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Abstract: Multi-frequency and multi-GNSS integration is currently becoming an important trend in
the development of satellite navigation and positioning technology. In this paper, GPS/Galileo/BeiDou
(BDS) precise point positioning (PPP) with ambiguity resolution (AR) are discussed in detail.
The mathematical model of triple-system PPP AR and the principle of fractional cycle bias (FCB)
estimation are firstly described. With the data of 160 stations in Multi-GNSS Experiment (MGEX) from
day of year (DOY) 321-350, 2018, the FCBs of the three systems are estimated and the experimental
results show that the range of most GPS wide-lane (WL) FCB is within 0.1 cycles during one month,
while that of Galileo WL FCB is 0.05 cycles. For BDS FCB, the classification estimation method is used
to estimate the BDS FCB and divide it into GEO and non-GEO (IGSO and MEO) FCB. The variation
range of BDS GEO WL FCB can reach 0.5 cycles, while BDS non-GEO WL FCB does not exceed 0.1
cycles within a month. However, the accuracies of GPS, Galileo, and BDS non-GEO narrow-lane
(NL) FCB are basically the same. In addition, the number of visible satellites and Position Dilution of
Precision (PDOP) values of different combined systems are analyzed and evaluated in this paper.
It shows that the triple-system combination can significantly increase the number of observable
satellites, optimize the spatial distribution structure of satellites, and is significantly superior to
the dual-system and single-system. Finally, the positioning characteristics of single-, dual-, and
triple-systems are analyzed. The results of the single station positioning experiment show that the
accuracy and convergence speed of the fixed solutions for each system are better than those of the
corresponding float solutions. The average root mean squares (RMSs) of the float and the fixed
solution in the east and north direction for GPS/Galileo/BDS combined system are the smallest, being
0.92 cm, 0.52 cm and 0.50 cm, 0.46 cm respectively, while the accuracy of the GPS in the up direction is
the highest, which is 1.44 cm and 1.27 cm, respectively. Therefore, the combined system can accelerate
the convergence speed and greatly enhance the stability of the positioning results.

Keywords: precise point positioning; GPS/Galileo/BDS; fractional cycle bias; satellite availability;
convergence speed; ambiguity resolution

1. Introduction

Precise point positioning (PPP) has been widely used in many fields, such as navigation,
deformation monitoring, GNSS meteorology, autonomous driving, and so forth [1–4]. Being a
hot spot since its development, PPP has been investigated by many scholars in the past twenty years.
However, there are still some technical defects that restrict the breadth and depth of its applications [5,6].
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For example, it usually takes about half an hour to converge, which is one of the main problems for PPP.
On the other hand, in many cases, the robustness of the single navigation system cannot be guaranteed.

To address these two issues, multi-GNSS PPP with ambiguity resolution (AR) is proposed. It is
widely recognized that multi-GNSS can enhance the stability and availability compared with the single
system, especially in complicated environments. The fixed solution can also improve the accuracy and
shorten the convergence time with respect to float PPP.

The multi-GNSS combination is an effective method to improve the performance of PPP. Cai et al.
(2007) first proposed a method of GPS/GLONASS combined PPP [7]. A real-time clock and orbit
products were used to GPS/GLONASS combined PPP [8]. The authors found that the dual-system
combined positioning could effectively decrease the convergence time compared to single GPS. When
the number of GPS satellites was insufficient, even if a few satellites were added, the positioning results
could be significantly improved [9]. In recent years, with the development of BeiDou Navigation
Satellite System (BDS) and Galileo, some scholars have studied GPS/BDS PPP [10,11] and GPS/Galileo
PPP [12,13]. Cai et al. analyzed the accuracy and convergence time of GPS/GLONASS/BDS/Galileo
PPP in a short time and the advantages of the multi-GNSS were verified [14].

The long convergence time of PPP is mainly due to the difficulty of fixing the ambiguity to
integer correctly and the slow changes in the satellite spatial structure. Phase observation contains
hardware biases from satellite and receiver, which destroy the integer characteristics of ambiguities in
non-difference or single-difference observation equations [15]. To eliminate the impact of fractional
cycle bias (FCB) on ambiguity, Gabor recommends using a global reference station network to estimate
FCB [16,17]. The single difference method proposed by Ge was used in FCB estimation and PPP AR
successfully. Numerical analysis shows that the ambiguity of a single station can be fixed at more than
80% after FCB correction [18]. Different from the single-differenced method, the decoupled clock model
was another method to obtain PPP fixed solutions [19]. Furthermore, these two methods were proven
to be equivalent [20,21]. In a word, FCB has a serious impact on the PPP AR. Especially in real-time
PPP applications, the convergence of ambiguity is the most difficult problem to achieve real-time PPP.

In recent years, many scholars have also conducted research on multi-GNSS PPP AR. For example,
GPS/GLONASS PPP AR was investigated to accelerate convergence initialization time [22]. The results
demonstrated that the average time of the first fixed solution of the combined system can be reduced
by 27.4% and 42.0% when compared with the single GPS in static and kinematic modes. GLONASS
PPP AR with 12 stations of the crustal movement observation network of China (CMONOC) was also
performed. The positioning accuracy of GLONASS PPP was improved from (1.42, 0.66, 1.55) to (0.39,
0.38, 1.39) cm for the east, north, and vertical components, respectively, within 2 h [23]. BDS/GPS
was also integrated to shorten initialization time, which indicates that for dynamic PPP, the fixed
percentage of GPS in 10 minutes was only 17.6%. After adding BDS IGSO and MEO, it increased
to 42.8%, while the proportion of GEO added was only 23.2% [24]. The GPS+BDS FCB estimation
model was developed. Numerous experimental results show that for the BDS AR, the fixing rate is
usually less than 35% for static and kinematic PPP, respectively, while the fixing rate can be increased
to 99.5% and 99.0% for the combined GPS+BDS AR [25]. Li et al. also investigated the FCB estimation
model and multi-GNSS undifferenced PPP AR method to utilize the observations from all systems [26].
Their results demonstrated that the four-system PPP AR has the shortest convergence time and the
highest positioning accuracy compared with the single- and dual-system. Besides, the short-term and
long-term time series of wide-lane (WL) FCB and the single day change of narrow-lane (NL) FCB were
analyzed among BDS, GPS, and BDS/GPS PPP AR [27].

However, until now, there are few works that discuss GPS/BDS/Galileo PPP AR in detail. To make
it more clear, it is still of necessity to do some research on this. The structure of this research is as
follows: Section 2 elaborates the methodology for multi-GNSS PPP AR. Then, data and processing
strategy are introduced in Section 3. Afterward, the results of GPS, Galileo, and BDS FCB are analyzed
in Section 4. In addition, the multi-GNSS PPP AR results are presented and discussed in Section 5.
Then, a discussion is launched in Section 6. Finally, the summary and conclusions are given in Section 7.
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2. Methodology

According to previous research, the ionosphere-free (IF) linear combination is used in multi-GNSS
PPP AR. The GNSS pseudorange and phase observations can be written as [22,27]:

Ps,K
r,IF = ρs,K

r + c
(
dtK
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)
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r + bK
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where superscript K is the satellite system; PIF and LIF represent the IF code and carrier phase
observations, respectively; ρ denotes the geometric distance between satellite and receiver; c represents
the speed of light in vacuum; dtr and dts illustrate the clocks for receiver and satellite, respectively; T
denotes the slant tropospheric delay; Ns

r,IF indicates the IF ambiguity for the corresponding wavelength
λIF; br,IF, and Br,IF denote the IF receiver code and phase hardware delays, while bs

IF and Bs
IF are the IF

satellite code and phase hardware delays; eIF and εIF represent the code and phase observation errors.
According to Liu et al. [27], the GPS/Galileo/BDS IF observations can be obtained as:
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where superscript E and C represent the Galileo and BDS satellite. dK
r,IF and ds,K

IF are the reparameterized
IF phase hardware delay at the receiver side and satellite side, respectively.

The IF ambiguity can be decomposed into WL and NL ambiguities [18]:
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where N̂s,K
r,IF represents the float IF ambiguities, N̂s,K

r,WL and N̂s,K
r,NL are the float WL and NL ambiguities,

while Ns,K
r,WL and Ns,K

r,NL indicate the integer WL and NL ambiguities. The float WL ambiguities can be
derived from the Hatch–Melbourne–Wübbena (HMW) combinations, which are a geometry-free (GF)
and ionosphere-free (IF) linear combination of raw code and phase measurements [28,29].

For any continuous observation arc, WL and NL float ambiguities can be expressed as follows:

Rs,K
r = N̂s,K

r −Ns,K
r = dK

r − ds,K. (11)
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Assume that m satellites are observed by n stations, the equations formed by each station and
satellite can be set up as:
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Since the receiver and the satellite FCB are linearly correlated in the equation, the equation
rank deficient is 1. Therefore, the satellite with the most observations (assumed as s) is selected as
the reference and fixed to 0 based on the equations. Additional conditions are added to make the
parameters solvable:

0 = ds,K (13)

The FCB of all satellites can then be estimated by using equations (8)–(13) and least
square algorithm.

3. Data and Processing Strategy

The PANDA software was used for data processing [30], among which the turbo-edit method was
used for cycle slip detection [31]. The elevation cut-off angle was set to 7 degrees. The random model
of observation value adopted the elevation dependent model. Deutsches GeoForschungsZentrum
(GFZ) precise ephemeris and clock offset were taken for multi-GNSS float PPP. The frequencies of GPS,
Galileo, and BDS employed in this paper were L1 (1575.42 MHz), L2 (1227.60 MHz), E1 (1575.42 MHz),
E5a (1176.45 MHz), B1 (1561.098 MHz), and B2 (1207.14 MHz), respectively. The LAMBDA method
was used to search for the optimal integer solution of ambiguity. The ratio test was used to validate the
ambiguity validation with a threshold of 2. During data processing, the phase center offsets (PCOs)
and variations (PCVs) for GPS and Galileo were corrected by IGS14.ATX. Since there is no BDS PCO
and PCV correction value, the European Space Agency (ESA) recommended value was adopted in this
research for PCO, while the PCV remained uncorrected. A clock parameter is generally viewed as an
epoch-wise parameter of a single system PPP. A GPS receiver clock and two inter-system bias (ISB)
parameters were estimated for the combined GPS/Galileo/BDS PPP [32]. The tropospheric dry delay
was corrected by Saastamoinen model, while the wet delay was estimated using random walk. Phase
wind-up, solid earth tide, ocean load, polar motion, and the relativistic effect were corrected according
to the existing models [33].

4. FCB Estimation

The data used in this experiment comes from the Multi-GNSS Experiment (MGEX), which receives
the observation data of GPS, Galileo, and BDS at the same time, thus it is convenient to analyze and
test the positioning effect of the combined systems. A total of 160 stations are distributed around the
world, which are denoted by red triangle, shown in Figure 1, and are used to calculate GPS/Galileo/BDS
FCB, while eight stations, illustrated with a yellow star, were used to evaluate the performance of the
combined system. Since the construction of BDS-3 is not yet completed, the data of BDS-2 was used for
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the BDS FCB estimation in this paper. The data length was from the day of year (DOY) 321 to 350, 2018,
with a sampling interval of 30 s.Remote Sens. 2019, 11, x FOR PEER REVIEW 5 of 18 
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Figure 1. Geographic distribution of the reference network. Red triangles denote the 160 stations used
for GPS/Galileo/BDS FCB estimation, while yellow stars denote the eight stations used to evaluate the
performance of the combined systems.

4.1. GPS FCB

Figure 2 shows the GPS WL FCB from DOY 321 to 350, 2018, referenced to G01. Symbols of
different colors express different satellites. In this paper, the WL FCB was estimated every day. It can
be seen that the WL FCBs of most satellites was very stable during these 30 days, almost all within 0.1
cycles. There were even some satellites whose WL FCB were smooth and straight, such as G04, G19,
G28, G29, and so forth, indicating that the GPS WL FCB was very stable within a month. On the other
hand, some satellites exhibited a sudden 0.05 cycles change between DOY 334 and 335 and became
stable again after that date. This might have been caused by the variation of the reference satellite or
the precise satellite clock offset.
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Because of the fast change of NL FCB, it was not suitable to estimate a value every day. In this
paper, the NL FCB was estimated every five minutes. Figure 3 depicts the results of GPS NL FCB on
DOY 328, 2018, referenced to G01. It can be seen that except for a small number of satellites, such as
G04, G29, which exhibited changes within 0.2 cycles in a day, most of the other satellites were in the
range of 0.15 cycles. However, within an hour, the change is very stable, almost within 0.03 cycles.
Hence, it is appropriate to estimate the NL FCB every 5 minutes.
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4.2. Galileo FCB

Figure 4 presents the Galileo WL FCB from DOY 321 to 350, 2018, referenced to E01. It can be
seen that the WL FCB of all Galileo satellites were extremely stable, which were almost a straight line.
Almost all the satellites changed within 0.05 cycles in one month indicating that the Galileo WL FCB
showed a better stability than GPS.
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The result of Galileo NL FCB on DOY 328, 2018, is illustrated in Figure 5, which is referenced to
E01. As can be seen from the figure, the change of Galileo NL FCBs was also larger than that of WL
FCB. Except for E05 and E31, which exhibited a variation within 0.2 cycles, the change of NL FCB for
all the other satellites was almost within 0.1 cycles in 30 days. Thus, estimating Galileo NL FCB in
5 minutes was suitable.
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4.3. BDS FCB

There are two differences between BDS FCB and GPS/Galileo FCB in the estimation process.
On the one hand, there is a special deviation in the BDS satellite, which is called the satellite-induced
code biases [34–37]. On the other hand, the constellation of BDS is also different from GPS and
Galileo. In this research, the method proposed by Wanninger and Beer in 2015 was taken to correct the
satellite-induced code biases [38]. Due to the poor precise satellite orbit and no corrected values for
GEO satellite, the BDS GEO and non-GEO (IGSO and MEO) FCB have to be estimated respectively.
Thus, the diagrams for GEO and non-GEO FCB should be drawn separately.

Figure 6 shows the results of BDS WL FCB from DOY 321 to 350, 2018. C02 and C06 are taken as
the reference for BDS GEO and non-GEO, respectively. The top panel is for the BDS GEO WL FCB,
while the bottom panel is for the BDS non-GEO WL FCB. It can be seen that the BDS non-GEO WL
FCB showed a better performance than GEO. The variations of most BDS no-GEO satellite WL FCB
were within 0.1 cycles in 30 days except for C14, which showed a sudden jump. The reason may be
caused by different satellite clock datum offset [25]. On the other hand, the range of GEO WL FCB was
much larger than that of non-GEO. The variation of the four GEO satellites could reach up to 0.5 cycles,
indicating that the FCB of GEO was unstable and unavailable.
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Figure 7 gives the BDS NL FCB on DOY 328, 2018, which are referenced to C02 and C06 for BDS
GEO and non-GEO respectively. Except for C14, which showed a variation of about 0.3 cycles, all other
non-GEO NL FCBs were very stable, with variation of less than 0.1 cycles. There is also a sudden jump
in C14. However, before and after the jump, the value of C14 was very stable, especially in the adjacent
half an hour. Therefore, it is reasonable to estimate the BDS non-GEO NL FCB in 5 minutes. As a
contrast, except for the relatively stable C03, the amplitude of the change for the other three GEO NL
FCB was much larger than non-GEO, with the maximum range of change reaching up to 0.6 cycles.
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Compared with the FCB results of GPS and Galileo, the conclusion can be drawn that Galileo
WL FCB has the highest accuracy, while that of the GPS and BDS non-GEO ranks slightly worse.
The magnitude of the changes for GPS, Galileo, BDS non-GEO NL FCB is also roughly the same. Due
to the remarkable changes in the magnitude, the WL and NL FCB for BDS GEO cannot be used.

5. PPP AR Results and Analysis

In this part, the results of GPS/Galileo/BDS PPP AR are focused on. The satellite availability and
Position Dilution of Precision (PDOP) are discussed first. Then, the performance of multi-GNSS PPP
AR are modeled and assessed. Be aware that the BDS in this research only refers to BDS2.

5.1. Evaluation of Satellite Availability and PDOP

Figure 8 presents the global distribution of the average visible satellite number for seven different
constellation combinations on DOY 321, 2018. It can be seen that in areas covering the latitudes
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on DOY 321, 2018.

In terms of integrated systems, the number of GPS/Galileo is relatively uniform in global
satellite distribution, probably between 15 and 18. GPS/BDS2 has 14–20 satellites in the Asia-Pacific
region, 8–11 in the corresponding Western Hemisphere, and about 14 in other regions. Similar to
GPS/BDS2, BDS2/Galileo has 11–18 satellites in the Asia-Pacific region, 5–9 in the corresponding
Western Hemisphere, and about 11 in other regions. Within the same area, the satellite number of
GPS/BDS2 is slightly more than that of BDS2/Galileo. For GPS/BDS2/Galileo, there are 21–30 satellites
in the Asia-Pacific region, 13–18 in the corresponding Western Hemisphere and 21 in other regions.
Hence, it can be concluded that the number of dual-systems is twice that of the single-systems, and
the number of triple-systems is three times that of the single-system. Overall, the combined system
exhibits the largest number of satellites in the Asia-Pacific region.

The global distribution of the average satellite PDOP values for the seven different constellation
combinations are given in Figure 9. It can be seen that the PDOP value of GPS is between 1.6 and 2.0
in the middle and low latitudes, while it is generally between 2.0 and 2.3 in the high latitudes. Since
Galileo satellites are evenly distributed around the world, the distribution of PDOP values for Galileo
are relatively even, basically ranging from 2.6 to 4.2. For BDS2, the PDOP value in the Asia-Pacific
region is the smallest, between about 1.7 and 4.1. There is no PDOP value in the corresponding Western
Hemisphere, since the number of satellites is less than three in that region. The PDOP value in the high
latitude areas of the northern hemisphere is 6.1–8.2, while for other high latitude areas, it is relatively
large and can reach up to 11.
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In the case of combined systems, the PDOP values of GPS/Galileo are uniformly distributed in
the world, generally between 1.3 and 1.65. It is between 1.2 and 1.7 for GPS/BDS2 in the Asia-Pacific
region, while around 1.7-1.9 in other regions. The PDOP value of BDS2/Galileo is slightly larger than
that of GPS/Galileo, with the value of 1.4–2.0 in the Asia-Pacific region and 2.0–2.5 in other regions.
To summarize, the spatial distribution structure of dual-system satellites is better than that of the
single-system. The three integrated constellation cases exhibit the best spatial distribution structure of
satellites on a global scale, and the PDOP from all three GNSS constellations is 1.0–1.5.

5.2. Performance of PPP AR

In this section, the performance of PPP AR for seven different systems is investigated. First,
one station is randomly selected to analyze the accuracy and convergence speed of the fixed and
float solutions for the seven systems. Then, the 30-day statistical results of eight stations are used to
assess the performance as a whole. In this paper, station KAT1 is selected to evaluate the single day
performance of GPS, Galileo, and BDS PPP AR, which is located at 132.2

◦

E and 14.4
◦

S in Australia.
Statistics of eight stations illustrated with yellow stars in Figure 1 are used to assess the average
performance of the PPP AR.

Figure 10 presents the errors in the fixed and float solutions in the east (E), north (N) and up (U)
components for the seven systems at station KAT1 on DOY 324, 2018. For GPS, the fixed solution in
the horizontal direction has a faster convergence rate than the float solution, and the accuracy after
convergence is also higher. The fixed solution in the U direction exhibits slightly faster convergence
than the float solution, but the accuracy after convergence is basically the same. In terms of Galileo



Remote Sens. 2019, 11, 2693 11 of 17

and BDS, when the ambiguity is fixed to the correct integer, the horizontal direction converges to the
truth value quickly, and the accuracy of the fixed solution in the U direction is equal to that of the float
solution, with a systematic deviation of about 3 cm. In the case of the dual-system combination, the
convergence rate of the horizontal fixed solution is much larger than that of the float solution, especially
for the E direction. After convergence, the fixed solution accuracy of the three dual-systems is about
1 cm in the horizontal direction, within 2 cm for GPS/Galileo and GPS/BDS, and 4 cm for Galileo/BDS
in the U direction. With respect to the GPS/Galileo/BDS integrated system, the convergence speed and
accuracy of the fixed solution in all three directions are faster than that of the float solution. After
convergence, the horizontal accuracy of the fixed solution is within 1 cm, some even around 5 mm,
while for the U direction it is about 1.5 cm.
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To sum up, the convergence speed and accuracy of the seven system fixed solutions in the
horizontal direction are better than those of the float solution. For the U direction, the convergence
speed of the fixed solution is slightly faster than the float solution, but the accuracy after convergence
is basically the same. In the single-system, the GPS fixed and float solutions have the best accuracy
and fastest convergence rate, while Galileo and BDS are basically equivalent. In the dual-system,
GPS/Galileo performs the best, followed by GPS/BDS, and Galileo/BDS exhibits the worst. In addition,
the convergence speed and accuracy of the dual-system combination is superior to the corresponding
single-system. The triple-system shows the best performance, since the combined system leads to an
increase in the satellite number and an enhancement of the satellite spatial structure, thereby improving
the convergence speed and accuracy.
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Figure 11 depicts the fixed results of seven systems in the E, N, and U components, respectively.
It can be seen that in the E direction, the convergence rate of the Galileo fixed solution is the slowest,
followed by BDS, and a slight fluctuation occurs after the convergence of GPS, which indicates that the
single system fixed solution is relatively slow and unstable. The convergence speed of GPS/Galileo/BDS
is basically the same as that of GPS/Galileo and GPS/BDS. After convergence, the accuracies of the
seven systems are all basically within 1 cm. Similar to the E direction, Galileo converges the slowest
in the N direction, followed by BDS, while the accuracies of the seven systems after convergence are
basically the same. In addition, the convergence speed and accuracy of the seven systems in the N
direction are all better than those in the E direction. With respect to the U direction, the convergence
speed and accuracy of each system are obviously stratified. GPS/Galileo/BDS and GPS/BDS show
the fastest convergence speed and highest accuracy, followed by GPS/Galileo, the GPS single system
ranks the fourth, and finally, the Galileo/BDS, BDS and Galileo, respectively. Generally speaking,
the convergence speed of the triple-system is obviously faster than that of the dual-systems, and the
dual-systems are significantly faster than that of the single system. Therefore, the combined system is
of great help to improve the convergence rate.
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Figure 12 shows the average root mean square (RMS) of the float PPP solution for the seven
systems in the E, N, and U components from DOY 321 to 350, 2018. In the E direction, for a single
system, Galileo has the highest accuracy, followed by GPS, and BDS exhibits the worst accuracy of
about 1.7 cm. For dual-systems, GPS/BDS performs the worst, Galileo/BDS ranks the second, and
GPS/Galileo shows the highest accuracy of about 7 mm. It is also worth noting that the accuracy of the
triple-system combination for some stations are not the highest, such as CEDU, DARW, KAT1, and
so forth, but basically the same as the accuracy of GPS/Galileo. With respect to the N direction, the
accuracy of BDS in all stations is about 1 cm, and the accuracy of GPS/BDS/Galileo is up to 5 mm,
while the accuracies of other systems are basically the same. In the U direction, there is a very obvious
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phenomenon, the accuracy of the GPS single system in all stations is the highest, ranging from 0.5 to
1.5 cm, while the accuracy of BDS is the worst, between 3.5 and 6.5 cm.Remote Sens. 2019, 11, x FOR PEER REVIEW 13 of 18 
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The average RMS of the fixed PPP solution for seven systems from DOY 321 to 350, 2018 are
shown in Figure 13. In the E direction, except for station CEDU, YARR obtained from BDS, and station
DARW, KAT1 from GPS, all the rest stations show an accuracy of less than 1 cm under the seven
systems. In addition, the accuracy of the fixed solution for these eight stations under all the seven
systems is greatly improved compared with the float solution (Figure 12). In the N direction, the
accuracy of all stations for the seven systems is about 5 mm except for station BAKO, HKSL from
Galileo and station CEDU, YAR3, YARR from BDS. Besides, it can be seen that except for BDS, the
accuracy between other systems of all stations have little difference and is also relatively uniform. With
respect to the U component, the precision of the seven systems is quite different. The accuracy of BDS
is still the worst, followed by Galileo and Galileo/BDS, while GPS shows the best performance. Among
the eight stations, the accuracy of GPS/Galileo, GPS/BDS and GPS/Galileo/BDS exhibits little difference.

Figure 14 provides a more intuitive comparison of float and fixed PPP solution for different
systems. Table 1 shows the average RMS of float and fixed PPP solution for seven systems from DOY
321 to 350, 2018. It is obvious that the average RMS value of the fixed solution is smaller than that of
the float solution for all three directions. Among them, the E direction improves the most, followed by
the U direction, while the N direction exhibits the smallest improvement. The GPS/Galileo/BDS in the
E and N directions show the smallest RMS value of 0.92 cm, 0.52 cm and 0.50 cm, 0.46 cm for the float
and fixed solutions, respectively, while the GPS single system exhibits the highest precision in the U
component, with the RMS of 1.44 cm and 1.27 cm. Compared with single system, the accuracy of the
dual-system and triple-system in the horizontal direction are improved obviously. The precision of
GPS/BDS, GPS/Galileo and GPS/Galileo/BDS in the U direction is also greatly improved compared
with Galileo and BDS. However, Galileo/BDS shows little improvement. This is mainly due to the poor
accuracy of the single Galileo and BDS in the U direction.



Remote Sens. 2019, 11, 2693 14 of 17
Remote Sens. 2019, 11, x FOR PEER REVIEW 14 of 18 

 

0.0

1.0

2.0

3.0
E/

cm

 Gfix  Efix  Cfix  GEfix  GCfix  ECfix  GECfix

0.0

0.5

1.0

1.5

N
/c

m

BAKO CEDU DARW HKSL KAT1 NTUS YAR3 YARR
0.0

1.5

3.0

4.5

6.0

U
/c

m

Station  

Figure 13. The average RMS of the fixed PPP solution from DOY 321 to 350, 2018. 

Figure 14 provides a more intuitive comparison of float and fixed PPP solution for different 
systems. Table 1 shows the average RMS of float and fixed PPP solution for seven systems from DOY 
321 to 350, 2018. It is obvious that the average RMS value of the fixed solution is smaller than that of 
the float solution for all three directions. Among them, the E direction improves the most, followed 
by the U direction, while the N direction exhibits the smallest improvement. The GPS/Galileo/BDS in 
the E and N directions show the smallest RMS value of 0.92 cm, 0.52 cm and 0.50 cm, 0.46 cm for the 
float and fixed solutions, respectively, while the GPS single system exhibits the highest precision in 
the U component, with the RMS of 1.44 cm and 1.27 cm. Compared with single system, the accuracy 
of the dual-system and triple-system in the horizontal direction are improved obviously. The 
precision of GPS/BDS, GPS/Galileo and GPS/Galileo/BDS in the U direction is also greatly improved 
compared with Galileo and BDS. However, Galileo/BDS shows little improvement. This is mainly 
due to the poor accuracy of the single Galileo and BDS in the U direction. 

Figure 13. The average RMS of the fixed PPP solution from DOY 321 to 350, 2018.
Remote Sens. 2019, 11, x FOR PEER REVIEW 15 of 18 

 

G E C GE GC EC GEC
0

1

2

3

4

5

6

7

EN
U

/c
m

System

 Efloat  Nfloat  Ufloat  Efix  Nfix  Ufix

 
Figure 14. The average RMS of float and fixed PPP solution for seven systems from DOY 321 to 350, 
2018. 

Table 1. The average RMS of float and fixed PPP solution for seven systems (unit: cm). 

system Efloat Nfloat Ufloat Efix Nfix Ufix 
G 1.52  0.60  1.44  0.88  0.56  1.27  
E 1.08  0.63  4.58  0.76  0.55  4.33  
C 1.74  0.98  5.19  1.12  0.68  4.65  

GE 0.86  0.53  1.98  0.51  0.50  1.83  
GC 1.46  0.57  1.93  0.72  0.49  1.75  
EC 0.95  0.58  4.61  0.60  0.45  4.36  

GEC 0.92  0.52  2.21  0.50  0.46  1.96  

6. Discussions 

The combined system is conducive to enhance the satellite spatial structure, reduce the 
convergence time and enhance the stability of the positioning results. Up to now, research on 
combined PPP fixed solutions mainly focus on the GPS/BDS, and a few studies involve Galileo. Since 
GPS, Galileo and BDS all belong to code division multiple access (CDMA) constellations, and since 
Galileo and BDS are in continuous construction, it is necessary to systematically study and evaluate 
the PPP fixed solution of the combined GPS/BDS/Galileo. Moreover, the time-varying characteristics 
of FCB of each system also need to be analyzed in detail. The result of this paper shows that Galileo 
WL FCB has the highest precision, and the accuracy of GPS WL FCB and BDS non-GEO FCB is 
basically the same, second only to Galileo. With the exception of BDS GEO NL FCB, the NL FCBs of 
the other three systems have approximately the same accuracy. 

With the continuing development of BDS and Galileo, more satellites and more frequency 
resources will be available in the future. It is expected that multi-frequency and multi-GNSS will be 
of great significance to shorten the convergence time and enhance the stability of the system. 

Figure 14. The average RMS of float and fixed PPP solution for seven systems from DOY 321 to
350, 2018.



Remote Sens. 2019, 11, 2693 15 of 17

Table 1. The average RMS of float and fixed PPP solution for seven systems (unit: cm).

System Efloat Nfloat Ufloat Efix Nfix Ufix

G 1.52 0.60 1.44 0.88 0.56 1.27
E 1.08 0.63 4.58 0.76 0.55 4.33
C 1.74 0.98 5.19 1.12 0.68 4.65

GE 0.86 0.53 1.98 0.51 0.50 1.83
GC 1.46 0.57 1.93 0.72 0.49 1.75
EC 0.95 0.58 4.61 0.60 0.45 4.36

GEC 0.92 0.52 2.21 0.50 0.46 1.96

6. Discussions

The combined system is conducive to enhance the satellite spatial structure, reduce the convergence
time and enhance the stability of the positioning results. Up to now, research on combined PPP fixed
solutions mainly focus on the GPS/BDS, and a few studies involve Galileo. Since GPS, Galileo and BDS
all belong to code division multiple access (CDMA) constellations, and since Galileo and BDS are in
continuous construction, it is necessary to systematically study and evaluate the PPP fixed solution
of the combined GPS/BDS/Galileo. Moreover, the time-varying characteristics of FCB of each system
also need to be analyzed in detail. The result of this paper shows that Galileo WL FCB has the highest
precision, and the accuracy of GPS WL FCB and BDS non-GEO FCB is basically the same, second only
to Galileo. With the exception of BDS GEO NL FCB, the NL FCBs of the other three systems have
approximately the same accuracy.

With the continuing development of BDS and Galileo, more satellites and more frequency resources
will be available in the future. It is expected that multi-frequency and multi-GNSS will be of great
significance to shorten the convergence time and enhance the stability of the system. Therefore, it is
necessary to conduct further research on multi-GNSS combination with ambiguity resolution once the
new satellite comes into orbit.

7. Conclusions

This paper investigates the method of GPS/Galileo/BDS precise point positioning with ambiguity
resolution. The FCB estimation methods of the three systems are firstly elaborated. Then, the WL and
NL FCB of GPS, Galileo and BDS are analyzed in detail.

Our experimental results show that the accuracies of WL FCB for GPS and BDS non-GEO satellites
are basically the same, while Galileo WL FCB exhibits the highest stability. Most of GPS, Galileo, and
BDS non-GEO NL FCB ranges within 0.1 cycles, with little difference among them. Due to the poor
accuracy, BDS GEO WL and NL FCB cannot be used for PPP AR. Therefore, it is appropriate to estimate
WL FCB per day and NL FCB per 5 min for PPP AR.

In order to analyze the positioning accuracy, the number of global observable satellites and PDOP
values of the single and integrated systems are simulated and analyzed. Results show that GPS and
Galileo satellites are more evenly distributed around the world, with 8–9 and 5–6 satellites visible
in the middle and low latitudes. BDS has a large number of satellites in the Asia-Pacific region, in
general 8–15 satellites can be observed, while only 0–3 satellites can be observed in the corresponding
Western Hemisphere. The global visible number of satellite and the PDOP value of the triple-system
are superior to the dual-system, and the dual-system is better than the single-system.

Finally, with the estimated FCB products, the performance of the float and fixed solution for the
single and integrated systems are evaluated. As can be seen, the convergence speed and accuracy of
the fixed solutions for the seven systems are all better than that of the float solutions, especially for
the horizontal direction. The GPS/Galileo/BDS combined system exhibits the smallest average RMS
values in the E and N directions, being 0.92 cm, 0.52 cm and 0.50 cm, and 0.46 cm for the float and fixed
solution, respectively, while GPS shows the highest accuracy in the U direction, with average RMS of
1.44 cm and 1.27 cm.
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