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In precise relative positioning applications, an effective approach to improve the interoperability
of GNSS systems is the tightly combining or inter-system double-differencing of observations
from the common frequencies that are shared by different constellations. As the BeiDou satellites
are currently transmitting a B2 signal at 1207.14 MHz that is identical to the Galileo E5b sig-
nal, the inter-system double-differenced observations can also be created between observations
from both systems at that particular frequency. In this paper, we will focus on the instanta-
neous ambiguity resolution performance analysis of tightly combining BeiDou B2 and Galileo
ESb observations. The size and stability of phase and code Differential Inter-System Biases
(DISBs) between BeiDou B2 and Galileo E5Sb signals are first investigated, in which the new
BeiDou and Galileo satellites launched recently will also be included. Then, first results of the
Tightly Combined Model (TCM) with a priori corrected DISBs (TCM_C) are evaluated in
comparison to the Loosely Combined Model (LCM) and tightly combined model with unknown
DISBs (TCM_F) in an instantaneous approach. It is demonstrated that the instantaneous inte-
ger ambiguity resolution performance can be improved using the TCM_C with respect to LCM

and TCM_F.
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1. INTRODUCTION. With the modernisation or development of global and regional
Global Navigation Satellite Systems (GNSS), many more satellites and frequencies are
becoming available that provide new opportunities and challenges for high-precision rela-
tive positioning applications (Odolinski et al., 2015; Lau et al., 2015; Quan et al., 2016).
In this context, interoperability of GNSS is becoming a major concern in the international
satellite navigation and positioning field. A very important aspect of interoperability is the
combined processing of observations from two or more GNSS systems to provide better
performance at the user level (Gibbons, 2011). In precise relative positioning applications,
an effective approach to improve the interoperability of GNSS systems is the tightly com-
bined or inter-system double-differencing of observations from the common frequencies
that are shared by different constellations (Julien et al., 2003). In that case, a single-
pivot satellite is chosen for all the observations from different constellations. As a result,
additional Double-Differenced (DD) observations can be created between the pivot satel-
lites of each system. This extra link between the two systems strengthens the adjustment
model. Compared to the loosely combined or classical double-differencing of observations
from each system independently, improved performance is expected in terms of integer
ambiguity resolution and position estimation (Odijk and Teunissen, 2013a; Paziewski and
Wielgosz, 2015; Odijk et al., 2017; Liu et al., 2017).

However, when this approach is introduced, one must consider the between-receiver
Differential Inter-System Biases (DISBs), despite the signals being tracked on the same
frequency (Hegarty et al., 2004). The DISB is the difference between the hardware delays
in the receiver that the signals of different GNSS systems experience and is present both
in the carrier phase and code data (Montenbruck et al., 2011). The DISBs are also differ-
ent in phase and code. Fortunately, when GNSS systems with overlapping frequencies are
applied, the DISBs are absent for baselines with receivers of the same type; and for base-
lines with different receiver types, the DISBs are very stable in the time domain and thus
can be calibrated a priori (Odijk and Teunissen, 2013a; Paziewski and Wielgosz, 2015).

Currently, most studies only focus on tightly combined relative positioning using obser-
vations from the common frequencies between Global Positioning System (GPS), Galileo,
Quasi-Zenith Satellite System (QZSS) and Indian Regional Navigation Satellite System
(IRNSS) (namely L1/E1 and L5/E5a). The results demonstrated that improved ambiguity
resolution can be obtained with calibrated DISBs (Odijk and Teunissen, 2013a; Paziewski
and Wielgosz, 2015; Odolinski et al., 2015; Odijk et al., 2017). Only a few researchers have
mentioned their DISB estimation results between BeiDou (BDS) satellites and Galileo In-
Orbit-Validation (IOV) satellites and none have focused on the model and performance
evaluation of tightly combined relative positioning of BDS with other systems (Odijk and
Teunissen, 2013b; Yuan and Zhang, 2014). As an aspect of evaluating the interoperability
of BDS with other systems, this contribution will evaluate whether tightly combined pre-
cise relative positioning can also be employed between BDS and Galileo, and how well it
performs. As the BDS satellites only transmit a B2 frequency at 1207.14 MHz that is iden-
tical to the Galileo E5b signal, this research is restricted to observations from BDS B2 and
Galileo E5Db signals. This research will provide results of tightly combined precise relative
positioning of BDS and Galileo in comparison to the loosely combined positioning. More-
over, this research is also motivated by the recent launches of BDS and Galileo satellites.
China launched several new-generation satellites into the BDS constellation from March
2015 to February 2016. By the end of 2015, eight Galileo Full Operational Capability
(FOC) satellites were also launched into the constellation. These new satellites will also be
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included in the analysis. Furthermore, the new-generation BDS satellites will also broadcast
some new signals similar to the GPS L1 and LS signals (Xiao et al., 2016), which means
that inter-system double-differencing can also be made using observations from these sig-
nals between BDS and other systems such as GPS, Galileo, and QZSS. Consequently, this
paper will also provide a valuable reference for tightly combining new-generation BDS
with GPS, Galileo and QZSS for precise relative positioning.

In this paper, we first demonstrate the Loosely Combined Model (LCM) and Tightly
Combined Model (TCM) using observations from BDS B2 and Galileo E5b signals. The
size and stability of DISBs between BDS B2 and Galileo E5b signals of all the available
satellites are then investigated, using zero baseline datasets collected at Wuhan Univer-
sity and Curtin University. The phase and code DISBs of BDS with respect to Galileo are
indeed shown to be absent for baselines with identical receiver types. For baselines with dif-
ferent receiver types, the phase and code DISBs are quite stable in the time domain, which
gives rise to calibration of these DISBs. Finally, the performance of the TCM with a priori
corrected DISBs (TCM_C) is evaluated with respect to the LCM and TCM model with
unknown DISBs (TCM_F) based on short baseline datasets in an instantaneous approach.
It is demonstrated that the instantaneous integer ambiguity resolution performance can be
improved using TCM_C with respect to LCM and TCM_F.

2. MODELS FOR COMBINED BDS B2 AND GALILEO E5SB RELETIVE POSITION-
ING. In this section, we will present the DD observation equations corresponding to
LCM, TCM_F, and TCM_C for precise relative positioning using BDS B2 and Galileo
E5b signals. When DD observations are created, the satellite-specific errors and the
receiver-specific errors can be eliminated. As our research is only performed for zero or
short baselines, the atmospheric delays, including the ionospheric delays and tropospheric
delays, can also be ignored.

2.1. LCM using BDS B2 and Galileo E5b signals. When LCM is considered, one
satellite is defined as the pivot satellite for BDS and Galileo respectively. Consequently, the
phase and code hardware delay in the receiver can further be eliminated. The DD observa-
tion equations corresponding to LCM with 15 as a pivot satellite for BDS and 1 as a pivot
satellite for Galileo is given by the following:

lpip —  lpip Lip Lpip
W =P AN ey

leje _  lgje 1ejE 1ejE
W =Py TANyT ey

1pip 1pip 1pip (1)
Py =" tey

legje —  lgje 1jE
Py = o ey

where k£ and / denote the receivers, iz and jz are the BDS and Galileo satellites respec-
tively, ¢ is the phase observable, P is the code observable, A is the wavelength for BDS B2
or Galileo E5Db signal, p is the geometric range between the receiver and the satellite, NV is
the integer phase ambiguity, and ¢ and e are the phase and code measurement noise, respec-
tively. In LCM, all of the DD observations of each system are functionally independent and
the only common parameters between both systems are the baseline components.

2.2. TCM_F using BDS B2 and Galileo E5b signals. When tightly combining is con-
sidered, a single pivot satellite is chosen for both systems. In that case, the phase and code
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hardware delay in the receiver cannot be eliminated. The DD observation equations corre-
sponding to TCM_F with 15 as pivot satellite can be given as follows (Odijk and Teunissen,
2013a; Paziewski and Wielgosz, 2015):

lpip —  lpip 1pip 1pip
G =0y AN ey

Igje _  lpje 1je BE 18/E

Sy = AN A8 ey @
1pip — , lpip 1pip

Pt =pg " ey

Plillf/h' — p]:lb,jﬁ + d]l?lE + e]i}ej/-:
where d5F denotes the code DISB parameter, SﬁE = NkllBIE +8PF the lumped phase DISB
parameter, which is composed of the differential phase DISB parameter (S,ZE) and the
ambiguity of the Galileo-pivot satellite with respect to the BDS-pivot satellite. The DISB
parameters can be estimated epoch-by-epoch according to Equation (2).

Although the code DISB is an unbiased parameter, the estimable phase DISB parameter
(Sf]E ) is biased by the inter-system ambiguity between the pivot satellites (NkllBlE ). As a
result, the phase DISB is obtained by taking the fractional part of the estimated lumped
phase DISB parameter in this paper. Moreover, compared to the LCM, the increase in the
number of observations is equal to the increase in the number of unknowns for this model.
This means that the single-epoch TCM_F does not contribute to the model strength. As a
result, identical performance is expected using this model with respect to the LCM.

2.3. TCM_C using BDS B2 and Galileo E5b signals.  As the DISBs are very stable in
the time domain, the adjustment model can be strengthened by a priori DISB calibration
and correction. According to Equation (2), the phase and code DD observations corre-
sponding to TCM_C then become the following (Odijk and Teunissen, 2013a; Paziewski
and Wielgosz, 2015):

lpip — lpip 1pip 1pip
b =0 AN ey

Tlgje _  lpje 1gjE 1pjE
by =Py TANy T tey 3)

lpip —  lpip 1pip
P = ot ey

}3}1;9]5 — plllzz/'E + ellij
where p,ifj‘s denotes DD code observation with code DISB corrected, and qB,lij is the DD
phase observation with phase DISB corrected. Note that it is sufficient to use the fractional
part of phase DISB to correct phase observations, because the integer part of the phase
DISB can be lumped with the corresponding inter-system DD integer ambiguities with-
out affecting integer ambiguity resolution and positioning (Odijk and Teunissen, 2013a;
Paziewski and Wielgosz, 2015).

The model strength of the TCM_C is stronger in comparison to the TCM_F or LCM.
The redundancy is increased by one per epoch compared to LCM and TCM_F. As a result,
improved performance is expected theoretically using the TCM_C with respect to LCM
and TCM_F.

3. RESULTS OF DISB ESTIMATION AND THEIR IMPACT ON AMBIGUITY RES-
OLUTION. In this section, we will analyse phase and code DISBs between the BDS B2
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and Galileo ESb signals from zero baseline datasets collected at Wuhan University and
Curtin University. Identical and different types of geodetic multi-GNSS receivers are used
in the Wuhan University experiment and Curtin University experiment respectively. We
will determine phase and code DISBs based on the observation model in Equation (2). The
DISBs are estimated epoch-by-epoch with known receiver positions under 10° elevation
cut-off angle.

The estimated DISBs for BDS B2 and Galileo E5b signals are then applied to another
dataset with a short baseline, in order to investigate the impact of DISBs on ambiguity res-
olution. The performance of the TCM_C will be evaluated in comparison to the LCM and
TCM_F. In TCM_C, the phase and code DISBs between BDS B2 and Galileo ESb signals
are a priori corrected and the positioning is conducted according to Equation (3). Con-
versely, in TCM_F, the phase and code DISBs are estimated according to Equation (2). In
the data processing procedure, the position estimation and integer estimation is conducted
epoch-by-epoch. The empirical success rate (Ps.) and the empirical failure rate (Pr) are
used to verify the performance of ambiguity resolution, which are defined as (Odolinski

etal., 2014):
p = #accepted and correctly fixed epochs @
* total # of epochs
_ #accepted and incorrectly fixed epochs 5)
Jfe =

total # of epochs

Whether the ambiguities are correctly fixed in a certain epoch is determined by comparing
the estimated ambiguities to the true ambiguities, which are solved using all of the avail-
able multi-system and multi-frequency observations over the whole time span. Note that
the Least-squares AMBiguity Decorrelation Adjustment (LAMBDA) method is used for
ambiguity resolution and the Fixed Critical-value Ratio Test (FCRT) as well as the Fixed
Failure-rate Ratio Test (FFRT) are used for ambiguity validation (Teunissen and Verhagen,
2009; Verhagen and Teunissen, 2013). We set the corresponding FCRT to standard values
of 1/2 and 1/3, and FFRT with user-defined failure rate (Pr) of 1% and 0-1% respectively.

It should be noted that as Galileo satellites E14 and E18 were originally injected in
an anomalous orbit (Hellemans, 2014), there are no broadcast ephemerides available for
these two satellites. Therefore, a precise orbit and clock product from the Multi-GNSS
Experiment (MGEX) of the International GNSS Service (IGS) are used for Galileo. On the
other hand, the broadcast ephemerides are used for BDS.

3.1. Experiments with Identical Receiver Type at Wuhan University. Two datasets
including a zero baseline experiment and a short baseline experiment, were collected on
the roof of School of Geodesy and Geomatics (SGG) at Wuhan University. Two identical
prototype receivers developed by a university in China, and two identical TRM59900-00
NONE antennae were used in the experiments. The zero baseline experiment (two receivers
connected to a TRM59900-00 NONE antenna) was conducted on 13 May 2016 (from
00:00 to 24:00 GPST) and used for DISB estimation. The short baseline (separated by
3.28 m) experiment was conducted on 16 May 2016 (from 04:00 to 24:00 GPST) and used
to investigate the impact of DISB on ambiguity resolution. The observations were collected
with 10 s sampling interval and 10° elevation cut-off angle. The observation conditions and
GNSS antennae used in zero and short baseline experiments are shown in Figure 1.
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Figure 1. Observation conditions and GNSS antennae used in zero and short baseline experiments at SGG of
Wuhan University.
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Figure 2. Sky plot (left) and availability (right) of BDS and Galileo satellites on 13 May 2016, above 10°
elevation cut-off angle.

3.1.1. DISB Estimation of Identical Receivers with Zero Baseline Experiment.
Figure 2 depicts the sky plot and the availability of BDS and Galileo satellites during
13 May 2016, above a 10° elevation cut-off angle. As shown, three newly launched BDS
satellites (namely C32, C33, and C34) can be observed during the day. However, only one
newly launched BDS satellite can be observed for most of the time span.

Figure 3 (left) shows the number of BDS and Galileo satellites tracked above a 10° ele-
vation cut-off angle. Figure 3 (left) shows that the number of BDS satellites varies between
nine and 12, whereas the number of Galileo satellites varies between one and five. Figure 3
(right) shows that the phase and code DISB series are both fairly stable in the time domain.
Moreover, the mean of these DISBs over the day are close to zero (—0-005 cycles and
0-014 m), as is expected for a pair of identical receivers. The estimated phase and code
DISBs also show a much noisier behaviour around 04:00, 12:00, and 20:00 GPST due to
the low elevation of Galileo satellites at these times.

3.1.2. Impact of DISB on Ambiguity Resolution with Short Baseline Experiment. The
data were collected from 04:00 to 24:00 GPST, 16 May 2016, which is separated by three
days from the previous zero baseline experiment. The sky plot and availability of BDS and
Galileo satellites are shown in Figure 4. As shown, three newly launched BDS satellites
(namely C32, C33, and C34) can also be observed during the day. Two newly launched
BDS satellites can be tracked from 04:00 to 09:20 GPST and 19:10 to 19:50 GPST, while
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Figure 3. Number of BDS and Galileo satellites tracked on 13 May 2016, above a 10° elevation cut-
off angle (left) versus estimated DISBs between BDS and Galileo (right) for zero baseline based on
identical receivers. The phase DISB is shown in the upper graph, the code DISB in the middle graph,
and the elevations in the bottom graph (red: Galileo; green: BDS).
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Figure 4. Sky plot (left) and availability (right) of BDS and Galileo satellites on 16 May 2016, above a 10°
elevation cut-off angle.

from 11:20 to16:00 GPST, no newly launched BDS satellites are available. The number of
satellites and PDOP for BDS and Galileo satellites are shown in Figure 5 (left). Figure 5
(left) shows that the number of available BDS satellites is no less than eight for most of
the time span and can even reach up to 14 due to the addition of the newly launched BDS
satellites; while the number of available Galileo satellites is no less than one for most of
the time span and can reach up to four. When combining BDS with Galileo, the number of
available satellites is no less than nine for most of time span and can even reach up to 17.
Figure 5 (right) shows the epoch-by-epoch Ambiguity Dilution of Precision
(ADOP) (Teunissen et al., 2014) and bootstrapped success rate (BSR) (Teunissen, 1998)
time series for LCM, TCM_F, and TCM_C. Note that as shown in the zero baseline exper-
iment, the phase and code DISBs (—0-005 cycles and 0-014 m) are close to zero and falling
within the precision level of a few mm and dm for an un-differenced phase and code obser-
vations, they are regarded as absent and are ignored in the TCM_C. As the single epoch
ADOP time series of TCM_F is identical to that of LCM, the ADOP time series of TCM_F
is not visible in the figure. This is also in line with the theoretical analysis in the “TCM_F
using BDS B2 and Galileo E5b signals” section. On the other hand, the single epoch ADOP
time series of TCM_C is obviously smaller than LCM and TCM_F, which is due to the
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Figure 5. Number of satellites and PDOP (left), ADOP and BSR (right) on 16 May 2016, above al0°
elevation cut-off angle.

Table 1. Empirical success rate and failure rate (percent) with FCRT u = 1/2, u = 1/3, and FFRT Py = 1%,
Py =0:-1%. The second column denotes the average number of satellites used over the whole time span for LCM
(TCM_F and TCM _C within brackets). Number of epochs 7,200.

Success rate (Pge) Failure rate(Py.)
Elevation ~ Ave. Num. TAR Validation
Cutoff of Sat. Strategy LCM TCM_F TCM_C LCM TCM_F TCM_C
10° 11-7 (12.0) FCRTu=1/2 99-31 99-31 99-61 0 0 0
FCRTu=1/3 98-50 98-50 99.25 0 0 0
FFRT Py = 1% 99-46 99-46 99-94 0-04 0.04 0-04
FFRT Py =0-1%  96:60 96-60 99.71 0-04 0-04 0
20° 10-7 (11-2) FCRTu=1/2 99-04 99.04 99-46 0-31 0-31

FCRTu=1/3 98-47 98-47 99-13 0-26 0-26
FFRT Py = 1% 98-43 98-43 99-68 0-31 0-31
FFRT Py =0-1%  89-54 89-54 98-56 0-10 0-10

[=NeeRe]

increase of redundancy when the phase and code DISBs are a priori corrected. The mean
ADOP is 0-166, 0-166, and 0-138 cycles for LCM, TCM_F, and TCM_C, respectively,
while the mean BSR is 93-23%, 93.23%, and 98-43%. This means that a higher rate of
integer ambiguity resolution performance can be theoretically expected for TCM_C with
respect to LCM and TCM_F.

Table 1 shows the epoch-by-epoch empirical ambiguity resolution performance of
LCM, TCM_F and TCM_C with four different integer validation strategies (FCRT with
u=1/2,u=1/3, and FFRT with Py =0-1%, Py = 1%) and with 10° and 20° elevation
cut-off angle. As shown, identical results are obtained using LCM and TCM_F. Conversely,
the TCM_C can provide us with a much higher empirical ambiguity resolution success rate
and lower empirical failure rate with respect to the LCM and TCM_F with four integer
validation strategies. In the case of the 10° elevation cut-off angle, the empirical ambigu-
ity resolution success rates of TCM_C are increased from 99-31%, 98-50%, 99-46%, and
96-60% to 99-61%, 99-25%, 99-94%, and 99-71% with respect to LCM, respectively; if the
elevation cut-off angle is 20°, the empirical ambiguity resolution success rates are increased
from 99-04%, 98-47%, 98-43%, and 89-54% to 99-46%, 99-13%, 99-68%, and 98-56%. The
improvement is marginal with integer validation strategies of FCRT withu = 1/2,u=1/3,
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cuTo

Figure 6. Observation conditions and GNSS antennae (http://www.igs.org/images/site/CUTO0_1.jpg) used in
zero and short baseline experiments at Curtin University Bentley campus.

and FFRT with P, = 1%. This is reasonable considering LCM can already deliver excellent
integer ambiguity resolution results due to the good observation geometry. The improve-
ment (approximately 9%) is most evident in the case of 20° elevation cut-off angle with
the integer validation strategy of FFRT with P, = 0-1%, which is the most rigorous integer
validation strategy of the four strategies used. This means that the TCM_C is especially
beneficial when the available satellites are limited under a constrained environment.

3.2. Experiments with Different Receiver Types at Curtin University Bentley Campus.
Similarly, two datasets, including a zero baseline experiment and a short baseline experi-
ment, were collected at Curtin University Bentley campus. The zero baseline experiment
was carried out on the roof of Curtin Building 402. A Trimble NetR9 (CUTO0) and a JAVAD
TRE_G3TH DELTA (CUT3) were connected to a TRM59800-00 SCIS antenna in the zero
baseline experiment. The zero baseline experiment was conducted on 15 September 2015
(from 00:00 to 24:00 GPST) and used for DISB estimation. Furthermore, on the roof of
campus Building 207, another JAVAD TRE_G3TH DELTA receiver (SPA7) was setup
and connected to a TRM59800.00 SCIS antenna as well. The short baseline (separated by
approximately 357.59 m) experiment was carried out with station CUT0O and SPA7 on 16
October 2015 (from 00:00 to 24:00 GPST) and used to investigate the impact of DISB on
ambiguity resolution. The observations are collected with 30 s sampling interval and 10°
elevation cut-off angle. The observation conditions and GNSS antennae used in zero and
short baseline experiments are shown in Figure 6.

Note that in contrast to the experiments at Wuhan University, none of the newly
launched BDS satellites can be tracked by the receivers used in these experiments. More-
over, as Galileo satellites EO8 and E09 were launched on 17 December 2015, these two
satellites were not tracked by the receivers either. Consequently, the available satellites
tracked in the experiments are fewer than those tracked in the experiments at Wuhan
University.

3.2.1. DISB Estimation of mixed Receivers with Zero Baseline Experiment. ~ Figure 7
depicts the sky plot and availability of BDS and Galileo satellites on 15 September 2015,
above a 10° elevation cut-off angle. As shown, none of newly launched BDS satellites are
tracked during the day.
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Figure 7. Sky plot (left) and availability (right) of BDS and Galileo satellites on 15 September 2015, above a
10° elevation cut-off angle.
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Figure 8. Number of BDS and Galileo satellites tracked on 15 September 2015, above a 10° elevation
cut-off angle (left) versus estimated DISBs between BDS and Galileo satellites (right) for zero baseline
based on different types of receivers. The phase DISB is shown in the upper graph, the code DISB in the
middle graph, and the elevations in the bottom graph (red: Galileo; green: BDS).

Figure 8 (left) shows the number of BDS and Galileo satellites tracked above a 10° ele-
vation cut-off angle. Figure 8 (left) shows that the number of BDS satellites varies between
eight and 12, whereas the number of Galileo satellites varies between zero and three. It can
be seen that both the code and phase DISB series are also fairly stable in the time domain.
For this receiver combination of Trimble NetR9 and JAVAD TRE_G3TH_8 DELTA, the
estimated phase and code DISBs are —0-254 cycles and 2.78 m, respectively. Additionally,
there is a gap in the DISB time series from 03:18 to 06:33 GPST. This is reasonable consid-
ering that there were no Galileo satellites tracked above a 10° elevation cut-off angle during
this time span. The estimated phase and code DISBs also show a much noisier behaviour
around 03:00, 07:00, and 20:00 GPST due to the low elevation of Galileo satellites at these
times.

3.2.2. Impact of DISB on Ambiguity Resolution with Short Baseline Experiment. The
data were collected from 00:00 to 24:00 GPST, 16 October 2015, which is separated by one
month from the previous zero baseline experiment. The sky plot and availability of BDS
and Galileo satellites are shown in Figure 9. The number of satellites and PDOP for BDS
and Galileo satellites are shown in Figure 10 (left). Figure 10 (left) shows that the number
of available BDS satellites is no less than seven for most of the time span and can reach
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Figure 9. Sky plot and availability of BDS and Galileo satellites on 16 October 2015 above a 10° elevation
cut-off angle.
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Figure 10. Number of satellites, PDOP (left), ADOP and BSR (right) on 16 October 2015, above a 10°
elevation cut-off angle.

up to 13, while the number of available Galileo satellites is no less than one for most of
the time span and can reach up to four. When combining BDS with Galileo, the available
satellites are no less than nine for most of time span and can reach up to 16. The available
satellites tracked in the experiments are fewer than those tracked in the experiments at
Wuhan University due to the absence of newly launched BDS satellites and Galileo E08
and E09.

Figure 10 (right) shows the epoch-by-epoch ADOP and BSR for LCM, TCM_F, and
TCM_C. Note that in TCM_C the phase and code DISBs are a priori calibrated to the
estimated values (—0-254 cycles for phase and 2-78 m for code respectively) in the zero
baseline experiment. In line with the experiments at Wuhan University, it is also demon-
strated that the single epoch ADOP time series of TCM_F is identical to that of LCM and
the single epoch ADOP time series of TCM_C is obviously smaller than LCM. The mean
ADOP is 0-177, 0-177, and 0-147 cycles for LCM, TCM_F, and TCM_C, respectively,
while the mean BSR is 90-92%, 90-92%, and 97-05%.

Table 2 shows the epoch-by-epoch empirical ambiguity resolution performance of LCM,
TCM_F, and TCM_C with four different integer validation strategies and with 10° and 20°
elevation cut-off angles. In line with the results in experiments at Wuhan University, the
TCM_F can provide us with identical AR performance with respect to LCM. Compared
to LCM and TCM_F, TCM_C also provides us with a much higher empirical ambiguity
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Table 2. Empirical success rate and failure rate (percent) with FCRT u = 1/2, u = 1/3, and FFRT Py = 1%,
Py =0.1%. The second column denotes the average number of satellites over the whole time span used for LCM
(TCM_F and TCM _C within brackets). Number of epochs 2,880.

Success rate (Pge) Failure rate(Pr)
Elevation ~ Ave. Num. TAR Validation
Cutoff of Sat. Strategy LCM TCM_F TCM_C LCM TCM_F TCM_C
10° 11-5(11.8) FCRTu=1/2 99.58 99.58 99-97 0 0 0
FCRTu=1/3 98-23 98-23 99-83 0 0 0
FFRT Py = 1% 97-74 97-74 99-93 0 0 0
FFRT Py =0.1%  87.74 8774 98-30 0 0 0
20° 9.3(9.7) FCRTu=1/2 91-42 91-42 98-09 0-42 0-42 0-04
FCRTu=1/3 84-96 8496 96-01 0-17 0-17 0.04
FFRT Py = 1% 77-74 77-74 92-12 0 0 0-04
FFRT Py =0.1%  56-79 56-79 80-97 0 0 0

resolution success rate and lower empirical failure rate with four integer validation strate-
gies. As the number of available satellites tracked in this experiment is fewer than the
number tracked in the short baseline experiment at Wuhan University, the improvement of
AR performance in this experiment is more significant compared to that in the experiment
at Wuhan University. The improvement is most evident with a 20° elevation cut-off angle,
which is approximately 8%, 13%, 14%, and even 24% with the four different integer valida-
tion strategies, respectively. The reason is that the number of available satellites for LCM
is only approximately 9.3, and the observational geometry is relatively poor with a 20°
elevation cut-off angle. In that case, the additional DD observations in TCM_C can bring
great benefits to strengthen the adjustment model and thus deliver significant improve-
ment to the ambiguity resolution performance. The results demonstrate that the TCM_C
is especially beneficial for improving ambiguity resolution performance under constrained
environments such as serious open-pit masking, satellite outages, or urban canyon, in which
cases the available satellites are limited or observation geometry is poor.

4. CONCLUSIONS. In this paper, for the first time, the performance of tightly com-
bined BDS B2 and Galileo E5Sb single-epoch single-frequency relative positioning has
been presented in terms of ambiguity resolution. We first investigate the size and stabil-
ity of DISBs between the BDS B2 and Galileo E5b signals using identical and different
receiver types. For a zero baseline with receivers of the same type, it is verified that the
phase and code DISBs of BDS B2 signal with respect to Galileo E5b signal are indeed
absent. For a zero baseline with different receiver types, it is demonstrated that the phase
and code DISBs between the BDS B2 and Galileo E5Sb signals are estimated as nonzero but
are fairly stable in the time domain, which is in line with the DISBs for mixed receivers
based on combinations of GPS, Galileo, QZSS, and IRNSS with L1/El and L5/E5a sig-
nals. Then, the performance of the TCM_C is evaluated with respect to the LCM and
TCM_F based on short baseline datasets in an instantaneous approach. It is demonstrated
that identical results are obtained using LCM and TCM_F. Conversely, the instantaneous
integer ambiguity resolution performance can be improved using TCM_C with respect to
LCM. In our short baseline experiments separated by approximately 3-28 m and 357-59 m,
the TCM_C can deliver approximately 9% and 24% improvement of empirical integer
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resolution success rate, respectively, in the case of a 20° elevation cut-off angle with inte-
ger validation strategy of FFRT with Py = 0-1%. The results demonstrate that the TCM_C
is especially beneficial when the number of available BDS and Galileo satellites are lim-
ited under constrained environments such as serious open-pit masking, satellite outages or
urban canyon, because in that case, the available satellites may be insufficient for reliable
single epoch ambiguity resolution and positioning using LCM.

Real kinematic data will be used to further verify the performance of the presented
approach in the future. Future research will also be carried out to evaluate the performance
of tightly combined positioning of BDS with respect to other systems (GPS, Galileo and
QZSS), if observations of new signals similar to that of GPS from the new-generation BDS
satellites are available.
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