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ABSTRACT

NovAtel CORRECT™ with TerraStar-D enables global
real-time PPP services for land and aerial apjdinat
using corrections generated by TerraStar. With anly
TerraStar-D enabled and subscribed NovAtel OEM6
GNSS receiver and L-band supporting antenna, «sers
get global centimeter-level positions in real-time.

The performance of NovAtel CORRECT with TerraStar-
D is tested in this paper using a variety of kingeand
static datasets. Based on the results, TerraSfaoeiides
position solutions with between 4 and 6 cm horiabnt
Root Mean Square (RMS) errors. That is sufficiemt f
many practical applications in agriculture, machine
control, near-shore surveying and mobile mapping.

The NovAtel CORRECT with TerraStar-D performance
is compared against solutions derived from sevetfadr
PPP correction feeds: the openly-available reagtim
International GNSS Service (IGS) and Centre Nationa
d'Etudes Spatiales (CNES) services, NovAtel's entry
level PACE service (with corrections provided bytiNal
Resources Canada), post-processed IGS final pduct
and the commercial OmniSTAR G2 service. Based en th
results, TerraStar-D provides significantly better
performance than the IGS, CNES and PACE correction
services and similar performance compared to
OmniSTAR G2 and IGS final post-processed correstion

INTRODUCTION

Precise Point Positioning (PPP) can be used toigeov
global centimeter-level positioning accuracy by
employing only one GNSS receiver (Zumberge et al.,
1997). There are many applications such as agnieutir
surveying which can benefit from PPP, because nal lo
reference receiver or receiver-networks are requa®in
the case of conventional Real Time Kinematic (RTK)
positioning  (Remondi, 1984, Counselman and
Gourevitch, 1981). This can give significant costda
operational saving for customers and make cm-level
positioning possible in areas where it is not pcatt
using RTK.

The technical principle of PPP is that measurersenuirs

are mitigated or removed using modeling and cooact
products such as precise satellite orbit and clock
corrections. The products are generated usingfoataa
global reference network and they can be applied
anywhere on the Earth. The first order ionosphffiecis



are removed by using the ionosphere-free combinatfo
the L1 and L2 measurements and tropospheric delays
mitigated through modeling.

NovAtel Inc. has recently released NovAtel CORRECT™
with PPP. It has two levels of real-time servicas:entry
level, Ntrip-delivered PACE service that uses GRB-o
corrections generated by Natural
(NRCan), and a higher-end TerraStar-D service tisat
corrections generated by TerraStar. The TerraStar-D
corrections are provided for both GPS and GLONASS
and are broadcast from Inmarsat telecommunication
satellites. Thus, users can access the correatiging an
L-band capable receiver and antenna without ratgiiri
any additional equipment such as a cellular modem o
Wi-Fi radio.

In this paper, the kinematic performance of the AteV
CORRECT with TerraStar-D service is demonstrated.
Tests are done using kinematic data collected under
different conditions, and static data with forcedematic
processing from a variety of locations. Tests arpedin
real-time using NovAtel OEM6 receivers. The results
show that NovAtel CORRECT with TerraStar-D provides
highly-stable kinematic positions with between 4 &h
cm horizontal RMS error. This is significantly ketthan
the performance of openly available PPP serviceb as
International GNSS Service (IGS) real-time or Centr
National d'Etudes Spatiales (CNES), and is as gmod
better than competing commercial services.

TERRASTAR-D

NovAtel CORRECT with TerraStar-D
(http://www.terrastar.nét/ is a premium, L-band-
delivered PPP service. TerraStar-D is built upors@Rd
GLONASS PPP corrections generated by TerraStagusin
their Orbit and Clock Determination System (OCDS).
Data for the correction generation is from TerraSta

Resources Canada

private receiver network consisting of more than 80
globally located stations. The locations of thdiste are
shown in Figure 1.

TerraStar operates independent network controkecgiin
Aberdeen, UK and Singapore. Each control center has
multiple independently-running OCDSs. The benefit o
operating multiple control centers and OCDSs isrtsure
the best possible availability, continuity and dfyabf the
service for customers. For example, if power dmwoek
connectivity problems make the Aberdeen controlteren
unavailable, the TerraStar corrections service
automatically switches to use corrections from the
Singapore control center. Switching between control
centers and OCDS is done on-the-fly, without
interrupting user operations.

The guaranteed quality and reliability of the T&ta
service is a unique feature compared to openlylahlai
PPP services. In addition to availability, the abiliity of
the TerraStar networks helps to estimate more ateur
corrections compared to other PPP services. Fanghea
when employing the correction provided by TerraStss
magnitude of the horizontal RMS position error is
typically between 4 and 6 cm.

The TerraStar-D PPP corrections are broadcast de en
users by geostationary satellites using L-Bandvdgli
The following satellites are used: Inmarsat 25EW98
143.5E, AORE, AORW, IOR and POR. The coverage
area of the service is shown in Figure 2. Employing
satellite based delivery ensures that the cornestiare
available in remote areas, where other telecomnatinit
infrastructure is not available. In addition, usisatellite
based delivery ensures higher reliability of theviee and
makes subscribing to and using the service easier f
remotely-located end-users such as farmers.



Figure 1 The stations belonging to the TerraStar tracking network (map provided by Google)

Figure 2 The coverage of the TerraStar correction service (map provided by Google)



NOVATEL PACE

NovAtel CORRECT™ with PACE is an entry level,
Ntrip-delivered service that uses GPS-only coroedi
generated by Natural Resources Canada (NRCan). The
PACE corrections are delivered using Ntrip to seldc
NovAtel integrators, who then redistribute the ections

to their end-users.

There is no guarantee on the quality or availabitif
service when employing PACE, reflecting its lowesstc
and intended applications. However, both NovAtetl an
NRCan have redundant infrastructure that providghéni
availability than other publicly available corremxti
products.

OTHER CORRECTION SERVICES

For comparison purposes, real-time open service PPP
corrections from the International GNSS Service )G
and the Centre National d'Etudes Spatiales (CNES) a
used (IGS, 2013a Laurichesse2011). Both the IGS
(Ntrip mountpointlGS03) and CNES (mountpoint point
CLK9B) feeds provide GPS and GLONASS corrections
in the Radio Technical Commission for Maritime
Services (RTCM) State Space Representation (SSR)
version 3 format (RTCM, 2014). These feeds aregies

for research purposes. Thus, unlike TerraStar-Bretlis

no guarantee on the accuracy and quality of thecger

The IGS final post-processed PPP corrections ase al
used as a performance reference (IGS, 2013b). The
scientific community considers the final products t
provide the best accuracy, but there is a deldy2aio 18
days between the collection of data and availghilftthe
products. Thus, the final products are not suitéaeany
real-time or near real-time applications.

As an additional performance reference, the comialerc
OmniSTAR G2 PPP service (OMNISTAR, 2014) is
evaluated. The TerraStar-D, PACE, CNES, IGS reaéfi
and IGS final corrections are all compared usireggdame
NovAtel CORRECT PPP engine. Al OmniSTAR PPP
position estimation is done within an OmniSTAR-
provided library.

PPP ESTIMATION

PPP estimation runs on NovAtel OEM®6 receivers ai-re
time. Positions can be estimated at rates up tbi2by
employing a novel fast-slow positioning architeetur
PPP position estimation is done using an Extended
Kalman Filter (EKF) (Larson et al., 1967; Wishnérag,
1969).

The NovAtel PPP filter uses state-of-the-art PPRrer
models. The first-order ionosphere error is conghjet
eliminated by employing the ionosphere-free
combination. The combination is calculated using
Equation (1) for code-phase measurements and Bguati
(2) for carrier-phase measurements, whferefers to the
GNSS frequency? refers to code-phase measurements in

meters and., refers carrier-phase measurements in meters.
In these equations, indices 1 and 2 refer to thand L2
RF bands, respectively.

1

Py = ]ﬁ(flzpl_fzzpz) (@)
1

Ly = m(ﬁzlq = fL2) (2

The troposphere delay is corrected using the UNBeaho
and mapping function developed by the University of
New Brunswick (Collins et al., 1996). The residuahe-
varying error remaining after modeling is handleg b
estimating residual zenith troposphere wet delayaias
EKF state. This residual error is mapped into tlamts
receiver-to-satellite range level using the UNB piag
function.

Satellite orbit errors, clock errors, and diffefehicode
biases are corrected by the products provided lgy th
correction providers. In the real-time servicesijsitnot
necessary to correct for satellite phase centeresas the
corrections refer to the satellite phase centee. fEeeiver
antenna is also not corrected for, and so the outpu
positions refer to the receiver antenna phase cente

Satellite antenna phase wind-up is corrected usireg
model developed in Wu et al. (1992) and solid etidibs
are corrected using the model in Kouba (2009).

The following states are estimated within the EKF:
* Position
» Residual zenith wet troposphere delay
» GPS and GLONASS system biases
» lonosphere-free carrier-phase signal biases

The NovAtel CORRECT with TerraStar-D service
employs the fast re-covergence feature, which setban
modelling ionosphere behaviour locally at the reeei
and then using the ionosphere estimates to condfnei
solution when loss of tracking occurs.

The PPP filter dynamics mode can be configured by a
user. The available modes are: auto, dynamic aatit.st

In the static mode, it is assumed that the recegsetatic
and position has zero process noise. In the dynamite,

it is assumed that the receiver is dynamic andtiposhas
large process noise. The auto mode is a novel rigatu
which detects the filter motion state automaticdlgsed

on the high rate position solution. If the betwegroch
change in the high rate position solution is larifpan the
tolerance, it is assumed that the receiver is dymam
Otherwise, it is assumed that the receiver is cstdthe
benefit of the auto mode is to provide faster cogeace
and more stable solutions when the receiver is only
moving part of the time.



STATIC TESTS
Static PPP performance is analyzed using datactetle
from four NovAtel monitoring stations:

Calgary, Canada
Hyderabad , India
Witney, United Kingdom
Taichung , Taiwan

PR

Approximately one week of data is used from each
location. Multiple locations are chosen to show the
performance in different kinds of atmospheric and
multipath environments. The stations in India and
Taiwan, for instance, are particularly vulnerable t
ionosphere scintillation because they are locatetbva
latitudes, within the northern scintillation band.

Although the stations are static, the data is @seeé in
the dynamic filter mode, where high position praces
noise is assumed.

At all locations, performance with the TerraStar-D
correction feed is compared against performanck thi
NovAtel PACE feed, the IGS real-time feed, and IGS
final orbits and clocks. All solutions are producasing
NovAtel's PPP filter, running in real-time on theceiver
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in the case of the real-time feeds, or runninginyle-
pass, post-mission mode in the case of the IGS fina
corrections. Additionally, at the Calgary locatiomly,
comparisons are also made against OmniSTAR G2 real-
time solutions.

The correctness of the position solution is asskdse
comparing PPP position estimates to coordinatessirodd
from a network adjustment of post-processed RTK-
derived baselines to IGS stations. NovAtel's GrdfNe
software was used to do the RTK and network adjeistm
(GrafNet, 2014). For the base station positionss IG
weekly solution co-ordinates were used. The berufit
employing network RTK is to enable an independent
comparison of the PPP methods, because the cotasina
are obtained independent of the PPP solution.

Horizontal position error at the Calgary statiorsfown

in Figure 3, with corresponding error statisticevpded in
Table 1. The results show that TerraStar-D yields a
significantly smaller error than the PACE and IG&l¥
time PPP services, slightly smaller error comparestl-
time OmniSTAR G2 service, and approximately similar
error compared to the post-processed IGS finalyrtsd

| |
— TerraStar
— PACE
IGS
—IGS final
OmniSTAR G2

Figure 3 Horizontal position error at the Calgary station



Table 1 Error dtatistic at the Calgary station

PPP correction Horizontal Horizontal Vertical Vertical
sour ce RM S (cm) mean (cm) RMS (cm) mean (cm)

TerraStar-D 4.1 3.4 6.3 2.8
NovAtel PACE 6.8 5.8 9.2 4.7
IGS 20.3 9.1 13.7 7.4
IGS final (hon-real- 2.9 2.3 5.2 2.3
time)

OmniSTAR G2 4.4 3.6 8.2 -1.0

Horizontal position error at the India station own in
Figure 5, with error statistics in Table 2. It che seen
that TerraStar-D provides the smallest magnitude of
errors among the real-time PPP services, but the
magnitude of the errors is larger compared to thlg&y
station regardless of the PPP correction servied.us

Compared to the other stations, the environmenthef
India station is significantly challenging. Thered large
satellite dish, shown in Figure 4, which partiadlystructs
GNSS signals. In addition, signals at the Indidictiaare
often impacted by external interference or ionosphe

scintillation.

Sk

Figure 4 The environment of theIndia station antenna
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Figure 5 Horizontal position error at the India station

Table2 Error statistic at the India station

PPP correction Horizontal Horizontal Vertical Vertical
sour ce RM S (cm) mean (cm) RMS (cm) mean (cm)

TerraStar-D 5.9 4.8 8.9 1.7
NovAtel PACE 8.2 6.6 12.2 5.7
IGS 13.4 7.9 17.9 4.9
IGS final (hon-real- 5.6 4.4 9.8 4.1

time)

Horizontal position error at the Taiwan statiosli®wn in show that TerraStar-D provides the smallest error

Figure 6 and error statistics in Table 3. The tssaain compared to the other real-time PPP services.
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Figure 6 Horizontal position error at the Taiwan station

Table3 Error statistic at the Taiwan station

PPP correction Horizontal Horizontal Vertical Vertical
source RMS (cm) mean (cm) RMS (cm) mean (cm)

TerraStar-D 5.7 51 7.7 -4.3

NovAtel PACE 6.6 5.7 8.3 0.0

IGS 115 6.5 10.9 0.0

IGS final (hon-real- 4.2 3.6 7.0 0.0

time)
Horizontal position error at the UK station is shmoin the Calgary stations: TerraStar-D provides sigaiiity
Figure 7 and error statistics in Table 4. The ttssai this smaller error magnitude compared to other PPPEsvi

station are similar to the results obtained usiatadrom
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Figure 7 Horizontal position error at the UK station

Table4 Error statistic at the UK station

PPP correction Horizontal Horizontal Vertical Vertical
sour ce RMS (cm) mean (cm) RMS (cm) mean (cm)
TerraStar-D 5.2 3.3 8.9 3.3
PACE 7.6 5.9 11.1 2.3
IGS 23.9 8.6 24.3 1.4
IGS final (hon-real- 4.8 3.1 8.7 2.0

time)

The conclusion of the static station results ist tha
TerraStar-D  provides significantly smaller error
magnitude compared to publicly-available real-tiRieP
services. In addition, TerraStar-D provides similar
performance compared to the post-processed IG$ fina
products, even though the TerraStar-D correctiors a
provided in real-time.

TerraStar-D solution convergence time is demoretrat
using 7 days of data from the Calgary station, ttiesp

the PPP filter every 3600 s. The data is processédth
auto and dynamic modes. The RMS and 95% percentile
convergence statistics are shown in Figure 8. Eyinpdp

the automatic motion detection gives significant
improvement compared to employing the dynamic mode.
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Figure 8 TerraStar-D convergence at the Calgary station

The re-convergence performance of TerraStar-D is
demonstrated using approximately one week of data
recorded at the Calgary station and simulating300,150

and 300 second long complete signal break perioesy/e
3600 s. The re-convergence results are shown iré&i@,.

The results show that the TerraStar-D solution vero
quickly after solution outages.

NovAtel CORRECT has a fast re-convergence feature
which is based on estimating ionospheric delayrdytine
normal operation and using the estimates in the odis
signal outages when there is an insufficient numddfer
satellites available to the calculate the solutidihis

feature enables typically fast re-convergence exdases
of signal outages shorter than 300 s. However,réhe
convergence performance is dependent on the larfgth
signal outage and activity of ionosphere. The fast
convergence feature is available to all NovAtel
CORRECT users.

The benefit of employing the TerraStar-D fast-
reconvergence feature compared to regular convegsnc
shown in Figure 10. The results show that the fast
convergence feature improves performance signitfigan
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Figure 10 The benefit of employing the TerraStar-D fast re-conver gence feature (Calgary station)



KINEMATIC TESTS

Kinematic performance is first tested using datorded

at a farm, located in Indiana. The performance of
TerraStar-D is compared to the PACE, IGS and CNES
real-time PPP correction services and IGS finalt-pos
processed correction products. The ground-trackhef
device is shown in Figure 11.

The reference track of the test is obtained using.R'he
IGS08 coordinates of the local reference station is
obtained using a network RTK solution, where statio
coordinates are fixed to the values given by th& IG
weekly solution. Thereafter, the reference trackthudf
rover is estimated by calculating an RTK solution
between the rover and local reference station.

WAYP==INT

PRODUCTS GROUP

The horizontal position error obtained using difer PPP
correction services is shown in Figure 12. The Itesu
show that TerraStar-D provides the smallest error
magnitude even when compared to the IGS final
corrections.

Google earth

31/2011 41°22'10.25°N 84

Figure 11 Ground track of the Indiana field-test (M ap prlded by Google)
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Figure 12 Horizontal position error (m) at the Indiana field-test

The second kinematic test is done in Brazil and the
ground-track of the device is shown in Figure 18e Test
route is a typical example of a farming environmant
Brazil. Compared to places such as Calgary, usi?ig ia
Brazil is more challenging, as regular ionospheric
scintillation causes receivers to often lose lock,
particularly to the GPS P2 signal. In addition, arB8l
based PPP correction delivery such as TerraStas-D i
often the only suitable way to provide corrections,

because of the lack of cellular coverage and rifitiatof
cellular connections in many areas in Brazil.

A comparison between TerraStar-D and OmniSTAR G2
PPP services is shown in Figure 14. The resultasshat
both correction services can provide similar perfance.
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CONCLUSIONS

The performance of TerraStar-D was demonstrateagusi
both static and kinematic data. This performances wa
compared to the IGS, CNES and NRCAN (PACE) real-
time PPP services, IGS post-processed final caorect
products and OmniSTAR G2 commercial PPP service.

The results show that TerraStar-D provides better
performance than the IGS, CNES or NRCAN real-time
PPP services and similar performance compared to
OmniSTAR G2 and post-processed IGS final correstion
The horizontal RMS error of the converged solutisn
typically between 4 and 6 cm when employing TemaSt

D. That is suitable for many high accuracy appics.

The reliability and availability of the positionirgplution

is important for commercial applications. When
employing TerraStar-D, there is a guarantee on the
reliability and continuity of the positioning secei
TerraStar is continuously monitoring their correns at
the OCDS and there are two parallel solutions muprit
each TerraStar network control center in Aberdédg,
and Singapore. If issues occur, TerraStar will chvit
between the sources with no interruption in serticéhe
user. The reliability of TerraStar-D is a signifitdbenefit
compared to open PPP services such as IGS and CNES.

Employing TerraStar-D is easy for the end-userahse
only a TerraStar-D enabled and subscribed GNSS
receiver and L-Band supporting antenna is needéd. T
NovAtel CORRECT with TerraStar-D solution provides
cost savings for the user because no additionapemnt

is required. Delivery of corrections over L-bandsaal
simplifies logistics and lowers costs for the usérce
network connectivity may be unreliable or expensive
remote areas.

FUTURE WORK

In the short term, NovAtel and TerraStar are wagkia
improve TerraStar initial convergence and re-cogeace
performance on the OEM6 receivers through carrier-
phase ambiguity resolution. It is expected thaureit
implementation of carrier-phase ambiguity resolutiall
enable instant solution re-convergence for Nov/Atetl
TerraStar customers. The longer term plan is tpaup
new constellations such as BeiDou and Galileo aw n
signals such as GPS L5.
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