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ABSTRACT

Precise psitioning with a standalone GPSeceiver or using diéirential correctionss known to be strongly degraded in a
constrained environment (urban or auipan conditions) due to frequent signal masking, strong rathtigffect, frequent cycle
slips on carrier phase, etc. The objective of this work is to expherpossibility of achieving precise positioning with adow
cost architecture: using multiplew-costreceivers wittknowngeometryto enable theehicle attiude determination and RTK
performance ameliorationn this paper, we firstly use a methtidhtincludes an array of receivers with known geometry to
enhance the performance of the RTK in different environments. Taking advantage of the attitude infanttie known
geometry of the array of receivethe improvenentof some internal steps &RTK precise positining can be realized his
concept is tested on real dags, where dferent scenarios are conducted including varying the distancebptthie 2 antennas
of the receiver arragndthe environmeral conditions (open sky sukurban, and constrained urban environmeniE)eresults
show that our multreceiver RTK system is more robust to degra@&5S environmerih terms of ambiguity fixingate and
gesa better position accuracy undbe same conditions wheromparing with the single receiver system.

INTRODUCTION

The concept of autonomous driving has become more and more a central topic for the automobile industry, where a preci
positionand attitude information is essential for this kindapplication. Over the past decade, the universal GNSS has been
dramatically utilized in various domains, such as aviation, marine, precise agricultutesyeaad surveying, automotive, etc.
However,the accuracy or integrity that a lesost GNSSeceiver can provide in a constrained urban or indoor environment is
far from satisfactory for applications where decimeter or centimeter accuracy and error bounds are mostly efldsieactl

this level d accuracy, techniques using raw carrier phasasurements have been developed. Carrier phase measurements are
more precise than code measurements by a factor of a hjhreéverheless, they are also less robust and inclustecalled

integer ambiguity thatequires to implement a specific integer ambiguity resolution (IAR) process in ordeetbem for
positioning. In some harsh environmgrgevere multipathnd losesof lock of the receiver tracking loopseate carriecycle

slips which result irsudden changes of these ambiguitiesot detected, the cycle slips will create a bias on the carrier pseudo
range measurement resulting in a reduction of position accuraep.iEgtetected, the IAR process has to be, atlpartially,
re-initialized, leading also to a loss of positioning accurdayincrease confidence and accelerate the IAR process by limiting
the search space, restrictions can be established from tloé aisearay of two or more receivers with prignown and fixed



geometry which includes the length of the baseline vectors betweantthrenas othereceiverarray and the orientation of the
vectors.

In recent yearsseveral studies have focused onubke ofanarrayof receivers for attitude detemation[2], Gabrielle etl.[3]
studiesthe viadility of attitude determination by using a new ambiguéttitude estimatowhich improves he probability of
successfuinteger anbiguity resolution Nonetheless, thiemprovement 6RTK positioning performanceasnot studiedDaniel
etal. [4] developed a method for the recursive estimation of the positioning and attitude proklegn&NSS carrier phase
observations frm an array of receivers, but they calculated the position of each receiver separately thus tioeyadiel
advantage of the known geometry. Farhad §Jalised an adaptive KF fordmensional attitude determination and position
estimation of a mobile robot by fusing the information from a system of two RT8s@Rd an IMU, however, they also dit
consider the known geometry of the receiver as a constraint to help improgesitiening performance. Zheng et db]
presented a methodology for integrating carrier phase attitude determination and positioning systems by considerireg one of t
receiver pairs in the attitude determination system alst as¢he rover for the relative positing system. Nevertheless, their
attitude determination and positioning systems remained independent whiah aidch ameliorate the success rate of IAR for
the RTK Khodabandeh et 7] introduced a concept of arrdpased betweesatellite single difference satellite phase biases
determination to aelerate the singleeceiver IAR, but they didot take intoconsideratiorthe attitude information of the vehicle
which cannot analyze thaefluence with attitude consideratioReirong Fan et 48] proposed a duahntenna constraint RTK
algorithmto improve the system AR success rateich combines GNSS measurements of both antennas bygnade of the
baseline vector constraint between thétowever, the attitude informatiasf the vehicles still na taken into acount.

Tothe D X W K R WrpWieHd¢ Vevy few publications can be found that addtégsuse of an array of receivers topimove the
accuracy of the array position or for some internal steps of precise position comgota®®K procesig with vehicleattitude
determinationsuch as cycle slip detection ioteger ambiguity resolutiof.he objective of thigontributionis thento explore
the possibility of achieving precise positioning with a do@st architecture: using multiplew-cost receivers withknown
geometryto enable thevehicle attitude determination and RTK performancesliana¢ion. The concept of RTK positioning
using an array of GNSS receigdras already been introducedaur previous worK9]. In [10], wediscussedheimprovement
of cycleslip detection and repair for RTK processing by using an array of two receivers with known geometry

In this paper, while we refdéo our earlier work, the focus is different. In both our previous contributions, the proposed precise
position and attitude determination algorithm was verified with only simulated measurements to enable the conductiah of seve
specific comparison scarios between our multeceiver system and the traditional single receiver system. The present paper is
the extension and improvement of our previous work, which aimalidaing its application to actual situations by usitng

real measuremertolleced from different environmentwith different length of array antenna baselingsterms of the
positioning accuracy, the fixing rat@nd the attitude determination accuracy.

SYSTEM GEOMETRY AND CONFIGURATION

With the intention ofperforming precise attitude estiation, a dual antenna sgh has been considered, where two GNSS
antennas with a known baseline length are mounted on the vehicle's rooftop to get an attitude estimation. Furthermore, tl
absolute position accuracy is augmentsihg the reattime kinemaics (RTK) approach, in which the vehicle is positioned
relative to a third receiver as the virtual reference station (MRIS)seposition is static and known. By knowing the position

of the VRS, the vehicle can be positioned absolutely, too. In the guosii algorithm, we strongly rely on carrier phase
positioning which, thanks to its low noise characteristics, may ewmggimeter-level positioning.Figure 1 showshe typical
geometry obur measurement sap.
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Figure 1: Geometry of the Modéhcluding the definition of the attitude of the vehicle
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According to figure 1, the two GNSS antennas on the car's rooftop span tharagagaaseline named 5 4 which one can
resolve for the Euler attitude angles to det vehicle's orientation (headir@yand pitch g. Thearrayantennabaseline vector
5 ghas the following coordinates in the local navigation (East, North, Up) ENU frame
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Solving this equation for the attitude angles headingnd the pitchayields:
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For every time epochye estimae both the RTK position and receiver array attituiee 5 ; baseline spanned between one
vehicleantenna and the tennaof the VRS instead, enablecate thepositionof the car relative to th&RS antenna.
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MATHEMATICAL MODELS

The realization of GNS®VT navigation is mainly based on alkhanFilter whichis the most popular choice for its optimality
and simplicity tobe implemened In this study, an Extended Kalman Fil{@KF) based position and attitude determination
algorithmis proposed

State transition model
The state transition or stagpace model deribes how the states or parameters of the system vary over time based on a specific
linear model.

In our EKFmodeling, the state parameter transition between subsequent epochs is given by:

aL Ois 425 E 4 160
Where:
s refersto the state vector at epogh
0455 refers tathe transition matrix of epocl F s
a refers tothe saecalled system noise vector at epoch
Togetter with the process noise vegtone can define the process noise covariance matrix as:
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The estimated parameters are collected inside the state v@tteistate vector collects 5 vehicle state parameters*érﬁlj@?g
1) satellite state parameters which a@ne3D position of GNSS receiver 1 relative to GNSS receiver 3;;, heading angle of
the vehicle : &; the pitch angle ofthe vehicle :8;, the doubledifference integer ambigidts of the visible satellites seen by
GNSS receiver pair-3 : U5 and the doubleifference integer ambiguets of the visible satellites seeby receiver pair 23
-5 7, Note thatin a given epoch, we consider only the satellites which are mutually visitthel8 receiver this section, to
simplify thenotations of the models. In our implementation, a different set of satellitdsecasible for receiver 2 and 3he
state vector is thegiven by:

L>L, a & ul, uls? K o



Transition model for position and attitude related state parameters

In our EKF modeling, for the p@®on and attitude related state parameters, we sughpatthey followa random walk model,
meaning thathe speed and the angular rate are a-m@ran Gaussian process
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where:
5 71S a centered Gaussian vector with a covariance migix
S is a centered Gaussian variable with a standard deviétion
S is a centered Gaussian variable with a standavéhtion é

Transition model for satellite-related state parameters

In the case of the satelliteelated parameters, they are assumed all as constant over subsequenvigp@chiery small noise
compaed to theposition and attitude related statrgmeters

Usz L Us725 E cadm o
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where:
6aais a centered Gaussian vector with a covariancex§its oL 6855, 25
< is the identity matrix of size)

The resulting state transition matr@is then given bymidentitymatrix and different values of process noiagiance are added
to complete the model.
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And the corresponding process noise matyiis given as follows:
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Measurement model

The measrement model describes how tineividual sensor measurements are related to system dtageneral, for every

epoch n, the measurement vecter which contains all measured values, can be described as a function of the state.vector
as:

". L 4- - B a K2o

with 4 the function that relates one or more states with each measured valugthadneasurement noise vector, which
describes the expect&hussiamoise of every measuredlua. As for the process noise covariance matrix,dbgnition
of the measurememoise covariance matrix followas:

s L' >4 [? K3o
In our model, the measurement vector comprises the following measunees:v&oubladifference (DD) code phase

measurement vector of receiverDD code phase measurement vector of receiver 2, DD carrier phase measurement vector of
receiver 1and DD carrier phase measurement vector of receiver 2.

s Lapss! pen! &0 &G4 ? K4 o



In this measuremembhodel, the position of receiver 2 is expressed in terms of the position of receiver 1 and the baseline vectol
between the 2 receivers of the arrayghsthat it contains the knovemraybaseline length information and the attitude information

that we wanto estimate The individual doublalifference corrected pseudange and phase GPS measurenfi@nbur short
baseline case (less thakm) can be mdeled as:
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where:
x  2PF refers tothe doubledifference code phase measurementareof receiver pair Land satellite paitG H
x & q L refers tothecarrier phase measurement vector of receiver paand satellite pailG H
X P8 refers tothe difference between théne-of-Sightvector of satelliteGand| towardsthereceiver
x 0L% refers to thaloubledifference integer ambiguity of receiver paitand satellite paiG H

x JBB &8 srefers to theoise measurement of the desllifference code and phase measurement respectively

To reflect the difference in accuracy between the code measurement and the carrier phase meastfir@deatale factoof
=L s srris appliedio account for the much better accuracyafrier phase measurements

An elevationdependent measuremembise valance between all satellites is defintd complete the measurement model
defining the measurement covariance matrixFirstly, the measurement covariance matriy, for the single difference
measurementsill have the following shape:

. S N . S <
o @FEEET—P Leoe B e (@FEFEEE—P Waeoe P
amuan Lt U8asp S tha_ppg,thu:u..ax‘fj ‘ s <16
i k=oc @E*E5—py i Lo @E+E—py

where @ E % As a diagonal matrix with the terms « < ¢ Af; on its diagonal
Afis the elevation of satellit€in radians

The measurement covariance matrifor the doubledifference neasurements can then be deducgidg the following formula:
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is the singledifferencing matrix used for computing the double differefide location of the column full of 1's correspond to

the reference satellite for this particular epoch.

The relationship between the state and measurement ykototion 4: - ) is obviouslynot linear thus we need to linearize
this nonlinear measurement functi@nd obtairnthe measuremematrix H (Jacobian matrix of 4: - ) to apply an Extended
Kalman Filter.The nonlinear measurement functiony : 4;is linearized to the measuremerdatnix 64 as:

a: a N é:q;Eﬁa:aFLZ§ K9 o

which is then used to calculate the Kalman gain mairpand the gposteriori covaance matrixpz, as will be seen later in
this section. The measurement maisikomputed around the predicted positithas:
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So, the corresponding Matri& can be defined as follows:
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Two alternating steps which are the state prediction stephanstdte update step are then conducted to contp&efoposed
EKF algorithm.

RTK PROCESSING

The cycle slip detection and repachemabased on mukéepoch measuremernisfirst conductedasintroduced in[10], Cycle

slip detection andepairarecrucial tomaintain continuity of carrier phase observations and to benefit the preciseaBGRS
phase observations for higiecision GPSositioning. There are currently many methods to detect and repair the cycle slips.
However, it is stilla challenging issu@speciallyin the case of the singfeequency measurements

In this paper, the Differential Phases of Time Cyclp Besolution Methodll1] is considered. lis based on the observation of
the differential phases between two adjacgmichs which should exhibit the actual ambiguity, plus sorteek errorsand
remainingnoise termas shown in (38):

aA.0OL AéeFA:URF UR;?E&A0 E ¥ 20
Where

A;Tis the time differential operator applied to parameker

é refers tothe geometric distance between the satellite and the receteenan
Orefers tothe carriephase measurement

UR, URrefer tothe clockerrors of the receiver arshtelliterespectively

?is the speed of light

Ysrefers toremaining erroref thetime-differencedphase measurement

X X X X X X

Except for theambiguity term, all other terms on thight side are of low variation. Any cycle slips will lead to a sudden jump
in the time difference of the phas&ased on the past observatiordiferential phases measurememprediction of the current
differenced datacan be obtained by polynomial extrapolationinterpolation The residual between the prediction and the
obsevation can then be used as a detector metric, to be compahediatection thresholtb decide if there are any cycle slips

After the cycle slips detection process, a cystip validation and size determination proces®nducted to verify the determined
sizes of cycleslip. Cycle slips can be repaired using integer vector estimation similarly to ambiguity resolutiopadsitioe
domain



After repairing the exigtg cycle slipsthe RTK processing began toibglemente. Fromtheprevioudy describedEKF process,
wefirstly obtain a float estimation of tltmubledifferenceinteger ambiguityThe accuracy of thgositionstateestimate is further
improved by fixing the DD ambiguities to integer nungigy using the welknown LAMBDA [12] [13] algorithm.

One selects the integer candidates based on the sum of squared errors to get a fixed solution. The candidate witrtbe lowest
norm is chosen once the ratio of the Maximum A Posteriosi @orm between the secoebdst candidate and the best candidate
is bigger than a threshalit is a predefined threshold or the critical value that the squared norm of ambiguity residuals of the

best and secorbest candidates should overpass to vadida¢ integer estimatioin our paper, an empirical fixed valoé3 is
taken as irf14].

Once the IAR process is declared successful, a new position is computed using the DD carrier phase measurements correctes
the validated DD integer ambiguities. Tliisal position isa fixed solution.If the IAR process is not declared successful, the

final position is kept as the float solution.

EXPERIMENTAL DATA COLLECT SET -UP AND SCENARIOS

Data collect setup

In this section, the proposed precise position dtithlde determination algorithm is verified witbal measurementisom two
low-cost GNSS receivers and one normal GNSS Recekiest, the hardware seip is described. Subsequently, the
measurement angrocess noise will bprovided,and the obtained nasurement results will be analyzed.

To investigate the feasibility afur proposed precise positioning and attitude determination algostbreeup a measurement
campaign using low-cost GNSS antennasleasurements have been taken by recording GR&Ipsange and carrier phase
measuremestsimultaneouslyWe took measurements by putting the 4 patch anteatvasious distances between each ather
from 60 cm up to about @.meters. Besides, we performed the recordings in several different environnotudig anurban
environmentasulurbanenvironmentandan open sky environment

Figure 2: Real data collection satp: 4 GNSS 4blox antennas and one Novatel SPAN Receiver on the car rooftop

Figure 2 shows typical setup of the GNSS antennasrfone of the measuremesgssions According to Figure 1, the two
GNSS antennas on tloar's rooftop span thes gvehicle antenn#daseline, which one can resolve for giech andheading
attitudeangles to get the vehicle's orientation. Thebaseline spanned between omghicle antenna and th&RS antenna,
instead, is able to position tlear relative to th&/RS antennalf the VRS antenna location is knowthe absolute positiomf
thecarcan be determined

The measurement test was performed with a vehicle on whidblinving hardware was mounted:

X

X
X
X

4 u-blox FO9P GPS Receivers withHz data rate
4 L1 patch antennas mounted on the roof of a vehicle along its longitudinal axis
1 Septentrio AsteRXJ Receiver on theoof of a buildingas the reference station for RTK processing

1 NovatelPropak6SPAN Receivetightly-coupled with tactical grade IMU, on muliaseline posprocessing RTKo
give the reference positiand attitudeof the vehicle



Data collect scenarios

Data ID | Description Duration | Comment

1 afixed point intheopen sky 20mins | Mainly used for validation of thalgorithm
implementation. Only 2 receivesgparated by fin

2 Car driving inalight urban environment 1 hour 4 receivers separated by§01.3, 20] m

3 Car driving inaconstrained urban environme| 3 hours | 4 receivers separated by601.3, 20] m

Table 1 +Summary of data collects
As shown inTablel, sveral data collestare processed in this sty

1. Description of data collecton 1 - Open skyenvironment

To get an open sky and stable environmérd,first measwment sessiotook place atthd 1$& 1V IRR W BHsBdvnlihH O G
Figure 3,the two receivers are static and their posgiare fixedon the football fieldwith favorablesatellite visibility, this
scenario is mainly used for validation of the algorithm implementation and give a reference of oueesilgr system
performance.

AccE: 1.4Q0n
AccD: 1. #00n

Flgure3 Receiver fixed position for dataset 1

2. Description of data collecion 2 +Suburban environment
The secondmeasurement session took place atENAC premisesin Toulouse, FranceThe true trajectoryprovided by the
Novatel SPAN equipmeraind thecorrespondingatellitevisibility during thedatacollecion are shown in Figuré.

FlePosE 'Imﬂm B¢ R fcar
RelPosD: 1.4Q0m
Distance: 1.#Q0m

AccN: 1.400m

AccE & uQOm

Figure 4. .Trajectoryand Correspondln@atelllte visibilityfor dataset 2

3. Description of data collecton 3 +Urban environment
The third measurement sessiovas performedvhen the vehicle was froBNAC to the city centerin Toulouse, France. The
wholetrajectoryin Google Earttand the corresponding satellite visibility during the data collection are shown in Bigure
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| Figure 5: Trajectory and Corresponding Satellite visibility for dataset 3
EXPERIMENTAL RESULTS AN D DISCUSSION
Investigation plan

Thedata colledbnsallow us to investigate a certain number of results that were obtained through simulations in previous papers
[9], [10], and some ma Our data colleddn setup allows to vary the distance between the 2 rover antenaased array
baselindengthin the rest of the paper, as well as the type of environment. In this seleionptct of these 2 parameters (array
basline and type oenvironment) on théollowing points will be addressedr the following 3 points

1. correlation of measurement error collected by an array of reseiver

2. improvement of cycle slip detection and repair

3. improvement of positining accuracy, in terms diorizontal/verticahttitudeaccurag and fixed solution availability

Point 1canprovide some information about the possibility to chang&hebservation covariance matdescribed in Equation
(16), by rephcing the diagonal matrixith one with nordiagonal termsBy having measurements taken from close antennas, it
is assumed that some of the measurement errors are correlated, thetahlitipath. The degree of correlation shall depend on
the array bas#le length. Bking into account the correlian between different measurements will improve the tuning of the
EKF and hopefully, the estimation performances.

Point 2 investigatethe detection of cycle slips. In order to have a reference about the tueerce of the cycle slip on our
data collets, a postprocessing method using ddfatquency measurementsy will be used. Depending on the observed
performance of the cycle slip detection, the process noise of the ambiguity evolution model, invéihesdefinition ofy g 5 ¢

in equation (1lcanbe optimized.

Finally, usng the optimal tuning with regards to points 1 anga@int 3 is conductedo ago determine theptimalpositioning
performances using real data.

In conclusion, his investigation plan providesome EKF tuning parameters, and also which array baseline length provides the
best positioning performances in all the types of environment tested.

Experimental results on the correlation of measurement errors

As the measuremengse coming from signaleceived by thelosely placedntenns, it is safe to consider a certain level of
correlation between these noise measurements. For example, the multipath error may ke gimitaeasurement performed
by the 2closely mountedeceivers from the samatsllite.

By remoning the correspondingeometric distance terrfinom DD code and phase observatiotig correlationcoefficient
between the same DD code and phase observations measured by the differentanteesamputedFig. 6 givesan example
of thecomparison of theode and phase measurement errors for one satellite.
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Figure 6: comparison of the code and phase measurement dmoosepair of satellites

Table 2repors theresult of the correlation coefficiewnf the code and phase measuremerdre for different array baseline
lengths and various environmentThe numberspresentedhere ae the average valgeof the correlation coefficientf all the
commonsatellites trackedby both the 2 rover receiversOne can notice from thiable thatthe DD phase measurement errors
are very correlated and there is also a medium correlation between theeasieremeniWe speculat¢hat this might belue

to the charaderistic of the GNSS doubléifference measurements.

Table 2 +Corr elation coefficient of the code and phase measurement errors

Array baseline length data collect # 0penSky | data collect #5uburban | data collec#3 Urban

Code Phase Code Phase Code Phase
0.6 m 0.576 0.999 0.538 0.999 0.475 0.999
13m 0.568 0.986 0.499 0.997 0.392 0.998
20m 0.545 0.963 0.486 0.996 0.359 0.997

It is important to highlighthe factthatthereis anumber ofcommon parts inde the DD observations of the two closely placed
rover receivers, includes the information via the reference station and the reference satellite, especially for thieasarrier p
measurement. The parts that are not correlated are quitievdmen comparig to the common parts, which can explain the high
correlation relation between the noise measurement of receiver 1 and 2 observed in Aabthezfinding was thabnecan
observe a law depending on the baseline lengéhstorter the distance, the mosignificant the correlation

To make our model closer to theal situatiorthus ameliorate the EKF performance tlien updated the observation covariance
matrix in the EKF model by replacing the diagonal matrix with one mathdiagonal termby adding the correlation coefficient
found in Table 2

Experimental results on the cycle slip detection performance

Thecycleslip is mainly due to an event external to the receiver, such as an obstracgemere multipath environmemt this
case, thereauld be astrongcorrelation between the occurrence of cygtips in the 2 receivensho areveryclose to each other.
That is whyatthis point, we want toerify if the occurrence of CS is simultames on alreceivers.

We firstly un a duakrequency algorithnj15] to obtain true cycle slips. Then compare the number of correct/incorrect CS
detection/repaifor all singlereceivers. Figure 7 shows a typical result of the CS detectioon® dataset by using these two
methods.
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Figure 7: CS detection for ongataset by using these two methods.

Table 3 gives theatailed quantitativperformancef the cycle slip detection proce3hedetection ratdere describeshe ratio

of the number of cycle slips successfully detected to the @fahumber while the correct detetion raterepresents the
proportionof correctCS alarmsof that method From the result ne can conclude that our proposdgle frequency method
still hasmany limitations, only part of the cycle slip can be detedbed the correct correction rate is quite favorable. We also
noticethe occurrence deveralkevereCSsis simultaneous on all receiverg both methodsyhich appear consistent witbur
previous modethusconfirms the hypothesihatwe anticipatedn [10].

Table 3 +Cycle slip detection performances

data collect #10pen Sky | data collect #2Sub-urban | data collect #3Jrban
Detection | Correct Detection | Correct Detection | Correct
Rate Detection Rate| Rate Detection Rateg Rate Detection Rate
Reference algorithm 1 1 1 1 1 1
Receiver 1 0.38 0.84 0.36 0.86 0.31 0.86
Receiver2 0.39 0.89 0.38 0.85 0.26 0.85
Receiver3 0.36 0.83 0.27 0.84 0.28 0.84
Receiverd 0.37 0.86 0.32 0.79 0.29 0.75

Due to theimperfectdetection of the cycle sligbigger value &3 35L r &was choseto account for possible undetected cycle
slips Slight improvement in positioning resultsashievel when comparingvith a smaller valueégs oL ré s

Typical Experimental results of the positioningand attitude determination performance
Typical results othe state estimatior(positioningand attitudeof the vehiclg for thedifferent data collectiorase are given

in the following figures. In figure, the2 rows show the estimation of th@rizontal EastandNorth) positioring coordinate
respectively with respect to the true position of theeieer.
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Figure 8: lllustration of positioningestimationfor dataset 3



Figure 9 shows the comparison betwtenreference trajectory atttedual receiver solutiorin some extremely harsh situation,
the number of the satellite is not enough to enaBIBa solution for our algorithm, that is why thene some data breakpoints
in the graph for the dual receiver solution, while this situation is still improved when compared to single receiver thitundtso
to our doubled observation§he cual receiver sytem performs better than the single receiveuaion and praides better
solutionavailability thanks to the doubled observatiordundancy

<10%
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Figure 9: Comparison between the reference trajectory and Dual receiver solution
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Figure 10 gives the illustration of th8D RTK Positioningestimation erromresult for our multireceiver method, as one can
notice, the algorithm succeededintputting the right positioning result, with an accuracy of abd&utnor all three directions,
which is acceptable fort@arshenvironment

Figure 10: 3D RTK Pogioning Estimation erroillustration
Figure11 shows the estimation of thetch and heading angles of the vehiidedataset 10ne can see from the figure that the

error between the estimated result and the true value is extremely small (Iedglelggarnwhich an provide us with a relatively
accurate vehicle postuby using our proposed method

Figure 11: lllustration of vehicle attitudeestimationfor dataset 1



Experimental results of the RTK performance comparison for different array baselineand various data collecions

In our algorithm, for every estimation epochthié IAR process is declared successful, a new position is computed using the DD
carrier phase measurements corrected by the validated DD integer ambidthiiegosiion thenis used to updatthe fixed
solution.If the IAR process inotdeclared successfulve keep the float solution.

In the following scenarios, the results ammparedetween the single receiver system and our proposedacdtiver system,
in terms of tle Suacess ixed-rate Horizontal positioningeast and north directionsjror statistics (mean, standard deviation,

and 95% bound)and array attitude error statistifr all 3 data collectiongrigure 12 gives an illustration of thdorizontal
positioning stastics calculation

Figure 12: lllustration of Horizontal positioningerror statisticscalculation

Table 4 gives th&®TK performance for our open skiata collectl, as we can see from the tghitee dual receiver array system
provides better performance thae tingle receiver RTK solution, thus demonstrating the interest of such an approach.

Table 4 +Performance comparison for data colledbn 1 -Open Sky

Variation of Standard

) Performane indicator Unit Mean . 95% bound
scenario 1 deviation

Single receiver Horizontalpo_sitioring error m 0.2880 0.1438 0.5301
Sucess iixedrate % 69.35 N/ A N/ A

) Horizontalpositioning error m 0.2185 0.1240 0.4518

Dual receiver Absoluteheading error deg 0.4666 0.8054 0.8971

HL tm Absolute pitch error deg 0.3524 0.7755 0.9355
Sucess iixedrate % 84.69 N/ A N/ A

In the secondstep we want to analyzehe robustness against the harsh environment of snagkiiver RTK systemsrhe data
used for this study was collected in Toulogsgeurbanarea (dataset 2) and urbarea (dataset 3).

Thesuburbandata was collected when the vehicle was driaeihneENAC campus The reference trajectory was provided with
cmlevel accuracy. The maximum standard deviation values, up to 10 cm, occur around 500 epochs, which calsespond
the zone having minimum visible satellites. The environment is quite favarithlat leas8 satellites in view for most of the
time.

Table 5 gives the performance comparison between the propose@ceiakr system and the single receivestem in the sub
urban environments and for different array baseline lendtbain, a b#er accuracy result is obtained in the dual receiver
situation. Moreover,here is no huge difference in the accuracy of the positioning results for dligheecely H QiNidtiors.
however as expected, the attitude accurdogsimprove sightly as the array baseline increases.



Table5 *Performance comparison for different array baseline for data collect 2+Suburban

Varlatlo.n of Performance indicator Unit Mean Stahdgrd 95% bound
scenario2 deviation
, . Horizontalpositioning error m 2.45 1.62 3.47
Single receiver Siccess fixedrate % 5.72 N/A N/A
) Horizontalpositioning error m 1.28 1.89 2.59
Dual receiver Absolute heading error deg 2.99 2.89 5.48
HL r&m Absolute pitch error deg 4.93 3.67 5.27
Siccessfixedrate % 14.72 N/A N/A
] Horizontalpositioning error m 124 1.78 2.25
Dual receiver Absoluteheading error deg 2.79 3.78 5.38
N Absolute pitch error deg 4.82 3.87 5.09
HL s@am .
Sucess ixedrate % 17.43 N/A N/ A
) Horizontalpositioning error m 1.18 185 212
Dualreceiver Absolute heading error deg 2.67 2.82 5.14
HL tam Absolute pitch error deg 463 3.83 4.87
Sucess ixedrate % 17.65 N/A N/ A

The urban area dataenecollected around the city center. A davel trajectory accuracy was obtainedtbg SPAN receiver.

The number of visible satellites decreased a lot. A clear uncertadgngase in the position solution was observed in the reference
result during the sectiowhere the number of slites was less than Gable 6 presens the performance comparison between
the proposed duakceiver system and the single receiver system in the urban environments and for diffesdpdseline

length.
Table 6 +Performance comparison for different array baseline for data collegon 3 - Urban
Varlatlo_n of Performance indicator Unit Mean Stapd_ard 95% bound So_luuqr_1
scenario3 deviation Availability
Single receiver Horizontalpo_sitioring error m 8.37 11.56 16.32 65%
Sucess ixedrate % 0 N/A N/A
. Horizontalpositioning error m 3.31 6.24 10.01 83%
Dual receiver Absolue heading error deg 11.32 17.78 19.32
HL r&m Absolute pitch error deg 12.36 11.86 20.45
Sucess ixedrate % 8.32 N/A N/A
_ Horizontalpositioning error m 3.48 571 1112 85%
Dual receiver Absolute heading error deg 11.45 16.62 19.65
. Absolute pitch eror deg 10.09 15.01 21.98
HL s&am -
Sucess ixedrate % 7.5 N/A N/A
) Horizontalpositioning error m 3.21 5.89 9.98 84%
Dualreceiver Absolute heading error deg 10.72 17.53 18.59
HL tOm Absolute pitch error deg 9.69 11.2 19.43
Sucess ikedrate % 7.9 N/ A N/ A

As may be seerrdm the tablethe planned comparisons revealed thiz¢ use of the receiver array improves fixed rate
postioning accuacy, and also the solution availability for all considered array baseline vahiesllows the conclusion that

the use obn array of receivexwith known geometry to improve the RTK performaigéeasible and effective




CONCLUSION

This paper ighe extension and improvement of our previous wW@ik [10]. In this contibution, we present a methatiat
includes an amy of recévers with known geometry tenable the vehicle attitude determination amhance theRTK
performance in different environments. Taking advantage of the attitude informatiadhedabwn geometry of the array of
receivers, we are able to impmsome ingrnal steps of precise position computation.

In order to optimize ouprocessingthe correlation of the measurement errors affecting observations taken by our array of
receivers has been determined. Then, the performance of otinreaingk frequencyycle-slip detection and repair algorithm

has been assessed, by comparing it to the cycle slips detected byraqluehcy algorithm performed in pgstocessing. These

two investigatios yielded important informatioroasto tune our Kahan Filter Additionally, ourmethodachieves a relatively
accurate estimation of the attitudéthe vehiclewhich provides additional information beyond the positioning

Finally, we demonstrate througieal data processingsults that our muhkieceive RTK systen is more robust to degraded
satellite geometry, in terms of ambiguity fixing rate, and get a better position accuracythmdame conditions when
comparing with the single receiver systgdur experimentsorrelate favorablyith our previows simulation resultandfurther
support the idea of using an array of receswath known geometry to improve the RTK performance.
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