the user adopts, general
best practice for GPS RTK surveying. Additionaltyis worthy of comment that the
use of local base station RTK remains a viableoopfior land and engineering
surveying in Great Britain, although its attendantrheads of cost, security and
efficiency make it less attractive in many situaio

7.1 Accuracy

Accuracy is a measure of the difference betweearticplar measured coordinate and
its true value, often quoted as the root mean sgei@or (rms). If the measurement is
unbiased and has normally distributed errors, t#tugneach coordinate component
roughly 68% of individual solutions will have ersosmaller than the rms, and 95%
will have errors smaller than twice the rms. Hoem\systematic errors (biases) will
reduce these percentages.

Typically, commercial network RTK solutions withilisreat Britain provide
instantaneous results (i.e. single epoch coordirstieitions) that achieve rms
accuracies around 10 - 20 mm in plan and 15 - 30imineight, with relatively small
biases.
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7.2 Equipment configuration

Users of commercial network RTK should ensure ttegir rover firmware is
configured according to manufacturer guidelines.ignficant variations from
recommended settings may lead to unacceptableieasan determined coordinates.

Geometric Dilution of Precision (GDOP) is a measoféhe worsening of a GNSS
solution caused by the geometric arrangement dflgisatellites. Often a maximum
GDOP of 5 is imposed. Reducing the GDOP limit wiBincrease the robustness of
determined coordinates under challenging conditi@g. urban canyons) but does
not reduce productivity in open/benign environmemtere GDOP values between 2
and 3 predominate. The imposition of such a fitteraverage provides the user with
over 95% of possible coordinate solutions.

7.3 Quality indicators

Users of network RTK should ensure their rover usmiset to display all available
coordinate quality indicators for their positiom ind pay close attention to them. In
most situations these indicators reflect well tistual performance of your system.
Coordinate solutions where the reported qualityasse than 100 mm generally result
from problems with satellite lock or ambiguity réagmn, and should always be
discarded. In the most challenging environmentg. (eestricted satellite visibility,
large distances or height differences to surround»® Net active stations, or high
multipath), reported coordinate quality may be emgtimistic by a factor of 3 — 5
especially in the height component. This can bggated as below.

7.4 Improving solution robustness

For topographic survey, the use of a 5 second winaleerage will reduce the effect
of individual coordinate solution variations. Hmecise work, especially where the
height component is important e.g. control statestablishment, the process of
double window averaging should be undertaken. dJskould observe an averaged
window of around 3 minutes followed by another aged window of the same
length separated from the first by a suitable tpegaod e.g. 20 minutes. On average,
a time separation of 20 minutes will yield a 10 892 improvement in coordinate
accuracy and a 45 minute separation will yield iowed accuracies at the 15 — 30%
level compared to a single epoch solution. Windeeparations of greater than
45 minutes do not typically provide appreciable tfar improvement to the
determined coordinates, except for the mitigatibroaean tide loading effects (see
Section 7.8).

7.5 Additional satellite constellations

When surveying in challenging satellite visibiliyvironments (e.g. urban canyons),
the use of satellites from other global navigatsatellite system constellations (e.g.
GLONASS) can improve overall satellite visibilitynd hence allow surveying to
proceed with less downtime, but may not necessdedyl to an improvement in
accuracy. Where satellite availability is sigriintly diminished (e.g. under a tree or

Network RTK in Great Britain 38



close to an overhang), it is recommended that soreééengineers adopt standard
terrestrial survey techniques to radiate from arlmganobstructed point and should
not attempt to use network RTK.

7.6 Surveying at the limits of the network

Limited testing of network RTK performance at thretwork extents (e.g. some parts
of the coastal zone) shows greater frequency afirsian from the expected system
performance. To aid planning, Figure 10 showsntiean distance to the nearest four
OS Net active stations. Users of network RTK wharknrequently in areas where
this mean distance is large, or where they areidmithe polygon formed by the
nearest OS Net active stations, should consideingaiceater use of single window
averaging for normal topographic survey and dowtiledow averaging for control
station establishment.

7.7 Height Effects

For the majority of England and Wales, the err@assed by the tropospheric effects
and height variations between OS Net active statemd your network RTK rover

position are generally well modelled by network Rpkoviders. However, where

these height differences increase (e.g. Snowddh&,Lake District and Scottish

Highlands), it is recommended that the procedusd®erasurveying at the limits of the

network be adopted to reduce heighting error. iigpanning, height difference from

the nearest four OS Net active stations is showRigure 11. Note that it is also

possible to be significantly below the nearby O$ &#ive stations.

7.8 Ocean Tide Loading

Ocean tide loading (OTL) is the time-varying dig@ment of the Earth’s surface due
to the weight of the ocean tides, and can reg&thmm in height and20 mm in plan
near the tip of the South-West Peninsula and Wedtdes. In mainland Britain it
decreases to slightly less than half of this magigiteast of a line roughly joining
Southampton to Aberystwyth. Instantaneous diffeesnn OTL between a rover and
base station can cause errors in the measuredicatasl

Network RTK reduces OTL error to current systemsadevels throughout most of
mainland Britain. In areas where OTL remains aceom, its effect can be almost
completely removed by taking the mean of two sdt€amrdinates collected with
6 to 6% hour separation.

To assess the potential OTL error in a localityaogiven day, an upper bouddon
the height error due to OTL can be estimated by

2= %H12+H22+%H§_H1H2_H2Ha

whereH; H, andH3 are the height components determined from windsepsrated
by 3 — 3% hours. [} is less than the survey tolerance, the above gwveygrocedure
may be omitted.
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Glossary

Ambiguity

CcQ

DOP

Elevation Mask

Epoch

ETRF89

Galileo

GDOP

GLONASS

GNSS

GPS

Network RTK in Great Britain

Initial bias in a carrier phase obsergatiof an arbitrary
number of cycles. When a GNSS receiver first |omhki®

a signal the measurement is biased by an integabeu
of cycles because the receiver does not know tlaetex
number of carrier wave cycles between the antemada a
the satellite.

Coordinate Quality. In the context of networkKRthis
is a measure of the quality of a position fix, @garted by
the receiver (usually in metres). Note it is nwttsame
as DOP.

Dilution of Precision is a dimensionless number
accounting for the contribution of relative satelli
geometry to the errors in position determination.

Angle above the local horizon inréeg, below which no
satellite signals will be recorded. Also referred as
elevation cut-off angle.

A particular instant in time for which datalues are
recorded.

European Terrestrial Reference Frame 1989.

A planned European global navigation sigekystem,
equivalent and complementary to GPS and GLONASS.

Geometric Dilution of Precision. Dimensiosleglue
reflecting the effect of the combined errors ofitlate,
longitude, altitude and time on the accuracy ohied-
dimensional position fix.

An alternative and complementary global eltite
navigation system to GPS developed by the formgrebo
Union.

Global Navigation Satellite System. Collestigrm used
to refer to the various navigation satellite coligti®ons
including GPS, GLONASS, Galileo etc.

Global Positioning System. Constellation ommally

24 navigation satellites continuously orbiting tkarth
and transmitting microwave signals suitable for the
determination of three dimensional positions. $hstem
was originally developed by the U. S. Military.

42



IGS

lonospheric free

L1/L2 frequencies

MAC

OS Nef

OTL

PDOP

RMS
RTK

SmartNET

International GNSS service, formerly the In&tional
GPS service. Voluntary organisation of worldwide
agencies that combine GPS and GLONASS data to
produce precise GPS and GLONASS orbit products.

GNSS observable free from ionospheffects. These
can be modelled in basic software or mitigated htad
processing.

Radio carrier frequencies tratigai by GPS satellites.
L1 carries the Coarse Acquisition Code (C/A-cod®),
code and the navigation message (1575.42 MHz). L2
carries the P-code only (1227.6 MHz).

Master-Auxiliary Concept. A network RTK algtrm
used by the Leica SmartNET system.

Ordnance Survey OS Net The network of continuously
operating GNSS receivers installed and operated by
Ordnance Survey throughout Great Britain.

Ocean Tide Loading. Time varying displacemehthe
Earth's surface arising from the periodic redisiiiin of
water due to the ocean tides.

Position Dilution of Precision. Dimensionlegalue
expressing the relationship between the error iar us
position and that in satellite range. Geometricdtyy four
satellites the PDOP is proportional to the invesfehe
volume of the pyramid formed by unit vectors cortimer
the antenna to the four satellites.

root mean square (rms).
Real Time Kinematic.

Commercial network RTK service providedotighout
Great Britain by Leica Geosystems.

Tropospheric delay Delay affecting GNSS signalsseduby water vapour

VRS

VRS NOW

Network RTK in Great Britain

present in the lower atmosphere.

Virtual Reference Station. A synthesised deGNSS
observations generated for a given location from réal
GNSS observations collected at nearby static recgiv

Commercial network RTK service providedotnghout
Great Britain by Trimble.
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GRAG (Gravesend GPS/GLONASS) L =22 -50 km,o, = 35 km
Ah =21 moa, =26 m
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Further information and useful addresses

The Survey Association

http://www.tsa-uk.org.uk/

Newcastle University
http://www.ceg.ncl.ac.uk/geomatics/

Ordnance Survey
http://www.ordnancesurvey.co.uk/oswebsite/gps/
Leica Geosystems
http://smartnet.leica-geosystems.co.uk/

Trimble

http://www.trimble.com/vrsnow.shtml/

RICS
http://www.rics.org/

Guidelines for the use of GPS in surveying and mapping, RICS Guidance
Note (2003), ISBN 1-84219-093-8.

An examination of commercial network RTK services in Great Britain,
Newcastle University (2008), Report for TSA, download at
http://www.tsa-uk.org.uk/

The Survey Association School of Civil Engineering and Geosciences
Northgate Business Centre Cassie Building

38 Northgate Newcastle University

Newark-on-Trent Newcastle upon Tyne

Notts NG24 1EZ NE1 7RU

Tel: +44 (0)1636 642840 Tel: +44 (0)191 222 5473

Fax: +44 (0)1636 642841 Fax: +44 (0)191 222 6502
R






