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SUMMARY

The rapid development of muliiequency and multonstellation GNSS increases the usage

of highprecision RTK under challenging conditions, where the GNSS measurements are
severely affeted by multipath errors. The characteristics of multipath effects are highly site
specific and cannot be generaltyodelled Therefore, multipath remains a dominant error
source ircentimetrelevel differential positioning. In addition, the increasing amtaf ground
wireless communication infrastructure results in rddeguency interference, which could
significantly degrade GNSS tracking and positioning capabilities. To providequafity

GNSS observations and RTK performance in harsh environmadignced multipath
reduction and interference mitigation have been integrated in the latest Leica GNSS technology.
This paper demonstrates the benefits of these techniques to GNSS signal tracking and RTK
positioning. The measurement domain analysis shaigndicant reduction in code multipath

by up to 60%, whereasonsiderableRTK fix availability and accuracy improvements are
observed in the position domain analysis.
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1. INTRODUCTION

In recent yearshigh-precision real time kinematic (RTK) has been used in increasingly
challenging surveying environmenghabled byechnological innovationis global navigation
satellite systems (GNSSkceiversand antennas. The increased number of GNSS satellites
and signals, the advancemnalstructureand theextendedRTK applicability throughsensor
fusionhave made higiprecision GNSS positioning possibleareasvhich were not suited for

it before, such as heavy canopy and urban canydnder theseharshconditions GNSS
observables are severely affected by the multigti#icts which cannot be easitiescribed and
generally modelled In addition to the multipath error, the radiequency spectrum is
nowadays challenginthe performance oENSS positioningdue to thegrowing number of
interference sourcese.Q, radio amateursnavigation beaconspersonal privacy devicgs
Positioning error due to interferences is also-stecific and cannot b&mply modelledand
removedby the GNSS receiver

In high-precision RTK surveys, the ability of a GNSS receiver to use multiple frequencies from
multiple GNSSconstellations is essential to achieve optimal positioning performancsindtili
multi-frequency observations first enables more reliable eslgbedetection by comparing the
change in phase on one frequency to the change in phase on anotherdfepoch to the next.
Second, more sophisticated ionospheric error modelling can be achieved with multiple
frequencies. In fact, the larger the difference in frequency, the larger the difference in the
ionospheric delay, making the estimation of the effeote accurate. Third, based on multi
frequency data, it is more flexible to form linear combinations of phase measurements with
longer effective wavelengths, allowing for ambiguity resolution with shorter convergence times
and over longer baselines. Fdyrtmulti-frequency receivers provide better immunity to
interference, for example, if there is interference in the L2 frequency band, dregueency
receiver will still track L1 and L5 signals

A multi-congellation receiver is able to receive GNSS signals from several systems such as
GPS, GLONASS, Galileo and BeiDou. The inclusion of a larger number of satellites in the field
of view results in the following advantages:
A Reduced signal acquisition time, alecating the positioning procedure
A Higher redundancy with a larger number of GNSS measurements, particularly under
challenging conditions



A Improved satellite geometry, providing better positioning quality
A Resilience against a fault or glitch in any @K SSconstellation.

Focusing on the practical side of RTK applications, previous studies have demonstrated the
benefits of BeiDou and Galileo integration in Leica GNSS positioning technologies with respect
to satellite usage, RTK fix availability, accuracy, reliability, and thovix (Fairhurst et al.,

2013; Luo et al., 2017; Luo et al., 202 These benefits encourage users to perform-high
precision RTK in increasingly difficult environments suchudsan canyon and dense canopy.

In addition to multifrequency and muklitonstellation GNSS positioning, dramatic advances in
sensor fusion and computer vision in the last years continuously extend the applicability of cm
level RTK through IMUbased tilt ompensation (e.g., Leica GS18 T; Luo et al., 2018a; Luo et
al., 2018b) and visual positioning technology (e.g., Leica GS18 I; Schaufler et al., 2020). When
taking RTK measurements with tilt compensation at building corners or near fences and walls,
the reeption of GNSS signals can be significantly degraded by multipath effects. In the case
of imagebased remote point measurements, multipath reflection appears increasingly while
walking close to the object of interest to record the scene.

Apart from the mliipath error, theadio-frequency(RF) environments for GNSisavebecome
more challenging due to increasing interference sowuek asradars, telecommunication
infrastructureand microwave devices. Since GNSS signaite expected to travel more than
20,000km andarrive relatively unscathed albeit with very low powarweak interference
source can cause the receiver to fail completely output an erroneoysosition.Theresulting
error magnitudes variable andlepends on thmterference charactistics such adrequency,
modulation, power, and distance to the GNSS anteNpwadays, the RF interference is
considered as one of the biggest, but often underestimated threats teb@M8Sapplications
and services (Hofmarwellenhof et al., 2008, ®3; Rugamer and Kowalewski, 2015;
INTERTANKO, 2019).To enable higtprecision RTK positioning in complex observational
and RF environments, advanced multipath reduction and interference mitigation techniques are
required.

2. MULTIPATH REDUCTION AND INTERFERENCE MITIGATION
2.1 Multipath reduction

Being a major error source of elevel positioning, multipath describes the effect that a GNSS
signal is reflected by surrounding objects and arrives at the receiver by more than one path
(Figurel). There is no general model of the multipath effect due to its tamé location
dependent characteristics, which have a highlyspeific nature and vary with the sateHite
reeiver geometry(Fuhrmannet al.,, 2@5). Note that code ranges are more affected by
multipath than carrier phases. The impact of multipath on code measurements can be up to half
a chipi about 150m for the GPS C/A codeGfoves, 2018 The phase multipathrrer can



reach a quarter of a cycieabout 4.&m for the GPS L1 carrier (HofmatWellenhofet al.,
2008, p.157). The multipath effects can be subdivided into a-fielsr and a faifield
component. Fafield effects arise from distant reflecting surfaces and lead to-phaddic
errors (up to half an hour; Seeber 2003%¥). In contrastnearfield effects result from the
closest vicinity of the antenna, mostly described as the firsbrlb@round the antenna, and lead
to longperiodic errors (up to several housfiibbena et al., 2006Purely from geometry,
signals received at low (highatellite elevation angles are more susceptible to théefar
(nearfield) multipath.
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Figure 1 Multipath effect of GNSS signals.

In terms of multipath reductiocertain GNSS constellatiomsve implemented signals with a
morerobust multipath behaviour at the cost of bandwidth, such as GPS L5 with a much shorter
correlation time and therefotentimes more bandwidth compared to GPS L1, or at the cost of
demodulation complexity, such as BOC or AItBOC (Betz, 20166p).Onthe receiver side,

a variety of approaches have been applied in practice and they can be classified as
follows: (1) antennabased attenuation (e.gsing absorbent antenna ground plameproving

the antenna gain pattelly means otthoke rings’ especifly on reference station antenjas

(2) enhancedeceiveracquisition and tracking loopsith optimised correlation techniques

(e.g., Narrow Correlator, PA®ulse Aperture Correlation, MEDLIMultipath Estimating

Delay Lock Loop), (3pdvanced data prosasg (e.g., exploring signab-noise ratio
measurements, wavelet decomposition, carrier smoothing). For more information about
multipath reductiomethodsthe reader is referred to Irsigler (2008, Chgp.



The multipath reductiompresented in this papdocuses onGNSS code ranges, where the
multipath error is estimated famulti-frequency and mukltonstellation observations in
conjunction with an advanced narrow correlator. Since under challenging conditions the
multipath estimates are noiskie codeneasurements are smoottadeer applying thenultipath
corrections. As the code data quality plays an important role in the preliminary stageesf
phaseambiguity resolution, the proposed approach will enhance the RTK fixing performance
in multipath environments. From Leica Captivate v6.50 onwards, the new multipath reduction
option is available in both base and rover magca Geosystems, 2021,190). In the single
baseline RTK use case, it is recommended to configure the multipathioedoption in a
consistent manner between base and rover.

2.2Interference mitigation

The specific characteristics of GNSS signals make them especially susceptiBE
interferenceslue to mainly two factorg1) their low power caused lifie low satellitdransmit
power (typically only tens of watts; Misra and Enge 2006, Tallel 10.4) and by a
significant path losbecause of thiong satellitereceiver distance whdmeingreceived at the
reception chain antenné) extended bandwidth usage on thectpen resulting from code
division multiple access (CDMA).

Interferences may have a significant impact upon GNSS acquisition and tracking loops,
affecting the observed measurements in terms of caorieoise power density ratio (CéN
lossof-lock, and number of observations as well as upon navigation message decoding
processes.The effect of interfereneeon the positiomng domain depends on several
factors:relative positiorof the interference souraeith respect tahe GNSS receivetransmit
powerandsignal characteristiosf the interferencée.g., modulation)Theinterferingsignals

may reduceéheavailability of high-precision soltions(reduced number of observations leading

to a lower number dfxed epochyanddegrade positioning accuracy due toukage ofower-

quality observations.

Based onthe fact that interferences may have a known constant central frequency and
bandwidth or a variable unpredictaldehaviour a GNSS receiveneedsto offer different
mitigation methods to be able to cope with differtgpes of interferingignals. The mitigatio
approachesnalysedn this paper arehigh dynamicrange(HDR) mode and programmable
digital filters such as bandpass and notch filt&se HDR mode removessiortions from the
spectrum by optimizinghe automatic gain control to avoid losing GNS&levant signal
content. It works efficiently against wideand and oubf-band interference sources and is
particularly effective when the central frequeméyhe interferences unknown.

On theother hand, ppgrammable digital filters are effective against interferences with a known
central frequency by attenuating a given frequency range of the spectrum. Bandpass filters are



used when the interference central frequency lies outside ah#igsedsNSS freqency band
(i.e.,out-of-band interferences), whereas notch filtersagmaiedwhen the interference central
frequency lies within that band.€., in-band interferences)/hen using notclilters, it is
important to considdahatrelevant GNSS informatiomight be lost if the filter is placed within
the bandwidth of a GNSS signal; therefdlee bandwidth selected for the notch filter has a
significantimpact uporthe tracking and positioning performand#is aspect does not affect
bandpass filtersincetheydo not cut off any GNSS bands.

3. MULTIPATH REDUCTION PERFORMANCE

To assess the performance of the multipath reduction, two Leica GS10 receivers were connected
to a single AS11 antenna via an antenna splitter in the Heerbrugg testbed with strong multipath
effects Figure2a). On one GS10 unit the multipath reduction was enabled, whereas on the
other not. For the RTK base, a Leica GF1émart antenna was set up under open sky without
multipath reduction due to the following two reasqi$ low multipath effects under open sky
(Figure2b); (2) more realistic reflection of the current market use case since the multipath
reduction feature is not availabfor the HXGN SmartNet GNSS correction services yet.
Looking at the rover L1/E1/B1l code multipath sky ploFigure2c, the GNSS signals from

north were largely oltsicted at low elevatiomnglesand those from south were strongly
reflected by the surrounding buildings, showing significant multipath errors.

Figure 2 (a) Test setup in a strong multipath environment (b&&t8T underopeh sky, rovertwo GS10s,
antennaAS11, antenna height.800m), (b) and (cL.1/E1/B1l code multipath sky plot for base and rover
(without multipath reduction).

The default elevation cudff angle of 10° was applied. The rover received f&stem and
multi-frequency corrections in the RTCM v3 MSM format, where the baseline length was
approximately 100n. A total of 54.25 hours of-Hz GNSS data were analysed in the
measurement and position domains to demonstrate the benefits of the mudiijedtion to
signal tracking and RTK positioning.



3.1Code multipath performance

The measurement domain analysis was performed with the Leica SpiderQC software v7.7.0
and focused on the code multipath performance. For each frequency group, the average value
of code multipath was estimated based on all satellites above thedf @angle and is
summarised imablel with respect to multipath reduction. It can be seen thatppyying the
multipath reduction, the@veragecode multipath performance is significantly improved by
almost 40% for the upper frequency band L1/E1/B1l. Regarding the lower frequency bands
such as E6/B3I and L5/E5a/B2a, an even higher degree of enhahdgnmeare than 60% is
observedDuring the course of GNSS modernisation and evolution, the new signals in the lower
frequency bands will playan increasinglyimportant role in multfrequency and muki
constellation RTK positioning. Therefore, the sigrafit reduction of code multipath in the
lower GNSSbands will enhance the higirecision RTK performance in a sustainable way.

Table 1 Average value of code multipath for different frequency groupsdffiangle:10°).

Multipath L1/E1/B1I L2/B1C L5/E5a/B2a E5b/B21/B2b E6/B3I
reduction

Without 0.712m 0.744 m 0.887 m 0.855m 1.000 m
With 0.431m 0.489 m 0.343 m 0.565 m 0.400 m
Improvement 39.5% 34.3% 61.3% 33.9% 60.0%

In addition to the overall performance evaluation, the effectiveness of the multipath reduction
was investigated depending on the satellite elevation driglere3 shows the average value

of code multipath with &legree elevation angle bins. As can be $eeall frequency groups,

the code multipath first increases with decreasing elevation angle and reaches its maximum at
20°%- 25°, and then starts decreasing. Sucha@ation pattern demonstrates the sipecific
characteristics of multipath effects, which are exemplarily viseghlin Figure2c. With
multipath reduction, the codeuttipath error is considerably reduced over the whole elevation
range, particularly at low elevation angles. In comparisofigoire3a, a more significant
improvementm the lower frequency bands is visibleFigure3c andd.

Taking the GPS L5 signal as an exampigure4 compares the code multipath sky plot with
and without multipath reduction. Depending on the azimuth and elevation angle of each
satellite, the multipath sky plot illustrates the code multigstimates (in green) along the
satellite track (in black). By utilising the multipath reduction, the GPS L5 code multipath errors
are significantly mitigated for all azimuthal directions, which is particularly visible at low
elevation angles. Moreover,elproposed approach primarily attenuates the amplitude of the
multipath oscillation, and the remaining multipath effect&igure4b need to be handled in

the RTK algoithms. Inthe measurement domain analysis, other tracking performance aspects
such as observation count, data completeasserto-noise density ratiand number of cycle

slips were considered as well, where no significant impact was found due $e thienoultipath
reduction.
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Figure 3 Comparison of the code multipath (MP) over the satellite elevation angle for different frequency groups
(cutoff angle:10°).
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Figure 4 Comparison of the GPS LBode multipath sky plot with respect to multipath reduction-¢tit
angle:10°) (a)Without multipath reduction, (B)vith multipath reduction.



3.2RTK positioning performance

GNSS RTK based on multionstellation and muHlirequency data is a complex raahe
process, which aims to provide devel positioning accuracy with as few as possible
observation epochs for variable rover dynamics, particularly in challenging environments. To
evaluate the systeine v e | performance and t o appldaiongss us
the following key parameters are used in this paper to assess the benefits of the multipath
reduction to higkprecision RTK positioning (Feng and Wang, 2008; Luo et al., 2017; Luo et
al., 2021):
1 Availability. Absolute number of RTK fixed solutions during a certain period
1 Accuracy. Deviation of RTK fixed positions from ground truth with a higher degree of
accuracy, where the ground truth can be determined by means of a total station or by
postprocessing longerm GNSS data
1 Reliability. Percentage that the position error (with respect to ground truth) is less than
three times the corresponding estimate of the coordinate quality (CQ)
In the Leica RTK algorithms, the CQ value is estimated together with th&opoand
represents a statisticaletric for the position quality. It is itself subject to uncertainty and is
derived based on the mathematical models of GNSS observations and environmental
conditions, along with empirical assumptions. Under normal memsaanditions there is at
least a two third probability that the position error (with respect to ground truth) is less than the
corresponding CQ value.

To analyse the RTK positioning performance, the GNSS data were processed in the kinematic
mode with epoh-wise coordinate solution, where the RTK fix was reinitialised after each
successfubmbiguity resolution Figure5 illustrates the impact of multipath reduction ¢ t
availability and accuracy of RTK fixed solutions under strong multipath. As can be seen in
Figureda, the use of multipath reduction results in a relative availabitiprovement by
23.7%, from 11724 to 14508. This can be explained by the enhanced precithercofe
measurementsvith multipath reductionwhich helps reduce the convergence time of the
ambiguity resolution and thus increases the availability of RX&sf Considering the whole
data period of 54.25 hours (i.e., 195300 s), the average values d@btfme@amount to 13.5

and 16.7% for the test scenarios with and without multipath reduction, respectively. Moreover,
with multipath reduction, largposition errors at the meter level are considerably reduced
(Figure5b), whereas the crevel 3D errors remain comparabkdure5c). This indicates that

the availability improvement by applying the multipath reduction does not leasl&ieanatic
degradatiorof accuracyn this experiment.

Table2 provides statistics on the RTK performance parameters with respect to multipath
reduction. First, additional 2419 RTK fixes are produced with a 3D error belam 1@hich

leads to a 22.9% relative increase in the availability of-pigdtision solutiondn addition, the
occurrence of incorrect ambiguity fix causingenel 3D errors is effectively reduced by 36.9%

(cf. Figurebb). Since the majority of the addition®TK fixes are accurate, there is no



significant degradation in the 3D root mean square error. The reliability value remains the same,
indicating that in this test the multipath reduction causes no change in the consistency between
the actual position err@nd the CQ indicator.
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Figure 5 Impact of multipath (MP) reduction on the RTK performance under strong multipativddability of
RTK fixed solutions, (b) and (QD errors of RTK fixed positions with differentgxislimits.

Table 2 RTK performance parameters with respect to multipath reduction (with ambiguity reset after each RTK
fix, RMS: root mean square).

Multipath Availability Avalilability Availability 3D RMS error  Reliability
reduction Total 3D ercm (¢ 3Derr>1m

Without 11724 10550 241 0.055m 83.5%
With 14508 12969 152 0.056 m 83.5%
Diff (abs) 2784 2419 -89 0.001 m 0.0%
Diff (rel) 23.7% 22.9% -36.9% 1.8% 0.0%

4. INTERFERENCE MITIGATION PERFORMANCE

A total of three test scenarios welesignedo demonstrate the performanaithe interference
mitigation Scenariod and 2show the benefits of applyingjgital filtersin the meaurement

and position domainsvhere scenari@ exhibits the advantages of thelDR mode inRTK
positioning undedifficult conditions Figure6 illustrates the test setup used in scersakiand

2. A Leica AR1Oantenna ixonnected to a RF combiner, which outputs the GNSS signals
receivedfrom the antenna and the interferemresultingfrom a signal generator, attenuated
with a 40dB attenuatorSuch amttenuation is necessary to aveaturating the receivéront
end.TheRF combiner is then connecteddd eica GR50GNSSreceiver which also receies

RTK correctiondatafrom asiteovera baselinef 20km to producehe positioning results.
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Figure 6 Test setup to assess tierformance of the digital filters used in interference mitigation (receiver: GR50,
antenna: AR10, RTK baseline length: 20 km).

In scenarid@ the same setup as shownHigure2a was used under multipath and canopy
conditions, where the HDR mode was enabled on one GS10 receiver while on the o@er not.
both GS10 units the multipath reduction was disabled to foctteeampact otheHDR mode
upon the RTK positioning performance.

4.1Scenario 1: Frequency hopping

To verify theeffectiveness odpplyingdigital filters against interferences with a knoeentral
frequency affecting several GNSS bands, the signal generasoconfigured to outputsne
wavewhose central frequency hopstweernl232MHz and 1579MHz. These frequencies are
close to the central frequencies@NSS signalgL1: 1575.42MHz, L2: 1227.60MHz). The
interference signglower is seto - 30 dBm. The mitigation solution in thiscenariaonsists of
two notch filters with a central frequency of 12821z and 1579MHz, respectivelyand a cut
off frequencyof 0.15MHz, which corresponds to the attenuated bandwigiture7).
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Figure8 shows thempactof the interference mitigation upahe carrierto-noise density ratio
(C/No) for differentGNSSsignals in thé-1 and L2bandsTheC/No estimatedropssignificantly
by up to 8.5dB-Hz whenactivatingtheinterferencesignal However, wherenablingthe digital
notch filters on the receivethe C/No reachesa similarlevel to the onewithout interference
For GPS L1, GPS L2, Galileo E1 and BeiDou B1C, dkerageimprovemers in the C/N
valuesare7.2dB-Hz, 6.4dB-Hz, 6.3dB-Hz and 8.4dB-Hz, respectively.
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Figure 8 Carrierto-noise density rati¢C/No) measured with noterferencefrequency hopping aridterference
mitigation

Table3 summarses the impact of interference mitigation upon the RTK performance with
respect to accuracy and availability. When enablingriarence mitigation on the same
receiver, a significant improvement is observed in both the positioning accuracy (up to 67% in
the height component) and the 3D CQ value (by 40%). In addition, the percentage of RTK fix
increases by 8%.



Table 3 Comparison of th&®TK performance with no interference, frequency hoppingdratedference mitigation
(CQ: coordinate quality)

Interferencesituation Easing Northing Height 3D CQ Percentage o
(140 (140 (140 RTK fix
No interference 0.004 m 0.006 m 0.008 m 0.011m 100%
Interference 0.007 m 0.006 m 0.024 m 0.020 m 92%
Interference mitigation 0.003 m 0.007 m 0.008 m 0.012m 100%

4.2 Scenario 2: Single interference

Thistestscenario has the goal ahalysing theeffectivenes®f the mitigationtechniquesvhen
dealingwith a constant interference on a single frequency as close asIiz® the GPS L1
central frequencyl575.42MHz). The signal generator was configured to output a continuous
sinewaveinterferencewith a central frequency of 15MHz and a power of 30dBm. As the
mitigation solutiona notcHfilter with acentral frequencgf 1575MHz anda cut-off frequency

of 0.15MHz was applied on the receiv@tigure9).
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Figure 9 Notch filterapplied to mitigate the single interference in tiear of the GPS L1 central frequency

Figure10 shows the impaatf the single interferencen GNSS raw observations with a drop
on carriefto-noise density ratio up to IB-Hz. When mitigation steps are performed, the
receiver is able tgrovide observations with a slightly lower G/thanthe case without
interferenceBy applying the notch filter, significamnprovemens in C/No areobserved for
all the affected signalen averagel,0 dB-Hz for GPS L16.9dB-Hz for Galileo E1land9.7 dB-

Hz for BeiDou B1C.



Figure 10 Carrierto-noise density rati¢C/No) measured with nmterferencesingleinterferenceandinterference
mitigation

4.3 Scenario 3:RTK positioning with HDR

Based on the knowledge thidite HDR modeincreasedracking sensitivity, thisexperiment
analysedts effectson the RTKperformanceinder difficult conditionsncludingmultipath and
tree canopyTo focus on the impact of HDRhe multipath reductiowas disabled in this test
scenarioAs can be seen ifigurell, with the HDR mode large position errors at the decimetre
to meterlevel areconsiderably reduceth both test setupsChis indicateshat even in the
absence of interferencebe HDRmodehelpsreduceincorrectambiguity fixesby providing
cleaner GNSS signalparticularlyin challenging environments.






