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Abstract. In GNSS multi-system fusion positioning, inter-system bias must first
be considered. The analysis of the inter-system bias characteristics is helpful for
the prediction and modeling of the inter-system basic, improving the precision and
convergence speed of precise point positioning. This paper constructes GPS/BDS
ionospheric-free combined PPP observation equation by considering ISB param-
eters. On this basis, the difference between BDS-2/GPS ISB and BDS-3/GPS
ISB, the characteristics of BDS-2/BDS-3 ISB and its impact on PPP are analyzed.
The results show that GPS/BDS ISB estimation by fusion of BDS-2 and BDS-3
observation data possesses the average characteristics, the estimation process is
more stable, the positioning result accuracy is higher, and the convergence speed
is faster. In the static state, the positioning accuracy is about 0.6 cm in N direction,
about 0.9 cm in E direction, and about 1.4 cm in U direction. The convergence
time is about 15 min. The BDS-2/BDS-3 ISB is within & 10 ns, and the long-
and short-term changes are stable, depending on the receiver type. Considering
the ISB between BDS-2/BDS-3 systems can help improve positioning accuracy
and convergence speed.

Keywords: Inter-system bias - Beidou navigation satellite system - Precise point
positioning - Uncombined model - Long-term characteristics - Short-term
characteristics

1 Introduction

Multi-constellation global navigation satellite system measurement data fusion can effec-
tively improve the accuracy and reliability of navigation and positioning solutions, and
inter system bias (ISB) is a key issue affecting system compatibility [1-3].

When using the Global Navigation Satellite System (GNSS) for positioning calcu-
lation, it is necessary to consider the difference between the coordinate base and the
time base of each system [4]. There is only a slight difference in the flatness of the refer-
ence ellipsoid between the WGS-84 coordinate system used by GPS (Global Positioning
System) and the CGCS2000 Chinese geodetic coordinate system used by the Beidou
navigation satellite system, and the effect of flatness changes on the latitude, longitude,
and height of the earth is in mm Level, can be ignored in the precision point positioning
solution [5]. In GNSS multi-system data fusion, the time reference is usually unified to
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GPS time, but the difference in the reference clock satellites selected by different systems
in the calculation process will still lead to differences in the satellite clock difference
reference of each system, and the modulation of the navigation signal of each satellite
The large differences in methods, receiver hardware, and firmware versions cause sys-
tematic differences in the hardware delay time of different navigation systems within the
multi-mode receiver. The difference between the satellite clock reference difference of
different systems and the receiver hardware delay error is the ISB, and its specific form
can be expressed as the difference of the receiver clock difference between different
systems including no ionospheric combined hardware delay [6-8].

The fusion positioning of Beidou and GPS first needs to consider the ISB. In recent
years, many scholars have carried out multi-dimensional research on ISB between
Beidou-2 (denoted as BDS-2) and GPS, including the estimation method and character-
istic analysis [9—-14]. At the end of 2018, the Beidou-3 system was basically deployed,
and related research on the ISB between the Beidou-3 (denoted as BDS-3) and GPS was
gradually launched [15, 16]. Liu et al. analysed the size and time-varying characteristics
of GPS/BDS-3 ISB between receivers of the same type, and showed that the influence of
the same type of receiver BDS-3/GPS ISB on the relative positioning of the tight com-
bination can be ignored [17]. However, there are few studies on the difference between
BDS-2/GPS ISB and BDS-3/GPS ISB.

On June 23, 2020, the global networking work of the Beidou-3 system is completed, it
provided basic conditions, for the research of BDS-2/BDS-3 ISB [18]. Song et al. anal-
ysed the ISB variation characteristics between BDS-2 and BDS-3 on un-overlapping
frequencies [19]. The results show that there is an ISB between BDS-2 and BDS-3 of
non-overlapping frequencies, and it is related to the type of tracking station receiver.
In PPP should consider the ISB. However, the BDS-2/BDS-3 ISB between overlapping
frequencies was not analysed. He analysed the daily stability of ISB between the over-
lapping frequencies of BDS-2 and BDS-3 [20]. The results show that the changes within
the day are stable and the magnitude is small, and the impact can be ignored when
the positioning accuracy is not high. However, only the daily stability was analysed,
and no in-depth study was carried out on more characteristics of the same frequency
BDS-2/BDS-3 ISB.

This paper builds a GPS/BDS ionospheric-free combination PPP model that takes
into account ISB parameters on the basis of the ionospheric-free combination model. On
this basis, the difference between BDS-2/GPS ISB and BDS-3/GPS ISB, BDS-2/BDS-3
ISB magnitude, long-term and short-term characteristics, relationship with the receiver
and its impact on PPP positioning performance are analysed.

2 Constructing GPS/BDS PPP Model Considering ISB Parameters

2.1 Original GPS/BDS PPP Ionospheric-Free Combined Model

The ionospheric-free combined observation equation based on the dual-frequency
pseudorange and carrier phase observations is:

Pip=p+ c(dtr — dl‘s) + T+ My, + &pp Q)
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LIF =p + c(dtr - dts‘) + T + )"IFNIF + ML]F + ELiF (2)

Among them, p = \/ (x5 — %) + (ys — y1)? + (zs — 2,)* is the geometric dis-
tance between the receiver and the satellite; (xs, ys, z5) represents the satellite location;
(xr, yr, zr) represents the receiver location; Pjr represents the ionosphere-free combined
pseudorange observations; L;r represents the ionosphere-free combined carrier phase
observations; dt, represents the receiver clock error that absorbs the receiver pseudor-
ange deviation; dt® represents the satellite clock error that absorbs the satellite pseudor-
ange deviation; T represents the tropospheric delay; Ajr represents the frequency wave-
length of non-ionospheric combined; N;r represents un-ionospheric combined ambigu-
ity including hardware delay and initial phase deviation; M , & denote the multipath effect
error and other residual errors that are not parameterized and modeled, respectively; ¢
represents speed of light. All units in the above equation are meters (m).

Application the precision products, the non-ionospheric combined observation
equation of GPS/BDS-2/BDS-3 can be expressed as:

Pl =p% +cdtf +TC+ M +e5, 3)

L = pC 4 cdt? + TO+0GNG + MS +ef (4)
PR =pC +cdt+ T+ MS2 4652 (5)

LG = p@ +cdi® + T + APNG? + ME? + ef2 (6)
PR =p +cdtS + T + MS + 650 )

LGP = p +cdtS + T +AFZNG + MO +6f3 (8)

Among them, the superscripts G, C2, and C3 indicate GPS, BDS-2, and BDS-3,
respectively.

2.2 Combined GPS/BDS PPP Ionospheric-Free Combined Model Considering
ISB Parameters

In order to ensure the same definition of the receiver clock difference between GPS,
BDS-2, and BDS-3, use the GPS receiver clock error as a reference to introduce the ISB
parameters, after introduction of the ISB the dual-frequency ionospheric-free combined
observation equation of the BDS-2 and BDS-3 can be expressed as:

PG = p©% + cdtC + cISBg.c2 + T + Mpirz + 8pczi ©)

LG = p© + i + clSBg,co + T+ AFNG + ME2+ 652 (10)
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PR = p© +cdt® + cISBG,c3 + T + M3 + 653 (11)
LR = p© + cdit? + cISBg,c3 + TS + AFGNG + M +&f? (12)

Among them,

cISBG.c = cdtS? — cdi® (13)

r

cISBG,c3 = Cdtrc3 — CdtrG (14)

ISBg c2, ISBg, c3 represents ISB between GPS and BDS-2 and ISB between GPS and
BDS-3, respectively.
Record the ISB between BDS-2 and BDS-3 as ISB¢2,¢3, has:

C - ISBc2’C3 =cC- ISBG,C3 —C- ISBG,CQ (15)

2.3 Parameter Estimation of GPS/BDS PPP Ionospheric-Free Combined Model
Considering ISB Parameters

When m satellites are observed at epoch i and station r, the estimable parameter X(i)
and the design matrix A(7) can be expressed as:

T
X() = [AX Acdy Apa - ISBY cy AN g | (16)
(5+2m)x 1 ' '
g@ 8 FO —u' 1 mfh )
A = | PO O ge (a7)
4mx (5+2m) B@1n 0 | mxs s
B I T L

Among them, p,; indicates the tropospheric delay parameter in the direction
of the zenith of the station; mf, represents the tropospheric delay projection func-
tion; I'jr represents a diagonal matrix with m-dimensional diagonal elements A;r;

S __ WS S __ . . . o, .
- = [% )p—oy" %] is the three-dimensional position of the receiver; AX =

T
[ Ax Ay Az] linearization parameter.

3 Experimental Data Selection and Experimental Settings

Four different receiver types, two stations for each receiver type, and DOY181-204
(24 days in total) observation data in 2020 for the experiments are selected in this
article. The specific station information is listed in Table 1. In this experiment, the true
value of the station coordinate is fixed as a constant, the receiver clock error is estimated
as white noise, the ambiguity parameter is fixed as a constant, and when a cycle slip
occurs, it is fixed again. Other information such as error correction model selection,
filtering method, use of data files, etc. are shown in Table 2.
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Table 1. Station information is used in the experiment
Station name | Latitude/Longitude/(°) | Receiver type
AJAC 8.8,41.9 SEPT POLARXS
JINe 77.6,13.0 SEPT POLARXS
GANP 20.3,49.0 TRIMBLE ALLOY
JENG 114.5,30.5 TRIMBLE ALLOY
CUSV 100.5,13.7 JAVAD TRE_3 DELTA
HUEG 7.6,47.8 JAVAD TRE_3 DELTA
NYAL 11.9,78.9 TRIMBLE NETR9
SOLO 159.9,-9.4 TRIMBLE NETR9

Table 2. Data processing method

Type

Method

Filter processing method

Forward filtering

Satellite cut-off angle

10 (%)

Tropospheric correction

The function model adopts the Saastamoinen model, the
mapping function adopts the Neal Mapping Function (NMF),
the prior model and the parameter estimation are combined

Receiver clock offset

White noise estimation

Cycle slip detection and repair

Combined observations of MW and GF

Orbital clock difference

IGS precision products, 15 min orbit sampling interval, 30 s
clock difference sampling interval

Antenna correction

Use igs14.atx file

Ambiguity

Piecewise constant estimation

Decision convergence

Accuracy is better than 0.1 m for 20 consecutive epochs

Reference

IGS weekly solution coordinates

Coordinate parameters

Static positioning uses a constant model, dynamic positioning
is a white noise model

Tidal effect

Model corrections for solid tides, ocean tides, and extreme
tides

Relativistic effect

Correction of Relativistic Clock Error and Gravitational Field
Delay Model

4 The Difference Between BDS-2/GPS ISB and BDS-3/GPS ISB

Designing plan analyzes the difference between BDS-2/GPS ISB and BDS-3/GPS ISB,
as shown in Table 3. L1 and L2 frequency observation data of GPS are used, BDS-2,
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BDS-3 B1I, B3I frequency observation data of BDS are used, B1I and B3I frequency
observation data of BDS-2 are used; B1I and B3I frequency observation data of BDS-3
are used; ISB estimates using the 30-min piecewise constant method.

Table 3. ISB estimation scheme between GPS/BDS or GPS/BDS-2or GPS/BDS-3

Plan Describe ISB estimation method

ISB(G/C) Estimated ISB between GPS and BDS 30 min piecewise constant
ISB(G/C2) Estimated ISB between GPS and BDS-2 30 min piecewise constant
ISB(G/C3) Estimated ISB between GPS and BDS-3 30 min piecewise constant

Good positioning result is prerequisite for estimating ISB. Statistics of G/C, G/C2,
G/C3 static PPP positioning accuracy and convergence time are shown in Fig. 1. It can
be seen from Fig. 1 that G/C, G/C2, and G/C3 static PPP all have good positioning
accuracy. Among them, G/C has higher positioning accuracy (N direction is about 0.6
cm, E direction is about 0.9 cm, U direction is about 1.4 cm) and less convergence time
(about 15 min).
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Convergence Time/min
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N E U GIC GIC2 G/C3
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Fig. 1. Static PPP positioning accuracy and convergence time of G/ C, G/ C2 and G/ C3

Three schemes ISB estimation sequence diagrams of each station are similar. Taking
IISC station DOY 184 as an example (Fig. 2), it can be seen that the G/C ISB sequence
is always between G/C2 and G/C3, and is always in the middle position. Analysis
ISB(G/C) = (ISB(G/C2) + ISB(G/C3))/2. Count the difference between ISB(G/C) and
[(ISB(G/C2) 4 ISB(G/C3)/2] (denoted as dISB) in DOY181-204 at each station, as
shown in Table 4.

It can be seen from Table 4 that dISB is between 0 and 3 ns, the average value is about
0.23 ns, and the error is at the centimeter level. Compared to GPS/BDS ISB, the differ-
ence between BDS-2/GPS ISB and BDS-3/GPS ISB is very small. Explain that when
analyzing GPS/BDS ISB, BDS-2 and BDS-3 can be directly fused, and there is no need
to discuss BDS-2 and BDS-3 separately. And fusion of BDS-2 and BDS-3 for GPS/BDS
ISB estimation has obvious advantages: First, the number of satellites is larger, the solu-
tion is more stable, and the stability of the estimation process is of great significance to
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Fig. 2. IISC station DOY 184 ISB estimation sequence diagram

Table 4. Minimum, maximum and mean value of dISB

Station name MIN/ns MAX/ns AVG/ns
AJAC 0.3 0.9 0.55
IISC 0.07 0.37 0.21
GANP 0.34 1.24 0.79
JENG 0.11 0.7 0.39
CUSV 0.52 1.33 0.86
HUEG 1.34 2.79 2.06
NYAL 0.02 0.23 0.09
SOLO 0.04 0.27 0.13
ALL 0.02 2.79 0.23

ISB forecasting and modeling; Second, ISB (G/C) is always between ISB (G/C2) and
ISB (G/C3), with the characteristics of averaging the two; Third, from the positioning
result statistics chart 1, the positioning accuracy is higher and the convergence speed is
faster.

S Analysis of ISB Characteristics Between BDS-2 and BDS-3
and Influence on PPP

Use ISB(C2/C3) = ISB(G/C3)-ISB(G/C2) to analyze the characteristics of BDS-2/BDS-
3 ISB and its influence on static and dynamic PPP.

5.1 BDS-2/BDS-3 ISB Characteristic Analysis

5.1.1 Short-Term Characteristics

The daily ISB estimation sequence diagrams of each station are similar. Taking DOY 181
as an example (Fig. 3), it can be seen that the single-day ISB estimate of each station
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is relatively small. AJAC, IISC, JFNG, NYAL is about —2 ns; SOLO, GANP is about
4 ns; CUSYV is about 6 ns; HUEG is about 8 ns. It can be seen that the ISB of the same
frequency BDS-2/BDS-3 is relatively small, within & 10 ns, the error of the distance is
about 3 m, which needs to be considered in precise point positioning.
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Fig. 3. ISB sequence of stations in DOY 181

Further analyze the intraday stability of BDS-2/BDS-3 ISB. Take DOY203 as an
example, draw a single-day ISB change chart, as shown in Fig. 4. The minimum, max-
imum, and average values of the ISB single-day change STD are counted, as shown in
Table 5.

It can be seen from Fig. 4 and Table 5 that the ISB changes of each station in a single
day are stable within & 2 ns. The minimum value of STD is 0.18 ns, the maximum value
is 1.82 ns, and the average value is about 0.62 ns.

5.1.2 Long-Term Characteristics

Plotting the ISB mean value sequence diagram (Fig. 5) shows that the daily ISB mean
value difference of each station is small. According to the statistics of the mean STD of
the ISB, the STD of the GANP station is the largest, about 0.78 ns, and the STD of the
IISC station is the smallest, about 0.29 ns. The average STD of the eight stations is about
0.49 ns. It can be seen that the long-term changes of BDS-2/BDS-3 ISB are stable, and
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Fig. 4. Single day change of ISB at each station of DOY203

Table 5. Minimum, maximum and mean value of single day STD of ISB

Station name MIN/ns MAX/ns AVG/ns
AJAC 0.39 1.54 0.80
1ISC 0.21 1.43 0.46
GANP 0.43 1.43 0.73
JFNG 0.30 1.74 0.58
CuUSv 0.20 0.86 0.49
HUEG 0.57 1.82 0.97
NYAL 0.18 0.67 0.32
SOLO 0.33 0.99 0.58
ALL 0.18 1.82 0.62

the STD is about 0.5 ns. This feature is conducive to BDS-2/BDS-3 ISB modeling and
forecasting for a longer time.
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Fig. 5. Daily ISB mean sequence of each station
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5.1.3 Relationship with Receiver

Count the difference in the average ISB value of a single day among the same type of
receivers, as shown in Table 6. It can be seen that the ISB difference between receivers
of the same type is small, the minimum is about 0.01 ns, the maximum is about 3.11 ns,
and the average is about 0.89 ns.

Table 6. Minimum, maximum and mean value of single day ISB mean value difference between
receivers of the same type

Station name MIN/ns MAX/ns AVG/ns
AJAC-TISC 0.02 1.05 0.32
GANP- JENG 0.01 1.90 0.82
CUSV- HUEG 0.36 3.11 1.86
NYAL- SOLO 0.03 1.08 0.54

Count the difference of the average single-day ISB between different types of
receivers, as shown in Table 7. It can be seen that ISB is closely related to the type
of receiver. Among them, AJAC and GANP (between SEPT POLARXS and TRIMBLE
ALLOY receivers), AJAC and CUSV (between SEPT POLARXS5 and JAVAD TRE_3
DELTA receivers), GANP and NYAL (between TRIMBLE ALLOY and TRIMBLE
NETRO receivers), CUSV and NYAL (between JAVAD TRE_3 DELTA and TRIMBLE
NETRO receivers) The average single-day ISB difference is 5.71 ns, 7.70 ns, 5.70 ns, and
7.69 ns, respectively, which are quite different; while AJAC and NYAL (between SEPT
POLARXS5 and TRIMBLE NETRO receivers), GANP and CUSV (between TRIMBLE
ALLOY and JAVAD TRE_3 DELTA receivers), the average value of the ISB differ-
ence in a single day is 0.25 ns and 1.99 ns, respectively, and the difference is small.
Note: Except for the small difference in ISB between SEPT POLARXS and TRIMBLE
NETR9 receivers, TRIMBLE ALLOY and JAVAD TRE_3 DELTA receivers, the ISB
differences between other types of receivers are relatively large.

Table 7. Minimum, maximum and mean value of single day ISB mean value difference between
receivers of the different type

Station name MIN/ns MAX/ns AVG/ns
AJAC-GANP 4.67 6.81 5.71
AJAC-CUSV 6.94 8.87 7.70
AJAC-NYAL 0.00 0.61 0.25
GANP-CUSV 0.60 3.52 1.99
GANP-NYAL 431 6.86 5.70
CUSV-NYAL 7.13 8.36 7.69
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5.2 The Influence of ISB Between BDS-2 and BDS-3 on PPP

Designing plan analyzes the impact of BDS-2/BDS-3 ISB on PPP. Option 1: Fuse the
observation data of BDS-2 and BDS-3 without considering BDS-2/BDS-3 ISB; Option
2: Fuse the observation data of BDS-2 and BDS-3, consider BDS-2/ BDS-3 ISB.

Statistics of DOY 181-204 static and imitation dynamic positioning results and con-
vergence time of each station in 2020 are shown in Fig. 6 (static) and Fig. 7 (imitation
dynamic). Taking the IGS weekly solution coordinates as the true value, the constant
model is used for static positioning, the white noise model is used for imitation dynamic
positioning, and the convergence is judged by the method that the accuracy is better than
0.1 m for 20 consecutive epochs.
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Fig. 7. Doy181-204 simulated dynamic positioning results and convergence time

It can be seen from Fig. 6 and Fig. 7 that when ISB is considered, the positioning
accuracy is higher and the convergence speed is faster. Taking the pseudo-dynamic
statistical results of the JENG station as an example, the positioning accuracy is improved
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by about 7.5 cm, or 46%; taking the static statistical results of the AJAC station as an
example, the convergence time is shortened by about 20 min, or 43%. Among the specific
stations, the IISC station has the highest positioning accuracy and the fastest convergence
speed in both static and imitation dynamics. The positioning results of SOLO and JENG
stations are poor. The SOLO station has the lowest positioning accuracy when it is static,
and the JFNG station has the lowest positioning accuracy and the slowest convergence
speed when it is dynamic.

Statistics of the static and imitation dynamic average positioning accuracy and
convergence time of the eight stations are shown in Table 8.

It can be seen from Table 8 that when the ISB is static, the positioning accuracy in
the E direction is improved by about 6.7%;, in the N direction is improved by about 3.1%,
in the U direction is improved by about 1.4%, and the convergence time is improved
by about 10.6%; when the ISB is dynamic, the positioning accuracy in the E direction
is improved by about 28.8%, in the N direction is improved by about 24.5%, in the U
direction is improved by about 16.2%, and the convergence time is improved by about
1.8%.

In Beidou navigation satellite system, in static, the positioning accuracy in the N
direction is about 1 cm, with an average of millimeter level; in the E direction is about
1.5 cm; in the U direction is about 2 cm; and the convergence time is about 45 min. In
imitates dynamic, the positioning accuracy in the N direction is about 4 c¢m; in the E
direction is about 5 cm; in the U direction is about 9 cm; and the convergence time is
about 80 min.

Table 8. Average positioning accuracy and convergence time of eight stations

Motion state ISB plan Positioning accuracy | Convergence time /min
lem
E N U
static Do not consider ISB | 1.50 |0.96 2.12 |46.53
Consider ISB 1.40 ]0.93 2.09 |41.62
Imitation dynamic | Do not consider ISB | 5.87 |4.70 |10.03 |80.97
Consider ISB 4.18 |3.55 841 |79.50

6 Conclusion

Based on the ionospheric combination model, this paper constructs the GPS/BDS iono-
spheric combination PPP observation equation that takes into account the ISB parame-
ters. Design experiments to analyze the differences between BDS-2/GPS ISB and BDS-
3/GPS ISB, the characteristics of BDS-2/BDS-3 ISB under the condition of the same
frequency observation data and its influence on PPP. The results show that the results
of GPS/BDS ISB estimation by fusion of BDS-2 and BDS-3 observation data possess
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average characteristics, and the estimation process is more stable, the positioning result
accuracy is higher, and the convergence speed is faster.

The BDS-2/BDS-3 ISB is within &= 10ns, which is converted into a distance error
of about 3m. This error needs to be considered in high-precision positioning. The BDS-
2/BDS-3 ISB in short-term change is stable, within =+ 2 ns, the average ISB change in
a single day is about 0.62 ns. The BDS-2/BDS-3 ISB in long-term change is stable, and
the STD is about 0.5 ns, which is conducive to long-term modeling and forecasting.
The ISB difference between similar receivers is small, and the ISB difference between
different types of receivers is relatively large, indicating that ISB is closely related to the
receiver type.

Considering the ISB between BDS-2/BDS-3 can help improve positioning accuracy
and convergence speed. In the static state, the positioning accuracy in the E direction, N
direction and U direction are increased by about 6.7%, 3.1% and 1.4%, respectively. The
convergence time is increased by about 10.6%. When imitating dynamics, the positioning
accuracy in the E direction, N direction and U direction are increased by about 28.8%,
24.5% and 16.2%, respectively. The convergence time is increased by about 1.8%.

Thanks. Thanks to iGMAS and MGEX for providing GNSS data.
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