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Abstract The main challenge of ambiguity resolution in
precise point positioning (PPP) is that it requires 30 min or
more to succeed in the first fixing of ambiguities. With the
full operation of the BeiDou (BDS) satellite system in East
Asia, it is worthwhile to investigate the performance of
GPS + BDS PPP ambiguity resolution, especially the
improvements of the initial fixing time and ambiguity-fix-
ing rate compared to GPS-only solutions. We estimated the
wide- and narrow-lane fractional-cycle biases (FCBs) for
BDS with a regional network, and PPP ambiguity resolu-
tion was carried out at each station to assess the contri-
bution of BDS. The across-satellite single-difference
(ASSD) GPS + BDS combined ambiguity-fixed PPP
model was used, in which the ASSD is applied within each
system. We used a two-day data set from 48 stations. For
kinematic PPP, the percentage of fixing within 10 min for
GPS only (Model A) is 17.6 %, when adding IGSO and
MEO of BDS (Model B), the percentage improves signif-
icantly to 42.8 %, whereas it is only 23.2 % if GEO is
added (Model C) due to the low precision of GEO orbits.
For static PPP, the fixing percentage is 32.9, 53.3 and
28.0 % for Model A, B and C, respectively. In order to
overcome the limitation of the poor precision of GEO
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satellites, we also used a small network of 10 stations to
analyze the contribution of GEO satellites to kinematic
PPP. We took advantage of the fact that for stations of a
small network the GEO satellites appear at almost the same
direction, such that the GEO orbit error can be absorbed by
its FCB estimates. The results show that the percentage of
fixing improves from 39.5 to 57.7 % by adding GEO
satellites.

Keywords GPS - BeiDou (BDS) - Precise point
positioning - Ambiguity resolution - Fractional-cycle bias -
Initial fixing time

Introduction

Carrier-phase ambiguity resolution (AR) is the key for fast
and precise GNSS position applications (Teunissen 1995;
Teunissen et al. 1997). For relative positioning, double-
differenced (DD) carrier-phase ambiguities are normally
fixed to integers. However, precise point positioning (PPP)
(Zumberge et al. 1997) employs only one receiver, so the
fractional-cycle biases (FCBs) of satellite and receiver
hardware in the -carrier-phase measurements will be
absorbed by the undifferenced (UD) ambiguity estimates,
destroying their integer properties. In order to fix PPP
ambiguity, the FCBs must be separated from the satellite
clock products.

Ge et al. (2008) proposed a method, in which the
receiver bias was eliminated by across-satellite single-
difference (ASSD). The integer property was recovered
by sequentially correcting the satellite wide-lane and
narrow-lane FCBs. In his method, the estimation of the
narrow-lane FCBs was not directly affected by the wide-
lane FCB estimates. Laurichesse and Mercier (2007) and
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Laurichesse et al. (2009) used the wide-lane FCB cor-
rections to fix the UD wide-lane ambiguity and then used
the clock estimates to absorb the UD narrow-lane FCBs.
Their wide-lane FCB determination differed from that of
Ge et al. (2008) in an UD model, and the narrow-lane
FCBs were not estimated but assimilated into the clock
estimates. Collins et al. (2008) adopted a similar method,
known as the decoupled clock model. In his method, the
UD narrow-lane ambiguities were fixed to integers before
estimating the satellite clocks, so the code clocks were
different from the carrier-phase ones. Once the carrier-
phase ambiguities are correctly fixed to the integer values,
these three methods will provide similar results. Geng
et al. (2010a) and Shi and Gao (2014) compared these
methods and proved the theoretical equivalence of them.
Teunissen and Khodabandeh (2014) provided also a good
description of such methods and did not identify impor-
tant difference among them.

Although great results have been reported for ambigu-
ity-fixed PPP, it still suffers from a long initial fixing time
(IFT) of 30 min or more to succeed in the first ambiguity-
fixed solution (Geng et al. 2011). Several methods
regarding the fast ambiguity fixing for PPP have been
developed, which are briefly discussed below.

Geng et al. (2010b) predicted the ionospheric and tro-
pospheric delays to achieve rapid ambiguity fixing after
data gaps, avoiding the problem of reinitialization in the
ambiguity-fixed PPP. However, the problem of a long IFT
still exists. Li et al. (2011) proposed to derive precise UD
atmospheric delays with PPP-fixed solutions for a reference
network and then deliver these corrections to users to
augment PPP ambiguity resolution. Although instantaneous
ambiguity fixing is achieved, a dense regional reference
network is required in his method, which is not available in
many situations. Li and Zhang (2012) proposed a PPP
ambiguity-fixing scheme based on processing L.1 and L2
raw observations. The FCBs for the L1 and L2 frequencies
were generated, and the L1 and L2 ambiguities were fixed
together in the user PPP. Since the slant ionospheric delays
were estimated as unknown parameters, empirical, spatial
and temporal constraints on the ionospheric delays were
considered to strengthen the solution. For kinematic PPP
solution, the IFT was shortened by 25 % compared to that
of the traditional solution.

Jokinen et al. (2011) studied the IFT improvements by
adding GLONASS observations to help GPS PPP ambi-
guity resolution. The results showed that adding GLO-
NASS can reduce the IFT by approximately 5 % compared
to GPS-only solution. Li and Zhang (2014) did the same
analysis and found that the average IFT can be shortened
by 27.4 % from 21.6 to 15.7 min in static mode and by
42.0 % from 34.4 to 20.0 min in kinematic mode, respec-
tively. However, in both of the previous two studies, only
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GPS ambiguities are attempted to be fixed to integers and
GLONASS ambiguities are kept as float values.

From the above review, we see that all ambiguity-fixed
PPP studies are limited to GPS. With the full operation of
BeiDou (BDS) regional system, and the availability of the
precise clock and orbit products for BDS satellites, it is
necessary to investigate the performance of GPS + BDS
PPP ambiguity resolution, especially the improvements of
IFT and the correct fixing percentage (CFP) for ambiguities
compared to GPS-only solutions.

The code observations of BDS are affected by large
satellite-induced systematic variations (SISV) of up to 1 m
(Hauschild et al. 2012; Perello Gisbert et al. 2012), which,
if not calibrated, will completely undermine the wide-lane
FCB estimation or the wide-lane ambiguity resolution
based on the Hatch—Melbourne—Wiibbena combination
(HMW) (Hatch 1982; Melbourne 1985; Wiibbena 1985).
Although Wanninger and Beer (2015) have given a cor-
rection model for this systematic variation, the wide-lane
FCB estimation of BDS has not been investigated. Based
on that correction model, we try to estimate BDS wide-lane
FCB and fix wide-lane ambiguity for the first time. An
across-satellite single-difference (ASSD) GPS + BDS
ambiguity-fixed PPP model is used in this study, in which
the ASSD is applied within each satellite system. A ref-
erence satellite with the highest elevation is selected for
each system. GEO satellites of BDS are not used as ref-
erence satellite.

Methods

The method proposed by Ge et al. (2008) is applied in this
study. It consists of four sequential steps: the wide- and
narrow-lane FCB estimations at the server and the wide-
and narrow-lane ambiguity resolution in PPP. For BDS
code observations, there exists large elevation-dependent
systematic bias, which must be modeled and corrected
before FCB estimation.

BDS satellite-induced code bias

The wide-lane ambiguity is resolved in PPP by the HMW
combination of dual-frequency code and carrier-phase
measurements as:

Lk~ Lk~ A N
HMWH = [ZL 22 ( 2 _pkop L P’;i)
Mo Mt A+ T
(1)

where i and k represent a receiver and satellite, respec-
tively, 4 is the carrier-phase wavelength, L and P are the
carrier phase and code measurement in unit of meter. It is
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seen in (1) that the HMW combination will be affected
directly by the SISV, which will fail both the wide-lane
FCB estimation and the wide-lane ambiguity resolution.

Based on the multipath combination (Montenbruck et al.
2013), Wanninger and Beer (2015) identified the SISV
correction model for two groups of BDS satellites (MEO
and IGSO) whose signals are influenced in a similar way.
The code bias is found to be independent on receiver type,
time of observation and satellite azimuth. They developed
an elevation-dependent correction model with a set of
globally distributed receivers.

It should be pointed out that the correction model of
Wanninger and Beer (2015) is based on a zero mean
condition of the estimated correction values. With this
somewhat arbitrary absolute level, the estimated FCBs will
be biased. So, in the wide-lane FCB estimation and the user
PPP ambiguity resolution, the same set of corrections
should be used to make the FCB products consistent and
thus recover the integer nature of wide-lane ambiguities.

For a specific ground tracking station, the elevation of
GEO satellites will be constant, so the SISV correction
model cannot be determined with the Wanninger and Beer
(2015) method. Moreover, because of this attribute, the
SISV will remain constant for each GEO satellite and will
be absorbed into the HMW wide-lane ambiguity. In addi-
tion, in a small region, the elevation angle for a GEO
satellite will be almost the same for each tracking station,
so the SISV bias will also be the same for each station.
Thus, the SISV bias in the HMW for a specific GEO
satellite will be the same for each station and will be
absorbed into the wide-lane FCB estimates, which will be
consistent for the stations in this small region.

ASSD-FCB estimation

In order to fix ambiguities in PPP, both wide-lane and
narrow-lane FCBs must be derived at the server and pro-
vided to users together with the corresponding satellite
orbit and clock. The reference stations are analyzed in PPP
model to generate satellite FCBs.

The float wide-lane ambiguity can be estimated by
averaging the HMW combination epoch by epoch. In order
to eliminate the receiver-induced bias, ASSD is applied for
each station, and the wide-lane ASSD-FCB is calculated
by averaging the fractional parts of all related ASSD
ambiguities. After fixing the wide-lane ambiguity, the float
narrow-lane ambiguity can be obtained from the float
ionospheric-free ambiguity by:

o Mt At X
.= . 2
n,i PR 2 — Jn Nw,t ( )

Ni+

where Ny, and N, are the wide- and narrow-lane ambigui-
ties, respectively, and N, is the ionospheric-free ambiguity.

ASSD is applied to the narrow-lane ambiguities for each
station; then, the ASSD narrow-lane FCBs can be obtained
by averaging the fractional parts of all related ASSD nar-
row-lane ambiguities.

With a wavelength of about 0.8 m and its insensitivity to
the errors of measurements, the wide-lane FCBs are very
stable and daily estimates can be determined precisely with
a network of reference stations (Gabor and Nerem 1999;
Ge et al. 2008). Meanwhile, the narrow-lane FCBs are not
as stable as the wide-lane ones because of their short
wavelength of about 0.1 m and sensitivity to unmodeled
errors (Ge et al. 2008). So we estimate them every 5 min to
ensure enough accuracy. Gross error detection is adopted in
FCB estimation by rejecting fractional parts with a residual
over a threshold of £0.3 cycles.

Because of the inter-system hardware and time bias, the
ASSD should be performed within each system. We select
individual reference satellite with the highest elevation for
GPS and BDS, respectively. For BDS, the GEO satellites
should not be used as reference satellite because of their
relatively low orbit precision.

ASSD PPP ambiguity resolution

At the user, ASSD is also applied with the same strategy as
the reference stations. After fixing the wide-lane ambigu-
ity, the float narrow-lane ambiguity estimates and its
variance—covariance can be derived with (2). The integer
nature can be retrieved by applying the narrow-lane FCB
correction. Due to the strong correlation between the short-
term PPP ambiguities, a search strategy based on the
LAMBDA method is applied to conduct the narrow-lane
ambiguity resolution (Teunissen 1994). The ratio test is
used to validate the ambiguity resolution with a thresh-
old of 3, which is generally deemed as conservative in
ambiguity validation (Han 1997). The ratio test is generally
defined as the ratio of the second minimum of the quadratic
form of the residuals to the minimum and can be consid-
ered as an index to denote reliability of ambiguity resolu-
tion. Thus, larger ratio values denote a more reliable
ambiguity resolution.

Data and processing strategy

Observations from two networks were analyzed in order to
assess the influence of adding BDS data to the GPS-only
solution. The first network consists of 48 stations, all of
which use Trimble NetRO receivers with the same firmware
version of “Nav 4.81/Boot 4.29” and with the same
antenna type of “TRM59900.00 NONE”; their distribution
is shown in Fig. 1 (top). These stations were used to gen-
erate the wide-lane and narrow-lane FCBs and to analyze
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Fig. 1 GPS + BDS stations with data for DOY 213 and 214, 2013
(top); GPS + BDS stations with data for DOY 213-222, 2014
(bottom)

the spatial and temporal behavior of them. Then, PPP
ambiguity resolution was conducted for all of these stations
to analyze the performance of the combined GPS + BDS
and GPS-only PPP ambiguity resolution. To overcome the
limitation of the poor precision of GEO satellites, a small
network within the 48 stations, denoted with blue solid
dots, was selected to further assess the contribution of GEO
satellites. Because these data are not publically available,
we have only 2 days of data, covering DOY 213 and 214,
2013, but the data can still satisfy our research. In order to
analyze the long-term stability of the wide-lane FCBs, we
used a second network consisting of 5 stations with data of
10 days covering DOY 213-222, 2014. They are also all
equipped with Trimble NetR9 receivers, and the distribu-
tion is shown on the bottom panel of Fig. 1.

The Positioning And Navigation Data Analyst
(PANDA) software (Shi et al. 2008), developed at Wuhan
University, was modified to process GPS + BDS data. It is
a versatile and fundamental platform for scientific studies
in China (Liu and Ge 2003; Shi et al. 2008). The final
products of the satellite orbit and clock and the differential
code biases (DCB) produced by Center for Orbit Deter-
mination in Europe (CODE) (Dach et al. 2009) were used
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for GPS. For BDS, we used the satellite orbit and clock
products from IGS Analysis Center of Wuhan University.
We applied the absolute phase center correction (Schmid
et al. 2007), the phase windup effects (Wu et al. 1993) and
the station displacement models proposed by IERS con-
ventions 2003 (McCarthy and Petit 2003). A cutoff angle
of 7° was set for both GPS and BDS measurements, and an
elevation-dependent weighting strategy was applied to
weight measurements at low elevations. To avoid mea-
surements affected by higher noise at lower elevation
angles, which will increase the likelihood of incorrect
ambiguity fixing, only the UD PPP ambiguities with ele-
vation angles larger than 10° were used to compose ASSD
ambiguities which were then fixed.

The unknown parameters included position coordinates,
tropospheric zenith wet delay (ZWD) and the ambiguities.
We estimated ZWDs every hour with the global mapping
function (Boehm et al. 2006). The ambiguity parameters
and static position coordinates were considered constant,
while the kinematic position coordinates were modeled as
white noise. When estimating the FCBs, the station coor-
dinates were estimated with an initial constraint of 0.1 m;
there was no such constraint for the user PPP ambiguity
resolution. For both GPS and BDS, the initial standard
deviation values for raw carrier phase and pseudorange
observations were set as 0.01 and 1 m, respectively.

In order to assess the benefits of ambiguity resolution,
when using GPS + BDS, we conducted PPP ambiguity
resolution for all the 48 stations for DOY 213 and 214 in
2013. The daily observations were divided into 24 pieces of
hourly sets; hence, there were generally 48 hourly solutions
for each station and 2304 in all if there was no data loss.
The strategies adopted for PPP at the user were the same as
that of the reference stations. We assumed that the ambi-
guities can be fixed to the correct integers with daily
observations, and then, the hourly ambiguities were com-
pared with the daily “truth” to check its correctness.

Experiment results and discussion

In this section, the quality of the estimated FCBs is first
assessed by the consistency of the fractional parts of all
ASSD ambiguities corresponding to the same satellite pair.
Then, the wide- and narrow-lane FCBs are used to correct
the ASSD ambiguities in the reference stations, to check
the fixing efficiency. At last, hourly PPP ambiguity reso-
lution is conducted.

Validation of FCB estimates

As an example, Fig. 2 shows the estimated wide-lane FCBs
of GPS and BDS on day 213, 2013. The red diamonds
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Fig. 2 Estimated wide-lane ASSD-FCBs for all GPS and BDS
satellites with respect to G32 and CO7 for DOY 213, 2013

show the estimated FCBs of all satellites. The GPS FCBs
are referenced to G32, and those of BDS are referenced to
C07, because these two satellites were in “healthy” con-
dition and had good ground tracks for all days. Clearly, the
FCBs are significantly nonzero for either GPS or BDS and
must be corrected to retrieve the integer nature of wide-
lane ambiguities. The blue solid dots represent the number
of used ASSD ambiguities, and the error bars show the
STDs of the fractional parts of the ASSD ambiguities,
which can be used as an indicator for the quality of the
FCBs. For GPS, the STDs range from 0.02 to 0.05 cycles
and are on average 0.03. For IGSO and MEO satellites of
BDS, the STDs are comparable with those of GPS, with an
average of 0.03 cycles. This confirms that the estimated
FCBs have sufficient precision for wide-lane ambiguities
fixing. However, the STDs for GEO satellites are larger,
with a min STD of 0.05 cycles, a max of 0.1 and an average
of 0.07 over all satellites.

In order to further validate the wide-lane FCB estimates,
we used the FCBs to correct the ASSD ambiguities of the
reference stations and checked the fixing efficiency, which
is shown in Fig. 3. For GPS satellites, with the fixing cri-
teria of 0.15 cycles, 96.4 % of all wide-lane ambiguities
can be fixed. The fixing percentage for IGSO and MEO is
89.8 and 98.1 %, respectively, which is comparable with
that of GPS. Nevertheless, GEO has the lowest fixing
percentage of only 69.1 %. Under the criteria of 0.25
cycles, the fixing percentages are all over 95.9 % for GPS,
IGSO and MEO satellites, while only 87.5 % for GEO.

Figure 4 shows the distribution of the stations, which
have different fixing percentage for GEO wide-lane
ambiguities under the criteria of 0.25 cycles. It is seen that
the stations corresponding to different fixing percentage are
evenly distributed in the network. So we consider the low
fixing percentage of GEO ambiguities as being caused by
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Fig. 3 Fixing percentage of GPS and BDS daily wide-lane float
ambiguities
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Fig. 4 Geographical distribution of stations with different GEO
wide-lane ambiguity-fixing percentage under the criteria of 0.25
cycles

site-specific errors such as multipath errors. Wang et al.
(2015) have found large multipath errors for GEO, which
can also account for this phenomenon.

Figure 5 gives a typical example of wide-lane FCBs for
satellite G16, C03, C06 and C12 on DOY 213-222 in 2014.
It is seen that the estimates of the wide-lane FCBs are
rather stable, and the values of different days agree with
each other better than 0.06 cycles. Therefore, wide-lane
FCBs for GPS and BDS can be predicted with an update
time interval of more than one day.

Taking the 281th 5-min narrow-lane FCB estimates on
DOY 213, 2013 as an example, Fig. 6 shows the STDs for
all narrow-lane FCB estimates with respect to satellite G31
and C10 for GPS and BDS, respectively. It is seen that the
FCB precisions are comparable for GPS, IGSO and MEO
satellites, and that the STDs are all less than 0.06 cycles
when the satellite elevation is larger than 20°. However, the
GEO satellites show large STDs: For C02 and CO03, even
though the satellite elevation is over 40°, the STD is as
large as 0.09 and 0.16 cycles, respectively. The STD of
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Fig. 6 Narrow-lane FCB estimates of the 281th 5-min epoch

CO05 is 0.14 cycles, which is 3.5 times as that of CO6 whose
elevation is even lower than CO05. In addition, the STDs of
these three GEO satellites remain that large throughout the
whole day.

The narrow-lane FCBs are also applied to the reference
stations to check the fixing efficiency, which is shown in
Fig. 7. Under the criteria of 0.15 cycles, over 90 % of all
the ambiguities can be fixed for GPS and IGSO satellites
and 85 % for MEO satellites. While under the criteria of
0.25 cycles, the fixing percentages are all over 90 % for
GPS, IGSO and MEO. Nevertheless, GEO shows the
lowest fixing percentage, i.e., only 56 % can be fixed under
0.15 cycles and 71 % under 0.25.

In order to further analyze the reason for the low fixing
percentage of GEO, Fig. 8 shows the distribution of the
stations with different fixing percentage for GEO narrow-
lane ambiguities under the criteria of 0.15 cycles. It is seen
that all the stations with a fixing percentage of over 60 %
are located at the center of the network. Thus, we consider
the low fixing percentage of GEO satellites to be caused by
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the low precision of the orbits, which cannot be absorbed
by satellite clocks or narrow-lane FCBs, resulting in nar-
row-lane FCB estimates incompatible with the stations on
the edge of the network.

Hourly PPP ambiguity-fixing results

With the wide- and narrow-lane FCBs being available, PPP
ambiguity resolution can be performed. Since the precision
of the narrow-lane FCBs of GEO is very poor, the ambi-
guity-fixed PPP performance is analyzed based on three
different models, namely GPS-only PPP (Model A), com-
bined GPS + BDS without GEO PPP (Model B) and
combined GPS + BDS with GEO PPP (Model C).

The large network

The ambiguity-fixed PPP solution is applied to all hourly
observations for each of the 48 stations in both kinematic
mode and static mode. The IFT of each hourly solution is
recorded and analyzed. Figure 9 shows the distribution of
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Table 1 Fixing percentage (%) at different observation length for
Model A, B and C in kinematic PPP

Time  GPS only GPS + BDS without  GPS + BDS with
(min)  (Model A)  GEO (Model B) GEO (Model C)
10 17.6 42.8 232

20 393 74.0 375

30 57.0 86.1 46.1

the IFT for kinematic PPP in all hourly solutions. For
Model A, the fixing percentage within 1 h is only 78.1 %,
while for Model B the fixing percentage is improved sig-
nificantly to 96.2 %, whereas for Model C the fixing per-
centage is reduced to 60.4 %. We calculated the fixing
percentage for different observation length, as shown in
Table 1. Within 10 min, the fixing percentage for Model A
is only 17.6 %, for Model B it improves significantly to
42.8 % and drops to 23.2 % for Model C. For observation
length of 20 min and 30 min, the fixing percentage is 39.3
and 57.0 %, respectively, for Model A, 74.0 and 86.1 % for
Model B and 37.5 and 46.1 % for Model C. The reduction
in percentage for Model C is caused by the low precision of
GEO FCB products.

Although ratio test is very popular in ambiguity vali-
dation, the question is how to choose the critical value.
Based on empirical results, different critical values have
been proposed in literature (Han and Rizos 1996a, b; Wei
and Schwarz 1995; Leick et al. 2015). The most popularly
used value is 3. A higher critical value means a more
confident result at the costs of unnecessary rejections. We
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Fig. 11 Distribution of the IFT for Model A, B and C in static PPP

denote the percentage of the epochs where a correct
ambiguity is accepted as correct fixing rate (CFR) and
analyzed the CFR for different critical values for Model A
and B. The result is shown in Fig. 10. For a critical value of
3, the CFR is only 73.1 % for Model A, while it is as large
as 93.0 % for Model B. The CFR arises when the critical
value increases. For a critical value of 6, the CFR is only
85.2 % for Model A, but 96.6 % for Model B. This con-
firms that, by adding BDS, a stronger model can be
obtained and the CFR improves significantly. Since there is
no significant difference between the CFRs with different
critical value for Model B, we propose to use 3 as the ratio
test critical value for Model B.

The statistical results for the IFT of static PPP are shown
in Fig. 11 and Table 2. Compared with the kinematic PPP,
for Model A, the IFT is concentrated within 30 min; the
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fixing percentage within 10 min, 20 min, 30 min and 1 h
improves significantly as 32.9, 69.9, 84.2 and 95.2 %,
respectively. However, all these percentage values are
smaller than the corresponding ones for Model B in kine-
matic PPP. Compared with Model A, the improvement of
static PPP to kinematic PPP in the fixing percentage is very
little for Model B. This is because the model strength is
well enough by adding BDS, and using static PPP does not
contribute much to the model strength. Because of the low
precision of GEO FCB products, the fixing percentage for
Model C improves very little when using static model.

We also analyzed the CFR with different critical value
in static PPP, and the result is shown in Fig. 12. Compared
with kinematic PPP, for Model A, the CFR with critical
value 3 is improved significantly to 83.4 %, while it is
92.3 % for 6. However, all these CFR values are smaller
than the corresponding ones of Model B in kinematic PPP.

When comparing with kinematic PPP, the improvement
of the CFR under each critical value is very little by using
static PPP, less than 1 % for Model B. This is the case
because adding BDS has increased the model strength
sufficiently so that very little is added by constraining the
position parameters between epochs.

Small network

In order to overcome the limitation of the poor precision of
GEO satellites and analyze the contribution of GEO to PPP

Table 2 Fixing percentage (%) at different observation time length
for Model A, B and C in static PPP

Time  GPS only GPS + BDS without ~ GPS + BDS with
(min)  (Model A)  GEO (Model B) GEO (Model C)
10 329 53.3 28.0
20 69.9 82.0 43.0
30 84.2 91.0 53.1
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Fig. 12 Correctly fixing rate using different ratio values for Model A
and B in static PPP
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Fig. 13 Fixing percentage of GPS and BDS daily wide- and narrow-
lane float ambiguities

ambiguity resolution, we used the small network (denoted
with blue solid dots on the top panel of Fig. 1) to estimate
FCBs and then conducted ambiguity-fixed PPP for each
station within it. Since this network is small, the errors in
the GEO satellite orbit can be absorbed into the narrow-
lane FCB estimates. The FCB was first applied back to the
stations in this network to check the fixing efficiency; the
result is shown in Fig. 13. The fixing percentages for the
wide-lane ambiguity of four types of satellites are com-
parable with those in the large network (Fig. 3). While for
the narrow-lane, the fixing percentage of GEO is improved
significantly to 96 % under the criteria of 0.15 cycles,
which is comparable with that of GPS, IGSO and MEO.
So, it is further confirmed that the low precision of GEO
narrow-lane FCBs in the larger network is due to the low
precision of GEO orbits.

With the new FCBs, we conducted ambiguity-fixed
kinematic PPP with Model B and Model C for each station
in the small network. Figure 14 shows the distribution of
the IFT. In contrast to Fig. 9, the distribution of IFT for
Model B is comparable with that of the large network,
while significant improvement is achieved for Model C
whose IFT is mostly within 20 min. It is noted that, how-
ever, the fixing percentage within 1 h is slightly degraded
from 96.5 to 95.3 %, which may be caused by the low
quality of GEO observations.

Table 3 gives the fixing percentage for different obser-
vation time length. It is seen that when adding GEO
satellites, the fixing percentage within 10 min improves
significantly from 39.5 to 57.7 %, and the fixing percentage
within 20 and 30 min improves from 73.8 and 86.9 % to
81.4 and 90.7 %, respectively. It is confirmed that adding
GEO can contribute significantly to shortening the IFT. It
also confirms that the low fixing percentage in the large
network when adding GEO (Model C in Fig. 8) is caused
by the low precision in the FCBs.
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Fig. 14 Distribution of the IFT for Model B and C in kinematic PPP

Table 3 Fixing percentage (%) at different observation time length
for Model B and C in kinematic PPP

Time (min) GPS + BDS without GPS + BDS with
GEO (Model B) GEO (Model C)

10 39.5 57.7

20 73.8 81.4

30 86.9 90.7

Conclusions

This study presents recent progress achieved in

GPS + BDS PPP ambiguity resolution. It is demonstrated
that the wide- and narrow-lane FCBs of BDS IGSO and
MEO satellites can be determined accurately with a
regional network, and the same precision as GPS can be
achieved. However, the wide-lane FCBs for GEO satellites
have low precision compared with other satellite types,
which may be caused by station multipath. Moreover, as a
result of the low precision of BDS GEO orbits, their nar-
row-lane FCBs cannot be determined precisely with a large
network.

The contribution of BDS observations to the IFT of PPP
has been investigated. Numerical results show that, for
kinematic PPP, the fixing percentage within 10 min for
GPS only (Model A) is 17.6 %. When adding IGSO and
MEO of BDS (Model B), the percentage improves signif-
icantly to 42.8 %. However, when adding GEO, IGSO and
MEO of BDS (Model C), the fixing percentage is only
23.2 %, which is because of the low precision in the GEO
FCB products within a large network. For static PPP, the
fixing percentage is 32.9, 53.3 and 28.0 % for Model A, B
and C, respectively. We also used a small network of 10
stations to analyze the contribution of GEO satellites to
kinematic PPP. The results show that the fixing percentage
within 10 min for kinematic PPP improves from 39.5 to
57.7 % by adding GEO satellites. Thus, it is demonstrated

that adding GEO satellites can also contribute significantly
to the shortening of the IFT.

We have also analyzed the CFR of the ratio tests with
different critical values. For kinematic positioning, with
the critical value of 3, the CFR is only 73.1 % for Model
A, whereas the percentage is as large as 93.0 % for
Model B. Moreover, there is no significant improvement
in the CFR of Model B when increasing the critical
values; therefore, we propose to use 3 as the critical value
for the ratio test.

The presented work has demonstrated that with
GPS + BDS the IFT of PPP can be shortened significantly
and the CFR is also improved significantly. With the future
improvements in BDS satellite orbit precision, reliable PPP
ambiguity resolution on a wide area over East Asia will be
feasible, which could be employed in real-time PPP pro-
cessing services.
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