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Abstract The current Galileo constellation in April 2017 comprises both IOV (In-Orbit
validation) and FOC (Full Operational Capability) satellites transmitting signals on five
frequencies, i.e. E1, ESa, E5b, ES, and E6. We analyze the power, multipath and noise of
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these signals using the data collected by four short baselines of various lengths and
receiver/antenna types in Perth, Australia as well as the Netherlands. In our analysis, the
Galileo signals, except E5, show different relative noise and multipath performance for
different receiver/antenna types. The E5 signal, with a weak dependency on the type of
receiver/antenna, shows a significantly lower level of multipath and noise with respect to the
other signals. Estimations of the ES code standard deviation based on the data of each of the
mentioned baselines gives a value of about 6 cm, which is further reduced to about 1 cm once
the data are corrected for multipath. Due to the superior stochastic properties of E5 signal
compared to the other Galileo signals, we further analyze the short-baseline RTK (Real-Time
Kinematic) performance of the Galileo standalone E5 observations. Our findings confirm that
the Galileo E5 data, if corrected for the multipath effect, can make (almost) instantaneous

ambiguity resolution feasible already based on the current constellation.

Keywords Galileo, IOV, FOC, ESAItBOC, Signal power, Multipath, Noise characteristics,

Integer ambiguity resolution, RTK

Introduction

Galileo, Europe’s global navigation satellite system, has been under development through the
collaboration of the European Commission (EC) and the European Space Agency (ESA),
with the aim of providing highly accurate global positioning services (ESA 2016). Upon
validating the Galileo design, two experimental GIOVE (Galileo In-Orbit Validation
Element) satellites, i.e. GIOVE-A and -B, were launched in 2005 and 2008, respectively.
These satellites were put into orbit with the purpose of characterizing the performance of the
novel Galileo signals and were later on decommissioned in 2012. The last two phases of the
Galileo program are the IOV (In-Orbit Validation) phase and the FOC (Full Operational
Capability) phase. The former was planned to conduct the initial validation of the Galileo
system based on four satellites and became finalized by 2014, while the latter is still ongoing
to realize the fully-operational system such that a minimum of four satellites is always visible

at any location (http://www.esa.int/).

The full constellation of Galileo will comprise 24 satellites plus at most six spares,
expected to be realized by 2020. They orbit in three MEO (Medium Earth Orbit) planes, at an

altitude of 23,222 km and with an inclination angle of 56° with respect to the equator
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(European Commission, 2015). The navigation signals of these satellites are transmitted on
five frequencies E1, E5a, E5b, ES and E6 (Table 1). Having AltBOC (Alternative Binary
Offset Carrier) modulation, the Galileo ES5 signal is a wideband signal consisting of two sub-
carriers, i.e. ESa and E5b, which can be tracked either as two independent BPSK(10) (Binary
Phase Shift Keying) modulations at respective center frequencies of 1176.45 MHz and
1207.14 MHz, or coherently as one signal centered at 1191.795 MHz, leading to the ES
signal (Simsky et al. 2006). Figure 1 illustrates how these frequencies are distributed with
respect to the GPS L1, L2, and L5 frequencies.

- GPS |:| Galileo
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Fig. 1 Distribution of the Galileo frequencies versus GPS frequencies.

The first analyses of the power, tracking noise and multipath performance of the Galileo
signals based on the GIOVE-A and -B data were provided in (Simsky et al. 2006, 2008a,b).
Applying a geometry-free short- and zero-baseline analysis method to the measurements of
GIOVE-A and -B, deBakker et al. (2009, 2012) analyzed the code and phase noise of E1 and
ES5a signals. Such zero-baseline analysis was also carried out by Cai et al. (2016) but on the
basis of the four IOV satellites data at E1, E5a, E5b and ES frequencies. The code noise and

the cross-correlation of these frequencies were assessed in (Odijk et al. 2014).

Table 1 Galileo frequencies and wavelengths.

Signal Carrier frequency (MHz) Wavelength (cm)
El 1575.420 19.03
E5a 1176.450 25.48
E5b 1207.140 24.83
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ES 1191.795 25.15
E6 1278.750 23.44

Throughout different phases of the Galileo development, its data have been studied for a
variety of GNSS applications either in Galileo-only mode or in Galileo plus other GNSSs
mode. Examples of such studies are (Langley et al. 2012; Tegedor et al. 2014, 2015; Afifi
and El-Rabbany 2014; Cai et al. 2015; Li et al. 2015; Lou et al. 2016; Guo et al. 2017) who
presented the PPP (Precise Point Positioning) results, (Odijk et al. 2012, 2014; Odolinski et
al. 2015) who provided the short-baseline RTK (Real-Time Kinematic) positioning results,
(Steigenberger et al. 2013; Cai et al. 2014; Gioia et al. 2015; Gaglione et al. 2015;
Steigenberger and Montenbruck 2016; Pan et al. 2017; Liu et al. 2017) who analyzed the SPP
(Single Point Positioning) performance, and (Nadarajah et al. 2013, 2015; Nadarajah and

Teunissen 2014) who provided the attitude determination results.

The Galileo constellation in April 2017 consists of four IOV and 14 FOC satellites. The
first two FOC satellites (PRNs E14 and E18) were launched in August 2014, albeit into
wrong orbits (Hellemans 2014). By early 2015, they were moved to an improved orbit, such
that the Galileo ground segment is now able to produce the navigation messages for these
two satellites (GSA, 2017). The fourth IOV satellite (PRN E20) experienced a power
anomaly on 27 May 2014, which led to the shutdown of the E1 signal. Although this signal
recovered within seconds, E5 and E6 signals suffered a permanent loss of power. Since then,
PRN E20 has been flagged as ‘NOT AVAILABLE’ (Langley 2014). Among the 14 FOC
satellites, four are newly-launched and not operational yet. Therefore, in total, 13 Galileo
satellites are currently providing data to the GNSS users. In the sequel, we refer to the

constellation of these 13 satellites as the current Galileo constellation.

We analyze the multipath performance and the noise characteristics of all the five Galileo
signals. For the former, the multipath combinations (Estey and Meertens 1999) are formed
while for the latter use is made of the least-squares variance component estimation (LS-VCE)
method (Teunissen and Amiri-Simkooei 2008; Amiri-Simkooei et al. 2009). These
assessments are on the basis of the data of the current Galileo constellation—excluding E14
and E18—collected by baselines of various lengths and different receiver/antenna types in
Perth, Australia and in the Netherlands. This is the first time that the stochastic properties of
the Galileo signals are assessed using both IOV and FOC satellites measurements. Our

outcomes, in agreement with the previous studies (Simsky et al. 2006, 2008a), show a
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significantly lower level of noise and multipath for the E5 signal. This gives us the
motivation to further investigate the E5 instantaneous RTK positioning performance. We
then provide the Galileo standalone single-frequency ES-based RTK results. The
understanding provided by such single-frequency analysis would also be useful for multi-
frequency analysis when integrating ES with other frequencies. The detailed information on
the data used in this study can be found in Table 2. Note the antennas used in this study do
not offer, at the moment, the phase center calibrations for the Galileo E5, ESa, ESb and E6
signals. However, our analyses employing the short baselines of identical antennas are not

affected by the lack of such calibrations (Mader 2002; EL-Hattab 2013).

Table 2 Characteristics of the data set used for this study. All the antennas are survey grade

and of choke-ring type.

Receiver—Firmware Location Station name

Antenna—Radome

Septentrio PolaRx5—5.1.1 Curtin University, CUBS, CUCS
TRM 59800.00—SCIS Perth, Australia SPO1, UWAO
Leica GR50—4.00/7.001 the Netherlands ADR2

LEIAR20+S10—LEIM

Leica GR50—4.00/7.001 the Netherlands APEL
LEIAR25.R4—LEIT

Data type Galileo E1, E5a, E5Sb, E5, E6
(E6 is tracked only by Septentrio PolaRx5)

Satellites FOC (E01,E02,E08,E09,E22,E24,E26,E30)
IOV (E11,E12,E19)

Sampling interval 1 second (1Hz)

Baselines CUBS-CUCS (6m)
CUBS-SPO1 (350m)
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ADR2-APEL (3.6km)
CUBS-UWADO (7.9km)

Galileo Signals Characteristics

In this section, our aim is to characterize the Galileo signals stochastic properties. To do so,
we Investigate their power through C/NO (carrier-to-noise density ratio), multipath
performance through the code multipath combinations, and code and phase noise by means

of the LS-VCE method.

Signal Power

Shown in Figure 2 are the graphs of the carrier-to-noise density ratio C/NO of the Galileo
signals with respect to the satellites elevation. The top two panels correspond to the
measurements of station CUBS (Septentrio PolaRx5) while the bottom two panels
correspond to those of station ADR2 (Leica GRS50). The ground-track of the Galileo
constellation, except the two FOC satellites E14 and E18, repeats every 10 sidereal days, and
therefore the Galileo satellites do not reach the whole range of elevations during one single
day. Therefore, the C/NO measurements were collected during a period of 10 days in 2017,
which are DOYs (Days Of Year) 54-63 in the case of CUBS, and DOYs 12-21 in the case of
ADR?2. For each station, the left panel corresponds to the FOC satellites while the right panel
corresponds to the three IOV satellites. Each panel shows the average of the C/NO data over
elevation bins of 10 degrees. Note that E6 signal is tracked only by Septentrio PolaRx5

receiver.

Comparing the C/NO of Galileo signals, ES shows the highest level of the carrier-to-noise
density ratio for all the elevation angles, for both the FOC and IOV satellites and for both
stations. In the case of CUBS, El and E5a have almost the same C/NO for the range of
elevations between 25 and 75 degrees. For the elevation angles out of this range, E5a reaches
a higher level of carrier-to-noise density ratio compared to the El particularly for the
elevations higher than 75 degrees. It can also be seen that the C/NO of E1 experiences a drop
at high elevations which was also reported in (Simsky et al. 2006) using the Space
Engineering antenna tracking the E1 data of GIOVE-A. The C/NO of E6 lies above that of
the ESb with almost the same difference for all the elevation angles. These two signals have a

higher level of C/NO with respect to the E1 and ESa. As to ADR2, the C/NO signature of ESa
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coincides with that of E5b, both having higher levels than C/NO of E1.
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CUBS
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Fig. 2 Carrier-to-noise density ratio C/NO of the Galileo signals on different frequencies as
function of satellite elevation. The top two panels correspond to the measurements collected
by station CUBS during DOYs 54-63 of 2017. The bottom two panels correspond to the
measurements collected by station ADR2 during DOYs 12-21 of 2017. Each panel shows the

average of C/NO over elevation bins of 10 degrees.

The observed carrier-to-noise density ratio depends on several factors such as the signal
path, satellite hardware and antenna, receiving equipment including receiver, antenna, splitter
and cable (Simsky et al. 2006; Hauschild et al. 2012). Such dependencies are well reflected
in our observations in Figure 2. The signals transmitted by the IOV satellites show a lower
level of C/NO in comparison with their FOC counterparts. This difference probably stems
from the FOC and IOV satellites being different in transmit antenna patterns and transmit
power levels. In addition, in 2014, following the fourth IOV (E20) sudden power loss and
failure in transmission of the ES and E6 signal, ESA imposed a reduction of 1.5 dB in the
signal power of all the four IOV satellites (Langley 2014; Steigenberger and Montenbruck,
2016). Beside the discrepancy between the IOV and FOC signals C/NO, we also noticed a
difference between the C/NO of IOV satellite pair E11/E12 and IOV satellite E19, being

more pronounced in the case of Septentrio PolaRx5 receiver. According to our observations,
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the carrier-to-noise density ratio for E19 lies below that of the other two IOV satellites for the

elevations higher than 60 degrees.

Multipath performance

The Galileo code modulations are theoretically expected to suppress the long-delay
multipath. In this sense, ESAItBOC not only outperforms the other signals, but it is also
expected to have a high level of short-delay multipath rejection (Simsky et al. 2006, 2008a).
In order to assess the multipath impact on Galileo signals, we form the code multipath
combinations using the data collected by stations CUBS, SPO1, and ADR2. The first two
stations are equipped with the same receiver and antenna type, but have a different multipath
environment (Table 2). The antennas deployed at all these three stations are of choke-ring
type with low gain at low and negative elevation angles (Tranquilla et al. 1994). The code

multipath combination is given as follows (Estey and Meertens 1999)

A
S — S, _ (S,
Nrj = Prj — @rj +2 ¥

2
7 (08— o)) (1)

— S S
= &ps. oy T Ergp

where p;; and @3 ; denote the code and the phase observation from receiver r to satellite s on
frequency j, respectively. A;jis the wavelength of the frequency j. The code multipath

combination n;j i1s composed of code multipath, Ep?j’ receiver/satellite hardware delays and

integer-valued ambiguities on both frequency j and i, cﬁj{j,i}, and the phase noise and
multipath on both frequency j and i and the code noise on frequency j, e;{j'i}. The

contribution of the multipath and noise of the phase observations ¢3; and @3 ; is amplified

22
through the factor v ’)\2 which in case j is set to E1, ESa, ESb, ES and E6 can, respectively,
174

reach up to 3.9 (i: E6), 78.2 (i: ES), 77.2 (i: ES), 76.2/79.2 (i: E5a/ESb) and 16.4 (i: E5Sb). The
significance of this contribution for a givenj is then governed by the choice of i and the
relative magnitude of the multipath and noise of pﬁ,]- compared to those of g; and cp;]-. As
will be discussed in the next subsection, the multipath and noise of the code observations of
El, E5a, E5b and E6 frequencies are by far greater than those of the phase observations, such
that when j is set to one of these frequencies, the contribution of the phase noise and

multipath to (1) can practically be neglected for any choice of i. As to E5, however, due to
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having centimeter-level code precision, one should avoid i: ESa/ESb since the phase noise
and multipath contribution to (1) would be as large as code noise and multipath. In the
following, for the cases j: ESa, ESb, ES and E6, we set i: E1, and for the case j: E1, we set i:
ES.

Figure 3 (Left) depicts the time series of the code multipath combination of the Galileo
signals observed between station-satellite (from top to bottom) CUBS-E26 on DOY 118 of
2017, SPO1-E26 on DOY 118 of 2017 and ADR2-E11 on DOY 21 of 2017. The satellite
elevation is also shown as a gray dashed line. During the considered periods, the

receiver/satellite hardware delays can be assumed constant over time, and since there was no

S

loss of lock, the ambiguities are also constant over time. Therefore the term c;;;

} in (1) can
be eliminated if the mean value of n;j time series during the mentioned periods, denoted by
ﬁ;j, is subtracted from the nﬁ‘j time series. Shown in Figure 3 (Left) are then the time series
of nﬁ']- -1 ﬁl The differences in the multipath signature between these three panels stem from

the differences in multipath environment and, in case of the right panel, the receiver/antenna
type. As the satellite elevation decreases, the code multipath fluctuates more rapidly and with
higher amplitudes. The Galileo signals in terms of the severity of this behavior can be
ordered as E1>E5a>ES5b>E6>ES for the stations CUBS and SPO1, and as E5Sa>E5b>E1>ES
for the station ADR2. As to the ES, this behavior is mitigated considerably such that the ES
code multipath can be assumed to a large extent independent of the satellite elevation. The
high performance of the E5 signal lies in its wide bandwidth and AItBOC modulation
(Simsky et al. 2006; Diessongo et al. 2014).

Figure 3 (Right) provides the standard deviation of the code multipath combination over
elevation bins of 10 degrees for the Galileo signals. These graphs are obtained based on all
the Galileo observations recorded by the corresponding stations during 10 days. The
multipath performance of three signals E5a, ESb and E6 are similar to each other, poorer than
El in the case of station ADR2 and better than E1 in the case of stations CUBS and SPO1.
The graphs corresponding with ESAItBOC shows a much flatter signature, revealing a small
difference between high-elevation and low-elevation multipath for this signal. This
observation is also consistent with the results presented by Simsky et al. (2006) based on the

observations of GIOVE-A.
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Fig. 3 Galileo code multipath behavior. (Left) Code multipath combination time series based
on the observations of station-satellite (from top to bottom) CUBS-E26 on DOY 118 of
2017, SPO1-E26 on DOY 118 of 2017 and ADR2-E11 on DOY 21 of 2017. The satellite
elevation is indicated by the dashed line. (Right) The standard deviation of the code
multipath combination over elevation bins of 10 degrees, based on all the Galileo
observations recorded by (from top to bottom) station CUBS and SPO1 during DOYs 118-
127 of 2017 and station ADR2 during DOY's 12-21 of 2017.
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Measurement noise

The GNSS underlying observational model consists of two parts: functional model and
stochastic model. The former describes how the parameters of interest, e.g. receiver-satellite
range, ionospheric delay, receiver clock error, are related to the GNSS observations, while
the latter describes the noise characteristics of the GNSS observables. In order to assess the
noise characteristics of the Galileo signals, we employ the Galileo data of the short baselines
CUBS-CUCS, CUBS-SP0O1, ADR2-APEL, and CUBS-UWAQ (Table 2), for which the
differential ionospheric and tropospheric delays can be assumed negligible. With the
covariance C(.,.) operator, we consider the following stochastic model for the undifferenced

code and phase observations on frequency j,
C(PEjrPUs) = 8ruBsvop W, C(@r) @) = Srubsvofw®,  C(pyj @u;) =0 (2)

where &, is the Kronecker delta (6, = 1 for r = u and zero otherwise), and &, is defined
likewise. w® captures the satellite-elevation dependency of the Galileo data through the

exponential weighting function as

wi = (14 10exp(-2)) ®

where 0% is the elevation of satellite s in degrees (Euler and Goad 1991). Note we have
dropped the receiver index from 6% and w*® since the elevation of satellite s can be assumed

the same for the considered station pairs which are separated at a short distance. Oy, and O,

denote the zenith-referenced standard deviations of the undifferenced code and phase

observations on frequency j, respectively.

Our aim is to find representative values for {O'p]., Gq,].} (G =1,..,5). To do so, we apply the

LS-VCE method (Teunissen and Amiri-Simkooei 2008; Amiri-Simkooei et al. 2009) to the
I-second (1Hz) double-differenced (DD) code and phase observations which are corrected
for the DD ranges and, in case of phase observations, the integer DD ambiguities. The DD
ranges were computed from the known receiver and satellite positions. Whereas the reference
integer ambiguities were computed using the very strong multi-epoch baseline-known model
in which the observations of multiple epochs are incorporated, the ambiguities are assumed
to be constant over time and the baseline components are assumed known. These corrected
DD observations and the so estimated variances, will capture the combined effect of the

transmitted signal quality, the receiver architecture like correlator and loops, as well as any
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remaining mis-modeled effects like multipath. The impact of multipath can be largely
mitigated through the method explained in the following. Since the stations in use are static
and their surrounding environment almost remains unchanged over time, the multipath
influence on a signal of a specific frequency is expected to repeat when the Galileo receiver-
satellite geometry repeats after 10 sidereal days. Therefore by subtracting the corrected DD
observations corresponding with the same satellite geometry (obtained every 10 sidereal
days), the adverse multipath impact can be largely eliminated (Bock 1991; Genrich and Bock
1992; Zaminpardaz et al. 2016).

Table 3 lists the estimated standard deviations of the Galileo code Op; and phase O,

observations with and without multipath corrections. For static stations, as used in this study,
the multipath pattern for the Galileo constellation is expected to repeat every 10 sidereal
days. This indicates that for every 10-day period, the multipath signature differs from day to
day. Therefore, the standard deviations estimations of the original observations in Table 3 are
obtained based on 10-day data sets. Prior to applying the multipath corrections to these data
sets using the data of 10 days later as explained above, we first checked whether the
multipath pattern indeed repeats after 10 sidereal days. Our observations showed that, in spite
of the multipath environment remaining unchanged over time, for some of the satellites
during some time intervals the multipath signature does not show a good repeatability. As an
example, Figure 4 for the station-satellite CUBS-E12 shows the El code multipath
combination time series during a 48-minute period on DOY pairs (blue-red) 123-133 (top)
and 124-134 (bottom). The satellite elevations during the considered periods in top and
bottom panels are similar. The UTC labels given in the top/bottom panel are on DOY
133/134, and therefore the UTC for the blue graphs are obtained by adding 2420 seconds
(=10x% four minutes) to the shown UTC labels. It can be seen that while the multipath pattern
shows consistent signature for DOY pair 123-133, its behavior differs from DOY 124 to
DOY 134. A possible explanation for this discrepancy is as follows. The time shift that we
use for DOY pairs 123-133 and 124-134 is 2420 seconds which has been computed through
cross-correlation of the corresponding baseline (CUBS-CUCS) estimation time series on
DOYs 53 and 63 of 2017. However, our observations show that the repeat cycle varies
among different Galileo satellites. Even for a given specific satellite, the repeat cycle changes
from time to time. Any variation in the satellite geometry would then result in the variation in
multipath signature. Thus, for estimating the multipath-corrected standard deviations in Table

3, we only chose data of those days showing very similar multipath signature to that of their
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counterparts 10 days later, with the purpose of providing values one could achieve in case the
multipath could have been eliminated. Note for multipath-corrected estimations, due to day-
differencing, we have taken the doubling of the noise level into account through replacing w®

by 2wS.

Table 3 LS-VCE estimation of the undifferenced code o, and phase o, zenith-referenced

(0]
standard deviations of the Galileo data. For each frequency and each baseline, two values are
given for o, and o,which, from left to right, correspond to the original and multipath-

corrected data.

Signal CUBS-CUCS | CUBS-SPO1 | ADR2-APEL | CUBS-UWAO
El 21.2,10.8 18.9,9.8 17.5,3.2 16.4,9.8
ESa 15.3,5.6 14.9,5.5 19.6, 3.7 13.7,5.5
op (cm) | E5b 16.3,5.6 15.1,5.6 18.8,3.7 14.1,5.6
ES 6.4, 1.1 5.1, 1.1 6.8, 1.0 51,12
E6 16.5,7.5 16.6, 7.6 -, - 13.1,7.9
El 1.4,0.5 3.0,0.8 3.8,0.9 5.7,3.2
E5a 1.5,0.5 3.1,09 38,13 6.8, 4.5
0, (mm) | E5b 1.4,0.5 3.1,0.8 3.6,1.3 6.7,4.4
ES 1.1,04 3.0,0.8 3.6,1.3 6.7,4.4
E6 1.4,0.5 3.0,0.8 -, - 5.6,4.1

Despite having the same receiver and antenna type, baselines CUBS-CUCS, CUBS-SPO1
and CUBS-UWAOQ show differences in their estimations of the original data standard
deviations which can be attributed to the differences in the multipath environment of the
stations CUCS, SPO1 and UWAOQ. These discrepancies would vanish though, were the
multipath effect be completely eliminated. This is also confirmed comparing the
corresponding outcomes based on the original and multipath-corrected data. It can be seen
that upon applying multipath corrections, the differences between the estimations of the
mentioned three baselines get smaller. The stations forming the baseline ADR2-APEL have
different antenna types (Table 2). The results presented in Table 3 for this station pair thus

capture the combined effect of different antenna types involved. Comparing the standard
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deviation estimations of a specific signal based on the data of different baselines, one notes
that the ordering would change if the multipath corrections are applied. For example, the
code precision of the ES5a original data improves from ADR2-APEL to CUBS-CUCS to
CUBS-SP0O1 to CUBS-UWAQ, whereas on the basis of ESa multipath-corrected data, the
code precision improves from CUBS-CUCS to CUBS-SPO1/CUBS-UWAO to ADR2-APEL.

DOY pair 123-133

Code multipath combination [m]

20 20.2 204 20.6 208
UTC [hours]

DOY pair 124-134

Code multipath combination [m]

12 14 16 18 2
UTC [hours]

Fig. 4 Code multipath combination time series based on the E1 observations of station-
satellite CUBS-E12 on (Top) DOYs 123 (blue) and 133 (red) of 2017 (Bottom) DOYs 124
(blue) and 134 (red) of 2017.

The order in which the signals can be arranged in terms of their precision is different for
various receiver/antenna types. The code standard deviation of the E5 signal, however, shows
lower dependency on the receiver/antenna type and the multipath environment, and
significantly smaller values with respect to that of the other signals. Upon applying the
multipath correction, the code standard deviations of all the signals experience a dramatic

reduction which is a factor of five in the case of E5. The phase precision estimations either
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with or without multipath corrections, in contrast to their code counterparts, do not show any

dependency on the signal type.

The results presented in Table 3 have been obtained combining the observations of the
IOV and FOC satellites. We also carried out the LS-VCE estimations based on the IOV-only
and FOC-only observations. The estimated code standard deviations of the FOC satellites are
generally smaller than those of the IOV satellites. The phase observations of these two types

of satellites, however, show similar precisions.

ESAItBOC RTK Analysis

It was shown in the previous section that among the five Galileo signals, ESAItBOC shows a
significantly higher signal power and lower level of multipath and noise. Such characteristics
give us the motivation to further analyze the high-performance ES signal for its potential
capability in RTK positioning. In this section, we present the results of the Galileo E5-based
instantaneous RTK performance. Our assessments are carried out based on the Galileo data
collected by CUBS-CUCS (6-day data set; DOYs 54, 56-60 of 2017), CUBS-SPO1 (5-day
data set; DOYs 123-127 of 2017), ADR2-APEL (1-day data set; DOY 17 of 2017) and
CUBS-UWAO (2-day data set; DOYs 173-174 of 2017), once without multipath correction
and once with multipath correction provided by the Galileo data 10 days later. With the
current Galileo constellation, there exist time intervals with less than four visible satellites,
accounting for 41% and 51% of a repeat cycle of 10 days at Perth and the Netherlands,
respectively. These percentages increase further to 78% upon excluding E14 and E18, which
is the case with our analyses in this contribution. The periods considered for our RTK
evaluations accommodate time intervals with four to five visible satellites. In case of the first
two baselines, there is a very short time interval with six satellites being visible. Given the
limited number of visible Galileo satellites, the corresponding PDOP (Position Dilution Of
Precision) reaches extremely large values, thus making positioning almost infeasible. In
order to leave out these extreme values, in the sequel, we consider various PDOP thresholds

when presenting RTK results.

GNSS single-frequency observational model

Let us assume that two receivers are simultaneously tracking m Galileo satellites on a single

frequency, say ES. The corresponding multivariate DD observation equations can be cast in
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(Teunissen and Montenbruck 2017, Chap. 1; Hofmann-Wellenhof et al. 2008, Chap. 5)

lD;pl [DTG P 1] [b]

(4)

J[Dhp] _[e3e O
ool = [ ool

where E[.] and D[.] denote, respectively, the expectation and dispersion operator. The
observations are formed by the vectors of the DD code and phase measurements, obtained by
applying the between-satellite differencing operator DY, to the m-vector of between-receiver
single-differenced (SD) code p and phase ¢ measurements. The (m — 1) X m differencing
operator can be formed as e.g. DI = [—e,,_;, I,_;] where e,_; and I, , denote the
vector of ones and the identity matrix, respectively. The unknowns to be estimated are the 3-
vector of the baseline increments b, linked to the observations through the m X 3 geometry
matrix G, and the (m — 1)-vector of the DD ambiguities a, linked to the phase observations
through the signal wavelength A. The noise of the measurements is characterized through

three factors, i.e. 0,,0, and Q = DIW-1D,,. opand o, denote the zenith-referenced

p )
standard deviation of the undifferenced code and phase measurements (cf. 2), and W is the
m X m diagonal matrix having the satellite elevation-dependent weights w® (cf. 3) as its
diagonal entries. Note our analyses are based on the short-baseline data where the differential

ionospheric and tropospheric delays can be neglected.

As (4) suggests, for the single-epoch analyses, the phase observations are fully reserved
for the estimation of the DD ambiguities. The estimation of the baseline would then be
governed by the code observations only. The so obtained solutions for the baseline and the
DD ambiguities are called float solutions. Upon resolving the DD ambiguities to their integer
values, the phase observations would take the leading role in the baseline estimation. The so

obtained solutions for the baseline and the DD ambiguities are called fixed solutions.

Ambiguity resolution results

Successful phase ambiguity resolution is a prerequisite to the realization of RTK positioning.
As a measure to analyze the Galileo ES ambiguity resolution performance in the framework

of the model given in (4), we make use of the integer bootstrapped (IB) success rate as it is
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easy to compute, and also the sharpest lower bound to the integer least-squares (ILS) success
rate which has the highest success rate of all admissible integer estimators (Teunissen 1999;

Verhagen and Teunissen 2014). The formal IB success rate is computed as (Teunissen 1998)

m-—1
Formal IB Ps = 1_[ lZd) (2; ) — 1] (5)
i=1 Zif1

with ¢p(x) = ffoo\/%_nexp {—%Uz}dv and o5, (i=1,..,m—1andI=1,..,i— 1) being the

conditional standard deviations of the decorrelated ambiguities. As the formal IB success rate

is model-driven, to check the consistency between our data and the assumed underlying

model, we also compute the empirical IB success rate which is data-driven and given as

# correct fixed DD ambiguities
# float DD ambiguities

Empirical IB Ps = (6)

To judge whether a float DD ambiguity (@) is correctly fixed, its corresponding IB solution
(@) is compared with the reference integer DD ambiguity (a) computed based on the multi-
epoch ILS solution of the baseline-known model. Table 4 shows the empirical and formal
single-epoch IB success rates for both the original and multipath-corrected data of the
mentioned four baselines. The formal values in this table are obtained through averaging the
formal IB success rates over the period in use. In addition, since for the positioning results,
coming in the next subsection, we consider various thresholds for PDOP value, we apply
them here as well. One should, nevertheless, have in mind that the ambiguity resolution

performance is not characterized through PDOP (Zaminpardaz et al. 2016, p. 546).

The results in Table 4 state that upon applying the multipath corrections, the IB success
rates increase dramatically such that (almost) instantaneous ambiguity resolution becomes
feasible. For example, if an ambiguity resolution success rate of 99.9% is sought for RTK
positioning, our computation shows that, on average, four epochs of 1-second data are
required. However, there still remains some inconsistencies between empirical and formal
outcomes which can be attributed to the existence of the multipath residuals as explained in
the following. As was mentioned previously, applying the multipath corrections cannot fully
eliminate the multipath impact on our data sets, thereby leaving some residuals. The
multipath-corrected standard deviations in Table 3, based on which the multipath-corrected
formal success rates are computed, also, in turn, capture the impact of the multipath residuals
of the underlying data sets. The multipath-corrected empirical success rates in Table 4 are

also affected by the multipath residuals of the corresponding data sets. The difference of the
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multipath residuals existing in the data sets used in Table 3 and those employed in Table 4, if
non-negligible, can lead to disagreement between empirical and formal success rates. Note
that the differences between the formal success rates of different baselines stem from the
differences in the corresponding code/phase standard deviation (Table 3) and the satellite

geometry.

Table 4 Average single-epoch formal and empirical bootstrapped (IB) success rate (%), for
the original and the multipath-corrected Galileo ES data, collected by several baselines with
the cut-off elevation of 10°. For each baseline and each PDOP threshold, two rows of values
are given; the first row corresponds to original data while the second row corresponds to the

multipath-corrected data. emp: empirical; form: formal.

Baseline PDOP<30 PDOP<20 PDOP<10
emp form emp form emp form
CUBS-CUCS 322 28.0 33.1 28.5 40.2 34.6
95.2 92.1 95.5 92.3 97.6 95.0
CUBS-SPO1 32.1 27.0 33.1 27.9 30.4 26.9
89.6 93.0 89.7 93.4 87.3 94.2
ADR2-APEL 23.2 19.9 20.9 19.5 14.1 13.6
95.6 93.7 95.2 93.7 96.9 91.0
CUBS-UWAO 29.3 29.5 29.2 29.8 27.0 29.4
85.1 914 85.1 91.9 81.4 914

Now, through visualization, we elaborate more on how applying the multipath correction
improves the ambiguity resolution performance. For this purpose, we choose a period of
7000 seconds of the CUBS-CUCS data set, over which four Galileo satellites are visible from
these stations, which in turn, results in three DD ambiguities. During this period, there was
no loss of lock, and therefore the DD ambiguities remained constant. Figure 5 shows the
corresponding 3-dimensional scatter plot of the single-epoch solutions of @ — a (gray) and

d —a (green: correctly fixed; red: wrongly fixed). While the left panel depicts the
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estimations based on the original data, the right panel shows those based on the multipath-
corrected data. It can be seen that once the multipath corrections are applied to our data, the
scatter plot of @ — a shrinks considerably, and the number of incorrectly fixed solutions

decreases from 29 to 3.

Without multipath correction With multipath correction
# red dots: 29 # red dots: 3
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Fig. 5 3-dimensional scatter plot of the single-epoch DD ambiguities in float mode @ — a
(gray) and fixed mode d — a (green: correctly fixed; red: incorrectly fixed), corresponding
with the Galileo ES5 data collected by CUBS-CUCS over a period of 7000 seconds on DOY
54 of 2017. Given on top of each panel is the number of integers which were incorrectly
determined by the IB estimator to be the DD ambiguities solution. Also, in the upper right of
each panel, the scatter plot of only the fixed solutions is depicted. (Left) Without multipath

correction; (Right) With multipath correction.

RTK Positioning Results

In this subsection, we discuss the single-epoch baseline estimation results based on the
Galileo ES5 observations. Setting the thresholds of 30, 20 and 10 for PDOP, Table 5 gives the
empirical and formal single-epoch standard deviations of the estimated components of the
baselines CUBS-CUCS, CUBS-SP01, ADR2-APEL, and CUBS-UWAUOQ. The first two rows
for each baseline give the ambiguity-float results on the basis of original and multipath-
corrected data, respectively. The multipath-corrected results in Table 5 can be considered of
practical relevance for kinematic users in a low multipath environment or for static baselines
like e.g. for deformation monitoring. As was shown in the previous subsection, the

multipath-corrected Galileo ES data can provide (almost) instantaneous successful ambiguity
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resolution. Therefore, the third row for each baseline gives the multipath-corrected
ambiguity-fixed results, which are computed based on only the correctly-fixed solutions. The
formal and empirical standard deviations are computed on the basis of the respective formal
and empirical variance matrix. The Formal variance matrix is obtained from taking the
average of all the single-epoch least-squares baseline variance matrices, whereas the
empirical variance matrix is obtained from the differences of the estimates and the available
ground truth of the mentioned baselines. Comparing the ambiguity-float results from the
original data with those from the multipath-corrected data, the precision improvement
achieved upon applying the multipath correction is a factor of about 4.24 which is the ratio of
opof the original data to V2 x op of the multipath-corrected data. The empirical results show
consistency with the formal outcomes, particularly in case of the ambiguity-fixed scenario.
Also, the positioning precisions depend on the receiver/antenna type as well as the extent to

which the multipath impact can be mitigated (Table 3).

In the following, the positioning results of the baseline CUBS-CUCS are visualized and
further discussed. Shown in Figure 6 are the scatter plot of the CUBS-CUCS baseline
horizontal components estimation errors (top) and the time series of the baseline height
estimation error (bottom). Note, in this figure, we have stacked all the periods on DOYs 54
and 56-60 of 2017, during which a minimum of four Galileo satellites are visible, and the
corresponding PDOP is less than 30. The estimation errors are computed by subtracting the
baseline ground truth from the baseline single-epoch estimations. Different colors in this
figure have the following meanings; gray: float solution, green: correctly-fixed solution, and
red: incorrectly-fixed solution. The two left panels are based on the original data, whereas the
two right panels correspond with the multipath-corrected data. In the lower right panel is also
shown the 95% formal confidence interval (blue lines) based on the float height standard

deviation. To obtain these results, a threshold of 30 was imposed on the PDOP.

In Figure 6, the scatter plots do not show an ellipsoidal shape which is due to the
significant changes that the receiver-satellite geometry undergoes during the mentioned six
days. It can also be seen that the variation of the float solutions (gray) significantly decreases
upon applying the multipath correction. This is due to the improvement of the E5 code
precision following the elimination of the multipath effect from the code data (Table 3). The
density of the red and green dots can be explained by means of the formal IB success rate.
Figure 7 shows a zoom-in of the multipath-corrected height estimation error time series

between (50000, 70000) (top) and the corresponding time series of the single-epoch formal
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509  IB success rate (bottom). The distribution of the red and green dots is in good agreement with
510 the behavior of the formal IB success rate. When the success rate gets smaller, the density of
511 red dots increases and vice versa.
512  Table 5 Single-epoch standard deviations of the estimated components of the baselines
513 CUBS-CUCS, CUBS-SP01, ADR2-APEL and CUBS-UWAO based on the Galileo E5
514  measurements collected with the cut-off angle of 10°. For each baseline and each PDOP
515 threshold, six values per coordinate components are given on three rows. The first row
516  contains the ambiguity-float results without multipath correction; the second contains the
517  multipath-corrected ambiguity-float results and the third contains the multipath-corrected
518  ambiguity-fixed results. On each row, from left to right, empirical and formal values are
519  presented
Baseline PDOP<30 PDOP<20 PDOP<10
North East Height North East Height North East Height
CUBS-CUCS 0.268, 0.225, 0.735, 0.235, 0.213, 0.593, 0.150, 0.185, 0.412,
0.305 0.262 0.804 0.268 0.238 0.656 0.165 0.179 0.423
0.064, 0.044, 0.170, 0.053, 0.040, 0.143, 0.030, 0.034, 0.083,
0.076 0.065 0.201 0.067 0.059 0.164 0.041 0.045 0.106
0.002, 0.002, 0.006, 0.002, 0.002, 0.005, 0.001, 0.002, 0.003,
0.003 0.002 0.007 0.002 0.002 0.006 0.001 0.002 0.004
CUBS-SPOI 0.233, 0.197, 0.607, 0.200, 0.181, 0.505, 0.172, 0.165, 0.376,
0.260 0217 0.662 0.226 0.191 0.534 0.168 0.145 0.339
0.085, 0.071, 0.196, 0.077, 0.066, 0.158, 0.060, 0.060, 0.134,
0.077 0.064 0.196 0.067 0.056 0.158 0.050 0.043 0.100
0.006, 0.005, 0.016, 0.004, 0.004, 0.012, 0.004, 0.003, 0.008,
0.006 0.005 0.015 0.005 0.004 0.012 0.004 0.003 0.008
ADR2-APEL 0.386, 0.226, 0.746, 0.397, 0.224, 0.715, 0.252, 0.225, 0.346,
0.387 0.260 0.799 0378 0.248 0.690 0.305 0.205 0.503
0.062, 0.051, 0.162, 0.062, 0.046, 0.143, 0.045, 0.035, 0.086,
0.081 0.054 0.167 0.079 0.052 0.144 0.063 0.043 0.105
0.011, 0.006, 0.024, 0.010, 0.005, 0.019, 0.007, 0.003, 0.012,
0.010 0.007 0.022 0.010 0.006 0.019 0.008 0.005 0.014
CUBS- 0.229, 0.153, 0.614, 0.197, 0.143, 0.562, 0.166, 0.126, 0.364,
UWAO 0.258 0.170 0.577 0.224 0.156 0.511 0.171 0.138 0.368
0.071, 0.053, 0.180, 0.065, 0.050, 0.166, 0.052, 0.049, 0.125,
0.087 0.058 0.195 0.076 0.053 0.173 0.058 0.047 0.124
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523  Fig. 6 CUBS-CUCS baseline solutions based on the Galileo ES measurements collected on
524  DOYs 54 and 56-60 of 2017 with the cut-off angle of 10°. These solutions correspond to
525  PDOP values smaller than 30. (Top) Horizontal scatter plot with a zoom-in in the lower left.
526  (Bottom) Height estimation errors time series with a zoom-in in the bottom. gray: float
527  solutions; green: correctly-fixed solutions; red: incorrectly-fixed solutions. The blue lines in
528 the lower right panel indicate the 95% formal confidence interval.
529
530 The time series of the multipath-corrected height estimation errors, except for some
531 intervals, shows a consistent signature with its formal counterpart (blue lines). The
532  inconsistencies between the formal and empirical float solutions can be attributed to the fact
533 that the multipath corrections that we apply to our data cannot eliminate the multipath effect
534  completely. Instead, they capture largely the multipath trend (low-frequency multipath
535 components) and partly the high-frequency multipath components which are of higher
536  amplitudes in the satellite signals received at low elevations (Figure 3, left).
537
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542  Fig. 7 Ambiguity resolution performance. (Top) A zoom-in of the height estimation errors
543  time series illustrated in the lower right panel of Figure 6. (Bottom) The corresponding time

544  series of the single-epoch formal IB success rate.

545

546

547  Fig. 8 Skyplot of Galileo at Perth, Australia, during UTC(18:35:11-19:21:51) on DOY 56 of
548 2017 with a cut-off elevation of 10°. The red dots show the location of the visible satellites at

549 the first epoch of this time interval.
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Looking at the ambiguity-fixed solutions presented in the right panel of Figure 6, during
some time interval, different clusters of fixed solutions can be recognized, indicating that the
DD ambiguities are resolved to different integer vectors during these periods. As an example,
we consider the interval (30200 , 33000) through which there exist three (two red and one
green) clusters of fixed solutions, thus three different integer estimations of the ambiguities.
Shown in Figure 8 is the skyplot of the Galileo satellites at Perth during this period.
According to this figure, four satellites are visible among which satellite EQ9 is just rising
from the elevation of 15°. Figure 9 (right) shows the time series of the float and fixed DD
ambiguities over the mentioned period, from top to bottom, for the satellite pairs EO1-EQ9,
EO01-E19, and E01-E26, respectively. It can be seen that while the DD ambiguities of E01-
E19 and EO1-E26 are correctly fixed to 0, those corresponding with EO1-E0Q9 are varying
between -1, 0 and 1 which is obviously due to the residuals of the high-frequency multipath
components. Figure 9 (left) shows the 3-dimensional scatter plot of the float DD ambiguities
during the first 100 epochs of the interval (30200, 33000), where a,: EO1-EQ9, a,: EO1-E19
and a3: EO1-E26. The zero IB pull-in region (black parallelepiped), computed based on the
average DD ambiguities variance matrix over the mentioned 100 epochs, is also illustrated in
this figure. The ambiguities solutions inside the pull-in region are indicated by the green dots
and those outside the pull-in region by the red dots. It can be seen that the scatter plot of the
DD ambiguities deviates from the zero IB pull-in region along a;direction, corresponding

with EO1-E09.
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Fig. 9 (Left) 3-dimensional scatter plot of the float DD ambiguities corresponding with the
satellite geometry shown in Figure 8 during the interval (30200 , 30300). The black
parallelepiped is the IB pull-in region. The float DD ambiguities inside the IB pull-in regions
are denoted by green dots and those outside the IB pull-in region by red dots. a; : EO1-E09,
a, : EO1-E19 and a5 : EO1-E26. (Right) Time series of the float and fixed DD ambiguities
over the mentioned interval. gray: float solutions; green: correctly-fixed solutions; red:

incorrectly-fixed solutions.

Summary and Conclusion

We provided the results of the Galileo signals stochastic properties employing 1-second data
collected by four short baselines of different lengths and receiver/antenna types. The
assessments included the observations of both the IOV and FOC satellites in the constellation
in April 2017 excluding E14 and E18. We analyzed the signal power, multipath performance
and the noise level of the Galileo E1, ESa, ESb, ES and E6 signals. The carrier-to-noise
density ratio C/NO measurements of the Galileo FOC satellites demonstrated higher values
than those of the IOV satellites. This can be attributed to different transmit antenna patterns
and transmit power levels of these two types of satellites, and also the signal power reduction
of all the IOV satellites imposed by ESA in 2014. For two types of receiver/antenna in use,
i.e. Septentrio PolaRx5/TRM 59800.00 SCIS (CUBS) and Leica GR50/LEI AR20 (ADR?2),
our C/NO observations revealed the following ordering ES5S>E6>E5b>ES5Sa=<El and
E5>ESb=E5a>El, respectively.

To analyze the multipath performance of the Galileo signals, the corresponding code
multipath combinations were formed based on the observations of three stations (CUBS and
SPO1 at Perth and ADR2 in the Netherlands) with different multipath environment and
receiver/antenna type. The standard deviations of the code multipath combination as a
function of satellite elevation were illustrated. The multipath performance of three signals
ESa, ESb and E6 were similar to each other, poorer than E1 in the case of station ADR2 and
better than E1 in the case of stations CUBS and SPO1. A strong satellite-elevation
dependency was visible in the code multipath of all these four signals. Taking considerably

smaller values, ES signal multipath showed a weak dependency on the satellite elevation.

Having investigated the multipath performance of the Galileo signals, we then turned our

attention into the assessment of the measurement noise. To do so, we made use of the LS-
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VCE method to estimate the zenith-referenced variance of the signals on different
frequencies. Our estimations are combinations of the transmitted signal quality, the receiver
architecture including correlator and loops, and any remaining mis-modeled effects like
multipath. Describing a multipath mitigation method, we presented the LS-VCE estimations
of the mentioned variances for both the original and the multipath-corrected data of several
short baselines of different lengths and receiver/antenna types. The order in which the signals
can be arranged in terms of their precision is different for various receiver/antenna types.
Upon applying the multipath correction, the code standard deviations of all the signals
experienced a dramatic reduction. The code standard deviation of the E5 signal showed
significantly smaller values with respect to that of the other signals, with low dependency on
the receiver/antenna type and the multipath environment. Estimations based on the data of all
four short baselines confirmed a standard deviation of about 6 cm without multipath
correction and about 1 cm with multipath correction for the E5 code observations. The phase
precision estimations either with or without multipath corrections did not show any

dependency on the signal type.

Showing a significantly lower level of multipath and noise and higher signal power
irrespective of the receiver/antenna type, ES signal was further investigated for its capability
in instantaneous RTK positioning. For this purpose, we made use of the observations
recorded by all the mentioned baselines. It was shown that the Galileo E5 single-epoch
ambiguity resolution IB success rate of about 90% is achievable for all the station pairs upon
applying the multipath correction to the E5 data. This means that the Galileo ES data, if
corrected for the multipath effect, can make (almost) instantaneous ambiguity resolution
feasible already based on the current constellation. The resultant ambiguity-fixed positioning
precision varied as a function of the receiver/antenna type and the extent to which the

multipath impact can be mitigated.

We showed that the multipath corrections, generated as described in this paper, capture
largely the low-frequency multipath components and partly the high-frequency multipath
components which are of higher amplitudes and mainly present in the satellite signals
received at low elevations. Our results revealed that the residuals of these high-frequency
multipath components after applying the multipath corrections can still lead to incorrect

fixing of the DD ambiguities.
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