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ABSTRACT

Radio Technical Commission for Marine Services (RJGtandardized messages play an important
role in real time Global Navigation Satellite Syste (GNSS) applications such as navigation,
positioning, civil engineering, surveying, and aataphic or cadastral production. One of the latest

agreements on RTCM definitions contains the dagiddi for real time geodetic reference frame

transformation and orthometric heights computatiby received geoid undulations via internet

protocol. These parameters can be generated dyradisniby a GNSS data center in a network of

reference stations, encapsulated in RTCM messaggd@adcasted to the rover location so they are
centrally administered and the same frame transétioms and geoid model are available to every user
in the field, obtaining results in a local referenérame in real time. This paper summarizes the
functionality of the new RTCM 3.1 transformationssages, describes limitations and provides ideas
about the possible use for solving specific prolslefest field campaigns are used to describe thk re

performance and usefulness of these new RTCM Z4ages.

KEYWORDS. GNSS. Space frame-datum transformation. Geoid atidul transfer. RTCM messages.
Real time.

INTRODUCTION

RTCM was originally set up as a common format fearitime standards, but
nowadays it is applied world-wide to land and @@ positioning systems
(www.rtcm.org). The RTCM subcommittee SC104 hasaséd a revised RTCM 3.1
document 11], [12], which includes messages that are able to trangéedetic
transformations and geoidal information to the GN8®%r. The main advantage of
this method is the central administration of théa& which broadcasts consistent sets
of streams with transformation parameters and gewmidulations to every user,
therefore, pre-calculating transformation paransesed geoid model, usually set up in
advance to GNSS controllers, becomes an unnecemsarmybsolete task.

Definition and implementation of transformatioessages in real time streams with
several tools has been investigated and developeldidgrer and Kalber7]. Based on
these ideas, this paper describes the initial tddtss new concept for GNSS Network
service providers. Frame transformation parametedsspecial grid residuals between
European Terrestrial Reference Frame 1989 (ETRE8d) European Datum 1950
(ED50) have been implemented at the GNSS controitece and have been
broadcasted to the rover location as an additidat field of RTCM 3.1 range of
messages. At this point, an interesting possibiditthe integration of several methods
for geodetic transformations for real time NTRIRe{fiNorked Transport of RTCM via
Internet Protocol) transport: Classical geodetams$formations are sent together with
dynamic generation of geodetic grids for networkeghsport in the same stream.
Following the same idea, alignment with differenternational Terrestrial Reference
Frame (ITRFxx) to ITRFyy or ETRFyy, global and regal frames, is treated as a



geodetic transformation in order to give a solution GNSS service providers who
need to update station coordinates to differentFRframes. Finally, dynamic grids
for orthometric heights are computed, encapsulated broadcasted using a local
gravimetric geoid and the Earth Gravitational Mo2@d8 (EGM2008).

Field campaigns have been done for test purpnsgsome points, mainly related to
tolerances of interpolated values between highdueds values in the networked
transport of transformations, are discussed.

REAL TIME AND DYNAMIC GENERATION OFRTCM TRANSFORMATIONMESSAGES
Definition of the new transformation messages

Definitions of the new range, 1021 to 1027 RTGM Transformation Messages
with the specifications for Coordinate Referencat&ys (CRS)have the following
characteristics according to RTCM Paper 100-200I68C Amendment 1 to RTCM
Standard 10403.1.9):

Message 1021 provides reserved data fields Hozet dimensional Bursa-Wolf
geodetic transformation using strict formulae o tbeven-parameter (7P) Helmert
transformation or the 5-parameters of the abriddednulae of Molodensky
transformation between ellipsoids.

Message 1022 provides the parameters for a Baedblodensky geodetic
transformation.

Message 1023 provides the dynamic generatedluadsi of a geodetic datum
transformation by means of a grid model definedeliypsoidal geodetic coordinates
(in arc-seconds) and/or geoid undulations. .

Message 1024 provides the same residuals aagee$623 but using grids related to
East-North CRS. 1023 and 1024 messages must bddasiad in different streams if
both grid definitions exist for transformation.

Messages 1025, 1026 and 1027 provide the CR&rdeon for cartographic
projections and their own characteristic parameteush as the Lambert conformal
conic projection, the oblique Mercator projectiomdaup to seven more projections
commonly required in national cartographic agenaresind the world1].

Real time data flow and architecture

Application and analysis of new standards arensgresting task for GNSS data
center managers and researchers to provide effi@eniback and feed-forward for
current and future definitions of real time stamltzations for navigation and
positioning. The desired reference transformatiares set up within transformation
modules or external tools and as a part of thepM8erver of the Real Time
Kinematics (RTK) corrections provider.

Bidirectional communication is required to udeede messages effectively in
Network RTK Solution, except for messages 1021 H02P where a broadcast link in
one-way communication is possible. In the first egcashe rover transmits its
autonomous position solution coordinates (NMEA-G@dsition, which is part of the
NMEA 0183 set of standards of the National MarinecEonics Association) to the
server, it is passed through the administrating SNfetworking software to the
RTCM transformation messages module, and the setlien broadcasts the
frame/datum transformation and/or geoid undula#ibthe rover’s location back to the
field user, Figure 1.
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Fig. 1. Diagram of the data flow and architectdoe explanations see the text.

A critical step is the implementation, in the &8I control center, of these geodetic
transformations for use in real time transportst=of all, the definition of the area of
validity must be specified at the network RTK presar. For 1021/1022 messages, the
definition consists of the latitude and longitud®iinates of the origin and the extent
of the area where the service must give supponally, messages belonging to the
1023-1024 range are computed using static grids thi extension of the area of the
RTK service provider. In the server, a dynamic gub-is generated with the 4 or 16
nodes of these static grids surrounding the redeteger NMEA position, which are
used later for interpolation and define the aregatiflity (area of validity in Figure 1).
The interpolation method is specified in one of theta fields of 1023 and 1024
messages (field controllers should be able to ngen@ethod supported in RTCM 3.1
definition, such as Bi-Linear, Bi-Quadratic, or 8pline). The interpolated residual
messages consist of 1, 2 or 3-dimensional shiftsggéwid undulation or/and datum
transformation.

Mean values in geodetic grid models and tolezanno residual interpolated values
are established in the transformation messages RTGRB-1024 definition, which
must be considered when using large extension aond ngsolution grids for a whole
country, Table 1 and Table 2. Shifts or jumps edoegthese tolerances, such as the
result of interpolation for a rover position withicells, should be avoided. This
guestion could be very critical in areas with aagirgeoid undulation gradient or in
grids with a large separation between nodes (betidgl or datum transformation).
So, efficient dynamic generation of RTCM 3.1 messagepends, firstly, on the
resolution and accuracy of known data in the soaratarget system for computing
grid shift files, and secondly, on the capacityreél time dynamic residuals grid
generation at the control centre for very largegri



Table 1 Current data Field Ranges/Tolerances in RTCM Pdi$-2007-SC104-STD
for interpolated values in latitude, longitude, ageoid undulation grids

Element of message Data Field tolerance Data Field Description
RTCM 3.1
Data Field 199 d¢i £ 0.00765 Residual in latitude for point i

[in arc seconds]

Data Field 200 oM £ 0.00765 Residual in longitude for point i
[in arc seconds]

Data Field 201 ohi £ 0.255 meters Residual in interpolated N foinpo

Table 2.Maximum and Minimum variations in nodes allowe@®RiFCM 3.1
transformation grids RTCM Paper 100-2007-SC104-STD

Element of message  Max./Min. Displacement
RTCM 3.1 allowed
Data Field 205-206 Ak, A +0.127
Data Field 207 ANgeoid + 163.8 meters

Char, bit or integer data fields are broadcadransformation messages to specify
interpolation method, target and source CRS paenair the available European
Petroleum Survey Group (EPSG) code. A unique Systemtification Number (SIN)
has to be used for all messages related to the sets®f parameters. As Amendment
1 of RTCM 10403.112] defines, a SIN is necessary if more than onesfaamation
method between two CRS’s is transferred within thea streams,7]. Every
transformation can also be broadcast using one g&f-

Implementation of transformation Messages 1021-102dr frame/datum
transformation transfer

Two different approaches have been tested f&RABD-ED50 transformation. First
of all a linear expression of 7P Bursa-Wolf modeimputed using more than 1500
points with precise coordinates in ETRF89 and ED%} been implemented in the
transformation message 1021, with an area of wlafi25000 ki on the East Coast
of Spain. These points belong to the Geodetic Netvad the Region of Valencia
(Spain), and the density of the geodetic netwoikpisroximately 1 point for every 2.5
km, Figure 2 $]. The second approach is the real time transmmssfathe National
Datum transformation between ETRF89 and ED50 foairspomputed by the
National Geographic Institute of Spain (IGN). Tivansformation adopts the binary
format of NTv2 (National Transformation Version 8dyfile) as described ing]. As
European Datum 1950 accuracy and residual promagati distortion (difference
between 7P transformed coordinates from ETRF89 BHCE and “real” ED50
coordinates) of the network throughout the coumreterogeneous, the classic and
unique set of seven parameters is not accurategbhntu guarantee a consistent
transition between ETRF89 and EDS50 throughout therian Peninsula. As an
efficient and successful alternative, grid nodeugal in the NTv2 grid (IGN) are
obtained by modelling the distortion with the minim curvature surfaces technique.
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Fig. 2. Passive geodetic infrastructure of Valencia

In the NTv2 grid, the mean displacement griditshi\A, Ap, between Geodetic
Reference Systems ETRF89 and ED50, reach value$-5ofin arc-seconds, and
residual interpolated values in the NTv2 grid foessages 1023 or 1024 exceed the
established tolerance values of Table 1 and 2. &prently, they cannot be used for
real time transport. A new grid that follows thessfications of RTCM 3.1 standards
is necessary. Therefore, an attractive possibilidy the dynamic generation of
transformation parameters appears which consisenaapsulating the classic seven
parameter transformation into one RTCM 3.1 mes$aQ21), and use 1023 or 1024
message for sending the residual distortion by me&a new grid. Both messages can
be broadcast in the same stream.

In the case of the NTv2 grid, the differencetMeen the application of the classic
conformal transformation of 7P, and the applicabbthe NTv2, are re-assigned to the
nodes of a new grid and are encapsulated in med€&f The new grid shifts do not
exceed the tolerances of Tables 1 and 2 and thgytramsport the residual distortion.
Final residuals reach values of minimum -0.03” @ximum 0.005".

Obviously, this procedure can be avoided ifieev grid can be computed with the
same original process used to compute NTv2 vakee#,would contain the modelling
distortion component of the transformation with thenimum curvature surface
technique.

Finally, a third point involving the developmenf RTCM 3.1 transformation
messages is the following: positioning service mexs must distribute and use
products consistent with International GNSS Ser(iGS) standards, and the network
must be constrained to ITRFxx frame. The treatn@dntransformation from ITRF
global frames to regional frames has been provioledyeodetic literature 1f3].
Furthermore, the frames defined by InternationatttfEa&Rotation and Reference
Systems, that is, station coordinates and velagitiee updated about every five years.
If a network administrator updates its coordinateshe last frame, or if the GNSS



network adopts dynamic reference frames, it coutdiypce jumps in station positions
or discontinuities that are not practical for ers#ns, ]. So, a NTRIP stream with a
1021 message could be implemented in order to basado users the seven-parameter
transformation that aligns updated GNSS referertedion coordinates with the
previous solution in ETRF89 coordinates (obtainednf previously adopted ITRFxx).
To check this point, estimated offsets between W5 and Regional Reference
Frame Sub-Commission for Europe (EUREF) recommend&&F2000 common
frame, B], have been encapsulated in RTCM 3.1 1021 message.

Implementation of transformation messages 1023-i62deoid undulation transfer

Two different geoid models are used for real etidynamic generation of
undulations: the recently developed gravimetrichipgecision and high-resolution
geoid model for the region of Valencia, GECV03g], [based on the remove-restore
technique using the Stokes-Helmert approach, an&#nth Gravitational Model 2008,
EGM2008 [LQ], a spherical harmonic development complete toekegnd order 2159
with additional coefficients extending to degre®@Xknd order 2159. An analysis of
this model compared with local and regional sohgican be found ir].

The geoidal information for both geoid modela b& generated and encapsulated in
RTCM 1023-1024 messages. The original samplingvateof the GECVO07 grid is 2
minutes, both in latitude and longitude, and thsidwal interpolated values for
message 1023 or 1024 do not exceed the establiserdnce for height values
according to Table 1. However, in order to carry the task with that tolerance, the
undulation values for the EGM2008 solution havééocomputed in a grid without a
large separation between nodes, 1 minute bothtitudea and longitude has been
adopted.

FIELD TESTS

Two different datasets are used to describepémormance of RTCM3.1 messages
generated in different streams following the speaifons explained in the previous
section: a set of 15 points that belong to thear@gi Geodetic Network, Figure 3, and
the seven points of the Polytechnic University @léncia’s calibration geodetic line,
Figure 4. This calibration geodetic line is vergfus when testing the “navigation” or
movement of a rover between the calibrated poinsie the same area of validity of
networked grid transformations. In the test arélas, NTRIP services for real time
positioning are provided by the GNSS Reference@tdtietwork of Valencia (known
as the ERVA Network). This network has been exetwued administrated by the
Cartographic Institute of Valencia (ICVH¥][ [5].
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Fig. 3. Location of the geodetic points for thdditest.

Fig. 4. Calibration geodetic network of the PolytaichJniversity of Valencia.

An important practical aspect to bear in mindhat the correct solution for the
application of range messages 1021, 1023 dependBeoreal time accuracy of the
planimetric and altimetric obtained position. Th&tto say that poor quality GNSS
observation or latency distorts the transformedtiposat the rover’s location, so real
time measurements were done with a real time Igterc second. All field test results
are derived from RTK network corrections receivedrg second Observation periods
were planned in advance with optimal constellatomditions, all real time results
with less than 7 NAVSTAR-GPS constellation werecggd. Both datasets obtained in
the geodetic network and calibration geodetic Iwere measured by means of five
stored occupations in every point with 120 epod@tesds observation time span in
every real time occupation. Mean time-to-fix feal time ambiguities was about 20
seconds.

Following the guidelines for bidirectional links driransmission of transformation
messages, a network RTK processor was set up &uldaiet residuals messages every
5 epochs12.

Table 3 shows the statistics for the field testults in the 15 geodetic points
involving the application of ETRF89-ED50 transfotioa with real time broadcast 7P
1021 message. The first row, called network RTKuaacy, is the real time accuracy



in the measured position. The second, called toamsition transport error, is the
difference between the transformation of the ETRRIX measured position with

stored parameters in the controller and the RTHKisfimed position received

(applying RTCM 3.1 transformation messages to ti& Rneasurements using the
same parameters that are stored in the controlleg.third row, called final error, is

the difference between transformation of the ETRE@®dinates (adjusted solution of
the Geodetic Network) and RTK transformed positieceived by applying RTCM 3.1

transformation messages, that is, accuracy of loest€eld transformation + accuracy in
positioning.

As can be seen, the mean transformation trahepar is less than RTK accuracy in
the measured position (as expected), so the finat becomes the difference between
RTK observed position solution and ETRF89 coordisatwhich means that no
transformation or latency error in the transport ba assumed.

Table 3 Statistics of the differences in the 1021 trans&irom message test, see text
for explanations. Units in meters

Mean PDOP:1.6 Mean o Max.  Min.
Mean Latency:0.9 sec
Network RTK accuracy 0.009 0.002 0.014 0.006
Transformation transport error 0.003 0.003 0.017 0.000
Final error 0.024 0.013 0.063 0.007

Table 4 shows the statistics for the field tesults, in the 7 points of the calibration
line, of the ETRF89-ED50 transformation 1021 and®3lOnessages following the
separation approach for standardization in RTCMhational datum transformation
NTv2 grid with distortion modelling. The first rowgalled complete transformation
transport error, is the difference between thesfiammation using the original NTv2
grid applied to the RTK obtained position and RT&nsformed position received by
applying RTCM 3.1 messages 1021 (conformal transébion) + 1023 (residual
distortion modelling). The second row, called coetplfinal error, is the difference
between transformation using the original NTv2 gagplied to the ETRF89
coordinates (adjusted solution of the geodetic ngtjvand RTK transformed position
received by applying RTCM 3.1 transformation messatp21+ 1023 grid.

As can be seen, the greater part of the comfilee error becomes the difference
between network RTK solution and ETRF89 coordinatesno transformation or real
time interpolation errors exist in the treatmenthad original NTv2 grid.

Table 4.Statistics of the differences in the 1021 and li#&3sformation messages
test, see text for explanations. Units in meters

Mean PDOP:1.6 Mean o Max. Min.
Mean Latency:0.7 sec
Complete transformation transport erfo.000 0.003 0.003  -0.002

Complete final transport error 0.002 0.007 0.010 -0.002




The same conclusions are obtained forlifRFO5-ETRS89/ETRF0&nd ITRFOO-
ETRS89/ETRFOOframe alignment, using transformation message 1Gad
broadcasting estimated offsets between framedfdéts present mean values that are
larger than RTK positioning with network solutioocaracy, these offsets imply a
jump in the RTK solution. This is the case of cooate jumps for reference stations
computed in different frames and also using difieantenna calibration models (from
previous relative models to actual absolute antgrmase centre calibrations). Table 5
presents the statistics for the field test resuitsthe 15 geodetic points of the
application of the mean translation between ERVAG8 ERVAO5 network solution.

Table 5.Statistics of the differences in application of mé&anslation between
ERVAO8-ERVAO5 network solution. Units in meters

Mean PDOP:1.3 Mean o Max. Min.
Mean Latency:0.8 sec
Transformation transport error -0.0030.008 0.006 -0.014
Final error 0.003 0.009 0.015 0.012

Table 6 shows the statistics for the field tessults for the 15 geodetic points
introducing the GECV07 geoid model in transformatinessage 1023. The first row,
called planimetric network RTK accuracy, is thel tgae planimetric accuracy in the
observed position with network solution. The secood, called altimetric network
RTK accuracy position, is the real time altimeticcuracy in the observed position
with the same technique. The third row, transforomattransport error, is the
difference between the postprocessing applicatfooomputed geoid undulations at
the observed RTK ellipsoidal height and real timemig undulations received by
applying RTCM 3.1 transformation messages. Thetliowow, final error, is the
difference between the application of computed djamdulations in the ETRF89
ellipsoidal height (adjusted solution) and real dirgeoid undulations received by
applying RTCM 3.1 transformation messages.

As can be seen, the planimetric RTK accuracytipasis less than 0.02 meters, so
the error in the geoid undulation due to an emgoslanimetric position can be ignored.
The third row presents similar results to the adtinc RTK accuracy position in terms
of the sum of mean andl values or the sum of Maximum and Minimum values (a
expected because an uncertainty in altimetric positdue to the dispersion of
ellipsoidal height determination in GPS measuresjebecomes an error in the
transformed orthometric height). Obviously the ¢tge@art of the final error becomes,
in this case, the transformation transport error.



Table 6.Statistics of the differences in the GECVO07 geestl See text for
explanations. Units in meters

Mean PDOP:1.6 Mean o Max. Min.
Mean Latency:0.7 sec
Planimetric network RTK accuracy position | 0.009 0.002 0.013 0.006

Altimetric network RTK accuracy position 0.014 0.004 0.025 0.008
Transformation transport error -0.002 0.010 0.015 -0.027

Final error -0.001 0.011 0.018 -0.024

Finally, Table 7 shows the statistics for thelditest results in the 7 points of the
calibration geodetic line introducing the EGM20@®g undulation in transformation
message 1023. The first and second rows show dheftirmation transport accuracy
and final error, respectively, with the same megnand conclusions as in the
GECVO07 test.

Table 7.Statistics of the differences in the EGM2008 géestl See text for
explanations. Units in meters

Mean PDOP:1.3 Mean o Max. Min.
Mean Latency:0.8 sec

Transformation transport error | -0.003  0.009 0.000 -0.011

Final error 0.001 0.009 0.006 -0.002

CONCLUSIONS

This paper has introduced a brief descriptiothefuse of RTCM 3.1 transformation
messages in a GNSS Central Network Processor.rJsecise real-time applications
of new and updated high-resolution geoid models aational grids for datum
transition or frame translations is possible in RIECM streams by means of external
or embedded transformation modules, following tkendardization of RTCM 3.1
messages as explained in the article.

In the studied context, these new messages sad for real time transport of
ETRF89 to ED50 datum transformation (using messH#l or 1021+1023), for
frame alignments in a GNSS Network and for ellipabito orthometric height
conversion (using local GECVO07 geoid model or gloB&M2008 geopotential
model). The field tests show good performance agréeanent in the application of
networked transport of transformation messagesgeabtime kinematic users of the
GNSS network can develop their work with these neal time products avoiding the
step of introducing datum transformation and geodatiels in the field controllers.

Implementation and preparation of geodetic gnddels for efficient dynamic
generation of these messages must be done andidf®mah additional task for GNSS
Network providers and data centers, but the work evisure that end users of real



time positioning services have access to broadiassformations in the NTRIP
streams and can work with the updated and cergthliformation.

The evaluation of future RTCM standardizatiomsl alefinitions is expected to
continue in order to consider Earth-Centered, Ediked (ECEF) Plate Fixed
transformation for future messages (10a28y relations between global frames of IGS
real time broadcasted products (orbits) or betwegésbal and regional frames
(ETRF89). GNSS positioning methods with great pubses like Precise Point
Positioning (PPP), are based on the aim of progidprecise knowledge and
standardized transmission of individual error searddy means of State Space
Representation techniquel4], [15], and will need to be completed with real time
information diffusion of reference frames.
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