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Abstract: In this paper, four types of open service signals of BDS-3 satellite (B1I, B1C, B2a, and B3I)
and B2I signals broadcasted by BDS-2 satellites were used in the time frequency transfer and
positioning experiments with signal coexisting in BDS system, and the single frequency PPP
(precise point positioning) method was used. Modified GRoup And PHase Ionospheric Correction
(GRAPHIC) method was proposed and verified by the experiment. The results show that 18
selected stations can achieve decimeter-level positioning results with single frequency. Compared
with the general observation method, the proposed modified GRAPHIC method improves the
stability and precision of positioning and timing significantly, and the positioning accuracy of 5
frequency signals is increased 40.4%, 32.2%, 80.3%, 12.4%, and 10.3%, respectively. The frequency
stability can reach the same accuracy as that of dual-frequency with BDS in the current state.
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1. Introduction

The construction process of the BDS-3 started in 2015. Different from the regional service
provided by the BDS-2, the BDS-3 includes 3 GEO (Geostationary Earth Orbit), 24 MEO (Medium
orbit earth satellite), and 3 IGSO (Inclined GeoSynchronous Orbit) satellites, which can provide
global service (Yang et al., 2019). During the launch of the BDS-3 experimental satellites and after
the launch of some BDS-3 satellites, much research on BDS-3 determination of satellite orbit,
estimation of clock difference, positioning, time and frequency transfer, and other related subjects
has been conducted. In 2018, Li et al. performed the determination of orbit on the BDS-3, by using
the MGEX (The Multi-GNSS Experiment and Pilot Project) and iGMAS (international GNSS
Monitoring & Assessment System) stations (Li et al., 2019). Zhang et al. conducted a statistical study
on the new signals (B1l, BIC, B2a, B2b, and B3I) generated by the BDS-3 in terms of the
signal-to-noise ratio, multipath etc. (Zhang et al., 2017). Ye et al. determined the BDS-3 satellite orbit
by using B1C and B2a frequency signals (Ye et al.,, 2018). Yan et al. determined the exact clock
difference and orbit of the BDS-3 (Yan et al., 2019). Xie et al. conducted the orbit determination by
analysis of a BDS-3 satellite in L and Ka bands (Xie et al., 2019). Yang et al. introduced the coordinate
system, time system overall design of the BDS-3 system in detail, and first presented the
signal-in-space ranging errors (SISRE) results of eight BDS-3 satellites in four days, and compared
the broadcast ephemeris and precise orbit results. The results showed that the root mean square
(RMS) of the three-dimensional (3D) satellite orbit was about 1.07 m, the average RMS of the satellite
clock difference was 1.12 ns, and the average SISRE was 0.44 m (Yang et al., 2019). Zhang et al.
studied on positioning by using the new signal, and found that the accuracy level of the Single Point
Positioning (SPP) of the new BDS-3 signal was equivalent to that of the GPS (Zhang et al., 2019).
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Ge et al. evaluated the performance of the BDS-2 dual-frequency ionosphere-free (IF)
combination in terms of time frequency transfer by using the iGMAS product (Ge et al., 2019). Tu et
al. found that there was lower observation noise and could achieve the same accuracy of time
transfer as the GPS by using the triple frequency un-differenced and un-combined (UC) (Tu et al.,
2019). Zhang et al. evaluated the GPS PPP using different institutional products and systems,
obtained that the time transfer accuracy of sub-nanosecond (Zhang et al., 2019). Ge et al. evaluated
the time frequency transfer of the BDS-3 through experiments with different combinations (Ge et al.,
2020), and got the conclusion that the stability and accuracy of new signal perform better.

However, all the above-mentioned research, whether it is related to the orbit determination and
the calculation of clock difference, or positioning and application research of time frequency
transfer, all of them were based on the multi-frequency signals of BDS-3, and did not considered the
needs of single frequency users, which is the largest user group of the GNSS currently. At present,
GNSS navigation chips was built in almost all smartphones to meet the navigation and positioning
needs of consumers. Studying the performance of a single frequency algorithm can help to improve
and expand the application scope and depth of the consumer market.

At present, BDS-2 and BDS-3 coexist in the sky, and can be regarded as the same system or
different system, when positioning and other applicating. In this paper, the BDS-2 was used as a
benchmark, and the BDS-3 was used as a different system in the program design. This paper
proposes a modified single frequency GRAPHIC model. As the ionospheric refraction correction of
code pseudo-range and carrier phase observations are equal in size, but opposite in sign, a method
of ionosphere free is formed between the code and carrier phase observations. Based on the two
algorithms of the single frequency model (single frequency UC model, and single frequency
modified GRAPHIC model), this paper studies the positioning and time frequency transfer, and
evaluates the performance of current single frequency coexist of BDS-2 and BDS-3 by PPP method.

The rest of the paper is organized as follows. Section 2 introduces the current BDS-3 status in
detail. Section 3 explains the two main single frequency algorithms used in this work. Section 4
presents the detailed processing strategy and data selection. Section 5 analyzes and compares the
results. Section 6 draws and summarizes relevant conclusions.

2. Current BDS-3 status

According to the three-steps strategy, the BDS moves from the second generation of the
regional system to the third generation of the global system. After the successful launch of the last
BDS-3 networking satellite on June 23, 2020, the BDS has officially become a global satellite
navigation system and completed the construction tasks of third generation.

15 satellites of the BDS-2 system operate continuously and stably in at present. Before the
networking of the BDS-3 system formally, 5 BDS-3 experimental satellites were launched and
verified by on orbit tests. Higher performance rubidium atomic clocks (with daily stability of 10E-14
magnitude) and hydrogen atomic clocks (with daily stability of 10E-15 magnitude) were developed,
which modified the performance and service life of the satellite further. A stable and reliable inter
satellite link was built, and the basic system constellation deployment has been completed
successfully. BDS-3 has realized the integration design of navigation and positioning,
communication, and enhanced services. In addition to navigation and positioning, it also provides 6
types of services, including satellite-based enhancement, precise positioning information broadcast,
regional short message, global short message, communication, and international search and rescue

(Yang et al., 2019).
Table 1. Signal characteristics of BDS-3 open service

Center

Frequency Signal Compatible
frequency Modulation mode Information rate / BPS

band component interoperability
(MHz)

B1 B1C_data  1575.42 BOC(1,1) 50 GPSL1
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B1C_pilot QMBOC(6,1,4/33) 0 Galileo E1
B1I 1561.098  BPSK(2) 50(MEO/IGSO),500(GEO) -
B2a_data 1176.45 QPSK(10) 100 GPS L5

B B2a_pilot 0 Galileo E5a
B2b_I 1207.14 QPSK(10) 500 Galileo E5b
B2b_Q 500

B3 B3I 126852 BPSK(10) 50(MEO/IGSO),500(GEO) -

BDS-3 is downward compatible with BDS-2 B1I and B3I signals, and two new signals B1C and
B2a (compatible with GPS L1/L5 and Galileo E1/E5A) are added to provide public navigation signals
with four frequencies (Lu et al., 2019). B1C and B2a signals have wider bandwidth, higher ranging
accuracy and better interoperability compared with conditional signals. Pilot channels are generally
added to increase the receiving sensitivity of weak signals, and LDPC (Low-density Parity-check)
channel coding is used to improve the demodulation performance of weak signals (as shown in
Table 1). B1C and B2a also modulate new navigation messages BGCNAV1 and BGCNAV2, and
adopt new orbit parameters and new global ionospheric model BDGIM (BeiDou Global Ionospheric
delay correction Model) based on spherical harmonic function. The accuracy of orbit and
ionospheric correction are modified significantly than that of BDS-2 (Yuan et al., 2019). Since the
service of BDS-2 satellite would continue many years, BDS-2 and BDS-3 coexist at present. Therefore,
this paper studies the application of single frequency PPP method in the coexistence state of two
generations of systems, which is of great significance to the majority of consumers.

3. Principle and improvement of single frequency PPP algorithm

3.1. Basic formula

The observation data can be expressed as follows:

Prfj =p +c-dt’ —c-dt’ +MFW(e)-ZW+;/}' . If,l+(df'j —djs)+gf'j(P) (1)

®;, =p +c-dt) —c-dt’ + MF,(e)-Z,—y; - 1], + 4] -(N;; +b}, —=b%) + &’ () )

where 7, j, and s stand for receivers, frequency, and satellite systems, respectively; p;; and
S
O, ;

denotes the wavelength of frequency j; p; represents the geometric distance between receiver and

represent the pseudo-range observation and the carrier phase observation, respectively; 4;

satellite; ¢ represents the speed of light; dt; and dt® denote the receiver clock difference and the
satellite clock difference, respectively; e represents the elevate angle of a satellite; MF,(e) denotes
the wet delay projection function; Z, refers to the wet delay of zenith direction, |}, represents
the tilt direction delay of ionosphere; multiple factor yj =(f/f’)’ is based on frequency; d;,
and d] represent uncalibrated code delays (UCDs) at receiver and satellite, respectively; N
represents the integer ambiguity, b}; and d;denote uncalibrated carrier phase delays (UPDs) at
receiver and satellite, respectively; lastly, & ;(P) and & ;(¢) represent the carrier phase noise

and the pseudo-range noise, respectively.

3.2. Single frequency UC PPP model

For the dual-frequency ionosphere free, the first order ionosphere has been eliminated, that is,

more than 99.9% of the ionospheric error has been eliminated. For a single frequency, the delay of
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ionosphere can be used only as parameter to estimate or model to be corrected, or external
precision products.

The satellite clock difference of precision products is estimated using the combination of P1
and P2 pseudo ranges. Therefore, satellite clock (d,,) represents a combination of satellite UCDs

((d};,)) and actual clock difference dt®, which is expressed as follows:
C'dtlsFlzZC'dts"'(aﬁzz'dls"'ﬂlzz'd;) 3)
(f7) (£
(fls)Z _(fzs)z (flS)Z _(fZS)Z
The clock difference from broadcast ephemeris of the BDS corresponds to the B3I frequency

s _ S _
where a;, = and B, =

point (CSNO (2018a) BeiDou Navigation satellite system signal in space interface control document
open service signal B3I (Version 1.0), 2018), while the precise clock difference corresponds to the
B1I/B3I ionosphere free combination (Wang et al., 2019). Therefore, TGD (Time Group Delay) or
DCB (Differential Code Biase) should be used to correct the single frequency solution or other
combined solution as show in Figure 1. The specific correction methods are presented in (Ge et al.,
2017) (Montenbruck et al.,, 2017). In this study, the DCB correction provided by the Institute of
Geodesy and Geophysics (IGG), Chinese Academy of Sciences, including the GPS, GLONASS,
Galileo, BDS, and QZSS, with an accuracy of range from 0.2ns to 0.6 ns (Wang et al., 2017).

y
/N
X TGDg1gs B3
TGDe1gs | TGDgogs TGDg1g2-83
Bl B2 B3 B1B2 B1B3
TGDg2g3 83

Figure 1. Presentation of the TGD relationship.

In this paper, the COD precision clock product was used. After using the precision clock
difference product, equations (1) and (2) are linearized, and formula (3) is substituted into
equations (4):

{pfl:/’lrs 'X+C'dtr +dr31+MFw(e)'zw+ Irsl_ﬂfz'DCB;wz"’grsl(P)
' ' ' ’ 4)

Irs,l :/"rs “X+c-dt, - Irs,l + dISFlz +MF,(e)-Z,+ ﬂ13 '(Nrs,1 +brs,1 _bls) +5rs,1((ﬂ)

where p;,and I, represent the calculated value of observation value minus pseudo range

and carrier phase observation, respectively; x is the unit vector between receiver and satellite,
denoted the position vector relative to a prior coordinate position, and the other parameters are the
same as defined for equations (1) and (2).

3.3. Modified GRAPHIC PPP model

The GRAPHIC method was proposed by Yunck in 1993. By using the characteristics of
ionospheric delay and carrier phase, which are equal in size, but opposite in sign, to eliminate the
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influence of ionospheric delay, the noise of the equation is reduced by half, and the convergence
speed of the PPP is increased by 20% (Gao et al., 2017). According to equations (1) and (2), the
modified GRAPHIC of single PPP model can be expressed as:

{L;l =1/2-(p;; +15) = g1 XS, +Codt, + MF,(6)- Z,+1/2- 25 - N, +BS, + &8, (L)

5
prs,l :/Urs 'X+C-dtr +drs,1 + MFw(e)’Zw+ Irs,1 _ﬁlsz : DCB;lPZ + grs,l(P) ( )
By, =1/2-d;, +1/2-d}., -1/ 2- 5, - DCB;, +1/2(b;, —b5) )

In order to prevent rank deficiency, in equation (5), the pseudo-range observation equation is
added, and the ionospheric delay was corrected by using ionospheric products this equation. The
clock difference parameters are sorted out, which is expressed as:

c-dt, =c-dt_+ BL;,

NS s s s @)
Nr,l = j’l . Nr,l +5Br,1

where BL), represents the average delay, and 6B;, denotes the delay of the satellite,

which will be absorbed into the ambiguity parameter and the satellite clock difference

parameter. The final estimated parameter vector X is expressed as:
?:[x dt. z, NLJ ®)

It should be noted that in the newly constructed function model, the pseudo-range and
GRAPHIC equations in (5), Both used pseudo-range observations, so there is a correlation
between the combined observations. In this paper, a stochastic model is constructed based on
the covariance propagation law. Suppose &, =6, =6;,6,, =36, =3, then the corresponding
satellites are obtained from the error propagation law, and the values of each position of the
covariance matrix are:

Pe i =0.5(P +d,)

Qpipi =60

Quorc uorc = 0-2567 +0.256,,°
Qpivorc = 0.56,

)

4. Data selection and processing

4.1. Data selection

Some MGEX tracking stations have the ability to track signals of BDS-3. In order to verify the
feasibility of a single frequency algorithm and to simulate the performance of global distribution,
this paper selects 18 MGEX sites for positioning experiment, as shown in Figure 2. Some of the
stations are connected high-precision atomic clocks, which can be used for high-precision time
frequency transfer research.
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Figure 2. Distribution of selected stations.

The data was collected on April 9, 2020 (DOY 100,YEAR2020), and the sampling rate was 30
seconds. The public service data (B1l, B1C, B2I, B2a, and B3I) of the BDS-3 and BDS-2 could be
received. Three stations, CUSV, HARB, and WTZZ, were selected for time transfer experiment with
the external atomic clock. Two time-links, WTZZ-HARB and WTZZ-CUSV, were formed with
WTZZ as the center.

4.2. Strategy design and filtering algorithm

In this paper, two kinds of single frequency PPP strategies are designed and compared: single
frequency PPP UC strategy (denoted as strategy 1) and modified single frequency GRAPHIC
strategy (denoted as strategy 2). Detailed strategy of PPP algorithm was given in Table2.

Table 2. Detailed strategy of PPP algorithm

Parameter

Description

Wet tropospheric delay
Signal selection

Satellite antenna PCO
and PCV
Elevation cut off

Solid earth tides
Ocean loading
Polar tides
Phase wind-up effect
Receiver clock errors
Station coordinate

Estimator

UNB3 model (Collins et al., 1997)

(B1I, B1C,B2I, B2a, B3D
Igsl4.atx

7o
IERS Conventions 2010 (Petit et al., 2010)
IERS Conventions 2010 (Petit et al., 2010)
IERS Conventions 2010 (Petit et al., 2010)
Wu model (Wu et al., 1992)
Estimation, white noise
Static model
Kalman filter

5. Results and analysis

The two single frequency PPP methods were compared and analyzed in detail based on the

positioning of the existing frequency. In the following text, some graphs marked with U relate to the
UC methods, and those marked with G relate to the modified GRAPHIC.

5.1.Positioning results

As mentioned previously, the BDS-3 is a global navigation system. Compared with the BDS-2,
its visible satellite number and PDOP value of sites in all regions of the world are significantly
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modified, which means the needs of all types of users in the world. Jiang et al. (Jiang et al., 2019)
derived the statistics of the PDOP value of the BDS-2 + BDS-3 , and pointed out that increasing the
signal is helpful to improve the performance of PDOP value outside the Asia Pacific region . The last
BDS-3 satellite was launched on June 23, 2020, which completed the global networking. Its satellite
visibility and PDOP value are comparable to the GPS system in the global scope. Even in the Asia
Pacific, Australia, and some other regions, due to the unique GEO and IGSO of the BDS, its satellite
visibility and PDOP value will be better than those of the GPS system. In the 60°S — 60°N and 50°E —
170°E regions, BDS-3 has 11 to 14 visible satellites, which is larger than the GPS and Galileo systems
with range from 1 to 3, respectively, and larger than the GLONASS with range 3 to 7 (Wang et al,,

2019).

Visual satellite
1al satellr

10
Time/hour

Figure 3. Satellite visibility of the WUH2 station and BDS satellite on 2020/04/09.
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Figure 4. The visible satellite number and PDOP value of the WHU?2 station and BDS satellite.

Figure 3 shows the visible satellite number and PDOP value of a domestic station WUH2 used
in the experiment at (DOY 001, 2020). In Figure 3, it can be seen that the average number of visible
satellites in a day was more than 16, and the PDOP value was approximately 2.2, which could better
meet the application requirements of positioning, time frequency transfer, tropospheric solution, etc.
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A large number of redundant satellites and a good PDOP value can be helpful for the user to achieve
the continuousness and robust of algorithm.

WUH2 B11/B3I

0.4 - — N

0.2 £

' — U
£ 001
-0.2 1
-0.4 -

0 6 12 18 24
Time(h) DOY100 2020

Figure 5. BDS B11/B3I ionospheric free results of WUH2
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Figure 6. Positioning results of single frequency algorithms at 5 frequency (strategyl, strategy 2).

The combination of BDS BI1 and B3I dual-frequency ionosphere free was taken as a reference in
the positioning experiment in Figure 5. The precise orbit and clock difference product used in this
work was COD. Its satellite clock difference product was based on the combination of B1I and B3I
frequency, so the satellite clock doesn’t need to be modified by the DCB. Fig. 5 shows the positioning
results of the dual-frequency of the WHU2 station, where it can be seen that the accuracy in
horizontal directions E and N, reached millimeter level, while the vertical direction U was slightly
poor, but it was at centimeter level after the convergence.

Figure 6 shows the positioning results of station WUH2 obtained by the single frequency UC
(strategy 1) and modified GRAPHIC (strategy 2). The results show that in three directions (E, N, U),
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the positioning accuracy was at decimeter level after the convergence. Due to the absence of
ionosphere constraints, some results appeared to be systematic biases. The overall accuracy of U in
vertical direction is worse than that in horizontal directions (N and E).

For 5 frequency, the positioning accuracy and stability of the strategy 2 was better than that of
strategy 1. The result of the B1C frequency was interrupted for 2 hours as the reason that the receiver
decoded data abnormally, which resulted in data loss.

In order to further verify and analyze the above conclusions, 18 stations (as shown in Figure 3)
distributed in the global were used in the average statistical comparison. Figures 7 and 8 show the
positioning results of each frequency point of 18 stations with strategy 1 and strategy 2, respectively.
Figure 9 shows the overall positioning results of 18 stations from the point of view of each frequency.

strategy1
N B
Il B1C
1.0 1 B2
£ B2a
= N B3
> 0.5 '
0.0 -
oy L o™ ONNMD
008382 ERSBIAPIINIS
8008@8:%%52&a§3§§ﬁ
Figure 7. The results of strategy 1.
strategy?2
N B
Il B1C
1.0 1 B2
£ B2a
= N B3
> 05 -
0.0 -
=~ NsSoOLnacNsSONNM
008332 E3Z0IdE52NES
250R33TE34ZzarE22=x

Figure 8. The results of strategy2.

As presented in Figures 7 and 8, the positioning accuracy of all stations and all frequency,
except for some stations of B11/B2a/B2I signal, strategy 2 was less than 0.5 decimeter, while that of
the strategy 1 was less than 0.75 decimeter. The poor performance of the B2I was due to the fewer
number of satellites. Only BDS-2 transmitted B2I, and the number of satellites was even less than 4 at
some times in some areas. The positioning results of B1C and B3I were obviously better than other
frequency. The preliminary analysis showed that there were more satellites, and the data quality
was better.
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In Figure 9, the average position value of 18 stations is shown from the point of view of each
frequency. The positioning results of the strategy 2 are better than strategy 1, and the frequency B1],
B1C, B2I, B2A, and B3I are increased by 40.4%, 32.2%, 80.3%, 12.4%, and 10.3%, respectively,
compared with strategy 1.

strategy1 of 18 stations strategy2 of 18 stations
¢} ¢
3 4 O
¢} 5 ] o o
£ £
g 2] g
3 o 3
> > 14
JEIE = R CR
o = T =2 & Jo s 2 EH o=
B11 B1C B2l B2a B3l B1l BI1C B2l B2a B3l

Figure 9. Average position value of 18 stations

5.2. Comparison of time and frequency transfer

The old and new single frequency BDS signals (B1l, B1C, B2I, B2a, B3I) were tested in
high-precision time frequency transfer. Three MGEX stations (CUSV, WTZZ, HARB) were selected,
all of which were externally connected with high-precision atomic clocks. Based on the CUSV, two
time transfer links (CUSV-WTZZ, CUSV-HARB) were formed. In reference [11], it has been proven
that the combination of B1I and B3I ionosphere free of BDS-3 can achieve the time transfer accuracy
of the corresponding strategy using the GPS system. Therefore, B1I and B3I ionospheric free of BDS
was adopted as a reference. Due to the system deviation between single frequency and
double-frequency combination, the STD method was used for statistical comparison. In addition, the
modified Allan variance was used for analysis and comparison of frequency stability of the
time-links.

STD is the arithmetic square root of variance, also known as mean square error in formula 10. It
is the average of the distance of each data deviating from the average. It is the square root after
averaging the square sum of mean deviation. The standard deviation can reflect the dispersion

degree of a data set.

X

i is the clock error or clock links obtained by the single frequency method minus the reference

clock error or clock links of IF method. N is the number of all clock difference sequence points. Xis

X.
average value of " .

(10)

5.2.1 Clock difference result

Figure 10 shows the clock difference statistics STD results of two strategies of three stations
(CUSV, HARB, WTZZ). It can be seen that the clock difference statistics STD of strategy 2 is
significantly smaller than strategy 1, which means that strategy 2 is very helpful to improve clock
error accuracy compared with strategy 1.

Figure 11 shows that the STD of three stations can be stabilized at the sub-nanosecond order by
using the single frequency GRAPHIC method (strategy 2). When the strategy 2 was used, the clock
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difference parameter was more stable and accurate than when the UC method (strategy 1). The
performance of new signal B1C was obviously better than other frequency signals. However, this is
the result of only three stations, and more stations are needed to verify this result, which is out of the
scope of this paper. Due to the fewer number of B2I satellites, the performance of B2I is significantly

worse than of the other frequency.
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Figure 10. The results of clock difference statistics STD of two strategies of three stations (CUSV,
HARB, WTZZ).
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Figure 11. The average STD of clock difference of three stations with two strategies for different frequency

points.

5.2.2 Time-links result
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Figure 12. The time sequence diagram of two time-links, two strategies, and 5 frequency points.

Figure 12 shows two time-links sequence of two strategies and 5 frequency. As shown in
Figure 12, there was a systematic deviation between the time link of each frequency and the
combination of ionosphere free. This systematic deviation originated from two aspects: (1) the
system difference between BDS-2 and BDS-3; (2) DCB delay from receiver and satellites, the part of
satellite had been corrected, but the part of receiver had not been corrected. The sum of these two
parts constitutes the system difference shown in Figure 12.

strategy1 strategy?2

6 - . B1l
o mm B1C o
§ 4 I B2 ‘g
§ HEN B2a §
a Bl B3| o
= =
n n

CUSV-HARB CUSV-WTZZ CUSV-HARB CUSV-WTZZ

Figure 13. STD of two strategies of time link with 5 frequency.

Taking dual frequency results of B1I and B3I ionosphere free as reference, the single frequency
results of 5 frequency were calculated by difference with each other, to obtain STD in Figure 13.

According to the link statistics, the following conclusion can be drawn:

1. The new B1C signal is obviously better than other frequency, while the advantage of B2a
signal is not obvious, which may be due to the fewer number of satellites;

2. B3I performs well, which may be due to the large number of satellites. As we know that,
BDS-2 and BDS-3 can be used at the same time;

3. B2l performance is worse than others, and the number of satellites is not enough. So, the
performances of both links and strategies are worse.

The above is the analysis of time link accuracy. Next, the stability of corresponding time link is
analyzed.
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Figure 14. The frequency stability results of the two links of the two strategies (U, strategyl; G, strategy?2)

Figures 14 show the statistical results of frequency stability of two strategies links, CUSV-HARB
and CUSV- WTZZ links. Based on these results, the following conclusion can be drawn:

1. The frequency stability of two single frequency links can reach the same accuracy as that of
dual-frequency;

2. As shown in Figure 14, The stabilities of B1I, B2I, and B2a frequency of strategy 1 are slightly
better than those of strategy 1 with averaging time range from 100s to 400s. And we can see that 5
frequency of strategy 2 are closer to the reference value of Reference B1I-B31.

6. Conclusions

This paper used four types of open service signals (B1I, B1C, B2a, B3I) of the BDS-3 and the B2I
signals broadcasted by the BDS-2, to conduct the time transfer and positioning experiments for five
types of single frequency signals using the PPP method. Compared with the conventional UC
model, a modified GRAPHIC combination was proposed by modifying its stochastic model. The
purpose of this paper is to study the needs of the majority of consumer, which are single frequency
users, when BDS-2 and BDS-3 coexist at present.

The results of experiment show that:

1. Globally distributed 18 experimental stations can achieve the positioning accuracy of
sub-decimeter level with BDS single frequency static PPP method;

2. Compared to the UC method, the modified GRAPHIC method improved the stability and
accuracy significantly, and the accuracy of 5 frequency (B1l, B1C, B2I, B2a, and B3I), is increased
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40.4%, 32.2%, 80.3%, 12.4%, and 10.3% respectively, when positioning with single frequency PPP
method;

3. The single frequency clock difference STD can reach the level of 1 nanosecond; the time
transfer link can achieve the STD of about 2 nanoseconds, and the frequency stability of the time
transfer link can reach the same accuracy as the combination of the dual-frequency.
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