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ABSTRACT:

GNSS has revolutionized many aspects of sciende asie.g. deformation monitoring and enabled ssisnto realize applications
which were unfeasible a few years ablowever in the scientific community the paradigrevails that accurate results essentially
require dual-frequency receivers with a preferrsel of carrier phase measurements for precise @uoisij applications. This way of
thinking is primarily motivated by the fact thateth(first order) ionospheric delay can be eliminatad use of at least two
frequencies, and carrier phase measurements areffested by multipath effects than range measemésn Therefore, development
efforts are emphasized on multi-frequency receie@id positioning techniques. The drawback of tleafanulti-frequency GNSS
receivers is the expensive cost for their acquisitiThe European GNSS Galileo will offer one detdidasignal which is superior to
all other signals that are or will be availablespace, namely the broadband signal E5. This stwgeb bandwidth of more than 90
MHz and will therefore feature a code range noiseentimeter level. Additionally, the impact of ripath effects on this signal is
the lowest ever observed compared to the effectallosther available GNSS Signals. Using the fidtential of the Galileo E5
broadband signal a precise single frequency paositip should be conceivable. This positioning methagbs an additive
combination of code range and carrier phase measuts (the code-plus-carrier principle) which akotive complete elimination
of the ionospheric (first order) delay. The onlyngicating feature of this approach is the ambigtérm which is an additional
unknown. This will require a longer observation dow (at least 20 minutes) in order to allow suéfiti convergence of the
ambiguity parameters. Since many applications nedluire a very quick time to first fix (within avieminutes) a rapid convergence
algorithm can face this special purpose, whichtjpiprocesses range and phase observations uskanaan filter to predict
positions and ionospheric delays. Using the adggstdrought by the Galileo E5 broadband signallsifigquency positioning
results will reach accuracy in range of sub deadmes centimeter. This paper focuses on precisdipoisg and position change
detection, which can similarly be employed for [seckinematic orbit determination, too. Moreoverbigef presentation of
ionosphere monitoring results is part of this cibutiion.

1. INTRODUCTION TIBERIUS, 2006]. However the main obstacle to achieve pesci
single frequency positioning with the currently stitig GNSS
The purpose of this paper is to assess deeply whickignals of GPS and GLONASS is the high level ofecoahge
performances are achievable by single frequencytipoi®ig  noise, which could be up to a few decimeters. Iditah the
methods using the full potential of Galileo ES lifband signal.  level of multipath effects on these signals is h{§oHULER,
Two aspects will be emphasized during this assessprecess.  2010).
The first is the ability to provide precise 3D g@si  The innovation may come from the European GNSSIezali
coordinates and the second one is the ability teati@ position  which provides one special broadband signal withdiadth of
change in a reasonable time window of observation. 90 MHz. Compared to common signals (e.g. GPS Lintise
In the common sense a precise GNSS applicationldHeel  |evel on the code range measurementgs(& et al., 2008) and
linked to a dual or multi-frequency receiver. Sacteceiver can  the multipath error (8HULER et al., 2010) are reduced by the
estimate the ionospheric group delay and phasenadviiom  factor of three and five respectively. This will kesit possible
the measurements, and essentially eliminate thesjavere as a to perform code range measurements on centimetet &nd
source of error [MsRA AND ENGE, 2001]. But the current high will allow a better mitigation of multipath effecf$rsIGLER
cost for the acquisition of a multi-frequency reegiconstitutes 2008]. The drastically increased range precisio tiuthe very
a huge disadvantage for a wider and mass use ofSGNSow E5 range noise, will allow obtaining more acter
techniques in many scientific application fieldsg(ethe scarce combined code-and-carrier position observables.
number of IGS stations in Africa). Indeed an additive combination of code range amdetgphase
Many single-frequency approaches have been distussthe  measurements (the code-plus-carrier principle) edlinpletely
past in order to obtain precise results from a émst single-  eliminate the ionospheric delay (a major point oéertainty in
frequency GNSS receiver fiicH, 1982) or recently [E and  precise positioning) due to its dispersive natgreyp vs. phase



delay with opposite signs). The new built obseprati still
contain an additional unknown - the ambiguity ternwhich
require a longer observation window in order towlkufficient
convergence of these parameters.
principle can be used for data being collecte@astl for half an
hour and longer. For shorter periods of observatorapid
convergence algorithm is foreseen, which uses tarifig

technique to jointly process range and phase ohtens. Tests
have been carried out to assess the abilitieseo€émbination
of carrier phase and code range measurement ofGP8

signals, but due to the high code range noiserdabelts were
not convincing in term of precision¢8ULER et al., 2010).

The first part of this paper will explain the algbms in detail.
In the second part using Galileo E5 synthetic dai different
predefined test scenarios a statistical analydisheiperformed
to investigate, whether a single-frequency positignusing

Galileo E5 signal is comparable on one hand to shme
method using GPS L1 and L5 and on the another tamnulti-

frequency carrier phase processing.

2. POSITIONING ALGORITHMS

The approach in this paper is based on Galileo iBfles
frequency precise positioning, because the E5 kigrizelieved
to be accurate enough enabling users to reach amclevels
that could formerly only be obtained with dual-fuegcy
receivers. This part handles some basic knowledigeh®
algorithms designed for positioning using the @alilE5
AltBOC Signal.

2.1 CPC: code-plus-carrier positioning

The classical algorithm for precise positioning oredium to
long distances to the nearest reference statidrased on the
code-plus-carrier principle. Scientific single-ftecy receivers
provide both range and carrier phase measuremditts.
following (simplified) observation equations arelkaown:
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code range measurement [m]
carrier phase measurement [m]
geometrical distance [m]
wavelength of carrier signal [m]
ambiguity term [cycles]
ionospheric delay [m]
tropospheric delay [m]

oM: multipath error [m]

£ unmodelled errors [m]
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1% 2 and 3 order terms of this error on range and carrier
phase measurements can be expressed as followesh@ilerror
components are neglected here):

p:r+(g+g+gJ @

C c C
=r-NOA-| Z+—2_-+—=_ 5
4 (fz 2017 3Lf° ®
where g,3 are factors (cl is only dependent on the total
electron content, TEC). The remaining ionospherappgation
delay on the code-plus-carrier observation will be:
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Only remainders of the higher-order effects will fe@sent in
the observation equation.

In contrast to traditional code range positioning lave to deal
in the new built observable with the unknown pasitand the
also unknown ambiguity parameters (as in carrieasph
positioning). This will require a longer observatioindow in
order to allow sufficient convergence of the amiigu
parameters.

The approach makes use of double differences ierdal get

rid of the satellite and receiver clock errors. Bos purpose, an
access to a global or continental network (e.g. tI6EUREF)

is sufficient as experience taught us that the afseegional

networks (shorter baselines) will not further impgo
positioning accuracy.

Tropospheric delays can still compromise positigraccuracy.
For this reason, either external sources providprgcise
corrections (e.g. numerical weather models) shbeldvailable
or the injection of additional tropospheric delargmeters into
the estimation process is necessary. Multipathreace site-
specific and particularly strong on the code rangésre, the
use of E5 AItBOC is a key advantage, as this broadiisagnal
shows an ultra-low multipath behavior compared Itoother
signals [8vsky et al., 2008].

The standard deviation of the new
observable" (CPC) can be derived as follows:

"code-plus-carrie
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It is approximately half the noise of the range sueaments.

The ionospheric delay influences these two obséesab Correlation between code and phase measurementsttedin

basically at the same level of magnitude, but witbosite signs

[MisrA and BNGE, 2001]. Thus, the method of code-plus-carrier

eliminates the ionospheric propagation delay emptyan
additive combination of the code range and carpbase
observations. The new derived observation is cdled‘code-
plus-carrier observation” (CPC).
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More precisely, the statement above is only truete ' order
ionospheric effect. According toABsIRI AND HAJJ [1993], the

this formula following investigations ofdha [2000].

This method can be employed for data being colieeteleast

for half an hour and longer. Since Galileo E5 rangee more
precise than GPS L1 ranges, SO0 convergence time is
considerably faster. Regarding this issue of coremrg the
methods will be well-suited for monitoring purposes
(applications requiring continuously operating gouént), for
instance.



2.2 Code-and-carrier (CAC): The

algorithm

rapid convergence

Many applications require a very quick time toffiig, i.e. the
precise position should be delivered within a tioi@bout half
a minute to 20 minutes. To achieve maximum flekipiba
method of ambiguity resolution has been develoEskt on a
sequential filtering process the so called All-usile
Sequential Ambiguity Estimator (ANSA). A Kalman tét
estimates the results parameters - i.e. the and@guind the
(preliminary) rover position and any other nuisan
parameter. Unlike the previous approach (CPC) tlgerdahm
jointly processes range and phase observations taed
ambiguities on the original carrier frequencies iammediately
determined. The equation depicts the observatictové.:
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OaPRi, D pseudorange
OAgl,: carrier phase

The state vectox:
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X: state vector

consists of:

a. the three components of the Cartesian coordirtdtes

the rover A (XA Ya ZA), the coordinates of
reference stations B will be held,

the original ambiguities for each satellitets tarrier
frequency(l:lAN 2355 ANKBE5

c. the residual tropospheric propagation delayenith

The supposed temporal variability of the parameieigstead
reported the filter by an adequate increase invérance level
of the covariance matrix of the predicted statdsis Task is
assumed by the system noise mafrjx, so that the covariance

matrix of the predicted state vectpr. has following form:
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T covariance matrix of the predicted state vector (fo
the period k)

o updated covariance matrix of the state vector ( the

epoch k -1)

Zss! system noise matrix, here only a diagonal matirx

T: transition matrix

The individual variances of the system noise matrexdefined
e.g. for the coordinates @ym = qiyz (At , whereqy . is the

so-called process noise in a unit of mi#hAccording to the
different groups of parameters we have also to dihl

»  the process noise of the positigyy,,

« the process noise of the ambiguitips

« the process noise of the troposphere in zenith
direction gzpp and

« the process noise of the double differentiated
lonosphere in the satellite directigpy

So you can now react very flexible to differenuations by an
appropriate choice of process noise coefficient:

a. the rover does not mow;, ,is chosen close to zero
i.e. the filter quickly converges or in other wsrdhe
variance of the parameter coordinates decreases
rapidly with time, as observations are accumulated
over time with high weight (fast convergence).
the temporal variation of the atmospheric caodg
must be estimated accordingly. Thus the troposphere
changes in zenith direction over an hour, usuaily o
slightly, here qzpp is selected with 1cmMf. An
estimation of the ionosphere variation is a bit
difficult, as elevation dependence exists and under
adverse conditions greater variations can alsorpccu
thusqon should be chosen at least as higlyas, in
doubt rather something higher.

Besides the aspect of the system noise the inat#iz of the

direction ZpD, . It is assumed here that there are Nogyer pjays an important role. This includes bt state vector
significant azimuthal variations, which is usually x anq the associated covariance maijx . The coordinates

justified; through the station-specific modellinthe
number of parameters can be significantly reduced
the residual ionospheric propagation delay, wdwa
related to E5, in the direction of the satelliteit b

double differentiatedDAlONE\BEs. Here a satellite-

specific modelling is performed, because
ionospheric sub-points in contrast to the troposphe
can be up to about 1000 km apart.

The temporal variation of all states is purely nitdk thus the
transition matrix for period Kk is the unit matrix:

T, =E

(10)

are initialized from the calculated pseudo-rangesitims.
Approximate ambiguities are derived from the cormaliom of
pseudo-ranges and carrier phases. For the ionasgaimer the
troposphere the residual propagation delays amnasd. For
the initialization of the covariance matrix it isué¢ that the

thestandard deviation of the coordinates is approxétyatnown

from studies. The standard deviation of the ambiggimay be
stated quite high, as with an initialization of .etg99 cycles
after the filter update the filter will quickly cwarge by the
influences of the pseudo-ranges.



3. PERFORMANCESASSESSMENT OF THE SINGLE-
FREQUENCY POSITION APPROACH

The fundamental work here is to show how far Galile5
single-frequency positioning is improved compared @ne
hand to single-frequency positioning using GPS t1.% and
on the other hand to traditional dual frequencynothe future
multi-frequency carrier phase processing. Moreovan
experiment to monitor a rock glacier is performedshow the
feasibility of position change detection in a resdue period of
observation by single-frequency positioning usirailéo E5.
For these purposes the first reliable Galileo Egls-frequency
positioning results have been generated using stintldata,
since there were no useable Galileo data (due tellitss
deployment delays) to determine a 3D position. fdwilts are
analyzed by a set of different statistical methtzdfind out the
achievable accuracies of the single-frequency ipositg
algorithms. Finally the results are compared with bnes of
others GNSS signals and positioning methods.

3.1 Processing Procedures

One current issue is to deal with is the non akldita of a
sufficient number of Galileo satellites to providegpositioning
service. Hence the only way to perform tests antbenent is to
generate synthetic data. For the production of retitt

observation data SP3rbital data files are needed. For the

Data from
reference station
(e.g. 1GS)

- Data from User Rover
R+ ]

¥
Pre-Processing
(e.g. Quality check)
PDGPS processing
* Code-plus-carrier

« Block adjustment
+ Ambiguity resolution

DGPS Processing
(approximation values

[ Final Coordinates ]

Figure 1: processing steps using the eXpert SGSIS to

The figure above describes a simplified scheme loé t
processing steps. All precise positioning functioase
integrated into this processing engine.

In order to have a sufficient number of preciseitpmsng
results, a time series of observation stretchirggnfrl to 24
hours are processed with sampling interval of 5nd an
elevation mask set at an angle 15° to avoid a hidfipath
impact on the signals. As a-priori the model TrapGs used to
attenuate the tropospheric effects. The ambiguétyns are
solved to their float values, thus this will implg long
convergence time to precise positioning results.

derivation of the Galileo satellite coordinates mvake use the 3.2 Positioning results

almanacs data from the Galileo
Document), which defines a full walker constellatiof 27/3/1
satellites.

Synthetic data were generated for 3 experimentafiosis

ICD (Interface Control

CPC resultsfor GalileoE5vs. GPSL1and L5

A direct comparison of single-frequency positioniaging the

(OSLO high latitude: BRUSSEL mid latitude; and OUAGA combination of code-plus-carrier measurements olileGaES

equator near) for the following epochs:

e GPS-Week 1594, Day 206
e GPS-Week 1612, Day 332
e GPS-Week 1629, Day 086

and GPS L1, L5 is undertaken in this section. Thsult
generation was exclusively performed with syntheli@ta and
we assumed a full Walker 27/3/1 Galileo constellatiwhich
will be achieved by 2020 according to the curretates of
development.

Table 1 shows initial results obtained from theg@rrequency

The positioning results are produced with dailyadadtches and  code-plus-carrier algorithm using a time series lyaig

reduced to 6-hourly and hourly data batches. A hémt
reduction of data batch length was made in ordepeidorm
successfully ambiguity resolution.

The processing of the data is carried out by theeexool of

the SX5 software application package. The tool is a self-

contained GNSS software dedicated particularly tecigse
static, semi-kinematic and kinematic surveys whdiigh
accuracy is to be gained using GNSS carrier phastsn
relatively short periods. It was extended with eedo efficient
single-frequency positioning algorithms and wittsgect to
kinematic orbit determination of LEO satellites addition to
the precise multi-frequency carrier-phase algorghmhich
allow having the choice between single-frequenaygeaand
phase processing as well as carrier phase onlegsom.

! http:/figsch.jpl.nasa.goviigschb/data/format/spZudixt

2 The project “SX5 — Scientific Service Support Rhss Galileo E5
Receivers”, which receives funding from the Eurapdanion
within the 7th Framework Programme.

stretching from 1 hour to 24 hours.

Time® Horizontal Vertical 3D
[h] accuracy [m] accuracy [m] accuracy [m]
GPS  Galileo GPS  Galileo GPS  Galileo
L1 E5 L1 E5 L1 E5
1 0.570 0.286 0.780 0.244 0.970 0.370
2 0.346 0.158 0.343 0.121 0.490 0.190
3 0.248 0.075 0.320 0.068 0.400 0.100
4 0.211 0.056 0.295 0.058 0.360 0.080
5 0.175 0.037 0.267 0.051 0.310 0.060
6 0.116 0.026 0.212 0.045 0.240 0.050
12 0.087 0.016 0.0155 0.0032 0.170 0.040
18 0.075 0.013  0.0134 0.0027 0.150 0.030
24 0.064 0.011 0.0121  0.0023 0.130 0.030

Table 1: Comparison of GPS L1 and Galileo E5 pasitio
accuracies determined with the code-plus-carrierthate
(synthetic data) for a station in Brussels, Belgium.

3 Observation time



The Galileo E5 results start with a horizontal aacy of only
around 3 dm. This is 2 times higher for GPS L1. thervertical
component Galileo E5 results are even 3 times hitéan GPS
L1 results. Afterward we see a faster convergerficgatiieo E5
results. With a data batch of 6 hours of obsermati® have
already a 3D RMS of 5 cm for E5 compared to 20 cmGBS
L1. Finally with a daily data batch the combinatiof code-
plus-carrier phase measurement using E5 singleudrecy
reaches a 3D RMS of 3 cm whilst GPS L1 only yiel@s<t 3D
RMS. Thereby, the great advantage of the Galilesif%al can
already be seen in the first results of this ingesion.

Figure 2shows a direct comparison of the two time series:

E5vs. L1
1
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Figure 2: RMS values (3-D) for single frequency teswf
Galileo E5 and GPS L1

With the modernization of GPS a new civil signal Wil be
broadcasted. L5 is intended to increase precigioirabustness
of the navigation solution due to mitigation of c@mpheric
refraction errors and an enhanced signal desigh thigher
signal strength and advanced code structure cowmhparehe
existing GPS civil signals [RkeR et al., 2009]. In other hand
L5 is improved compared to GPS L1 and has the santer-
frequency (1176.45 MHz with a 24 MHz bandwidth)elikhe
sub-carrier E5a of the Galileo broadband SignalHEnce, L5
seems to have a similar characteristic like attleas part of the
Signal E5.

Regarding the table we see an improvement of GP&&lts
compared to the GPS L1 one. This confirms that GBSs
more robust than L1 regarding to code noise affectBut
comparing the same results to the Galileo E5 resudt see that
the latter ones are still better. The next plotjolvtgives also
the 3D RMS errors, shows a comparison of the 3 Egna

E5 vs. L5 and L1
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Figure 3: RMS values (3-D) for single frequency tesaf GPS
L1, GPS L5 and Galileo E5

The accomplished tests have allowed us assessieg th
performances of Galileo E5 CPC and showed a 3D pasitj
accuracy of 5 cm in critical environments (a statiwith high
multipath influences e.g. BRUSSEL) and 1-2 cm in rarm
environments for daily data batches. In comparibese results
are 3-4 times better than GPS L1 and 2 times b#tter GPS
L5. Regarding the first obtained results it is beeartear that
the single frequency positioning concept usingpbtential of
Galileo E5 has some innovative aspects and thaetlea
certain potential to develop. Due to its very loade range
noise and the even lower multipath influence ongbsitioning
solution (compared to others GNSS signals like GR®r L5)
the Galileo E5 CPC results single frequency are ablelfill
the requirements set for precise positioning.

CPC resultsfor Galileo E5 vs. carrier phase processing

The carrier phase processing is computing the ipasiising

Table 2 shows the 3D RMS of Galileo E5 and GPS L5 cPpdneasurements of the phase of the received satadliteer signal

results: relative to the receiver-generated carrier phagbeteception
time. Many precise GNSS positioning solutions atytracking
Time Horizontal Vertical 3D the carrier phases because of their low measurenwse and
[n] accuracy [m] accuracy [m] accuracy [m] low multipath affectation. Due to these facts @rrphase
GPS Galleo GPS Galleo GPS Galileo processing accuracy is ranging in mm-level. A usguipped
L5 E5 L5 E5 L5 E5 with a multi-frequency GNSS receiver can estimate t
1 0.309 0.176 0.213  0.100 0.375  0.202 ionospheric group delay and phase advance from the
> 0.134 0.089 0112 0.055 0174 0.09g Measurements, and essentially eliminate the ioresphs a
source of measurement error A and BGE, 2001]. Relative
3 0.092 0040 0101 0.038 0136  0.055 jgnosphere-free carrier phase positioning, whicthased on
4 0069  0.028 0090 0.033 0.113  0.044 double differences is the positioning method chokere in
order to get completely rid of the ionospheric erro
5 0.058 0.028 0.081 0.030 0.99 0.037 Using data batches of 24 hours we have computeicahase
6 0.039 0.015 0.069 0.027 0.079 0.031 processing using multi-frequency data of GPS andalileo
2 0,025 0.009 0,048 0018 0052 0,020 and.comp.ared thg results yvith the combination afeeplus-
carrier using Galileo E5 signal measurements. Thblerl 3
18 0.019  0.007 0.038 0.015 0.042 0.017 shows the errors in the horizontal component otth@dinates,
24 0017 0006 0035 0013 0039 0014 thevertical component and the overall 3D RMS error
Table 2: Comparison of GPS L5 and Galileo E5 pasitig Type of observation Horizontal Vertical 3D RMS
accuracies determined with the code-plus-carrierthage accuracy [m] accuracy [m] [m]
(synthetic data) for a station in Oslo, Norway. CPC GALILEOES 0.0135 0.0180 0.0225




CP IF* combination 0.0012 0.0016 0.0020
L1+L2

CP IF combination 0.0010 0.0015 0.0018
L1+L5

CP IF combination 0.0009 0.0014 0.0017
E1+E5

CP IF combination 0.0009 0.0013 0.0015
E5a+E5

CP IF combination 0.0006 0.0011 0.0013

L1+L5+E1+ES5

Table 3: Resuming 3D RMS values of the carrier phas
processing compared to CPC results, CP IF* carriesgoha

ionosphere-free linear combination

Hours [h]
7 8 9 10 1 12 18 24
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Figure 4: RMS values (3-D) for single frequency Heswf
Galileo E5 compared to carrier phase processinggudifferent
signals

Figure 4 shows a plot of the 3D RMS of the singegfrency
results using Galileo E5 and the results of theriear
combination of different GNSS signals (GPS L1+L2PS5
L1+L5, Galileo E1+E5, multi-frequency GNSS L1L5+E3)E
The graph is logarithmic scaled. Regarding the taivld the
plot we see that carrier phase processing usingj-freduency
measurements has accuracy in mm level. These atén&8
higher than the accuracy that we obtain by a sifrgiguency
positioning combining code and carrier phase measents.
Using carrier multi-frequency processing measurémene can
reach results in the range of few millimetres. Tikisvhy many
precise GNSS applications rely on carrier phaseqasing. The
drawback is the high costs of acquisition of suchceiver. But
not every precise positioning application requine® level of
accuracy, therefore the high cost expenditure fomalti-
frequency receiver is not justify. Even though @aliE5 CPC
results cannot be compared to multiple frequeneyltg, the
accuracy can meet the requirements for lot of peeci
positioning applications in decimetre and centimetevel.
Hence the approach can fill a niche between higécipe
positioning using carrier phase multi-frequencyogssing and
with conventional single-frequency positioning.

ANSA filtering results: rapid convergence

The rapid convergence algorithmaims to reduce the
convergence time of single-frequency positioningngisthe

combination of code-plus-carrier measurements. Aeady

depicted above this algorithm differs from the diteonal’ CPC

method, because it will jointly process range arlihse
observations.

In order to test the performances of the algorithen set an
observation network on the site of the Universityhe Federal
armed Forces Munich. The advantage of such a ramlork is
that we can process stations, which will be relatedr very
short baseline to their reference stations. Twdiosts linked

over a short baseline (max. 10 km) have similaroafheric
conditions. Thereby we can eliminate the ionosghenmd

tropospheric propagation delays by using doubléemihces.
Normally the algorithm estimates the ionospheritagleas a
function varying in time domain and uses externding (e.g.

IONEX maps) to obtain a rapid convergence agaimstipe
8oordinates. Tropospheric delays are also estim&uetdin our
case none of these methods is needed because chdtne
baseline.

Using a data batch of 1 hour with a sampling rdtésec the
solution is computed. The Kalman filter is initdd with

appropriated values. The start position is giveth i standard
deviation of 9m, because short baseline atmosphdziays
(ionospheric and tropospheric) are almost non-Saanit.

Nevertheless these values have to be initialiZeekefore each
of them has a start value of 3mm.

Figure 5 shows the filtered coordinates (X: red;: green, Z:
blue) and the ambiguity fixed solution (yellow doté/e notice
a very fast convergence of the coordinates and that
ambiguities terms can be fixed with a few cycles.
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Figure 5: Rapid convergence results: filtered cowtis.

By zooming in the graph we can see that the cootelna
converge to a few decimeters within 30 sec and Wmtcan
reach centimeter level accuracy within 1min.
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Figure 6: The results of the first 5 minutes ofatvation
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There is a clear advantage to use a filter to getige
coordinates faster. A drawback is that one hantmwkthe exact
initialization values before starting the procegsirelse the
filtering will drift in unknown. The method seems be well
suited for short baselines. For long baselines (ka0 the
atmospheric conditions differ and it will be verjffidult to



estimate the ionospheric and the tropospheric dglayen
impossible when the ionosphere is unstable.
4, POSITION CHANGE DETECTION

GNSS is currently used as the main sensor to moBisoth's
surface deformation. The deformations could ramgenfmm-
level to m-level over periods of few seconds toesalyears.
The measurements can be performed continuouslgpeated
after a certain period of time. The main advantafeaising
GNSS sensors for monitoring activities compared
conventional deformation monitoring sensors is tENSS
requires no line-of-sight between the stations &mat the
equipment can run without human interaction. Irs teéction
we have tried to find out, which performances carabhieved
by Galileo E5 single-frequency positioning usinge th
combination of code-plus-carrier measurements.

4.1 Monitoring of a rock glacier using Galileo E5 single-
freguency positioning

Rock glaciers are perennially frozen debris massashacreep
down mountain slopes. These creep phenomena of taioun
permafrost have been studied intensively all oher world in
the past few decades AKFMANN, 1996]. The experiment
carried out here is related to a study of the ETich on the
Dirru rock glacier on the east side of Matertal i{3@rland),
where they determined surfaces velocities.

Based on a surface velocities map, we have triegetterate
simulated data for the displacement of the Dirrakrglaciers
(Switzerland). A virtual network consisting of 5 nitoring
stations (DIR1, DIR2, DIR3, DIR4 and DIR5) has beenuget
The expected displacements of the stations arenguigtween
0.1 m to 1.5 m per year. Based on the station coatels we
have determined the velocities vectors, (% and V), which
have helped to interpolate the expected motion ofteach
monitoring station on the glacier. To compute theulde
differentiated solutions we have chosen the IG8ost&ZIMM
(Zimmerwald) nearby (89 km) as reference, sinceréfierence

measured positions is so important that in mostsoth

application carrier phase measurements are useau$ecof
their high accuracy (mm-level). The sampling rate tioe

observed data is important. So for observationsezhiout at
different periods we have to assure the same saghpite. For
the case of Dirru rock glacier we have daily dataveith 5sec
sampling rate in order to get precise converged.dat

The station Dir5 has been chosen to be proces$edeXpected
motion rate for this station is in the range of é¢t@/year. As

toreference period we set the day of year 206 ofGRS-Week

1594. After 64 days we observed the same statite. data
have been computed for GPS L1 and Galileo E5 utlieg
single-frequency CPC principle. The next point scagiets
show the results of the observations with the tiffié systems.

e

) TSR ENS S ——
o

Galileo E5

Figure 8: Results of the positions comparison fadifferent
periods of observation using single-frequency pasiihg

The point scatter plots make a clear picture of de&ection

station should be outside of the movement area.eeThr apility of the 2 sets of data. Due to the high levenoise the
measurement campaigns, each lasting one day (GREswe GPS L1 measurements cannot identify any changehin

1594, 1603, and 1612) have been carried out inrdoddetect
any displacement of the station.

Figuré 7 Monitorfﬁg network on the KDirru Rock gleci
background map (c) Google and contributors (seéargp

Position change detection means to determine ereifte from
successive position estimates of a point after salgp of a
certain amount of time. The precision of the susiees

coordinates after 64 days. The single shots ofctmdinates
for the 2 periods are overlapping (blue and greets)d The
expected motion rate for 64 days is about 11 cwelfanalyze
the 3D RMS for each period we see that GPS L1 meamnts
have a 3D RMS of around 30cm. This is too bad towall
detecting any change in the position of the station

For Galileo E5 measurements the situation is cotelyle
different. We see a clear difference between thge@ods of
observation, which means that the station has goder a
displacement. The detection rate is still too lowedo a 5cm
3D RMS of the Galileo E5 measurements. But the Galdé
single-frequency results are accurate enough tctlatposition
after a short period of time.

After 126 days we performed the same experimenthf@rsame
station. The point scatter plots in Figure 9 shdw tesults
again.

Due to the long convergence times (20-30min), singl
frequency positioning using the CPC principle is vselited for
monitoring activities (landslide or glacier monitay), since
changes in such structures can first be detected afcertain
period of observation. Using Galileo E5 data weewnable to
detect deformation of a few centimeters. Singleiency
positioning using Galileo E5 has a certain advanthgre
compared to carrier-phase processing. Because ohtlderate
price of a single-frequency system we can use rsensors to
determine an exact profile of the deformation.

—_
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Figure 9: Results of the positions comparison fodifferent
periods of observation using single-frequency pmsitg (after
126 days)

5. IONOSPHERE MONITORING

The code-plus-carrier combination eliminates iomesc
propagation delays. Hence, it can be attractive dimgle-
frequency positioning applications. On the contrdhne code-
minus-carrier combination will eliminate all nonsgersive
effects (the troposphere) including geometric proee (the
position). This combination can be used for moivigrthe
ionosphere with a single-frequency receiver. Cowadmng
investigations and developments have been perfonvitidn
the SX5 project. The main principle of operatiomassfollows:

1. The code-minus-carrier observables are formetie T
corresponding observation equation contains the@spheric
propagation delay and the ambiguity parametersgchvheed to
be resolved in addition to the target parametessilfis reason,
cycle slip detection is necessary as one pre-psgugstep.

2. A single-layer model of the ionosphere is us&db-
ionospheric points and mapping function values dan
computed.

3. Absolute VTEC determination will be possible tiarizontal
interpolation function is defined (normally a lowder
polynomial), and the zenith ionospheric delay abdhe
antenna site is interpolated from the individualtebite
observations. This step is mandatory in order fuasse the
nuisance parameters (ambiguities) from the targeameters
(ionospheric delays).

Several experiments with both real-world GPS datavell as
simulated Galileo data were conducted. In particulaHz data
of the available IGS LEO network stations of theary@003
were analyzed.

The global average RMS (compared to IGS IONEX refege
data) for the Vertical Total Electron Content VTEE 4.2

TECU. The error distribution is - not unexpectedly function

of latitude with highest RMS to be reached in thgiae around
the geomagnetic equator. For most mid- and highut sites,
the RMS obtained is between 1.5 and 2.5 TECU, foatxial

sites it can be 7 TECU and higher.

Regarding the benefits of Galileo E5 ionosphere tooinig, the
a standard deviation of unit weight around 0.11am loe stated
compared to 0.38 m for GPS L1 data. This emphadizes

added value of E5 AltBOC processing, although we hbsee
to state that modeling errors can still be sigaific especially
under disturbed conditions.

6. CONCLUSIONS

This paper has assessed the performances of a-§iaglency
positioning approach using the Galileo E5 broadbsigthal.
Due to its very low code range noise and the ewemel
multipath influence on the positioning solution rfgmared to
common signals like GPS L1) the combination of BaliE5
code-plus-carrier measurements is able to achiecerate
positioning results. The performed tests showed e can
reach 3D accuracy of a few centimeters (1-2cm) Gidtileo E5
single frequency positioning. Comparing to the rssulith
GPS L1 or L5 (GPS L1: 20 cm; L5: 1-6cm) we seepbtential
of the approach. A drawback of the method is theglo
convergence time (20-30min) to get precise cootdina
Nevertheless a rapid convergence algorithm usirfiteaing
(ANSA) algorithm, which processes time code andriear
measurements at the same to estimate the parantedsrbeen
implemented to deal with this issue. With this aidon we
were able to fix the ambiguities within a few sedsrand to
determine coordinates on sub-decimeter level. Eurtiests
showed that carrier phase processing is still mooeirate (10x
order) than the single-frequency approach usinge&saES, but
this kind of processing requires expensive muégtrency
receiver. However not all precise GNSS applicatioaguire
precision on mm level, therefore the single-freqyen
positioning approach with Galileo E5 can fill a mcbetween
carrier phase processing (mm level) and usual esifigbjuency
positioning (dm level).

Due to the convergence time and the achieved ancute
approach seems to be suited for monitoring aasjtiwhere
precise coordinates are needed after a certainogpeof
observation time in order to detect changes. Sucto@itoring
application has been used for a moving rock glasgmario
comparing the results of single-frequency GPS Ld @alileo
E5 processing. The results show that we were abbietect a
change in the coordinates of a monitoring statifter aa short
period of observation time, which was not feasiwith GPS
L1.

With the start of the first IOV (In-Orbit Validatiy) satellites we
will improve the assessment of the performancethefsingle-
frequency positioning using the full potential cdliBo E5 with
real data. Further investigations towards a mutistellation
algorithm, containing the COMPASS B2 AItBOC signal, efhi
is similar to Galileo E5, and optional the GPS lignal for
better geometry, will be completed to show how fae
accuracy increases with more satellites.

Being able to achieve single-frequency positioniritl alileo
E5 within centimeter accuracy will be profitabler fonany
GNSS precise applications, which until now makelesieely
use of multi-frequency receivers because of thagigm, that
precise positioning can only be achieved by at tleas
frequencies.
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