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SUMMARY

For three decades the differential GPS (DGPS), aaribequently DGNSS, technique has
been the dominant operational mode for precisdipasig for the geoscience, geospatial and
navigation communities. All DGNSS techniques pearfgrositioning relative to one or more
reference GNSS receivers located at points of knovemdinates. Depending upon the type of
GNSS measurement, user equipment, reference recaifrastructure, data processing
algorithm, ancillary products or services, and apenal requirements (e.g. real-time or post-
mission, moving or static user equipment, good oorpsatellite and reference receiver
geometry, etc.), different levels of performance abtained. For example, the basic DGNSS
technique using single-frequency pseudo-range measnts can deliver few-metre to sub-
metre positioning accuracy, in either local-area N3S or wide-area DGNSS
implementations. The processing of carrier phasa daables sub-decimetre-level accuracy,
with the highest operational accuracy being possjat the few-centimetre level) using the
most sophisticated receiver equipment and algosthenen in real-time and with the user
equipment in motion (the so-called RTK mode). RB¢hniques are now indispensible for
precise navigation, machine automation, surveyimd) mapping. Over the last decade many
government agencies and private companies havblise&d permanent reference receiver
networks (or CORSs — continuously operating refegestations) to support RTK users. This
positioning infrastructure is expensive to estdbld maintain at the appropriate density
(e.g. number and distribution of CORS), qualityg(emonumentation), functionality (e.g.
multi-GNSS receivers), integrity (e.g. signal qtialinonitoring and datum) and robustness
(e.g. terrestrial or satellite communications linktween CORS and users). Over the same
time period the technique of Precise Point PositigpiPPP) has been touted as an alternative
for the “infrastructure-hungry” carrier phase-baggaNSS techniques. Although PPP suffers
from several disadvantages — slow convergence tinesiser equipment supports real-time
algorithms, no real-time satellite orbit and clat&ta streams, uncertain coordinate datum —
recent PPP developments could address most of dissstvantages. This paper describes the
current knowledge of PPP, progress in the developrogé software, algorithms and data
standards, and the provision of real-time servtoesupport PPP, with a particular focus on
the IGS (and commercial) products and the new odl€€ORS to provide augmentation
services to PPP users. The paper also speculates ewolving role(s) of CORS networks in
the context of future PPP, and whether DGNSS tegias will be largely replaced by PPP
techniques.
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Precise Point Positioning: Isthe Era of Differential GNSS Positioning
Drawingto an End?

ChrisRIZOS, Volker JANSSEN, Craig ROBERTS and Thomas GRINTER, Australia

1. INTRODUCTION

Precise Point Positioning (PPP) is a positioningho@ that employs widely and readily
available Global Navigation Satellite System (GN8®)jt and clock correction products, e.g.
obtained via the International GNSS Service (IGShttp://igs.org, to perform point
positioning using a single GNSS receiver.

PPP methods differ from differential GNSS (DGNS83iponing methods in that differential
technigues require access to the observations efoormore reference stations with known
coordinates (Grinter and Roberts, 2011). This ssigg¢hat the PPP technique has an
advantage over differential methods in that onkiragle receiver is necessary (at the user’'s
position), removing the need for the user to ehltheir own local reference station or to
have access to observations from one (or moreyeme station(s) operated by others.
Consequently, the spatial operating range limdiierential techniques is overcome, as well
as the need for simultaneous observations at lz#hand reference receivers. The “operating
limit” for DGNSS varies from about 10 km in the easf the centimetre-level accuracy,
carrier phase (CPH) based positioning technighes tise a single reference station, to
perhaps several tens of kilometres in the caseetfork-based CPH techniques, to several
hundreds of kilometres for metre-level accuracyeug®-range (PR) based positioning
techniques (Rizos, 2010). (In this paper the fosikbe on CPH-based GNSS positioning
techniques.) Furthermore, PPP obviates the nedtidanser to obtain the reference station(s)
observation data either in real-time or post-missidence, overall, there is a reduction in
labour and equipment costs, as well as simplifigerational logistics (Gao, 2006).

PPP also provides a positioning solution in a dynamlobal reference frame such as the
International Terrestrial Reference Frame (ITRFe sdtamimi et al., 2011), negating any
local distortions associated with differential gmsiing techniques when local coordinates are
used at the Continuously Operating Reference Std{®ORS). However, it is important to
fully understand the implications of transformingtlween a global and a national or local
datum. This issue will not be dealt with in thigopg and the reader is referred to discussion
in, for example, Haasdyk and Janssen (2011, 2012).

However, the use of a single GNSS user receivePRI? traditionally has also had a number
of severe disadvantages, the most significant bi&iagong convergence times (of the order
of 20 minutes or more) necessary for the ambidiot solution to converge so as to ensure
centimetre-level positioning accuracy. This hadthlahits use in real-time applications. Since
the ambiguity terms of the undifferenced CPH obstowns are no longer integers due to the
initial phase biases (which are differenced outhim “double-differencing” of data, as in the
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case of DGNSS techniques), reducing the time feolvéng integer ambiguities (as required
for centimetre-accurate solutions) is much hardexchieve.

Furthermore, because differencing techniques ateused in PPP algorithms, no relative
ionospheric measurement delays can be assumednt®lcéor at least be significantly
mitigated), and consequently dual-frequency reesifeapable of generating thé trder
ionosphere-free linear combination) are required decimetre-level accuracy positioning
(although this is also the case for differentiatht@iques when the inter-receiver distance
typically exceeds a few tens of kilometres).

PPP also requires a number of corrections to bdieappo account for centimetre-level

variations in undifferenced PR and CPH observatiases. In addition, phase wind-up
corrections, satellite antenna phase centre carrestsolid earth tide corrections and ocean
loading corrections are all necessary for accuR®® solutions, but not considered for
standard DGNSS techniques (i.e. short/medium-lesgitic baselines, kinematic and Real-
Time Kinematic (RTK) techniques) (Rizos, 2010). [Eab lists the correction biases or errors
to be modelled or otherwise accounted for in theecaf PPP compared to differential

positioning techniques.

Table 1:Biases and errors that need to be applied or ateddior in typical PPP and differential
GNSS positioning techniques.

Correction Type PPP Differential GNSS

Satellite Specificerrors

Precise satellite clock corrections v x

Satellite antenna phase centre offset 4 v

Satellite antenna phase centre variationg 4 v

Precise satellite orbits 4 V%

Group delay differential v (L1 only)

Relativity term v

Satellite antenna phase wind-up error v

Receiver Specific Errors

Receiver antenna phase centre offset v v

Receiver antenna phase centre variations v 4

Receiver antenna phase wind-up v x

Geophysical M odels

Solid earth tide displacements v x

Ocean loading v x

Polar tides v x

Plate tectonic motion v x

Atmospheric M odelling

Tropospheric delay v v

lonospheric delay v (L1 only) x
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This paper gives a brief history of the developnw@®PP and reviews the advances made in
PPP over the last two decades, with an emphadiseopast few years. The paper introduces
post-processed online services, planned real-tifB Pnplementations as well as current
commercial services, advances in integer ambigegglution for PPP, and the emergence of
so-called “network-based” PPP techniques. The ¢ooiwf the IGS and commercial service
providers in the context of supporting post-proedsand real-time PPP techniques, now and
in the future, will be briefly discussed. The papé&o speculates on the evolving role(s) of
CORS networks in the context of future PPP.

2. BRIEF HISTORY OF PPP

Whilst the evolution of PPP dates back to Andet&76), it was not until the late 1990s that
this technique was seriously studied. Over thetl@stdecades, dual-frequency PPP has been
extensively researched, and several PPP softwalages have been developed. It has been
demonstrated that centimetre-level point positignis achievable in post-processed, static
receiver mode, and potentially also for kinemapplecations (e.g. Zumberge et al., 1997
Gao and Kongzhe, 2004; Choy, 2009).

Recently, increased attention has focused on dogeascurate satellite orbits that have been
computed with low latency and are available wittgfrent updates, or even orbits that have
been “predicted” — such as the IGS ultra rapidterlwf. Table 2 — with the aim of supporting
real-time or “near” real-time kinematic PPP apgimas. Discussions within IGS have been
concerned with the provision of a real-time sentizesupport an increasing demand in real-
time products such as orbits, satellite clocks, @nabspheric parameters. The IGS Real Time
Working Group (RTWG) was established to addresgesgselevant to the development of
IGS real-time infrastructure and products. It hasrbrunning a pilot project for the past two
years fittp://www.rtigs.nef, which has been such a success that the IGS awagh a real-
time service in mid-2012 (Rizos, pers. comm.).

While post-processed PPP has many applicationgadepsy — such as determination of the
coordinates of receivers for the densificationhsd tTRF datum, or of static receivers in the
context of earthquake studies (for determining ,pce- and post-seismic motion), and the
estimation of tropospheric delay — its use as &arradtive positioning technique to DGNSS
for surveying and mapping applications has beeitdon This fact can be attributed to several
reasons. Firstly, with the advent of cost-effecticentimetre-level accuracy, RTK-GNSS
positioning provided by an increasing number of GO#etworks around the world, there has
been little need for PPP, a technique that doegdieictly) use CORS services. Secondly, the
availability of data products (i.e. orbits and #Hageclock information) could, until recently,
only support decimetre-level accuracy PPP via postessed solutions. Thirdly, the RTCM
message and data product standards to support édromng are comparatively immature.
Fourthly, no commercial off-the-shelf GNSS recesvdrave been marketed capable of
generating positioning solutions using the PPPrdlgu in real-time.

Nevertheless the PPP technique can be consideraduasful “fill-in” service for existing
regional CORS networks, such as CORSnet-NSW (Jaredsa., 2011), in areas where dense
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CORS coverage is not justified due to low populatiensity or economic reasons (such as in
developing countries). Will PPP be anything morantha niche high-accuracy GNSS
technique? Advances have been made in PPP, e$pétitile past few years, which address
the abovementioned limitations of PPP, and havepthential to increase the applicability of
PPP techniques.

3. PPP SERVICES
3.1 Post-Processed PPP

At present, post-processed PPP (PP-PPP) offemndisé comparable accuracies to DGNSS
positioning techniques. Free PPP post-processingrices such as Auto-GIPSY
(http://apps.gdgps.ngt/  and CSRS-PPP  hitp://www.geod.nrcan.gc.ca/products-
produits/ppp_e.php provide converged float solutions at the centrevgvel, thereby
allowing PPP to offer a viable alternative to ppstecessed DGNSS solutions. Users upload
their observed RINEX data files to such online s&s, and the coordinate solution for the
(static or kinematic) GNSS receiver’s positionagnputed automatically. Note, however, that
long observation session times (several hours)jey@red to obtain “comparable accuracies”,
and therefore the applications are typically resd to the establishment of geodetic control
using GNSS technology. This is in contrast to “Rpgybductivity” GNSS techniques which
are used to determine the coordinates of pointsa(ouser receiver’s trajectory) with
centimetre accuracy, with just a few seconds orubte of measurement epoch data (Rizos,
2010).

Ebner and Featherstone (2008) investigated a geausivork solution across a 550 km by
440 km area in Western Australia composed of 4étpowith 5-day GNSS receiver
occupations. It was found that CSRS-PPP solutiagre wenerally not significantly different
from using the Bernese software (processing dataifierential-network GNSS mode)
solution used as ground truth. Whilst it was ackieolged that PPP was inherently less
accurate than network-processed GNSS due to thdiipao fix CPH integer ambiguities,
this was balanced against the advantages of PPFPP&s requires only a single dual-
frequency GNSS receiver, this significantly redutieel equipment and personnel needed, as
well as the pre-planning and logistics involvedaiconventional network-based static GNSS
geodetic survey. Furthermore, the processing tinteskills needed to process conventional
GNSS baselines is greater, compared to PP-PPP whiolves sending the observed data
files to a third party for coordinate determinatittnwas concluded that PPP yields a “slightly
lower accuracy” but is a more cost-effective aladire to establishing geodetic control,
particularly applicable in remote areas or develgpiountries. The authors also noted that at
least two continuous days of observations wereireduo achieve reliable results, in this
case interpreted as a PPP coordinate solutionnm@Bimm of the Bernese solution.

Grinter and Janssen (2012) compared PPP resuits rbour, 2-hour, 4-hour, 12-hour and
24-hour observation datasets collected at 20 agj@mst coordinates derived from a Bernese
network solution. It was found that PP-PPP was @bjgovide comparable results to DGNSS
techniques for survey-accuracy (assumed to benwithimm in Easting/Northing and 35 mm
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in Ellipsoidal Height), static applications usingyservation spans of 4 hours. The risk of
outliers was minimised by utilising a longer obsgion window, while no further
improvement was apparent between the 12-hour andho@d solutions within the
specifications set for the study.

There are a number of PPP software packages thatpable of post-processing GPS (and in
some cases GLONASS) data files. Most of these aftvare written by individuals at
universities or research organisations. A well-knoapen source package is RTKLIB
(http://gpspp.sakura.ne.jp/rtklib/rtklib.n)mAs far as the authors are aware, there is no PP-
PPP software offered by the mainstream GNSS inginimanufacturers. In addition, it must
be emphasised that it is the availability of actaisatellite orbit and clock information from
organisations such as the IGS (cf. Table 2) th&en&P-PPP viable at all.

3.2 Real-Time PPP

Operating in real-time is far more challenging tivapost-processed mode. The critical issues
are availability of measurement (and other) dataeal-time, over a wireless communications
link, in a standard format that would allow GNSS8eigers to operate reliably with minimum
constraints and with comparative ease.

In the case of DGNSS techniques, the data that teidransmitted to user receivers is
essentially the “raw” PR and CPH measurements foma or more reference receivers.
Typically these are provided by a CORS network sertoperated reference receivers, either
by a direct wireless link from the nearest refeeeneceiver to the user, or via a link to a
central network command centre (that itself mositarnetwork of reference receivers on a
continuous, epoch-by-epoch basis). The broadcasisdrs are by any physical means, such
as short-range VHF/UHF, WiFi, mobile telephony atedlite communications link, and the
data message format is in an industry standard asieirCM fttp://www.rtcm.org. There is

no need for the transmission of ancillary data,hsas precise satellite orbit or clock
information, as the broadcast navigation messagelfated on the GNSS satellite L-band
transmissions) contains system information accueateugh to support centimetre-level
relative positioning. There are a number of impletagons of high-accuracy DGNSS
techniques such as RTK-GNSS and “network-based” &NSS (or NRTK-GNSS) (e.g.
Rizos, 2010).

Contrast that to real-time PPP (RT-PPP). In congeat PPP (real-time or post-processed
modes) the only raw PR and CPH measurement datsstrequired is that of the user's own
receiver. Here lies the attraction of PPP — no CQRSiser-operated temporary reference
receiver, and hence obviously no requirement fatiraless communications link to external
receivers, is required. But unlike DGNSS techniqugerating over inter-receiver distances
of several tens of kilometres (in RTK-GNSS and NRGKISS implementations), in order to

ensure centimetre-level accuracy PPP results, edimétre accuracy GNSS orbit

information and sub-nanosecond accuracy satelliieckc information are required.

Furthermore, this information is required in reaté (or very low latency, perhaps no more
than several seconds delay) at the user receivani(rg the RT-PPP algorithm). This is a
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significant impost, both in terms of the provisiohreal-time satellite system data, and the
wireless communications to access such data prediicmust be acknowledged that precise
satellite orbit and clock information need not bemputed “locally”, as such a process
requires a relatively sparse ground reference ostatifrastructure and the data analysis
capability can be centralised at a few computatitawlities with the relevant expertise.)

The IGS RTWG has been investigating the issuesceded with real-time CORS
infrastructure and data products, and has beennwgranpilot project for the past two years
(http://www.rtigs.net. The IGS plans to launch a Real-Time Service {RIS) in mid-2012.
However, there are a number of issues that muatideessed in RT-PPP were it to be based
on IGS products, not the least of which is (a) tiede of distribution of the real-time orbit
and clock products, and (b) the format for suchsagss. To encourage user uptake of RT-
PPP, the provision of IGS-RTS products on its ogvnat a sufficient condition (though it is
an essential condition unless there is a commemigrnative to IGS-RTS products).
Instrument manufacturers must implement RT-PPPrigtigos inside GNSS receivers. This is
generally presaged by the development of apprepRatCM standards for the broadcast of
precise orbit and clock information.

In an interesting development, recently a new, cencial real-time positioning product
known as “Trimble RTX” has been released in thetéthiStates, bridging the “gap” between
RT-PPP and NRTK-GNSS (Chen et al., 2011). A gl@@RS network (similar to the IGS’s)
allows for the computation of precise satelliteibdemd clock corrections, while a regional
CORS network is used to determine local atmosphasicections. It is claimed that this
technique is capable of providing real-time positig at the 4-centimetre level horizontally
(95%), with initialisation times of less than onenate, delivering the necessary orbit and
clock information via an L-band satellite downlifiom a geostationary satellite. However,
this is a proprietary system using non-industryndsad message formats, and hence only
Trimble brand user receivers (with special antenalble to track the necessary satellite
communications link) can use such a RT-PPP serMote, however, such a “network-based”
RT-PPP techniqgue may boost the popularity of PPgause it addresses several of the
drawbacks of conventional PPP, although it mustsesee CORS infrastructure in order to do
So.

4. DEVELOPMENTSIN PPP TECHNIQUES

Reference will only be made to those developmdrasitnprove the PPP technique so as to
challenge the utility of DGNSS techniques for hagteuracy, high-productivity positioning
(including in kinematic mode) applications.

4.1 From GPSto GNSS

The availability, reliability and positional accasaof PPP are strongly dependent on the
number of visible satellites. Currently, PPP preaes software and online services often only
process GPS observations, using the precise GR#liteabrbits and clock corrections
available from organisations such as the IGS (Tdble Apart from the “ultra rapid
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(predicted)” (URP) product, the others only sup@iPtPPP. Note that although the predicted
orbits are accurate enough for decimetre-level @iyRassuming that the URP products have
been downloaded hours in advance and are availablese by the receiver/computer at the
instant measurements are made, i.e. in “real-tim&y predictability of the satellite clock
corrections is relatively poor. A RT-PPP serviceuldorequire an order of magnitude
improvement in satellite clock estimates by effedlly shortening the time between
measurements being made by the PPP service pravid®RSs, transferred to an analysis
centre where the clock parameters are estimatet tteen disseminated to RT-PPP users.
This, of course, is the basis of the planned IGSRS well as commercial alternatives such
as Trimble’s RTX (Chen et al., 2011).

Table 2:Precise GPS satellite orbits and clock correctposided by IGS
(http://igs.org/components/prods.himl

Product Parameter Accuracy Latency
. . Orbit 10 cm .
Ultra Rapid (predicted) Real Time
Clock ~5ns
) . Orbit <5cm
Ultra Rapid (estimated) Clock Z02ns 3 hrs
) . Orbit <5cm
Rapid (estimated) Clock 01ns 17 hrs
] ] Orbit <5cm
Final (estimated) Clock <OLns ~ 14 days

Despite the full constellation of GPS satellitelse thumber of visible satellites may be
insufficient in areas such as urban canyons andntamous regions. Even in open areas,
poor satellite geometry may degrade the positiawuracy of PPP (as is the case of
differential techniques). The ability to utilise tex satellites available in the GLONASS

constellation enhances the capabilities of PPPRtanmbssible applications (e.g. Cai and Gao,
2007; Azab et al., 2011). Currently four IGS analysentres routinely provide GLONASS

precise orbit products. The independent GLONAS$®#dre of 10-15 cm level accuracy, and
orbits from the four organisations are combinedédoerate the IGS final GLONASS orbits.

Only two data analysis centres, IAC and ESA/ESQGvide GLONASS clock data, accurate

at the 1.5 ns level.

The use of GLONASS irkinematic PPP can further enhance the potential applications
available to PPP. Currently the two IGS analysisitres offering GLONASS clock
corrections provide satellite clock correction esuwith 5-minute intervals. Since this
temporal density is not sufficient for most kinemma@PP applications, interpolation of the
satellite clock corrections is necessary. Hesstilband Wanninger (2008) interpolated the
GPS/GLONASS clock corrections produced by ESA/EStOCl-second corrections and
analysed several PPP processing algorithms wittnkatic GNSS observations. It was found
that adding GLONASS satellites reduces PPP conieegBmes by about a factor of two. At
intervals less than 30 seconds, no improvemenrnwargence times was evident.
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The Galileo and Beidou constellations are currebding deployed. The IGS has launched a
new initiative, the “Multi-GNSS Experiment” or M-GE (see Call for Participation at
ftp://igs.org/pub/resource/pubs/IGS M-GEX VFE.pdéeeking to establish a global tracking
network of multi-GNSS capable tracking receiverd &m encourage the analysis of the M-
GEX data in order for the IGS analysis centres am yaluable experience in computing
satellite orbits and satellite clock products. MXGE a global project, commenced off 1
February 2012 and running to the end of August 2(dt?least in its first phase), that
incorporates the regional multi-GNSS initiative tife Japanese Aerospace Exploration
Agency (JAXA), seeking to promote the use of GN8®l@ding the JAXA Quasi-Zenith
Satellite - the first of Japan’s GNSS augmentatiosatellites, see
http://www.satnavi.jaxa.jp/e/news/qz-1109222_e.htntowever, it is still too early to
confidently predict the full benefits of multiple NS constellations — where over 100
satellites broadcast up to four times that numbkrsignals on which PR and CPH
measurements can be made.

4.2 PPP and Ambiguity Resolution

Conventional PPP involves the use of float soliavhich require long observation times
(>20 minutes) to converge to centimetre accuradyildithis is a relatively short observation
time for static positioning, it restricts the useé RPP for real-time and so-called “high-
productivity” positioning applications. The fixingf integer ambiguities is usually only
applied to double-differencing, as all unknown rnoteger biases are eliminated or
significantly mitigated in the measurement diffen@ig process. Although the fixing of
integer ambiguities is a particularly difficult dlenge in undifferenced measurements,
several methods have been developed to addres@ipisGe et al., 2008; Laurichesse et al.,
2009; Collins et al.,, 2010; Geng et al., 2010; ichasse, 2011)In all cases, a CORS
network is utilised to aid fixed integer ambiguity resolution. This, in turn, reduces the time it
takes to achieve centimetre-level positioning aacwyr in principle allowing RT-PPP
operations. However, the ability to constrain amdrectly predict the ionospheric delay
remains a key factor in enabling integer ambiguésolution for PPP (Collins and Bisnath,
2011). It is therefore unlikely that a PPP solutiming a global or wide-area CORS network
will ever become as effective as short/medium-laseRTK-GNSS or NRTK-GNSS
techniques, due to the difficulty in providing saféntly precise ionospheric corrections.

The Galileo constellation, once fully operationa, expected to enhance fixed integer
ambiguity resolution for PPP (there are currentiurf satellites in orbit) because of the
broadcast of signals in three frequency bands. rAgglying on the use of a CORS network,
Henkel and Ginther (2008) proposed two methodsngaladvantage of the different
frequencies available from Galileo. China’s Beidoanstellation will also transmit on a
minimum of three frequencies (there are alreadyentbban ten satellites in orbit). However,
there is no 100% interoperability between the fGINSS constellations on three frequencies
(i.e. it is not possible to mix PR or CPH measunetsidrom GPS, GLONASS, Galileo and
Beidou in triple-frequency combinations). Neverdss, one would expect that the
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widespread availability of triple-frequency GNSymsls by the end of the decade will
significantly speed up ambiguity resolution fmth PPP and DGNSS techniques.

4.3 Single-Frequency PPP

Although the prospect of triple-frequency PPP rgdhsing, such a capability is many years
away from being a reality. On the other hand, dtejuency PPP has already demonstrated
the capability of providing accurate position smos at the sub-decimetre level for kinematic
positioning and sub-centimetre level for staticiposing. However, since the majority of the
mass-market GNSS users (navigation and GIS) opsnagée-frequency GPS receivers, PPP
using a single-frequency GPS receiver has the patéo open up PPP to a broader range of
applications. The large errors in single-frequeR&P, after the application of precise GPS
orbit and clock products, are mainly due to ion@spheffects which cannot be mitigated
effectively using single-frequency measuremente(Cind Gao, 2005).

Using the Klobuchar model, based on the ionospheefficients broadcast from the GPS
satellites, is the simplest way to mitigate theogpheric delay on measurements in single-
frequency PPP. However, only about 50-60% of thal tonospheric effects are mitigated
(Klobuchar, 1996). IGS has generated products witbrmation on the Total Electron
Content (TEC) of the ionosphere on a global scaldnces 1998
(http://igs.org/projects/iono/index.htinlThese Global lonospheric Maps can provide better
results than the Klobuchar model (Ovstedal, 20@2hough the resolution is generally not
sufficient to model ionospheric delay at a regiofhed alone local) scale. Choy et al. (2009)
investigated the achievable single-frequency PP$tipoing accuracy using different types
of receivers, in both post-processing and “simafateal-time modes. It was found that
single-frequency PP-PPP with a geodetic-quality GBE&eiver is capable of achieving
accuracies of 0.1 m horizontally and 0.4 m verjcdRMS, 1 sigma). In comparison, a
medium-cost (GIS-grade) GPS receiver deliveredrd.Borizontally and 0.7 m vertically,
while a low-cost (hand-held) GPS receiver achiel/&dm horizontally and 3.3 m vertically.
In RT-PPP mode, the achievable accuracies werddayably worse. Such performance is
unlikely to challenge high-accuracy DGNSS techngque

5. THE EVOLVING ROLE OF CORSNETWORKS

This paper sought to speculate on the evolving(spblef CORS networks in the context of
future PPP, and whether DGNSS techniques will ipdaced by PPP techniques. We must
again analyse the crucial advantage(s) that PPpopemts claim over DGNSS techniques
and consider the obstacles that must be overcomeR®&xtB be used for high-accuracy, high-
productivity position determination foall market scenarios in which current DGNSS
techniques such as RTK-GNSS, NRTK-GNSS and wida-&E&NSS are appliedlt(is
conceded that there will always be a role for PP-PPP in geodesy, however these applications
are not the mainstream surveying, mapping and sgecavigation requirements for which
standard DGNSS techniques have to date been sessiigk)
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The authors contend that the availability of triplequency GNSS measurementay
improve the speed with which ambiguity resoluti@m ©e achieved in PPP, because it is the
relatively poor “time to first fix” that is currelyt the most significant shortcoming of PPP.
But is the availability of multi-frequency PR an®®B measurements a sufficient condition to
elevate PPP to a level of popularity that seriog$igllenges differential GNSS techniques? It
is difficult to give an answer to that question. e one hand ambiguity resolution for PPP
will indeed be sped up, however it must also be lamjgzed that multi-frequency signal
availability (and the resulting PR and CPH measer@s) will benefit DGNSS techniques as
well. One advantage of next generation multi-fregpyemeasurements will be thelaxing of

the inter-receiver — i.e. user to reference recéye- distance constraint for high-accuracy,
high-productivity DGNSS. This is currently of theder of several-to-many tens of kilometres
in the case of NRTK-GNSS (or its equivalent, pastepssed network-based DGNSS), and
several simulation studies have reported that #resity of CORS networks can be reduced
such that reference receivers every femdreds of kilometres would be sufficient (e.g. Feng
et al., 2007). However, given the significant irage in the number of CORSs established
over the last few years, the reduction in costprading CORS infrastructure (from GPS-
only receivers to multi-GNSS receivers) comparethwr initial deployment, the predicted
“thinning” of CORS networks in the multi-frequend@NSS era, and the many other
advantages of CORSs themselves (e.g. monitoringraaind or structural deformation and
estimation of atmospheric parameters), the requrgnfior CORS infrastructure to support
DGNSS may not be the significant disadvantagepaosiraint, that it once was.

It has to be emphasised that the requirement foosttubiquitous wireless communications
so that all users wishing to operate in real-tinragehaccess to broadcast RTCM correction
messages is a critical requirement not only forl-tieee GNSS, but also for RT-PPP.
However, satellite communications (SatComs) via@MNSS receiver “front-end”, as in the
case of wide-area DGNSS such as Space-Based AugimenSystems (SBASs) — e.g. the
Wide Area Augmentation System (WAAS) in North Ancariand the European Geostationary
Navigation Overlay Service (EGNOS) (Prasad and Rugg2005) — is an attractive
proposition.

Commercial implementations of RT-PPP, apart fronmbte’s RTX, will require access to
data products such as those to be generated biGBRTS from mid-2012. The CORS
network infrastructure is already deployed, andaurM-GEX will be upgraded to have multi-
GNSS tracking capability. The analysis and reaktidata product dissemination systems
have been developed and are undergoing testingagmelr to be robust through the use of
redundant analysis centres and broadcasters. Fuxihe industry data message standards
are currently being finalised (Rizos, pers. comuall) of these developments give confidence
to GNSS receiver manufacturers that RT-PPP couldasdy implemented at the in-receiver
algorithm level, and that users could take advantddRT-PPP if they have access to the real-
time data product streams.

Similar to the IGS-RTS, Trimble’'s RTX uses a gloB&RS network to provide the data used
to compute satellite orbit and clock correctionswéver, it is reported that a regional CORS
network (120 km spacing) is used to determine ltoglospheric and ionospheric corrections,
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and to deliver “several” centimetre-level of pawmiting accuracy with a “few” minutes of
initialisation (ambiguity resolution or ambiguitiftér convergence — it is not clear from the
published literature which is the case). What dgiishes this service from any that could be
implemented via IGS-RTS products is that the nesgs$ata stream (orbit, satellite clock and
atmospheric delay parameters) comes via a SatCommlicd, obviating the need for a
separate wireless communications link.

Trimble’s RTX is therefore in many respects vemyifar to SBAS implementations of wide-

area DGNSS, except that it uses the CPH measursrterissure sub-decimetre-level (and
potentially several-centimetre-level after “initggtion”) positioning accuracy, as all PPP
techniques do. Hence this implementation addregsesequirement of ubiquitous wireless
communications for users. However, CORS receivacigg of 120 km (or so) seems to be a
retrograde step vis-a-vis “pure” PPP, which hasnwa there is no requirement for

local/regional CORSs, except the few dozen globadeivers needed to enable the
computation of real-time orbit and satellite claxkrection information.

Such a “network-based” PPP technique was demoedtkat Japanese investigators (Saito et
al., 2011). They used the LEX signal transmitted the Quasi-Zenith Satellite
(http://gzss.jaxa.jp/index_e.htjnio broadcasboth the IGS-derived orbit and satellite clock
data (i.e. based on the current URP product, ri@85-RTS which is not yet operational)
and atmospheric parameter information used to atgighe tropospheric and ionospheric
delay error on PR and CPH measurements. The {aéer computed using those GEONET
CORS receivers surrounding the test receiver. Feviiroetre-level accuracy was achieved, in
real-time, and used to control a driverless tradttmwever, note that Japan’s CORS receiver
spacing is on average about 30 Kitid://www.gsi.go.jp/ENGLISH/page _e30030.hyml

6. CONCLUDING REMARKS

PPP’s main advantage over DGNSS positioning tectasigs the ability to provide an
accurate position within a global reference fraargywhere in the world with a single GNSS
user receiver. Post-processed products and servar@sorganisations such as the IGS and
Natural Resources Canada have enabled PPP toaoff@ble alternative to post-processed
differential solutions, while maintaining the advages of PPP, for geodetic users. The ability
to utilise additional satellite constellations, suas GLONASS, Galileo and Beidou, will
further enhance the capability of PPP. However, fdoe that the reference frame of PPP
results is not the datum of a nation or region daese its own management issues (see, e.g.,
Haasdyk and Janssen, 2012, for some discussidniomatter).

A major advancement in PPP is the ability to fileger ambiguities. Several techniques have
been developed with promising results — supporteli#s corrections derived from a CORS
network — to correct for the receiver and satelhiéal phase biases. These techniques have
shown improved accuracies and reduced convergenoes.t However, challenges still
remain, primarily reducing initialisation times awdrrectly accounting for the ionospheric
delay in the GNSS measurements. It is thereforikelglthat a PPP solution using a global or
sparse CORS network will ever be as effective astshedium-baseline RTK/NRTK-GNSS,
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due to the difficulty in providing sufficiently aacate ionospheric corrections. A regional
CORS network with an inter-receiver spacing ofdhger of a “few” hundred kilometres (and
preferably much less), however, has the poteriaignificantly improve the modelling of

the spatial variability of the ionosphere’s TEC.

High-performance (i.e. high-accuracy and high-puatigity) RT-PPP has been demonstrated,
both in a commercial sense (Trimble’s RTX) and bgearchers (QZS testing). However,
CORS network densities similar to those for RTK/NRENSS techniques are required.
While the provision of real-time IGS products ame finalisation of industry-agreed data
formats will give a significant boost to RT-PPPe tbhallenge of transmitting such data to
user receivers remains. Furthermore, it is debdetttat RT-PPP will ever challenge
RTK/NRTK-GNSS techniqueson the grounds that it requires less or no CORS
infrastructure. The results so far suggest that the reductio€@RS infrastructure is not
significant if “network-based” PPP techniques asedi Paradoxically, CORS networks will
play a large role in providing the corrections riegdi to achieve RT-PPP results with
centimetre-level accuracy. Because the need for £@Btworks will not disappear, the
authors contend that while PPP will be a usefulitamdto the GNSS *“toolkit”, DGNSS-
based techniques and services will still be a popubker option for many years to come
because the justification for the establishmenCQRS hashot been weakened by recent
developments in PPP.
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