High-Precision RTK Positioning with Calibration-Free Tilt Compensation

Xiaoguang LUO, Stefan SCHAUFLER, Matteo CARRERA and Ismail CELEBI,
Switzerland

Key words: GNSSRTK, IMU, INS, MEMS, sen®r fusion

SUMMARY

The rapid development of sensor fusion techniques in GNSS and IMU (inertial measurement
unit) is offering a great opportunity to improve the applicabilitypdouctivity and user
experience ofhigh-precision RTK positioning. Benefiting fronthe tilt compensation
technology that automatically adjusts pole tilt frommphy GNSS RTK can now be appligd

more restrictive situations with enhanced efficiency and flexibility. However, the conventional
tilt compensation solutions are mostly sensitive to magnetic disturbancescqnce time
consuming orsite calibrations. In addition, the titompensation range is oftdéimited to
15degrees.

This paper presentsrovel am easyto-usetilt compensabn solution of the Leica GS18
smart antenna, which is immune to magnetic disturbances and is completely free-giben on
calibrations. This inventiofor the surveying market was inspired by technologies that have
been used in aviation and mariravigation for years. Instead oélying upon anagnetometer

an inertial navigation system (IN$itilizes preciselMU measurements, along witBNSS
position and velocity estimateto provide higkrate attitude information including pole tilt,
direction of tit and sensor heading. The internality control mechanisms allow an automatic
start andstop of tilt compensation on the fly, which is able to cope with extrensedyolamics
such & hard shocks. Taking advantageadivanced GNSS signal tracking at lelevation
angles, the IMkbasedilt compensatiomapproach ispgdicable at large tilt angles ofiore than
30degrees.

Based on representatidata setsncluding variais pole dynamics, the overall accuracyBbf
attitude determinatioms belowl.5degres. The GNSS and INSrrorcomponentsrelargely
uncorrelatecandthe total errorbudgetof the pole tip positionbehavesaccordingto theerror
propagation law. lkomparison to the magnetomebersedapproackand to convention®TK
surveying where the pois levelled andnfluenced by human errgrthe performance of the
proposedIMU -basedtilt compensatiorsolution is analyzedwith respect toproductivity,
accuracyand reliability. Theresults from acase studyof large tilt angles showthata 3D
positioning accuracgf 2 cmis still achievableevenwhenthe pole is stronglyilted.
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1. INTRODUCTION

In RTK surveysthe position measured by the GNSS receiver is mettly at the target point
but at theantenna phase centdro optimize the reception of GNSS signals, the antenna is
usually mouted on goole.In conventionBRTK surveyingwhere the pole needs belevelled
with a circular bubble, the phase cemgesition isreduced to the pole tip by consideriting
antenna phase center offset (PCO) dmel length of the pole. Thimpproach has some
disadvantages limitinghe productivity, accuracyand applicabilityof high-precision RK
positioning.First, levelling thepole takedime, particularly in stakeoutwhere itneeds to be
repeated. Secontplding the pole verticht is influenced by human errors andgtirumental
imperfections such as a misadjustedble.Third, it is not always possible toold the pole
verticaly on atarget point, for example when measuringlding cornersTherefore, it would
be desirable to take RTK measurements eftéinget poihwithout the need to level the pole.

The rapiddevelopment ofGNSS, inertial and multisensorintegrated navigation systems
(Jekeli, 2001 TittertonandWeston, 2004¢roves, 2013js offeling agreat opportunity to tilt
compensation RTKAssuming the legthof thepoleis known,the position error due to titian
be compensated if the angulairentation (or attitude) of theole can berecisely determined.
Whilst measuring the tilt of thpole from plumb can be accurately achievgdnieans of
accelerometerfor instance, measmng the orientation of the poleith respect to geographic
north is afar more challenging task (Hong et al., 2R0Bhe conwentional RTKproductswith
tilt compensatioruse arelectroniccompasswhich reliesuponmagnetoneter measurements
and provides th@ole orientationwith respect to magnetic nor{Nichols and Talbot, 1996;
Kurtovic and Pagan, 200%uch a magnetometbased approach has the following drawbacks:
— The magnetic field measured at the magmetier varies significantly with tilt angle
(Pedley, 2012), whichould limit thetilt compensation range.
- A high-fidelity and computationally expsive magnetic model is needé&therwse,
the error in local magnetideclination which isthe anglebetweerthe truegeographic
north and magnetic ndrtmay reach up to three degrees (Dusha, 2017).
- Onssite calibrations areecessarywhich aretime-consuming and reduce productivity.
- Magnetometer measuremeni®affected by magnetidisturbancesausedy ferrous
metals €.g.cars, buildings with structural steel) and electric currents gower lines,
eledricity installations), both ofvhich areusually presenh RTK surveyenvironments.

To avoid the drawback®sentioned above, the tilt competisa solution of the Leica GS18
utilizes precise IMU measurements from industgahde micreelectremechanichsensors
(MEMS), which are especially appropriate Burveying applications. This inventidar the
surveying market was inspired by technologiest have been used in aviation and marine



navigation for years (Crassidis and Markley, 2003). Along with GNSS position and velocity
edimates,an INSutilizes high-rate properacceleratios and rotation rates from the MEMS

IMU to determine the attitudef the pole in real timeSince theeIMU measurements are not
affectedby magnetidields, the proposed tilt compensation approach does not require any on
site calibrations and isnmune to magnetic disturbancésaddition, there iso limit tothetilt
compensatiomange provided thatsufficient number of GNSS satellites are tracked to be able
to produce higtprecision RTK solutions.

2. HIGH-PERFORMANCE GNSS SIGNAL TRACKING
2.1 Challenges in tilt compensation RTK

In high-precision RTK positioning with tilt compensation, robust aigh-sensiivity tracking
of GNSS signals irall frequency bands is of immense importance, pafacly at large tilt
angles. As illustratedni Fig.1, if the pole is tiltedaway from a atellite by t degrees, the
elevation angle of the incoming GNSS signal wéhpect to the antenna horizon decreases by
t as well from U(vertical pole) tdh (tilted pole). For a giverlevationangle ofU, the larger the
tilt t, the smaller thangleb. This indicates that &NSS signaleceived at high elevation
angle inconventionaRTK surveying with avertical pole couldbecome dow-elevationsignal
in the tilt compensation casgepending on the tilt angl€urthermorewhenperformingRTK
measurementsith tilt compensatiomt buildingcornersor near fences and walkhe reception
of noise signalgncreasesdue to multipath or nearby interferencd cope with these
challenges,the Leica GS18T featuresadvanced signatracking technologies providing
maximum number of atervations for tilcompensate®TK solutions.

Figure 1 Decrease irthe elevationangleof theincoming GNSSsignal when tilting gole away from satellite
(U satellite elevation angle for a vertical pddesatellite elgation angle for a tilted polé, tilt angle).



2.2 Advanced signal tracking technologies

The antennalement andhe measurement engif®E) of a GNSS RTKroverplay a key role

in tracking GNSS and-band correction signal¥he antenna ahe Leica GS19 is a high
performance patch antenna, which keg@pagnar and lowprofile structure for small sizé&ny

planar antennas may unavoidably excite surface waves that propagate along the interface
between the air and the metal ground plane. Thesesvdiffract at the edge of the ground
plane, causing radiationis all direction to the spac&or GNSS applications, such unwanted
radiationsincrease the reception of noise signdue to multipatlor nearly interferences. The
parasitic circular array loadingchnologyhas been developed by Yang and Freestone (2017)

to optimize the antenna radiation pattern through suppressingstittace waves from
propagatingThe concept of this technology is illustrated in 2g.As can beseen, peripheral

spiral shaped reactive/resistiigaded monopoles are circularly arrayed around the main
antenna element to manipulate the aroused surface waves. After interacting with the parasitic
monopoles, the surface waves become scattered waves-tatiate to the fregpace. In this

way, the adiation pattern is reshapedeihance the low elevation andi@ckingcapabilities.

In addition to the parasitic circular array loading technology, paented ultravideband
antenna feeding technologyang and Gilbertson, 2016) has been used to achieve superior
circular polarization and symmetric radiation patterns over the entire GNSS bandhigdftn
shows the antemnradiation ptiern for theL1 frequency atl575.42MHz. First, theradiation
patterns are highlgymmetric, resulting in sufnillimeter phase centestability. Above the
horizon, the antenna islaast 15dB more sensitive to direct lingf-sight RHCP (righthanded
circular polarization signals thanndirect reflected LH® (lefthanded circulapolarizatior)
signals, which igavorableregardingmultipath rejectionThe radiation patterof L1-RHCP
exhibits a gradual and moderat#l+off of 10dB from zenith (aB) to 10-degree elevation
angle (10dB) and then decreassgsarply to very lown the backside of the antenna. Eiwlity

to track lowelevation satellitegvhile maintaining a high gain for higher elevation satellites is
particularly important for RTK applications in difficult environments such as urban canyons
anddense canopy. Moreovex largetow-elevation gain isiso beneficiafor receivingL-band
correction signals from geostationary satellites at high latit0desg and Freestone, 2016).

(a) (b) ——— L1-RHCP
—— L1-LHCP |

Figure 2 Antenna radition patterroptimization(a) Concept with spiral shaped peripheral parasitic circular array
loadings (Yang and Freestone, 2016),Ahjenna radiatiompattern for theL1 frequency at 1575.4R1Hz.



Apart from the higkperformancepatch antenna, e Leica GS18 incorporates thdates
generation of measurement engine ME7icithasa 5%-channel architecture anddéapable
of tracking all current and upcoming satellite conatehs at multipldrequenciesincluding
GPS, GLONASS, @lileo, BeiDou, QZSSand NavIC.At the time ofwriting the paper, the
Galileo constellationconsists ofl4 operational satellites, whiciready benefit mukGNSS
RTK positioning asdemonstrated inuo et al.(2017) In the tilt compensabn case the
additionaluseof Galileo helps maintainhigh-precision RTK solutionsvhen movingclose to
objects such aluilding cornes andhouse walls. Besidasvigation satellitesignalsthe ME7
tracks multi-channel L-band correction signalom the TerraStar augmentation satellites,
enabling reatime cmilevel positioning without RTK cormion data.Due to faster signal
acquisition, highertracking sensitivityat low elevation anglesind advanced multgth
rejection, theME7 providessuperor signal tracking performander tilt compensatiorRTK.

2.3 Benefits of advanced signal tracking

To demomtrate the benefits of advanceignal trackingunder open sky, thsignatto-noise
ratio (SNR Luo, 2013 Sect5.1) measurements from a Leica GSIL8&recompared t@nother
commerciakurveygrade GNSS smart antend@noted as RoveX. By analyzing24 hours of
1-Hz data Fig. 3 shows the mediaBNR for the GPS signalswith 5-degreeelevationangle
bins. In comparisn to RoverA, the GS18l exhibits higher SNR levels overhé whole
elevation range, whemore significant improvements are visibler the lower bands L2 and
L5. On average, the median SNiRRreases by dBHz, 4dBHz and &BHz forthe GPS L1,
L2 and L5 signals, respectivelyynder normaimeasuringconditions, thdargerthe SNR, the
beter thesignalquality, andthesmalle the observationoise

60
60
60

°°°°°°°

1(a) GPSL1 1(b) GPS L2 (c) GPSL5 0000

55
]
o
00
i
00
1]
™
5
°
°

oooooooo

o
55

50
N

SNR [dBHz]
45

40
\
SNR [dBHz]
45
+]
A\
]
. %
SNR [dBHz]
45
o
-]

40
40

35

35
35

o
- GS18T: - GS18T - GS18T
= RoverA = Rover A —— RoverA

T T T T 1 T T T T T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 6 70 8 90 0 10 20 30 40 5 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Elevation angle [deg] Elevation angle [deg] Elevation angle [deg]

30
30
30

Figure 3 Comparison of th&PS signato-noise ratio (SNRjneasurements betwe&818T andRoverA under
open sky 24 hours of iHz dataelevation cubff: O degrees).

Fig. 4 shows the benefits of advanced sigriedcking indifficult environmentsy comparing

the numier of cycles slips betwedgBS18T and RoverA under heavy tree canopy. In suah a
environmentGNSS signals are blocked, attiated and reflected, leading to a large amount of

cycle slipsAs can be seemyver ad-hour periodtheGS18T producesonsiderably fever cycle

slips than RoveA, particularly for elevatiomnglesr 5° -80° ( by 50 %) , 55° -6
30°-35° (Thisy derdoBBstriates the advantagé the GS18T in robustand high



sensitivity signal tracking over a wide elevation coverage, providing maximanomber of
observatdns for an enhanced positionisglution.

Number of cycle slips under heavy canopy (GPS+GLO+GAL)
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Figure 4 Comparison of the number oycle slipsbetween5S18T and RoveA underheavytreecanopy 4 hours
of 1-Hz data elevation at-off: 10 degrees).

3. IMU-BASED TILT COMPENSATION RTK
3.1 Compensation of pole tilt

Assuming thelengthof the pole iknown,theposition error due tpoletilt can be compensated
by precisely determininghe pole attitude Fig. 5 shows the principle of tilt compensation and
the attitude interpretation used the Leica GS14. In Fig. 5a,the b-frame is the bodyixed
frame and the-frame is the Eartltenteredand Earthfixed (ECEF) frameThe GNSSRTK
provides a position at the reference point oftlifeame (e.g.the phase center)| , where’l
denotes a position vector of thramewith respect to theframe, expressed in terms of the
frame.Since the vectofrom thereference point to thpole tip,”l , is known (e.g.the PCO

plusthe pole length), e desiregosition vector athe pole tip”l , can be calculated using

| " " | g 1)

wherery denotes the rotation matrix from thdrameto thee-frame r} containstheattitude
information of the pole, which can be interpreted usibgdirection of tilt and sensor heading,
as ilustrated in Figbb. The tiltt is the angldetween the local zeniind thepole.Thedirection

of tilt _ describeshe angular orientation dtie orthogongbrojection of the polen a horizontal
plane with respect to the geographic noftmeheading shows the direction that the sensor is
pointing to ands also expressed regarding the geographic nddte that if thepole isvertical
the heading is still well defined,whereasthe direction of tilt_ does not exisbecausehe
orthogonalbrojection of the polen a horizontal plankecomes singlepointin thiscase.
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Figure 5 Compensatiomf pole tilt based omttitude determinatio(g) Principle sketch of the titompensation,
(b) Attitude interpretatiorof the Leica GS18 usingtilt t, direction oftilt | and sensor heading

3.2 GNSS/INS integration

Taking advantage of the complementary ch#astics of the two navigatiorsources,
integrated GNSS/IN8avigationsystemsvhich havelongexisted in theerospace industare
now available insurveying applicationgScherzinger, 20Q9Dusha, 201). In Fig.6, the
GNSS/INS integration ofthe Leica GS18 is shematically illustratedThe MEMS IMU
contains a threaxis accelerometer and threeaxis gyroscgpe EachIMU is individually
factory calibrate@verthewhole operating temperature randg&reciseproperacceleratiorand
angular velocity measuremeritem IMU areprovidedto INS, along withhigh-rate position
and velocityestimatedrom GNSS.The INS algorithm mathematically rotatesdintegrates
the IMU measuremente determinegheattitudeof the poleand the associated qualityeasure
In addition,thesensor fusion oENSS and IMU enables retiine estimation ofccelerometer
and gyroscopéiasesto minimize the timedependendrift in the attitudesolution.Based on
the GNSSposition theINS attitudeand thepolelength, theonboardsoftware LeicaCaptivate
compute thetilt-compensated pol#g positionby means of Eq1). Furthermorethe heading
informationis used to automatically updatee 3D visualizationof the surroundingto helpthe
usereasily orientate himself in treurveyenvironment

Position and velocity _ | Heading-aided

"| 3D visualization
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Figure 6 Schematic illustration of the GNSS/INS integratimplemented in théeicaGS18T.

The intenal quality control mechanisnadlow an automatic stadfopof tilt compensation if
the estimated 3D attitudencertainty is below/abovedegreesUnder normaktonditionswith
sufficient movementsthe 2-degreeuncertaintylevel can beinitially achievedwithin 10s.
Consistency cheddbetweerGNSS and INS arearried outonstantlyto enable aobust system
that can cope wth extreme pole dynamics such lagrd shocksSince no magnetometer



measurements are involvad the computationof tilt-compensategositiors, the IMU -based
approach ismmuneto magnetic disturbances andcempletelyfree from onsite calibrations

3.3 Accuracy aspects

Assumingthepole is arigid body, the eror in thetilt-compensategoletip positionis mainly

attributed to th&NSS positiorerrorand to the IN&ttitude error. Usinglaser trackerystem

as referencehe contributios of theindividual error source®f the Leica GS1§ to the overall
pole tip positiorerrorcan beanalyzedBased onepresentative datsetsincludingvariouspole

dynamicssuch astatic kinematic andgtop-andgo, Fig. 7 shows th&D rootmeansquare (rms)
errorof the pole tip position, which igurely causedy theINS attitudeerror. A bin width of

two degrees isised forthe tilt angle, where the minimum sample siz¢he binsis 273.
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Figure 7 3D root mearsquare(rms) error of the pole tip position due to NS attitudeerrorby using the laser
tracker systemas referencépole length1.8 m, tilt bin width: 2 degreek

It can be seen th#te 3D rms positiorerrordue totheattitude errogrows from8 mm to 2cm
as the tiltincrease$rom 1 to 30 degreesSuch abehavior can be well described imeans of a
linear model, with a higleoefficient of determinationf 0.81. The relationship between the
pole tip position error and the indiual GNSS/INS error components dammathematically
derived by applying the err@ropagation law tdq. (1). Neglecting thecorrelatiors between
the GNSS position error and the INS attitude erroeresuls canbe simplified as

. Qayy Quay @)

where,,  denotes the pole tip position errpr, isthe GNSS position error, and refers

to the paition error induced by the IN&titudeerrorover thewhole levelarm(l in Eq.(1)).
Such a simplificatiots reasonable since The GNSSosition and velocity are estimated using
two separag filters in parallel2) The INS attitude determination reliagpon velocity updates,
whereas the position informatigolays arather secondary role3) The GNSS and IMU
observations are uncorrelated in the measurement domain.



Tablel provides the 3DGNSS and INSerror componentsof the Leica GS18T from two
independentess using thelaser tracker system asferenceThe overall3D attitude erroris
below1.5degreesand itscontribution tothepole tip positiorerror,,, , is smaller than 2m
over a poldengh of 1.8 m. Furthermorethe poletip position erro calculatedusing Eq.(2) is
highly consistent with theeferencevalue atthe millimeter level, confirmingthe negligible
correlations between the GNSS and INS error compondge that thecurrent tilt
compensation algorithraf the GS18T does not account for thmle bending effectayhich
degrade the positioning accuraayre significantlyasthe pole legth increases. Atable 2
meter carborpole isthereforerecommended to achieve thgecifiedaccuracy.

Table 1 3D attitude and position errood the LeicaGS18T by usingthe laserracker system as referengmle
length:1.8 m, see Fig7 for the testocation.

No. of Attitude error ., , ” . (Eq.(2)
positions [deq] [m] [m] [m] [m]
Test 1 18986 1.014 0.018 0.011 0.022 0.021
Test 2 20499 1.498 0.024 0.017 0.026 0.029

3.4 Performance analysis

3.4.1 Statc measurement vaistantaneouseasurement

In staticRTK measurementtargetpoint isoccupied for a short period, for exampls,&here
multiple positions are collected fprovide a weighteanean solutionln conventionalRTK
surveyingwhere thepole needs to blevelled, this approach has thelaantage of reducing the
human erroappearing when trying to center thibble.In the tilt compensation cadeyelling
the pole is noheeded anthis advantagdoes not exist anymorka addition, a statioccypation
over such short timedoes not benefit from decorrelatioh satellite geometry, atmospheric
conditions and multipath effects. AccordingHofmannWellenhofet al. (2008, p.158), an
antenna height of & leadgo an approximate period of beinutesfor the multipath errorTo
take measurementas fas as possible, particulariyn topographic surveyghe instantaneous
method ismore suitableyherethe coordirate for the measurement time ta&g interpolated
between th@ositionsat theneighboringwo epochs to filter outffects of slight movement.

Table2 compareghe rms errorérom thestatic and instantaneouseasurementsf a known
pointwith theLeica GS18T under open sky. Differerccupation timesuch as 5, 15s and
30s wereconsidered, which are commonly use®ifiK survey practiceln all three tests, the
rms errors from the static and instantaneous measurements are compaehbbiditionatime
spentin the static occupatiothoes ot lead to improved positioniragccuacy, indicating in turn
higherproductivity of the instantaneous methd@king Test3in Table2 as arexampleFig. 8
compareghe 2D (horizonta) positionerrors showingsimilar accuracyerformanceetween
the30-s static and instantaneous measurements.



Table 2 Comparison of themserrors[m] from the static and instantaneausasurements with tilt compensation
(Leica GS18T, pole length1.8 m, open sky, 100 measurements for each).test

Testl: Static occupatidhs Test 2: Static occupatiatbs Test 3: Static occupatid®0 s

3D 2D 1D 3D 2D 1D 3D 2D 1D
Static 0.013 0.011 0.005 0.014 0.013 0.007 0.014 0.013 0.005
Instananeous 0.010 0.009 0.005 0.014 0.012  0.008 0.014 0.012 0.006

-+-30-s static -@-Instantaneous

0.040
0.035
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E 0.025
§ 0.020
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0.000 - : ; : ; ‘ ; ; ‘ : ; : : !
1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 8 91 96
Measurement
Figure 8 Comparison of th&D position errorsfrom the 30-s static andnstantaneousneasurementsith tilt
compensationleica GS18T, pole length1.8m, open skyseeTest3 in Table?2).
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3.4.2 Conventional RTKys. tilt compensation RTK

To demonstrate thadvantages of using tilt compensatitre LeicaGS18T wasbenchmarked
againstRoverA unde open sky andtrong multipathconditions.In the opensky test,two
known poins which areseparatethy 8 m weremeasuredlternatelyin theinstantaneousode
for 10 minutes. Using Rover A, the pole needs tbe levelled precisely before taking an
instantaneous measurement, which is not necessatigef@S18T due to tilt compensation.
The number of measured pointgthin 10 minutesrepresents an indicator f@roductivity.
Table3 summarizesthe results fromthe opersky testwith respectto productivity and
accuracyWithout the needto level the pole the GS18T significanty reduceghe timespent
on ameasurment, and thus increasthe number of measured poirttg 33%, from 57 to 76
within a 10-minute period In the tilt compensatiorcase,despitethe additional error from
attitudedeterminationthe2D rmserroris only 7 mm larger when compared to Rowv&rand
amounts t®.1cm, which is acceptable fdopographicsurveys

Table 3 Comparison of the umber ofmeasurecpoints withina 18minute periodandthe resultingrms errors
betweenGS18T and RoverA (open skypole length:1.8 m, instantaneousieasuremeint

Pole No. of 3D 2D 1D

attitude points [m] [m] [m]
Rover A Vertical 57 0.021 0.014 0.016
GS18T Tilted 76 0.024 0.021 0.012

In thestrongmultipath tes(Fig. 9a),a knownpointwaschoserwhich islocatedvery close to
a buiding and can still be measured with Royeby holding the pole verticallyin addition, a



buildingwith metalfacadesvasselecedto show thammunityof the Leica GS18 to magnetic
disturbancesA total of 200 instantaneousneasurementwere takenunder different satellite
geometrie@ndTable4 summarizes the resulsgardingavailability, accuracy and relialgty.
Usingthe GS18T with tilt compensationthe availability of RTK fixed solutiors increaseby
15% when comparedto conventionalRTK using RoverA. The positioring accuracy is
significantly improved, onaverage,by 50%. The reliability givesthe percentage that the
position error is lesshan thredimesthe coordinateuality (CQ), which is slightly enhanced
by up to 6% for the horizontal componentbeseimprovements with the GSIBare attributed
to 1) robust and higtsensitivity GNSSsignal trackingin difficult environments2) a larger
distanceof the antenn#o thebuilding as a result diilt (Fig. 9b), encounteringower multipath
interferencesand3) sophisticatedGNSS/INS integratiomllowing accurate tilicompensation.
Note that poits closerthan10cmto abuilding camot be measuredith RoverA at all since
in this casat is not possible tdevel the polet the target point

Survey __,
marker

Figure 9 Tilt compensation test ia strong multipath environme(gole length: 1.8n) (a) Surveymarkernear a
building with metaffacades(b) Tilt compensation RTKneasuremenwith thelLeica GS18T.

Table 4 Comparison ofwvailability, accuracy and reliabilithetweenGS18T andRoverA in a strong multipath
environmenipole length1.8 m, instantaneoumeasuremeint

Pole RTK Availability Accuracy (rms) [m] Reliability [%]

attitude fixed/Total [%0] 3D 2D 1D 3D 2D 1D
Rover A Vertical  1412/200 70.5 0.101 0.084 0.057 96.5 92.9 95.7
GS18T  Tilted 171/200 85.5 0.051 0.0® 0.032 99.4 98.8 99.4

In terms of accuracygig. 10 showshe empiricalcumulative distributiorfunctions (CDF)of
the D and1D errors. In comparison wnventionaRTK usingRoverA, theprobability that
the2D (1D) error iswithin 5 cmincreasedy 23%(27%)whenapgying tilt compensatioRTK
with the GS18T. In addition the improvements in the heigbgem to be more significant when
compared to the horizontal components.
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3.4.3 Magnetometebased approach vs. IMbased approach

Apart fromno need of on-site calibrations onemajor advantagef the proposedMU -based
tilt compensatiorover theconventional magnetometbased approach ihe immunity to
magneticfield disturbancesLocal magnetidisturbances can be causeddays, power lines
and buildings with structural ste@hich usually exist ilRTK surveyenvironmentsTo show
the robustness of the LeiGS18T againstmagneticdisturbancs, 1-s staticmeasurementsf
a known point on a parking lot wecarried out Another survesgradeGNSSsmart antenna
denotedasRoverB was also usedyhich allows magnéometerbased tilt compensation.

Fig. 11 illustrates the 2Derrorsand CQ of 100 static measuremenisith the GS18 and
RoverB. By comparing the 2D errors in Fifjla,the GS18T provideshigheraccuracy and
consistencyhanRoverB. Moreover, the 2D CQ estimates agwath the 2Derrors,reflecting
the positioningaccuracy in aealistic mannermRegarding the results froRoverB in Fig. 11b,
the 2D CQ valuesre significantly largerthanthe 2D errors if magneticdisturbance are
detectedindicatingunreliabletilt-compensated solutionis this casethe user needs tepeat
the measurememr to switch to theconventionaRTK mode,which decreasegroductivity.
Looking at the rms errors summarizedliable5, the 2D accuracy of GSIBis apgoximately
2 cm bettetthan that of RoveB, whereas th&D accuracys at a similatevel.



~+-Rover B (2D error) -®-GS18 T (2D error) GS18 T (2D CQ) ~+-Rover B (2D error) -m-Rover B (2D CQ)
0.07 0.7

0.06 4 (J) 1 2D rms error: 0.029 m B (b)

2D rms error: 0.011 m
0.05 + A h
—0.04 -+ A
R T UARELS
oo N4Y *-' R b i
0.00 m ——— P O f —— e i o ——
1 6 1116 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96 1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96

Measurement Measurement

Figure 11 Comparison of the2D position errors and CQbetween GS18 and RoverB under magnetic
disturbancegparking lot pole length: 1.8n, 1-s staticmeasuremeit

Table 5 Comparison of the rms errobetweenGS18T and RoveB undermagneticdisturbancegparking lot,
pole length1.8m, 1-s staticmeasuremeit

Tilt No. of 3D 2D 1D

compensation measurements [m] [m] [m]
Rover B Magnetometebased 100 0.039 0.029 0.026
GS18 T IMU -based 100 0.025 0.011 0.023

3.4.4 Performance with large tilt angles

Applying the proposetMU -based tilt compensation, there is no limit to the maximum tilt angle
as long as aufficient numbeof GNSSsatellites aréracked to be abl®providehigh-precision
RTK solutions.Therefore, thd_eica GS18T is applicable tdhidden point measurementsy
example, targetander a car ohidden cornersrig. 12a shows an example, where thevey
marker is obstructedby a car ad the poleneedsto be largelytilted to beable to measure the
point. In Fig. 12b, the 3D errors and CQ from00 instantaneous measurements are illustrated,
along with the tilt anglesanging between 36 and 8&greesThe 3D rms error is 1.6m, and

for 87% of the measaments, th&D error is below the 3D CQ, implying high reliabiligwen
when the pole istronglytilted. The 2D and 1D rms errors are £ and9 mm, respectively.
The high performance of ti&@S18T in largetilt case is due to lgnhancedbw elevation angle
tracking capabities, 2)use of precise IMU measuremenisstead of magnetometer
measurementsnd 3)robust quality contromechanismé the GNSS/INSntegration.
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Figure 12 3D positionerrorsand CQfrom instantaneousneasirementswith large tilt angles between 36 and

56 degreegLeica GS18T, pole length: 1.8n, open sky.



3.5 Heading-aided 3D visualization

In addition to tilt and directiomwf tilt, the attitudeestimate fronthe INS alsoincludessenso
heading(Fig. 5). This informationcan beused to support the user in the fileddatomatically
updating the 3D visualization ttie surroundingdepending on the sensmrientation.Taking
RTK gstakeoutsurveysas an example, ithe sensor heading changes, teeakeview and
instructionswill updateaccordingly Fig. 13 provides an exapie how the heading information
helpswhen staking points with the Leica GSL&n the navigation viewif the stakeout point
is more than 0.5 away the view shows the surroundings in the heading directiorficdlioghs
the sensor from abovand behind (Figl3a). The3D view and stakeinstructionsupdate
automatically acordng to the current position ansensor headingwhich changes from
westward®ver southwardi eastwardgFig. 13b-d). By incorporating thesensoheadingnto
3D visualizationthe user can easily orientate himself in thevey environmerand quickly
movetowards theargetpoints, improving user experience aptbductivity.
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Figure 13 Example of headingided3D visualization when stakingpintswith the Leica GS18 (open skypole
length: 1.8m) (a) Navigationview, (b) View towards west(c) View towards south, (dYiew towards east.

4. CONCLUSIONS

To improve the applicabilityproductivity and usr experience of higkprecision RTK
positioning this paper pesented the novélU -based tilt compensation approach of the Leica
GS18T smart antenndVhen compared to the conventional magnetordetised slutions, the
proposed approadtas the major advantages of being free fovrsite calibrationsmmune to
magneticdisturbancesand applicableat large tilt anglesRepresentativaest results and
benchmarking studieshowedthat usingtilt compensation othe Leica GS18T significantly
increases productivity and enhances positioning performancen difficult environments
Thesebenefts areachieved by applying innovative technologies in satellite signal traekidg
GNSS/INS integration. Theain findings from the case studiasesummarizedsfollows:



— The highperformancepatch antenna in combination with ME&nhanceghe low
elevationande tracking capabilitieswith significantly largerSNRfor L2 andL5.

— Under normalconditionswith sufficient movementsthe 3D attitude error is below
1.5degreesThe GNSS and INS error components are largely uncorrelated and the total
error budget of thpole tip positiorbehaves according to tleeror propagatioaw.

— Using tilt compensatiorinstantaneoumeasuremerprovides a similar accuracy level
as static measurementong witha favorabletime-saving effect

— In comparison toconventionalRTK with a vertical pole,using tilt compensation
significantly increaseproductivity by up to 33% and considerabiyiproves the near
building positioning performanaegardng availablity and accuracy.

— On aparking lot with magnetidisturbanceshelMU -based tilicompenston produces
more accuratpositionsandmorerealistic CQthanthe magnetometdsased approach

— The proposetMU -based tilcompensation iapdicable at large tilt angles ofiore than
30degrees, where a 3D positioning accuracy ofrizisstill achievable.

By incorporating sensdreadinginto 3D vigualization of the surroundingthe user can easily
orientate himself in theurvey environmeniwhichimprovesproductivity and user experience
With the LeicaGS18T, Leica Geosystems takes a new paitiglsets new standardsr high-
predsion RTK positioning through sensdusiontechniques
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