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The current positioning accuracy of the BeiDou Navigation Satellite System (BDS) Single Point
Positioning (SPP) with code measurement is in the order of several metres due to systematic
errors. To further reduce the systematic errors in SPP, this contribution develops a new strategy
to BDS SPP with a sparse reference network, named Augmented SPP (A-SPP). In this method,
the Combined Residual Errors (CRE) products of BDS B1I measurement are integrated with
three optional base stations that are close to the rover station. Based on the Satellite Eleva-
tion Angle Weighted (SEAW) average technique, the code residual errors of each BDS satellite
observed by the rover station can be acquired epoch-by-epoch. Finally, the corrected code obser-
vations for the rover station can be utilised to achieve an A-SPP solution. The validation of this
method is confirmed by both static and kinematic tests. Results clearly show that the accuracies
of the A-SPP solution for horizontal and vertical directions are better than 0·5 m and 1·0 m. This
study suggests that the proposed A-SPP solution is a good option for single-frequency GNSS
users to improve their positioning performance.
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1. INTRODUCTION. The Global Navigation Satellite System (GNSS) Single Point
Positioning (SPP) technique has been widely used in many fields such as vehicle nav-
igation, geographic information systems and land surveying due to its simple operation
and data processing (Lee, 1986; King and Aoki, 2003; Satirapod et al., 2001). SPP can
be achieved based on single-frequency or dual-frequency code measurements (Xu, 2007).
The dual-frequency SPP technique is applied in GNSS positioning since the ionospheric
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delay effect, which can vary from a few metres to more than twenty metres within one day,
can be basically eliminated through ionosphere-free combination (Xu, 2007). Nevertheless,
single-frequency GNSS receivers are still widely used in most positioning and navigation
applications due to their low costs (Le and Tiberius, 2007; Odolinski and Teunissen, 2016;
Orus-Perez, 2017; Øvstedal, 2002). To benefit the vast number of single-frequency GNSS
users, this paper will focus on the improvement of Single-Frequency SPP (SF-SPP).

Compared with Precise Point Positioning (PPP) (Zumberge et al., 1997) and relative
positioning (Janes et al., 1991), the SPP technique uses neither the precise orbit and clock
products nor the high-precision phase observations. This means its accuracy was limited
to several metres, attributed to the existence of systematic errors. Over the past few years,
strategies to improve the accuracy of SPP have mainly focussed on two aspects: improv-
ing the quality of civil code observations and broadcast satellite ephemeris (Montenbruck
et al., 2015; Steigenberger and Montenbruck, 2017; Wanninger and Beer, 2014) and reduc-
ing the effect of atmospheric delay as much as possible (Hopfield, 1971; Klobuchar, 1987).
Benefitting from the modernisation of GNSS systems, the current precision of Global Posi-
tioning System Coarse Acquisition (GPS C/A) pseudorange is approximately 0·3 m (Yang
et al., 2014) and the Signal-In-Space Ranging Error (SISRE) of GPS broadcast ephemeris
is about 0·7 m (Montenbruck et al., 2015). In the study of tropospheric delay models, the
meteorological parameter models, such as the modified Saastamoinen and Hopfield mod-
els, are summarised in Xu (2007). In the study of ionospheric delay models, a ten-parameter
Klobuchar-like model for mitigating the ionospheric delay for GNSS single-frequency
users has been proposed by Wang et al. (2016). With the efforts in these two areas, the cur-
rent positioning accuracy of GPS SPP can reach about 1–2 m in the horizontal component
and 2–3 m in the vertical component (Pan et al., 2016; Steigenberger and Montenbruck,
2017).

The Chinese BeiDou Navigation Satellite System (BDS) is designed to provide Posi-
tioning, Navigation, and Timing (PNT) information for global users (CSNO, 2016). On 27
December 2012, BDS was officially declared to provide navigation and position services
over the Asia-Pacific region with five Geostationary Orbit (GEO) satellites, five Inclined
Geosynchronous Orbit (IGSO) satellites, and four Medium Earth Orbit (MEO) satellites
(Jin et al., 2016; Montenbruck et al., 2013). The global BDS constellation is expected to be
fully operational by the end of 2020, and consists of five GEO, three IGSO, and 27 MEO
satellites (Shi et al., 2013). With the rapid development of BDS, the performance of BDS
SPP has been evaluated by many researchers (e.g., Guo et al., 2015; Shi et al., 2013; Yang
et al., 2014). Using the B1 code measurements from three GEO and three IGSO satellites,
BDS SPP with an accuracy of 20 m was first presented in Shi et al. (2013). Since only three
GEO and three IGSO satellites could not form a good constellation geometry at that time,
the accuracy of the north component was inferior to the east component (Shi et al., 2013).
After the completion of the regional version of BDS in 2012, Yang et al. (2014) showed that
the BDS SPP accuracy using B1 code measurements is generally better than 6 m (95%) in
the horizontal component and 10 m (95%) in the vertical component. Although the perfor-
mance of BDS SPP with an accuracy of about 10 m was validated by Yang et al. (2014), the
Timing Group Delay (TGD) correction in BDS SF-SPP was not discussed in this research.
More recently, a detailed analysis of BDS SF-SPP and dual-frequency SPP was presented in
Guo et al. (2015). With the TGD or Differential Code Bias (DCB) correction, they pointed
out that an accuracy of 1–2 m in horizontal component and 3–4 m in vertical component
can be obtained by BDS B1, B2, or B3 SF-SPP; meanwhile, an accuracy of 1–2 m in the
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horizontal component and 3–5 m in the vertical component can be obtained by BDS B1B2
or B1B3 dual-SPP. With the ongoing modernisation of GPS and GLONASS, as well as
the emergence of BDS and Galileo, multi-GNSS SPP techniques based on GNSS constel-
lations have also aroused great interest in the GNSS community (Cai et al., 2014; Choi
et al., 2015; Pan et al., 2016; Santerre et al., 2014). As BDS is currently in its development
phase, the benefit of data from reference networks to improve BDS SPP accuracy was not
discussed in these articles.

Today, the precision of BDS B1 code is approximately 0·4 m (Jiang et al., 2017) and
the SISRE of BDS broadcast ephemeris is about 1·5 m (Montenbruck et al., 2015), which
contributes to an accuracy of BDS SF-SPP of 1–2 m in the horizontal components and
3–4 m in the vertical component in the Asia-Pacific area as described in Guo et al. (2015).
This level of accuracy cannot provide a positioning service to within 1 m, to address pre-
cise navigation and positioning for vehicle and ship users (Chiang et al., 2003). The lower
accuracy of SPP is attributed to the existence of systematic errors (Xu, 2007). On the basis
of the principle of spatial correlation of errors, the Differential GNSS (DGNSS) technique
can dramatically reduce multiple types of errors over an area of dozens of kilometres in
diameter (Kremer et al., 1990). In 2012, Shi et al. (2012) did the first evaluation of the
performance of BDS pseudorange differential positioning. Accuracies of 2 m and 4 m were
achieved in horizontal and vertical directions respectively, superior to the accuracies of 4 m
and 20 m of BDS SF-SPP at that time. In their study, however, only one base station was
used to generate the pseudorange corrections for the rover station. Currently, the BeiDou
Foundation Enhancement System is composed of about 150 national frame-net base sta-
tions in China, all of which are homemade devices (http://en.chinabeidou.gov.cn/). These
are established through sparsely distributed BDS/GNSS satellite tracking stations, which
help to correct the errors from atmosphere, space and other elements in satellite position-
ing (Liu et al., 2016). Compared with one station, the pseudorange corrections using a
number of more nearby stations’ data for the rover station should further improve the accu-
racy of SPP. There are currently few studies focusing on the utilisation of pseudorange
corrections from base stations for BDS SPP (Shi et al., 2012). The wide area differential
BDS provides separate error corrections comprising ephemeris errors, clock errors, and
atmospheric delay products to users including those in inaccessible regions, such as large
bodies of water (Xing et al., 2013). Compared with Differential BDS (DBDS), BDS SPP
needs more sophisticated techniques and conditions, such as high performance hardware,
software and radio links, to maintain a high precision service (Xing et al., 2013). In view
of these points, an Augmented SPP (A-SPP) method, which uses Combined Residual Error
(CRE) products integrated by three base stations for improving BDS SPP is presented in
this paper.

This article is organised as follows: Section 2 describes the BDS A-SPP method in
detail. Section 3 presents two experiments, a static test using three datasets collected at
different latitudes and a kinematic test using one dataset collected by a ship-borne receiver.
The corresponding analyses for the two experiments are also shown in Section 3. Finally,
the conclusion is given in Section 4.

2. METHODOLOGY.
2.1. BDS SPP observation equation. The pseudorange observation on the BDS B1

frequency between a receiver “r” and a satellite “s” can be described by the following
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equation (Cai et al., 2014):

Ps
r = ρs

r + cdtr − cdts + ds
r,orb + ds

r,trop + ds
r,ion + bs + εr (1)

where Ps
r is the measured pseudorange on the B1 frequency in metres; ρs

r is the geometric
range in metres; c is the speed of light in vacuum in metres per second; dtr is the receiver
clock offset in seconds; dts is the satellite clock offset in seconds; ds

r,orb is the satellite orbit
error in metres; ds

r,trop is the tropospheric delay in metres; ds
r,ion is the ionospheric delay on

the B1 frequency in metres and bs is the satellite hardware delay in metres. εr includes the
multipath error and measurement noise in metres.

In Equation (1), the positions and clock offsets of BDS satellites are computed using the
broadcast ephemeris data. The residual satellite orbit and clock errors are generally not con-
sidered in pseudorange-based absolute positioning. The tropospheric delay is corrected by
the Hopfield model using standard meteorological values (Hopfield, 1971). The ionospheric
delay is corrected by Global Ionosphere Mesh (GIM) products released by the Centre
for Orbit Determination in Europe (CODE) (ftp://ftp.unibe.ch/aiub/CODE/). The satellite
hardware delay bias is corrected by using the TGD provided by BDS broadcast navigation
messages. Based on Equation (1), the position coordinates and receiver clock errors can be
determined by using the Square Root Information Filter (SRIF) as described in Gu et al.
(2015).

2.2. Combined Residual Errors (CRE) product for BDS A-SPP. By providing the
precise coordinates of the base station into Equation (1), the residual error �Ps

r can be
calculated as:

�Ps
r = Ps

r − (ρ̂s
r + cdtr − cdts + ds

r,orb + ds
r,trop + ds

r,ion + bs + εr) (2)

where ρ̂s
r is the corrected geometric range in metres. The other items in Equation (2) are the

same as those defined in Equation (1). It should be mentioned that the precise coordinates of
the base station are known. The receiver clock offset dtr of the base station is estimated by
the conventional SPP solution as shown in Section 2.1. The processing schemes for other
items such as dts, ds

r,orb, ds
r,trop , ds

r,ion, and bs in Equation (2) are described in Section 2.1.
Figure 1 shows a schematic of the base stations A, B, and C shaped as a triangle and

rover station u in an A-SPP solution. The grey part in Figure 1 represents the atmospheric
region. With regard to one epoch, �PS

A, �PS
B, and �PS

C estimated by Equation (2) are the
pseudorange residual errors between the satellite S and base stations A, B, and C, respec-
tively. d1, d2, and d3 are the distance between rover station u and base station A, B, and C,
respectively. �PS

u is the CRE product, which can be obtained from �PS
A, �PS

B, and �PS
C

through interpolation techniques such as the Inverse Distance Weighted (IDW) interpola-
tion (Kravchenko and Bullock, 1999). However, the Satellite Elevation Angle Weighted
(SEAW) average is more suitable for acquiring �PS

u by processing an amount of data in
this study The �PS

u is computed by a weighted average of the triangle network shown in
Figure 1:

�PS
u =

�PS
A·WS

A + �PS
B·WS

B + �PS
C·WS

C

WS
A + WS

B + WS
C

(3)

where the weight WS
R can be obtained as:

WS
R =

{
sinES

R ES
R < 40◦

1 ES
R ≥ 40◦ (4)
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Figure 1. Schematic of the base stations A, B, and C and rover station u in A-SPP solution.

where ES
R is the satellite elevation angle for satellite S at station R. As the measurement

noise increases with the decreasing satellite elevation angle, the solutions with elevation
angles smaller than 40◦ are down-weighted. Note that the threshold of 30◦ was shown
in Luo (2013), but 40◦ was empirically determined in this study through comprehensive
experiment.

The A-SPP method can be divided into three steps. First, we obtain the observation
residual errors of each observed BDS satellite epoch-by-epoch for the selected three base
stations by using the conventional SPP solution. Then, based on the SEAW technique,
the CRE product for each BDS satellite observed by the rover station can be calculated.
Finally, by subtracting the corresponding CRE value, we can obtain the corrected code
observations for each epoch to perform the A-SPP solution. The framework of the A-SPP
service is mainly comprised of four parts, i.e. reference network, data processing centre,
radio link, and users. In an A-SPP application, the real-time users could acquire the coordi-
nates through two models, i.e. Reference Correction Model (RCM) and Processing Centre
Model (PCM). In RCM, the CRE products are handled by the data processing centre, while
the coordinate information is processed by the users. For PCM, both the CRE products of
base stations and positioning coordinates of users are handled by the data processing centre.

3. EXPERIMENTS AND RESULTS.
3.1. Static test for different latitude stations. In this experiment, we used the BDS

data from the sparse reference network of the BeiDou Foundation Enhancement System.
Currently, there are about 150 continuous operation tracking stations that are sparsely
distributed as shown in Figure 2. The average distance between two stations in the
sparse reference network is about 170 km. Three BDS datasets collected at higher lat-
itude (40◦N–50◦N), mid-latitude (30◦N–40◦N), and low-latitude (20◦N–30◦N) in China
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Figure 2. Geographical distribution of tracking stations of the BeiDou Foundation Enhancement System.

(a) (b) (c)

Figure 3. Geographical distribution of nine base stations (triangle) for generating CRE products and three
experiment stations (circle) for positioning.

from 1 November (DOY 306) to 30 November (DOY 335) 2016 were used to evaluate
the performance of the BDS A-SPP solution. The geographical distribution of the 12 sta-
tions, including nine base stations and three experiment stations is shown in Figure 3. It
should be noted that the data for 3 November for DZJX, 10 November for CHZL, and 20
November for all 12 stations are missing due to problems with data recording. All observa-
tions are post-processed and recorded at a sampling interval of 30 s. The satellite elevation
mask angle is set to 7◦. The precise coordinates of these stations are calculated through
the PPP solution by the Position And Navigation system Data Analyst (PANDA) software
developed by Wuhan University in China (Liu and Ge, 2003; Shi et al., 2008).

In order to investigate the performance of the A-SPP solution, the results of BDS A-
SPP using the datasets collected at CHZL, ZKSQ, and QXJP stations on 5 November 2016
are presented here. Figure 4 shows the time series of positioning errors for BDS SPP and
A-SPP in the east, north, and up directions, respectively. The corresponding Root Mean
Square (RMS) values of positioning errors over the whole day are presented in the top-left
of each panel. Compared with the blue curves for SPP, the red ones for A-SPP show a
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Figure 4. Positioning errors of SPP and A-SPP using BDS satellites data collected at CHZL (40◦N–
50◦N), ZKSQ (30◦ N–40◦N), and QXJP (20◦N–30◦N) stations in China on 5 November 2016. The RMS
values of SPP and A-SPP are presented in the top-left of each panel.

consistent approach in the three directions for all three stations located in different latitude
ranges. Figure 4 illustrates that the positioning performance of A-SPP is much better than
SPP. The improvement of the A-SPP solution on the positioning accuracy is approximately
84·9%, 77·9% and 78·4% for CHZL, 82·9%, 63·9% and 79·1% for ZKSQ, and 82·8%,
66·5% and 62·5% for QXJP when compared with the SPP solution in the east, north and
up directions, respectively.

Figure 5 shows the code residuals of BDS B1I for the SPP and A-SPP solutions. Differ-
ent colours represent different BDS satellites. As can be seen from this picture, most of the
observation residuals of the SPP solution vary within a range of −3–3 m, whereas most of
those for the A-SPP solution vary in a smaller range of −1–1 m. Statistical results demon-
strate that the RMS values of code residuals for SPP are 0·709 m, 0·707 m, and 0·759 m
for CHZL, ZKSQ, and QXJP stations respectively, while the values for A-SPP are only
0·151 m, 0·231 m and 0·202 m. The results apparently illustrate that most observation noise
and un-modelled errors in the SPP solution are significantly reduced by the A-SPP solu-
tion. In Figure 5, it can also be observed that the magnitudes of a few observation residuals
for A-SPP are larger than those for SPP. For example, the absolute values of BDS satel-
lite C11 observation residuals of QXJP station for A-SPP change from 1·118 m to 1·459 m
during the BDS time from 16:09 to 16:13, which is larger than those for SPP, varying from
0·885 m to 0·978 m. There are two reasons for this. First, C11 was not tracked by the base
station CHML and QXTH (see Figure 3) from 16:09 to 16:13, so only one station as CHCZ
contributed to generate the CRE product for satellite C11 during this period. Second, the
long distance between the experiment station QXJP and the base station CHCZ (a distance
of 423 km, see Figure 3) would reduce the spatial correlation of the two stations. Therefore,
the unstable CRE product of C11 from 16:09 to 16:13 would bring relatively large residual
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Figure 5. Observation residuals of SPP and A-SPP for all observed BDS satellites collected at CHZL
(40◦ N–50◦ N), ZKSQ (30◦ N–40◦ N), and QXJP (20◦ N–30◦ N) stations in China on 5 November 2016.
Each BDS satellite uses one colour to represent its residual errors, as indicated in the colour bar

errors in A-SPP. In addition, the satellite elevation angle of C11 decreased from 10·6◦ to
10·1◦ from 16:09 to 16:13, which is a low elevation range. It is obvious that the large code
observation residuals occur more frequently at low elevation (Shi et al., 2013; Yang et al.,
2014).

GPS differential positioning with pseudorange observations can achieve an accuracy at
the metre-level since it can eliminate or dramatically reduce multiple types of error sources
such as the clock offsets of receivers and satellites, and atmospheric delay errors (Shi et al.,
2012). To compare the performance of pseudorange DBDS and A-SPP solutions, the posi-
tioning errors of DBDS and A-SPP using B1I measurements are shown in Figure 6. In
the DBDS solution, the nearest base stations, i.e. DZWL, CHAZ, and QXTH are selected
as the reference stations corresponding to the rover stations CHZL, ZKSQ and QXJP (see
Figure 3). From Figure 6, it can be seen that the fluctuations of positioning errors for DBDS
and A-SPP solutions are, in general, very similar. However, the time series of positioning
errors for A-SPP are more stable than those for DBDS. The accuracy of DBDS is better
than 0·7 m and 1·2 m in the horizontal and vertical directions, respectively, while the per-
formance of A-SPP is better than 0·4 m and 0·7m. The improvement of the A-SPP solution
on the positioning accuracy is approximately 10·2%, 34·3% and 26·7% for CHZL, 12·9%,
18·3% and 17·4% for ZKSQ, and 55·2%, 50·8% and 45·3% for QXJP over the DBDS
solution in the east, north and up directions, respectively.

To further evaluate the A-SPP solution, one month of BDS data collected at CHZL
(40◦N–50◦N), ZKSQ (30◦N–40◦N), and QXJP (20◦N–30◦N) stations from 1 November to
30 November in 2016 are processed by both SPP and A-SPP methods. The distribution
of positioning errors of SPP and A-SPP in the east, north, and up directions are shown in
Figure 7. The statistical results, in terms of mean values and RMS values, are also pre-
sented in each panel of Figure 7. It can be seen that the positioning errors in all three
directions for A-SPP follow the normal distribution better than those of SPP. The RMS
Three-Dimensional (3D) values of SPP for CHZL, ZKSQ and QXJP are 3·880 m, 3·101 m
and 3·152 m, respectively, while the values of A-SPP are 0·807 m, 0·687 m and 0·775 m,
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Figure 6. Positioning errors of DBDS and A-SPP using BDS satellites data collected at CHZL (40◦N–
50◦N), ZKSQ (30◦ N–40◦N) and QXJP (20◦N–30◦N) stations in China on 5 November 2016. The RMS
values of DBDS and A-SPP are presented in the top left of each panel.
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Figure 7. Distribution of positioning errors of SPP and A-SPP in the east (green), north (blue), and up
(red) directions respectively using BDS satellites data collected at CHZL (40◦N–50◦N), ZKSQ (30◦N–
40◦N) and QXJP (20◦N–30◦ N) stations in China from 1 November 2016 to 30 November 2016.

respectively. According to the RMS (3D) values, the A-SPP solution can improve the posi-
tioning accuracy by approximately 79·2%, 77·8% and 75·4% for CHZL, ZKSQ and QXJP
stations, respectively, over the SPP solution. For the three datasets collected at different
latitudes, the SPP positioning accuracy of ZKSQ at the mid-latitude is better than that of
CHZL at a higher latitude and QXJP at a lower latitude. This difference is not clearly
reflected in the A-SPP solution for the three datasets. Through the analysis of the above
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Figure 8. Driving trajectory represented as yellow colour for the boat on the East Lake in Wuhan.

results, we can conclude that the uncorrected systematic errors such as orbital, ionospheric
delay and tropospheric delay errors can be largely reduced in the A-SPP solution.

3.2. Kinematic test. A kinematic test was conducted in Wuhan, China, on 30 May
2016. The test started at local time 11:35:11 (BDS time 3:35:11) and lasted for about
5 h. The kinematic data were collected at a sampling rate of 1 Hz with a cut-off angle
of 15◦. The base station was set up on the roof of the Teaching Building of Wuhan
University. The distance between the base station and rover station was about 2 km. The
reference coordinates of the rover station at cm-level accuracy were acquired by an RTK
approach. Figure 8 shows the driving trajectory of the boat on the East Lake in Wuhan. Sev-
eral loops of the trajectory have been approximately repeated. To evaluate the performance
of the A-SPP method in the kinematic test, three base stations are selected to generate CRE
products for the rover station. The geographical distribution of the three base stations as
CHJZ, JYDG and QXJX is shown in Figure 9. The distances between the centre of trajec-
tory of rover station and CHJZ, JYDG and QXJX stations are 150 km, 328 km and 301 km,
respectively.

The positioning errors, number of satellites and Position Dilution of Precision (PDOP)
values of SPP and A-SPP for BDS are presented in Figure 10. The average of number of
satellites and PDOP values are 9 and 2·4, respectively. In Figure 10, the systematic errors
can be obviously seen in the SPP solution, especially in the up direction. In contrast, these
systematic errors can be effectively reduced by the A-SPP solution. The time series of
positioning results of A-SPP are more stable in all directions when compared with those
of SPP. Table 1 gives the Standard Deviation (STD) and RMS values of positioning errors
for the BDS kinematic test in the east, north and up directions based on SPP and A-SPP
solutions. The BDS A-SPP solution has RMS values of 0·262 m, 0·355 m and 0·711 m
in the east, north and up directions, respectively. The corresponding improvement of the
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Figure 9. Geographical distribution of three base stations (triangle) for acquiring CRE products and one rover
station (circle) for the kinematic test.

positioning accuracy is approximately 82·8%, 72·3% and 81·1% in the three coordinate
components over the BDS SPP solution.

Figure 11 shows the B1I code residuals of all observed BDS satellite data processed by
SPP and A-SPP solutions. The elevation angle of each observed satellite is also given in
Figure 11. Compared with the code residuals for SPP, most code residuals for A-SPP vary
in a narrower range. Meanwhile, the magnitude of code residuals for A-SPP is also smaller
than those of SPP in general. However, there are a few irregularities in the time series of
code residuals for A-SPP, such as the MEO C12 from 3:42:17 to 3:42:37. From the third
panel in Figure 11, we can clearly see that the elevation angles of C12 during that period
are smaller than 16◦, located at a lower elevation. Despite this, the larger residuals in A-
SPP cannot simply be attributed to the low elevation angle. After checking the data of the
three base stations, we found that only two stations’ data (CHJZ and QXJX) can be used
to generate the corresponding CRE products for the satellite C12 during the mentioned
period. That low reliability of CRE products will bring relatively large residual errors in
A-SPP compared with those in SPP as concluded in Section 3.1. Fortunately, this situation
generally occurs at a low elevation angle and continues for a few seconds or minutes. In
a total of 148,477 satellite datasets, there are 3,858 data missing events for one station
and 661 data missing events for two stations, which only account for 2·6% and 0·45%,
respectively. Although there are a few irregularities in the time series of residuals for A-
SPP, the RMS value of A-SPP residuals is 0·241 m, which is far smaller than that of SPP
at 0·974 m.
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Figure 10. Positioning errors, number of satellites, PDOP values of SPP and A-SPP using BDS B1I code
collected at rover station from 3:35:11 to 8:27:10 BDS time on 30 May 2016.

Table 1. STD and RMS statistics of kinematic positioning errors in the east, north, and up directions based on
SPP and A-SPP solutions. The percentage values in the last column represent the improvement of RMS for A-SPP
over SPP.

STD (m) RMS (m)

SPP A-SPP SPP A-SPP Improvement rate of RMS (%)

East 0·515 0·246 1·520 0·262 82·8%
North 1·266 0·347 1·283 0·355 72·3%
Up 1·029 0·688 3·770 0·711 81·1%
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°

Figure 11. Observation residuals vs. elevation angle of SPP and A-SPP for all observed BDS satellites
collected at the rover station from 3:35:11 to 8:27:10 BDS time on 30 May 2016. Each BDS satellite
uses one colour to represent its residuals, as indicated in the colour bar.

4. CONCLUSIONS. Because of the existence of systematic errors in SPP, the position-
ing accuracy of BDS SPP was limited to a level of 1–2 m in the horizontal component and
2–4 m in the vertical component in the Asia-Pacific area. With the increasing number of
base stations of the BeiDou Foundation Enhancement System, CRE products integrated by
more than one nearby station have become possible, which can be used to further improve
the performance of BDS SPP. Therefore, an augmented SPP method (A-SPP) based on the
BeiDou Foundation Enhancement System sparse reference network was developed in this
study. We first obtain the CRE products integrated by three optional base stations that are
close to the rover station in the sparse reference network. Then the SEAW average tech-
nique is adopted to acquire the corresponding code residual errors of each satellite observed
by the rover station. Finally, the corrected code observations, which are derived by the sub-
traction of the corresponding code residual errors, can be utilised to achieve the A-SPP
solution. The performance of A-SPP has been validated by both static and kinematic tests.
The results show that the accuracies in the horizontal and vertical directions of the A-SPP
solution are better than 0·5 m and 1·0 m, respectively.
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The static test shows that the B1I code residuals errors for A-SPP are significantly
decreased compared with those for SPP. The RMS values of code residuals for SPP are
0·709 m, 0·707 m and 0·759 m for CHZL, ZKSQ and QXJP stations, respectively, while
those for A-SPP are 0·151 m, 0·231 m and 0·202 m. According to the RMS (3D) val-
ues, the A-SPP solution can improve the positioning accuracy by approximately 79·2%,
77·8% and 75·4% for CHZL, ZKSQ and QXJP stations, respectively, over the SPP solu-
tion. Furthermore, the comparison results between the A-SPP and DBDS solutions also
show that the positioning performance of A-SPP is better than DBDS. In order to further
evaluate the performance of A-SPP, a kinematic test was conducted in Wuhan, China, on 30
May 2016. The kinematic test illustrates that the BDS A-SPP solution has RMS values of
0·262 m, 0·355 m, and 0·711 m in the east, north and up directions respectively. Compared
with SPP in the kinematic test, the improvement of the positioning accuracy for A-SPP is
approximately 82·8%, 72·3% and 81·1% in the three directions. Although there are few
irregularities in the time series of code residuals for A-SPP, the RMS of A-SPP residuals is
0·241 m, which is far less than that of SPP at 0·974 m.

This study provides a solution to improve SPP accuracy for single-frequency GNSS
users. Decimetre-level accuracy of GNSS SPP would enrich its application in vehicle and
ship navigation. Note that the distance between the base station and rover station is in
the range of 100–500 km. There is no doubt that the spatial correlation of errors would
be reduced with the increasing distance between base and rover stations, so the perfor-
mance of A-SPP would be degraded in that situation. The increasing number of stations
of the Multi-GNSS Experiment and Pilot Project (MGEX) and Continuously Operating
Reference Stations (CORS), are expected to resolve this problem to some extent.
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