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SUMMARY

GNSS technology is being extensively used for nooimg the movement of engineering
structures such as bridges, tall buildings, damesskwaters, etc. Large structures increasingly
have one or more GNSS receivers installed on tlae,this trend is expected to continue
unabated. Several other trends are also emerging:

Q) Integrated deformation monitoring systems, comnsjstif some or all of the following
hardware components: GNSS receivers, optical stétilons, digital levels, laser
alignment devices, inclinometers, accelerometéraingneters, anenometers,
meteorological sensors, and others.

(2) Real-time kinematic (RTK) being almost exclusivilg GNSS technique that is used.

(3) The use of low cost L1-only GNSS sensors on therdahg structure.

(4) System control platforms that link to and managedata logging and control of many
sensors (including GNSS), as well as real-time gaimn and analysis of resulting
displacement time series.

(5) Increased use of sophisticated time series analysisaracterise the movement of
structures.

(6) Use of installed permanent GNSS reference statifvastructure.

Although GNSS-RTK technology is the core componémgre are nevertheless a number of
challenges in using GNSS. For example, structuel as bridges may provide few points
where the GNSS sensors can have clear sky view, GN8S coordinate accuracy is
vulnerable to satellite geometry. In addition GNgferations are degraded at certain times of
the day at low latitude locations (equatorial regjpdue to ionospheric disturbances which
cause extreme variations in the quality of the GM8&surements. GNSS is also vulnerable
to signal multipath disturbance from the structiiself. Another challenge is logistical, as
GNSS-RTK requires a reference station located yearba stable ground mark.

The use of “clusters” of continuously operatingerehce stations (CORS) to support
network-RTK (N-RTK) operations is now common. N-RT¥a very viable technique for use
as the underlying technological basis for regiaral local high productivity, real-time, high
accuracy services, with less installed CORS infuastire than would otherwise be necessary
if the single-base RTK-GNSS technique were to bedusThe Hong Kong Satellite
Positioning Reference Station Network, establisbgdthe HK Lands Department, is one
example of such a CORS network.
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1. BACKGROUND

To achieve high GNSS-RTK accuracy in monitoring j@cts, the baselines between the
reference station(s) and the monitoring receiveeskapt as shorter as possible. However,
there is always the challenge that the refereratios(s) could by inadvertently installed in
the deformation area itself (in the case of volemyalam or building monitoring), or the
signals tracked by the GNSS antennas are obstrbgtéae structure itself (as is the case for
bridges and buildings).

In this paper, a new deformation monitoring conctpt uses network-RTK (N-RTK)
principles will be described. Test results from sedl monitoring in Hong Kong will be
presented to demonstrate the superior resultsi®fitiplementation of the N-RTK service,
using single-frequency GNSS receivers, in a regiere the ionospheric refraction effects
are large and unpredictable. A GNSS N-RTK servaelteen installed some years ago by the
Hong Kong Lands Department — consisting of a netvedrdual-frequency GPS continuously
operating reference stations (CORS) and assocraéslork processing software. An idea
developed by one of the authors (Chris Rizos) abeutyears ago to combine a GPS CORS
network with several low cost, single-frequencyeigers (GPS L1-only) in Indonesia for
volcano monitoring has encouraged the executiora gfilot project in Hong Kong. A
combination of a sub-set of the Hong Kong GNSS C@Rt/ork (a so-called “cluster”) and
single-frequency GPS receivers was used to evahatethe ionospheric delay errors could
be mitigated in an application of N-RTK for sea W&ifuctural monitoring.

The first results are indeed very promising and dbmparison between single-base GNSS-
RTK and the one obtained by using the GNSS N-RTKemtions suggests a new and
improved approach for GNSS-RTK monitoring.

1.1. Single-base GNSS-RTK for Structural Monitoring

The standard mode of precisifferential positioning is for one reference receiver to be
located at a reference station whose coordinateskaown, while the second receiver's
coordinates are determined relative to this refeaeceiver. The use of carrier phase data in
real-time, single baseline mode (one referencdostaand one rover or user receiver's
coordinates to be determined irredative sense) — also known asifigle-basé mode — is
now commonplace. These systems are also referredst®RTK systems (“real-time-
kinematic”), and make feasible the use of GPS/GIRI&- for many time-critical
applications such as engineering surveying, GPS&biB8ded earthworks/excavations,
machine control and structural monitoring applioas. Over the last decade and a half the
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use of GPS (and now GNSS) for structural monitqrofgdams, bridges, buildings and other
civil structures, has grown considerably (see Ogajal., 2007, for a recent review), and
nowadays the GNSS-RTK technique is widely usedratahe world. Such systems output
continuous streams of coordinate results (or tirages). The dynamics of the structure
typically defines the nature of the coordinate gsial For example, if a structure vibrates or
deflects due to wind or surface loading the timgeseanalysis is conducted in the frequency
domain (see, e.g., Li et al.,, 2007), otherwise ddath geodetic deformation monitoring

techniques based on advanced network least sqaeabsis are used (Ogaja et al., 2007).

However, the limitation of single-base RTK is thstance between reference receiver and the
rover receiver due to distance-dependent biasels ascorbit error, and ionospheric and
tropospheric signal refraction. This has restridtesl inter-receiver distance to 10km or less
(depending upon the latitude). However in low lat& regions the ionospheric variability is
so high that the use of single-base GNSS-RTK ohertdaselines may not even be possible
in the local afternoon period. Yet in the caseladrs baselines there is a risk that the GNSS
reference station could be located in the areaishatibject to deformation. Furthermore, the
object itself may cause signal refraction and ie torst case reduced signal availability
impacting on the geometry (GDOP) of the solutioom® of these problems can be addressed
using techniques where the GNSS reference stali@iés located as far away from the
monitoring points as possible without being infloed too greatly by residual (double-
differenced) atmospheric biases.

Network-RTK (N-RTK) is a centimetre-accuracy, réate, carrier phase-based positioning
technique capable of operating over inter-recedistances up to many tens of kilometres
(the distance between a rover and the closestergfer station receiver) with equivalent
performance to single-base RTK systems (operatwer anuch shorter baselines). The
reference stations must be deployed in a denseganpattern to model distance-dependent
errors to such an accuracy that residual doubferdificed carrier phase observable errors can
be ignored in the context of rapid ambiguity resolu N-RTK is therefore the logical
outcome of the continuous search for a GPS/GNS&igruag technique that challenges the
current constraints of single-base, cm-accuracgh hproductivity, carrier phase-based
positioning.

1.2. GNSS N-RTK for Structural Monitoring

All GNSS-based positioning techniques operate uradeset ofconstraints(Rizos, 2002).
These constraints may be baseline length, attaredsduracy, assured reliability, geometrical
strength, signal availability, time-to-solutionstrumentation, operational modes, cost, and so
on. GNSS product designers must develop systenmspiising hardware, software and field
procedures) that are optimised for a certain targaket, by addressing only those constraints
that are crucial to the most common user scendrosexample, single-base RTK systems
are capable of high performance when measuredrimstef accuracy, time-to-solution (i.e.
speed of ambiguity resolution after signal intetio), utility (due to the generation of real-
time solutions), flexibility (being able to be usegdstatic and kinematic applications), ease-
of-use, autonomy (operate their own referenceastgtiand cost-effectiveness. However, the
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10km baseline (or less in low latitude regions)staaint, the increasing availability of GNSS
CORS networks (no need to operate their own), haddesire to use lower cost (i.e. single-
frequency) user receiver hardware means that esmginare looking to alternative, more
efficient GNSS-RTK based techniques for structurednitoring applications. See Rizos
(2007) for discussion on the impact of the worldeviekpansion of CORS networks on high
accuracy GNSS users.

GNSS N-RTK is a technique that takes advantage nétaork of permanently installed
CORS streaming in real-time their raw observationa central computing facility. Due to the
more sophisticated modelling of residual spatialbyrelated biases (due to atmospheric
refraction of GNSS signals), the distances betw@eiRS stations may be relaxed to many
tens of kilometres (well beyond the baseline camsts of single-base GNSS-RTK). Hence
the economics of operating CORS networks is sigaifily improved when N-RTK services
are provided (Rizos & Cranenbroeck, 2006). Theeeanumber of implementations of N-
RTK - the commonest are VRS (Virtual Reference i@tatand FKP (in German
Flachenkorrekturparametgr— which involve processing of CORS network dataider to
generate empirical ‘correction’ data (to princigathccount for the unmodelled residual
double-differenced atmospheric biases) that areinitted to users in RTCM-type messages
(see, e.g. Heo et al., 2009). Alternative modes sag MAC (Master-Auxiliary Concept)
place some of the burden of N-RTK processing oruies’s receiver (Janssen, 2009).

In the case of structural monitoring the CORS nieelde located on very stable sites and the
coordinates of the antenna phase centre for eacRC@re determined with a relative
accuracy of few millimeters. If monitoring overanly period of time, due regard must also be
taken of reference frame stability — something Inelythe scope of this paper. Another
distinguishing characteristic of most structuralmaring applications is that the continuous
stream of 3D coordinates are needed at a monitar@mgre, not at the monitoring sites’
receivers. Hence other modes of N-RTK, sucheasrseor serversideN-RTK may be more
appropriate (Lim & Rizos, 2008; Rizos, 2007). le thilot project decsribed in this paper the
monitoring receivers deployed over the deformatioea stream their observations to a PC
server running the GNSS N-RTK modelling softwacegénerate N-RTK corrections in real-
time, and integrated as Master Auxiliary or Virtireference stations in the processing.

Because of the advantages that a GNSS N-RTK apprtoastructural monitoring can offer,
there is increasing worldwide interest in positi@niinfrastructure — national and regional
CORS networks. Then the focus of the monitoringjgmobecomes the deployment of a
sufficient number of receivers at monitoring poittsderive detailed enough deformation
signals to help structural engineers determine ndrethe structure is responding to loads
within design specifications, or whether the stuoethas suffered serious damage. While the
use of installed CORS infrastructure makes GNSSenadtractive for structural monitoring,
the high cost of dual-frequency receivers is stitonstraint to a massive expansion in the
number of monitoring receivers on a project. How ttge cost of GNSS monitoring be driven
down even further? The use of low cost GPS L1-ombnitoring receivers was proposed by
several of the first author's (Chris Rizos) gra@uatudents almost ten years ago, see, e.g.,
Chen (2001), Roberts (2002).
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1.3. Mixed-mode GNSS for Structural Monitoring

Data from single-frequency GNSS receivers cannatdreected for ionospheric delay, as is
the case with dual-frequency data. Thereforeombinationof single- and dual-frequency
instrumentation in anixed-mode networgould, in principle, ensure high accuracy coortéina
results using a large number of receivers depl@gedss a region experiencing deformation,
while keeping GNSS hardware costs as low as pesstlich an approach was used to
develop a monitoring system for Indonesian volcan@es described in Janssen & Rizos
(2003), and papers cited therein. This is posslife augmenting the single-frequency
receivers with a small number of dual-frequencyeiegrs surrounding the zone of
deformation. The primary function of thasiter network is to generate empirical ‘correction’
terms to the double-differenced phase observablgkinwthe deformation monitoring
network. This mixed-mode methodology can in factif@lemented in real-time using a
cluster of CORS - that have their raw observatmogessed using GNSS N-RTK software
to generate 2D spatial models for residual tropesptand ionospheric biases. These models
then can be used to correct the monitoring recgiwimngle-frequency data, either by software
in the monitoring receiver itself (standard N-RTRpaoach) or at the monitor centre if the
reverse N-RTK approach is used (Rizos, 2007; R&z&sanenbroeck, 2006).

2. PILOT PROJECT IN HONG KONG
For demonstrating the benefits of the GNSS techgyotiescribed in section 1 for monitoring

sea walls a pilot project in Hong Kong was setu@byengineering company (Figure 1). They
used equipment and software developed and delil®ré@ica Geosystems.

Figure 1: GPS monitoring antenna installed on a sea mhlbhg Kong.

The Leica GPS GMX902 dual-frequency monitoring reeeand the Leica GNSS AX1202
antenna have been installed with power supply hedcommunication equipment in an all-
weather instrument cabinet (Figure 2).
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Figure 2: GPS receiver Leica GMX902 with power supply and caenication interface.

The CORS data were provided as a service by thegHamg Lands Department, by their
Hong Kong Satellite Positioning Reference Stati@tvwork (Figure 3).

Hong Kong Satellite Positioning
Reference Station Network
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Figure 3: The Hong Kong Satellite Positioning Referencedtatetwork.

The processing of the real-time data was carried byuthe centralised RTK processing
software, Leica GNSS Spider Positioning. Initiaiys was performed using the single-base
GNSS-RTK approach (Figure 4).
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GNSS Single RTK Seawall Monitoring System Diagram
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Figure 4: GNSS single-base RTK system architecture

It appeared, however, quite clearly that in thealoafternoon period, but also randomly
sometimes throughout the day, sudden jumps occuimrdte coordinate time series (Easting,
Northing and Height), making reliable structural mitoring difficult or even impossible. It
should be noted that the standard noise-like vanah GNSS-RTK time series are something
users have to cope with via some form of smootling filtering. However, in this case the
outliers were due to large biases resulting fronreeme and highly variable ionospheric
conditions.

After a meeting with the engineering company, whkparted similar phenomena in other
monitoring projects in Hong Kong, the authors appted the Hong Kong Lands Department
and requested their assistance in delivering tlaé-timme data streams of several CORS
located in and around the monitoring project. L&8MSS SPiderNET software was installed
with the necessary options to process the CORSanktaluster and to redirect the RTK
network corrections as observations for one ofctbsest reference station located nearby the
monitoring receivers (see Figure 5). That referesteion acted as a MAX station (RTCM
v3.n Master-Auxiliary Concept, via Master-Auxilial@orrections, or MAX — Heo et al.,
2009) in the Leica Spider site server. It should dmphasised however that any other
reference station participating to that clusterlddwave been selected without affecting the
results.
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GNSS Network RTK aided Seawall Monitoring System Diagram
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Figure 5: GNSS Network-RTK system architecture

Comparison was made between the “standard” singge-lisNSS-RTK solution (Figure 4)
and the GNSS N-RTK solution (Figure 5), in 2D andheight, using the Leica GNSS QC
software. The plots (Figures 6 & 7) show clearhattthe GNSS N-RTK corrections
dramatically improved the results. Note that thee2id height plot scales are different — each
horizontal line is 1cm and 5cm respectively. Agestn occasional outliers, the variability is
less than 2cm for horizontal components and leas &itm for the height component. The
results presented here are not filtered or smootethey were just the output in the NMEA
format of the baselines solutions computed by tlecd. GNSS Spider Site server —
positioning option. (A recursive low bandpass fikeExponential Weighted Moving Average
— could now be applied on these unbiased N-RTK ige@é results in order to deliver a few
millimetres accuracy, and in real-time.)

At the same time, in order to verify whether sinfyjequency GPS L1-only receivers could
also benefit from the GNSS N-RTK, it was decidedsitmultaneously process the different
baselines using only the GPS L1 frequency obsemati The “Quasi-Static” method of
initialisation was used to effect fast L1 RTK. Tiesults were even more impressive in terms
of initialisation (ambiguity resolution) and accaoya(Figures 8 & 9). Note that the 2D and
height plot scales are different — each horizolirtalis 1cm and 5cm respectively. Apart from
occasional outliers, the quality of the time seli®s/ery similar to that in Figure 6 & 7,
computed using higher cost dual-frequency monitprieceivers, i.e. the variability is less
than 2cm for horizontal components and less thamféc the height component.
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Figure 6: Comparison of RTK positionirdp results —the blue line is the single-base RTK solwiwt the
yellow line is the N-RTK solution (each horizontal lielicm).

Figure 7: Comparison of RTK positionimgightresults — the blue line is the single-base RTK solutiahthe
yellow line is the N-RTK solution (each horizontal lisehicm).
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Figure 8: Comparison of RTK positionirip results — the green line is the single-base RTK L1-oniytisol
and the red line is the N-RTK L1-only solution (each horizdimalis 1cm).

Figure 9: Comparison of RTK positionimgightresults — the green line is the single-base RTK L1-solytion
and the red line is the N-RTK L1-only solution (each horizolittalis 5cm).
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3. CONCLUDING REMARKS

The results presented here of a sea wall monitgmiagect in Hong Kong demonstrate that the
combination of GPS N-RTK resources (CORS networdl AhRRTK modelling software)
delivers outstanding advantages, such as maximuiigsed) accuracy and reliability. The
following summary comments can be made with regErdthe GNSS N-RTK based
monitoring technique:

Better control over the operations and the resyltsaking advantage of installed CORS

infrastructure.

Reliable time series solutions for projects locateldw latitude regions where the

ionospheric turbulences severely affect signaldatd processing.

The possibility to mix dual-frequency receivers (&NCORS) with affordable single-

frequency receivers for slow deformation motion ftemmng.

No need for subsequent networked baselines adjastme

No need to establish single CORS in urban areasr(attions) for high rise building or

long bridge monitoring projects.

Although implemented for a trial in Hong Kong, thathors believe that with the return of
high solar cycle activity the proposed mixed-modeitson strategy could find application in
many other places than only those currently expésexkvere ionospheric disturbances (i.e.
low latitude regions). The authors are working amilsr projects in South Korea and will
present their results in future papers.
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