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Abstract: The BeiDou Navigation Satellite System (BDS) has developed rapidly, and the combination
of BDS Phase II (BDS-2) and BDS Phase III (BDS-3) has attracted wide attention. It is found that
there are code ISBs between BDS-2 and BDS-3, which may have a certain impact on the BDS-2 and
BDS-3 combined positioning. This paper focuses on the performance of BDS-2/BDS-3 combined B1I
single-frequency pseudorange positioning and investigates the positioning performance with and
without code ISBs correction for different types of receivers, include geodetic GNSS receivers and
low-cost receivers. The results show the following: (1) For geodetic GNSS receivers, the code ISBs of
each receiver is about —0.3 m to —0.8 m, and the position deviation is reduced by 7% after correcting
code ISBs. The code ISBs in the baseline with homogeneous receivers has a little influence on the
positioning result, which can be ignored. The code ISBs in the baseline with heterogeneous receivers
is about —0.5 m, and the position deviation is reduced by 4% after correcting code ISBs. (2) The
code ISBs in the low-cost receivers are significantly larger than those in the geodetic GNSS receivers,
and the impact on the positioning performance of the low-cost receivers is significantly greater
than that on the geodetic GNSS receivers. After correcting the code ISBs, the position deviation of
low-cost receivers can be reduced by around 12% for both undifferenced and differenced modes.
(3) For low-cost receivers, correcting the code ISBs can increase the number of epochs successfully
solved, which effectively improves the low-cost navigation and positioning performance. (4) The
carrier-phase-smoothing method can effectively reduce the distribution dispersion of code ISBs and
make the estimation of ISBs more accurate. The STD values of estimated code ISBs in geodetic GNSS
receivers are reduced by about 40% after carrier-phase smoothing, while the corresponding values
are reduced by about 7% in low-cost receivers due to their poor carrier-phase observation quality.
Keywords: BDS-2; BDS-3; inter-system biases; single-frequency pseudorange positioning;
carrier-phase-smoothing

1. Introduction

Due to the differences in signal structure and system structure of different satellite sys-
tems, the satellite signals of different systems will produce signal delay at the satellite end
and the receiver end, which is called an inter-system bias (ISB). This bias is an error caused
by the related processes inside the GNSS (Global Navigation Satellite System) receiver,
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and it appears both in the pseudorange and carrier phase observations [1]. When posi-
tioning with multiple systems, ISBs will affect the performance of multi-system combined
positioning if they are not corrected in time.

Many scholars have carried out research on ISBs, analyzing the influence of ISBs on
positioning accuracy and ambiguity resolution under a multi-system combined position-
ing mode, and proposed various processing methods [2,3]. An ISB calculation method
for Global Positioning System (GPS) and Galileo precision positioning was proposed by
Paziewski et al. [4]. After correcting the ISBs, the positioning accuracy and ambiguity
fixing success rate were significantly improved. Deng et al. [5] studied multi-system tightly
coupled Precise Point Positioning (PPP) and found that there may be large phase ISBs
when using overlapping frequencies. Li et al. [6] and Liu et al. [7] showed that the ISB
results obtained by using the products of different analysis centers and the ISB estimation
model were different, but the diurnal variation characteristics were similar. Mi et al. [8]
proposed a single-difference calculation method for estimating ISBs between overlapping
and non-overlapping frequencies. The variation pattern of ISBs under different ionospheric
models was analyzed using this method. After correcting ISBs, the differential positioning
accuracy and the ambiguity resolution success rate were improved by 20~35% and 25~60%,
respectively [9]. Jiang et al. [10] established an ISB short-term prediction model of BDS/GPS
integrated system by using the Kalman filter piecewise parameter estimation method. The
predicted value calculated by this model can be used as a priori information to correct the
ISBs, and the positioning accuracy and convergence speed after correction are significantly
improved. The differential inter-system biases (DISBs) were estimated by Tang et al. [11]
using a combination of the Kalman filter and the particle filter. After correcting the DISBs,
the accuracy of the fixed solution can be improved by 10~20% at most. Some scholars have
proposed a differential positioning model of a combined GPS/BDS system considering ISBs
and found that the DISBs changed stably within a few days. For homogeneous receivers,
code DISBs and phase DISBs are very stable and close to 0 m. For heterogeneous receivers,
the code DISBs are obvious, which has a certain influence on the positioning accuracy.
Zeng et al. [12] analyzed the GPS/BDS code ISB stability of different types of receivers.
The results show that the ISBs” consistency of homogeneous receivers is strong, while
there are significant differences in ISBs between heterogeneous receivers. The code ISBs
are stable in a day, which can reach a maximum of 1516ns. Considering the relatively
stable characteristics of ISBs in the short term, Angrisano et al. [13] used ISBs obtained
under the epochs with sufficient visible satellites as known parameters and introduced
them into the epochs with fewer visible satellites for correction. This method reduced the
number of unknown parameters in the observation model and realized the positioning
of a combined GPS/GLONASS system in the case of a small number of satellites. Pan
et al. studied the ISB characteristics in a combined GPS/GLONASS/Galileo/BDS-2/BDS-3
system using the low-cost u-blox receiver and Xiaomi Mi8 smartphone. After correcting
the ISBs, the SPP positioning accuracy and data availability of multi-system combination
can be improved [14].

The BDS-3 was fully completed in July 2020, and joined the BDS-2 system in providing
global high-precision positioning, navigation and timing services [15]. With the rapid
development of BDS, combined BDS-2 and BDS-3 positioning technology has also been
widely studied. There are ISBs between the BDS-2 and BDS-3 systems because of the
different signal structure and system architecture. The positioning performance will be
affected if the ISBs are not properly handled in combined BDS-2/BDS-3 positioning. Jiao
et al. [16] compared the broadcast ephemeris of BDS-2 and BDS-3 and concluded that a
datum inconsistency of the satellite clocks and the hardware delays of the code observations
result in ISBs for the receivers. An improved combined model was proposed where both
the loose combined mode and tightly combined mode are applied by Deng et al. [17] for
BDS-2/BDS-3, which achieved near 100% ambiguity success rate and also reduced the
time to first fix. Mi et al. [9] estimated the BDS-2/BDS-3 ISBs between the B11/B3I signals
of identical receiver type and found that the ISBs were nearly zero. Further research [18]
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found that the phase ISBs on the overlapping frequencies of BDS-2/BDS-3 were nearly zero,
and the phase observations could be directly combined. The code ISBs of B1I and B2b/B2I
between BDS-2 and BDS-3 could not be ignored, but the code ISBs of B3I were almost zero,
which enabled the interoperability of BDS-2 and BDS-3. Liu et al. [19] also found that the
DISBs are close to zero for the baselines with the homogeneous or heterogeneous receivers.
Therefore, when using B11/B3I signals for relative positioning, BDS-2 and BDS-3 can be
regarded as a system without considering DISBs. Furthermore, the impact of ISBs on the
positioning of low earth orbit satellites using the BDS-2/BDS-3 system demonstrated that
ISBs correction can effectively enhance the orbit accuracy.

Since there is no ambiguity, cycle slip and other problems in the pseudorange, the pseu-
dorange positioning model is simple, and it is widely used in shipping, vehicle navigation,
automatic driving and other fields. For multi-system pseudorange positioning, the effect of
code ISBs between systems also needs to be considered. In multi-system pseudorange sin-
gle point positioning (SPP) and differential positioning, the receiver clock errors of different
systems are usually distinguished, and the code ISBs are absorbed in receiver clock errors.
Zhang et al. [20] used the above strategy to realize combined GPS/GLONASS/Galileo/BDS-
2/BDS-3 SPP positioning. Some studies compared the pseudorange differential positioning
performance between BDS-2 and GPS, and the corresponding results showed that BDS-2
can achieve sub-meter-level positioning accuracy comparable to GPS [21,22]. However, the
pseudorange is easily affected by multipath effects, observation noise and so on. In the
pseudorange positioning, the carrier-phase-smoothing method is usually used to reduce
the observation noise, so as to improve the pseudorange positioning accuracy. The Hatch
filter [23] is a common algorithm for carrier-phase-smoothing. Cui et al. [24] used the
Hatch filter to smooth the pseudorange observations according to the sliding window
piecewise smoothing method. The BDS/GPS carrier-phase-smoothed pseudorange dif-
ferential positioning accuracy obtained by the experiment can reach within 0.5 m. Tang
et al. [25] carried out BDS B1I, B3I and B11/B3I dual-frequency pseudorange SPP using a
carrier-phase-smoothed pseudorange. The results show that compared with the original
pseudorange SPP, the positioning accuracy of the carrier-phase-smoothed pseudorange SPP
is improved in the E, N and U directions. Most of the BDS pseudorange-positioning-related
research focuses on the combined positioning of BDS and other systems. Although there
are studies on the ISB processing method in combined BDS-2/BDS-3 positioning, most
of them focus on the carrier-phase-based positioning mode. And most of the studies use
the geodetic GNSS receiver s, but there are few studies on the characteristics of ISBs in
low-cost receiving equipment. The original BDS-2/BDS-3 pseudorange and carrier-phase-
smoothed pseudorange positioning with or without considering ISBs is analyzed in detail
in our study.

The aim of this paper is to investigate the effect of ISBs on combined BDS-2/BDS-
3 pseudorange positioning. The basic principles of pseudorange SPP and differential
positioning considering the code ISBs between BDS-2 and BDS-3 were introduced first,
followed by the principle of carrier-phase-smoothed pseudoranges based on the Hatch
filter. Then, we collected the BDS-2 and BDS-3 observation data using the geodetic GNSS
receivers from the stations in Shanghai and Wuhan, China; the data were collected using
a low-cost receiver u-blox M8T in Qingdao, China. By calculating the un-differential and
differential code ISBs, we analyzed the variation characteristics of code ISBs and their
impact on positioning accuracy. Furthermore, carrier-phase-smoothed pseudoranges are
adopted to analyze the relationship between the positioning accuracy and the code ISBs
after carrier-phase smoothing. In addition, the influence of code ISBs on positioning
performance in a geodetic GNSS receiver and low-cost receiver is compared. Since the
low-cost receiver can only collect B1I single-frequency data, this article only studies the
code ISBs in the B1I frequency.
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2. Mathematical Models and Methods
2.1. Pseudorange SPP Model Considering Code ISBs

The B1I single frequency original pseudorange observation equation can be expressed as
P=R+c(dtr—dts)+O+1+T+M (1)

where P is the pseudorange observable, R is the geometric distance between the receiver
and the satellite, ¢ denotes the speed of light in vacuum, dir and dts are the clock error
of receiver and satellite respectively, O is the orbital error, I and T are the ionospheric
and tropospheric delay, respectively, and M is the unmodeled errors such as multipath,
noise, etc.

For combined BDS-2 and BDS-3 pseudorange SPP, the code ISBs between BDS-2 and
BDS-3 also need to be considered. The observation equations of BDS-2 and BDS-3 can be
described as follows:

PP2 = RP? 4 c(dtr — dtsP?) + OP% 4 1°2 + TP - MP? )

PP = RP + c(dtr — dts™) + O3 + 153 4 T3 - MP3 4 [SBP>P3 3)

where the superscript B2 denotes the BDS-2 system and B3 denotes the BDS-3 system.
ISBB2-83 represents the code ISBs between BDS-2 and BDS-3. The linearized pseudorange
observation equation is expressed as

PB2 = RB2 _ 1B2gX — mB2ay — nB2dZ 4 c(dtr — dtsB?) + OP? + 182 4 TB2 - MB2  (4)
PB3 = RBS —[B3dX — mB3dY — nB3dZ + c(dtr — dtsP%) 4+ OP3 + B3
L TB3 4 MB3 1 [SBB2-B3 )

where the symbols [, m and n are the unit vector on the line-of-sight from the receiver to the
satellite. The coordinate correction components dX, dY and dZ, and the relative receiver
clock error dtr need to be solved.

The pseudorange residuals, i.e., OMC (Observed Minus Computed) of BDS-2 and
BDS-3 are calculated as follows:

OMCB2 — pB2 _ RB2 4 (. 41sB2 _ OB2 _ [B2 _ B2 _ ppB2 ©6)

OMCB3 _ PB3 o RB3 + C'dtSBs . OB3 . IB3 . TB3 . MB3 (7)

Furthermore, the error equation V of combined BDS-2 and BDS-3 pseudorange SPP
can be expressed as

I L G S [ OMCP?
: : : x :
_1B2 B2 _ B2 ' ) y B2
5133 mlBs n’BS oo z - 8%2’33 8)
—iy o myy 101 . dir it1
: : : P 1SBB2-B3 :
B3 B3 B3 B3
I —liﬂ M —ny 1 1 | i OMCZ«H |

where, i and j are the number of satellites of BDS-2 and BDS-3 systems, respectively,
and the unknown parameters (x,y, z), ¢ - dtr and ISBP2753 are solved by weighted least
squares [26].

The satellites are weighted based on their elevation angles, and the variance of the
pseudorange observables for each satellite is given by

b2

(sinel)?

0'5 = f3(a*+

©)
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where qu denotes the observation variance of satellite g and el denotes the elevation angle
of this satellite. When using pseudorange observations, f = 100. Typically, a = 0.03m
and b = 0.003m [27]. Furthermore, the weight matrix P of the pseudorange observation
equation can be written as

-1 -
e 0
: : 0
0 - %
P=03-D'=cf ’ 1 0 (10)
T
0 : .
1
_ 0 .- 7 |

Suppose that the a priori standard deviation oy = 1, and the weight ratio between
BDS-2 and BDS-3 systems is 1:1.

2.2. Pseudorange Differential Positioning Model Considering Code ISBs

The B1I single frequency original pseudorange observation equations of the base and
the roving station are given by

Py, = Ry + c(dtry, — dts) + Op + I + Ty, + M, (11)

where the subscripts b and r denote the base station and the roving station, respectively.

In the combined BDS-2 and BDS-3 pseudorange differential positioning, the code
ISBs between the two systems also need to be considered. The pseudorange observation
equations for the base and the roving stations can be expressed as

PP? = RY? + c(dtr, — dtsP?) + O + I}? + T/ + M}? (13)
PP = R7* 4 c(dtr, — dts™) + O + I + T/ + M;? (14)
PP = RP + c(dtr, — dtsP) + O + If° + T® + MJ° + 1SB;> 53 (15)
PB3 = RB3 4 c(dtr, — dtsB3) + OB + B3 4 783 4 MB3 4 15BB2-B3 (16)

The pseudorange corrections of the base station can be computed using the following
formula:

APP? = Pf* — RP? = c(dtry — dtsP?) + Of* + IP2 + TP + M2 (17)
APP? = PP — RJP = c(dtr, — dts™) + O° + I[° + T + M® + ISB* % (18)
The base station sends the pseudorange corrections to the roving station, which applies

them to the pseudorange observables, obtaining the corrected pseudorange observables, as
follows:

Py? = RE2 4 c(dtr, — dir,) + (OF% — OF2) + (IF2 — 12) + (T2 — TF?) + (MP? — MP?) (19)

P = RIP + c(dtr, — dtny) + (0P — OF%) + (1P — 1P%) + (17 — %) + (MP® — M[®) + (ISBJ>"™%) (20

Provided that the distance between the base station and the roving station is relatively
short, the orbital error, the ionospheric delay error and the tropospheric delay error at the
base station and the roving station are approximately equal. Since the multipath error
can be reduced by the choke ring antenna of reference station, and the observation noise
is small, only a small part of it will be retained in differential positioning. Therefore, the
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corresponding terms of the above Equations (19) and (20) can be removed and the equation
becomes

P2 = RB2 4 c(dtr, — dtry) (21)

P° = RB3 4 c(dtr, — dtry) + (ISBP2B3 — [sBF2-B3) (22)

Let Adtr,, = dtr, —dtr,, AISBP2"5 = AISBB2-B3 — AISBP?™53; then,
Equations (21) and (22) can be simplified to

P2 = RB2 4 c. Adtr,, (23)

Py’ = RP® 4 c. Adtr,, + ATSBP B3 (24)

The linearized corrected pseudorange observation equation for the BDS-2 and BDS-3
can be expressed as

PY? = RB2 — 1B24X — mB2dX — nB2dX + c- Adtr, ), (25)

P = RE? — 184X — mP3dX — nBdX + c-Adtr, ), + AISBP2 B3 (26)

where I;, m, and n, are the unit vector on the line-of-sight from the roving station receiver
to satellite. The pseudorange residuals of BDS-2 and BDS-3 of the roving station can be
further calculated by

OMCB? = P* — RB2 27)
OMCB? = p° — RB3 (28)

The error equation of BDS-2 and BDS-3 combined pseudorange differential positioning
can be expressed as

- 1B2 B2 B2 1 r B2
_Zr,l —m1 -3 1 0 O]\/IC’,,1
: : X :
B2 B2 B2 y B2
_lr i _mr,i _nr,i 1 0 z OMCr i 29
_ B3 _ B3 _ B3 111 ~ lomcBs (29)
r,i+1 ri+1 ri+1 c- Adtrr b r,i+1
: : : : : B2-B3 :
B3 B3 B3 ' . AISBr’b ~B3
by e ey 11 | OMC/? |

where i and j are the number of satellites for BDS-2 and BDS-3 systems, respectively, the
coordinates (x,y,z) of the roving station, the relative receiver clock error Adtr, , and the
relative ISBs AISB 55—33 can be obtained by using the least squares method. The weighting
strategy is the same as in Section 2.1, which is based on the elevation angles.

2.3. The Principle of Carrier-Phase Smoothing

Carrier-phase smoothing is a method of improving the accuracy of pseudorange
observables by smoothing them with high-precision carrier-phase observables. The most
commonly used smoothing method is Hatch filter [28]. The original pseudorange and
carrier-phase observation equations at the epoch k can be written as

P(k) = A(k) + I(k) (30)

L(k) = A(k) — A - N(k) — (k) (31)

where P and L are the original pseudorange and carrier-phase observables, respectively,
both in units of meter. A is all the terms that are independent of frequency, A is the
corresponding wavelength, N is the integer ambiguity and [ is the ionospheric delay.

For single-frequency observations, the ionospheric variation between adjacent epochs
is hard to ascertain. Typically, a sliding window is applied to restrict it in Hatch filter,
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and the ionospheric variation within the window is assumed to be negligible. Hence, the
carrier-phase-smoothed pseudorange observation can be expressed as

Panoors (K) = LP(R) + (1= 1) (Papoors (6~ 1)+ A-L(K) = A-L(k~1))  (32)
where Py;,001, is the smoothed pseudorange and k is the epoch number in the filter. To
ensure the smoothed effect, the sliding window is generally set to 100 s [29]. The original
observable of the initial epoch is usually the same as the initial smoothed pseudorange.

Assume that the standard deviations of pseudorange and carrier-phase observables
are op = 0.3m and o7, = 0.003m [27], respectively, and the pseudorange and carrier-phase
observables are uncorrelated [30]. According to the error propagation law, the variance of
the smoothed pseudorange observable at the epoch k can be expressed as

5 (k —1)0? + o3
Upsrnuuth(k) - kL . (33)

Under the assumption of white noise process, the accuracy of the smoothed pseudor-
ange will gradually increase with the smoothing time according to Equation (33).

3. Experiment and Result Analysis
3.1. Experimental Data and Data Processing Strategies
3.1.1. Geodetic GNSS Receiver Data Preparation

We collected BDS-2 and BDS-3 observation data from five stations in Wuhan and
Shanghai, China. Stations WHUB and ROV1 are located in Wuhan, China, and stations
SH11, SHO1 and SHO04 are located in Shanghai, China. Distribution of the tested stations
and the data information are shown in Figure 1 and Table 1, respectively. The PRIDE
PPP-AR software 3.0 [31] was employed to obtain the precise coordinates of the base and
the roving stations, which will be treated as the reference true values.

40 ON l T
31°12'00"N o SHII
® SHo1
oN L il
35 N 30°31'41"N s o SHO4
30°54'00"N |
o 121°36'00"ED/I;1122°00'00"E
ROV @S
30°N | SHO4SHOI =
L] i
WHUB WHUB
30°31'40"N
114°21'23"E 114°21'26"E
259N ] ]
100°E 110°E 120°E 130°E
Figure 1. Distribution of the GNSS stations.
Table 1. Information of the GNSS stations in the experiment.
Station Receiver Firmware Elevation Start Time End Time Sampling Location
Name Type Version Mask (UTQ) (UTQO) Interval
NOV 5 29 June 2021 30 June 2021 Shanghai,
SHOL OEM4-G2 210 10 00:05:23 00:05:23 Ls China
NOV 5 29 June 2021 30 June 2021 Shanghai,
SHO4 OEM4-G2 2.10 10 00:05:23 00:05:23 Ls China
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Table 1. Cont.
Station Receiver Firmware Elevation Start Time End Time Sampling Location
Name Type Version Mask (UTQ) (UTO) Interval
NOV 5 29 June 2021 30 June 2021 Shanghai,
SHI1 OEM4-G2 210 10 00:05:23 00:05:23 ls China
PANDA 5 14 January 14 January Wuhan,
ROVI PD51A 500 10 2021 08:10:42 2021 23:59:37 ls China
TRIMBLE o 14 January 14 January Wuhan,
WHUB ALLOY 6.05 10 2021 07:48:03 2021 23:59:41 ls China

3.1.2. Low-Cost Receiver u-Blox M8T Preparation

In order to study the characteristics of code ISBs in low-cost receivers, this paper used
low-cost receiver u-blox M8T collect data for about 1 h; the sampling interval was 1 s. The
data acquisition device was set as shown in Figure 2. The u-blox MS8T receiver with an
active antenna was connected to a laptop through the Universal Serial Bus (USB) socket to
collect the GNSS data. A geodetic GNSS receiver was selected as the base station, which
was under simultaneous observation, and the u-blox M8T receiver was used to form a short
baseline for pseudorange differential positioning experiment. The location information of
the low-cost receiver had been obtained in advance.

Figure 2. u-blox M8T receiver device.

3.1.3. Pseudorange Positioning Experiment Processing Strategies

Based on the mathematical model of pseudorange positioning introduced in Section 2
and the above experimental strategy, we calculated and analyzed the changes of undiffer-
enced code ISBs (UD-Code ISBs) and differential code ISBs (Diff-Code ISBs) in one day
through pseudorange single point positioning experiments and pseudorange differential
positioning experiments, respectively. In order to reduce the influence of observation noise
on code ISB estimation, the carrier-phase smoothing was performed on the pseudorange
observables with a 100 s sliding window, and the changes of the code ISBs before and
after the carrier-phase smoothing were compared. Then, we corrected the code ISBs in
pseudorange positioning with the code ISB time series. Pseudorange SPP and differential
positioning were carried out to analyze the change of position deviations before and after
correcting the code ISBs, and to explore the influence of code ISBs on positioning results.
Finally, the accuracy of carrier-phase-smoothed pseudorange positioning was counted to
analyze the influence of code ISBs on carrier-phase-smoothed pseudorange positioning.
Then, the same strategy was used to analyze the characteristics of code ISBs in the u-blox M8T
receiver and its influence on positioning results. The processing strategy is shown in Table 2.
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Table 2. GNSS Data Processing Strategy.

Items Methods

Satellite systems BDS-2/BDS-3

Estimator Least Square method

Ob . Pseudorange observableCarrier-phase-smoothed

servations

pseudorange observable

Signal selection BDS-2: B1I; BDS-3: B11

Elevation mask 10°

Observation weight Elevation dependent weight

Tonospheric delay Undifferenced: Klobuchar model [32]
Differenced: Not estimated

. Undifferenced: Saastamoinen model [33]
Tropospheric delay

Differenced: Not estimated

The mean and the standard deviation (5TD) values of code ISBs were computed to
discuss their variation pattern; the position deviations between the positioning results and
the true values were calculated as well. To analyze the impact of code ISBs on positioning
accuracy, the changes of the root mean square (RMS) errors of horizontal and vertical
position deviations before and after code ISBs correction were calculated.

3.2. Pseudorange Positioning Analysis of Geodetic GNSS Receiver
3.2.1. Data Availability Analysis of Geodetic GNSS Receiver

Table 3 shows the data availability of the geodetic GNSS receivers at satellite elevation
angles of 10°. It can be seen from the table that due to the high quality of the data received
by the geodetic GNSS receivers, the data availability of each station is 100%.

Table 3. Statistics of data availability rate under satellite elevation angles at 10°.

Availability Epoch Availability Epoch Total Data

Station when the ISB when the ISB Epoch Availability
Is Not Corrected Is Corrected po¢ Rate
SHO1 86,400 86,400 86,400 100%
SH04 86,400 86,400 86,400 100%
SH11 86,400 86,400 86,400 100%
ROV1 56,936 56,936 56,936 100%
WHUB 56,936 56,936 56,936 100%

3.2.2. Analysis of Code ISB Characterization
(1) Un-differential code ISBs

Figure 3 shows the time series of the UD-Code ISBs at each station between BDS-2
and BDS-3. It can be seen that the receivers of each station have non-zero code ISBs,
which are stably distributed between —1 m and 0 m. The stations in Shanghai used
homogeneous receivers; their fluctuation of the code ISB distribution is very similar. The
code ISB distribution of the stations in Wuhan with heterogeneous receivers are significantly
different from the stations in Shanghai. From the figure, we can see that the code ISBs of
the three stations in Shanghai have large fluctuations from 6 h to 10 h, which corresponds
to the time when the local afternoon sunshine is strong. The code ISB sequence of the ROV1
station is smoother than that of other stations, which is related to the better data-receiving
environment and better data-receiving quality of the ROV1 station. Zhang et al. [34] found
that the receiver hardware delay biases are related to the hardware temperature, and the
hardware temperature is related to the local temperature within one day. Therefore, the
temperature variation has a certain influence on the daily stability of the code ISBs, which
may cause the abnormal fluctuations of the code ISBs of the Shanghai receiver.
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Figure 3. Time series of B1I UD-code ISBs estimated between BDS-3 and BDS-2 in different stations.

Figure 4 describes the mean and STD values of the UD-Code ISBs in each station. The
mean values are within a few meters, which proves the existence of BDS-2/BDS-3 UD-Code
ISBs. The STD of the code ISBs in each station is basically between 0.2 m and 0.3 m, which
indicates that the code ISBs are relatively stable throughout the day. The code ISBs of the
Shanghai stations shown in the figure are significantly larger than that of the Wuhan station,
which is caused by their heterogeneous receivers. Although the receivers in Shanghai are
homogeneous, the code ISBs in each receiver are not necessarily the same. Moreover, due
to the different environment of the receivers, the observation noise and other errors will
also affect the accuracy of the code ISB estimation.
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Figure 4. Mean and STD values of UD-code ISBs for each station.
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(2) Differential code ISBs

Table 4 gives a summary of the three baselines we selected, including the length of
each baseline and the receiver type of the base and the rover stations.

Table 4. Basic information of baselines.

Baseline Name Length R0v1r}g Station Base Station Receiver
Receiver Type Type
SHO1-SH11 7.52 km NOV OEM4-G2 NOV OEM4-G2
SHO1-SHO04 15.14 km NOV OEM4-G2 NOV OEM4-G2
ROV1-WHUB 0.02 km PANDA PD51A TRIMBLE ALLOY

Figure 5 shows the time series of Diff-Code ISBs between BDS-2 and BDS-3 of each
baseline. The code ISBs for each baseline are roughly distributed between —1 m and 0 m
and change stably around the mean values within a day. Among them, the baselines in
Shanghai use two identical receivers, and their code ISB distributions are close to mean
values, with strong consistency. The baseline in Wuhan uses heterogeneous receivers, and
its code ISB distribution differs significantly from that of the baselines in Shanghai, with
noticeable non-zero biases.

UTC Time/h

Figure 5. Time series of B1I Diff-code ISBs estimated between BDS-2 and BDS-3 for different baselines.

In Figure 6, the mean and STD values of Diff-Code ISBs in different baselines are
presented. The figure shows that the mean values of code ISBs in the SH01-SH11 and SHO1-
SHO04 baselines are about —0.2 m, while the mean values of code ISBs in ROV1-WHUB
baseline is about —0.475 m. The STD values of the code ISBs for all baselines are about
0.2 m, which indicates that the dispersion degree of code ISBs distribution for each baseline
is similar.

There is a large difference in the mean values of the code ISBs between the Shanghai
and Wuhan baselines, which is due to the fact that the code ISBs are related to the type of
receiver. The baselines in Shanghai use homogeneous receivers, and their Diff-Code ISBs
are smaller, while the baseline in Wuhan uses heterogeneous receivers, and its Diff-Code
ISBs are larger. Compared with the UD-Code ISBs in Figure 3, the code ISBs of the baselines
in Shanghai are significantly smaller than their UD-Code ISBs after differencing, while the
code ISBs of the baseline in Wuhan become larger after differencing.

(3) Code ISBs before and after carrier-phase smoothing

Figure 7 describes the change of mean values and the distribution of code ISBs before
and after carrier-phase smoothing for each station and baseline. It is shown that the mean
values of code ISBs are basically unchanged after carrier-phase smoothing. For UD-Code
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ISBs, the STD values of code ISBs for each station in Shanghai decrease by 25~35% after
carrier-phase smoothing, and the corresponding STD values of the stations in Wuhan
olute values of the maximum and minimum of the code
reduced significantly, while they are almost unchanged
Code ISBs, the STD values of the SH01-SH(04 and SHO01-
SH11 baselines decrease by more than 50% after carrier-phase smoothing, and the STD
decreases by 20.49%. After carrier-phase smoothing, the
absolute values of maximum and minimum of the code ISBs of the baselines in Shanghai
are greatly reduced, while the change of those in the baseline of Wuhan is smaller. Carrier-
phase smoothing significantly reduced the dispersion of the distribution of code ISBs.
code ISBs contain pseudorange observation noise, while
carrier-phase smoothing filters part of them, making the code ISBs more accurate.

decrease by about 10%. The abs
ISBs at each station in Shanghai

for stations in Wuhan. For Diff-

value of ROV1-WHUB baseline

This may because the calculated

[ |Mean| |STD|
0.4
0.259 0.276
02} £ P 27 . 0 29? |
=
om
® 0
[1}]
0
3
L 02 e T oae T T
a
04 I
-0.475

SH01-SH11 SH01-SH04 ROV1-WHUB
Baseline

Figure 6. Mean and STD values of UD-code ISBs for each baseline.
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Figure 7. Comparison diagram of code ISBs in the geodetic GNSS receivers distribution before and

after carrier-phase smoothing.
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3.2.3. Impact of Code ISBs on Pseudorange Positioning
(1) Pseudorange SPP

The position deviations in the north (N), east (E) and up (U) directions of the pseudor-
ange SPP are shown in Figure 8. It can be found that the position deviations in horizontal
components of each station are roughly distributed between 0 m and 4 m; the position
deviations in vertical components are mostly around 2 m. The positioning results fluctuate
greatly from 6 h to 10 h. After correcting the code ISBs, the position deviations in the
horizontal and vertical components of each station have a slight degree of reduction. The
6~10 h positioning results in the figure fluctuate greatly, and the ISB at the same time in
Figure 3 also has similar fluctuations. At this time, it is in the period of strong ionospheric
activity in Shanghai, which may cause the large fluctuations in the positioning results of
each station and the positioning results to be unstable.
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Figure 8. Time series of pseudorange SPP position deviations before and after correcting the UD-Code
ISBs in the geodetic GNSS receivers.

Figure 9 shows the changes in the RMS and STD values of the position deviations for
each station before and after correcting the UD-Code ISBs. After correcting the code ISBs,
the RMS values of position deviations for each station in Shanghai decreased by 5% to 10%
in the horizontal and vertical components, respectively, and the STD values also decreased
by 3% to 6%. For the ROV1 station in Wuhan, the RMS values of position deviations
decreased by 5.39% and 2.18% in the horizontal and vertical components, respectively, and
the STDs also decreased by about 5%. For the WHUB station, the RMS values of position
deviations only decreased by 0.32% and 0.48% in the horizontal and vertical components,
respectively, and the changes of the STD values were also less than 1%, which can be
considered as the positioning results not having changed.

The different degree of accuracy variation among different stations may be related
to their ISBs” magnitude. According to the statistical results of Figure 3, the code ISBs of
ROV1 station in Wuhan are about —0.310 m and the mean value of the code ISBs of each
station in Shanghai is between —0.5~—0.7 m, which is significantly larger than the ROV1
station, so the degree of the positioning results change is also larger than that of the station
in Wuhan. The code ISBs calculated by the WHUB station is about —0.182 m, while the
positioning results are hardly affected. Therefore, when the code ISBs calculated in this
paper are within the range of +0.2 m, it can be considered that the code ISBs have no
significant effect on the positioning.
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Figure 9. RMS and STD values of position deviations of the pseudorange SPP before and after
correcting the UD-Code ISBs.

(2) Pseudorange Differential Positioning

Figure 10 compares the distribution of pseudorange differential positioning position
deviations before and after correcting the Diff-Code ISBs for each baseline. The figure
illustrates that the position deviations of each baseline are basically within the range of
£1 m in the horizontal component, and the position deviations are basically within the
range of +1.5 m in the vertical component. After correcting the code ISBs, the position de-
viation distribution of the SHO1-SH11 and SH01-SH04 baselines do not change significantly
compared with the code ISBs not corrected, while the position deviation distribution of
the ROV1-WHUB baseline slightly decreased. Compared with the SPP results in Figure 7,
since the ionospheric delay is basically eliminated when the short baseline is differenced,
the fluctuation of the positioning results in the Shanghai baseline becomes gentler.

Figure 11 shows the changes of the positioning accuracy for each baseline before and
after correcting the Diff-Code ISBs. After correcting the code ISBs, the RMS and STD values
of position deviations in the Shanghai baseline varied less than 1% in the horizontal and
vertical components, which can be considered as the positioning results being unchanged.
For the ROV1-WHUB baseline, the RMS and STD values of position deviations decreased
by 3% to 4% and 3% to 5% in the horizontal and vertical components, respectively.

The SHO01-SH11 and the SH01-SH04 baselines are equipped with homogeneous re-
ceivers, and the average code ISB is about —0.2 m. The ROV1-WHUB baseline, which has
heterogeneous receivers, has a code ISB of about —0.475 m. Therefore, the code ISBs for the
baselines with homogeneous receivers have no obvious effect on the positioning results and
can be ignored. However, when the baseline is equipped with the heterogeneous receivers,
the code ISBs will reduce the positioning accuracy, which could not be ignored when the
BDS-2 and BDS-3 systems were combined for positioning.
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Figure 10. Time series of pseudorange differential positioning position deviations before and after
correcting the Diff-Code ISBs in the geodetic GNSS receivers.
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Figure 11. RMS and STD values of pseudorange differential positioning position deviations before
and after correcting the Diff-Code ISBs.

3.2.4. Impact of Code ISBs on Carrier-Phase-Smoothed Pseudorange Positioning
(1) Carrier-Phase-Smoothed Pseudorange SPP

The time series of carrier-phase-smoothed pseudorange SPP position deviations for
each baseline before and after correcting UD-Code ISBs are illustrated in Figure 12. It is
shown that the distribution of the position deviation series is more compact compared with
that before carrier-phase smoothing. After correcting the code ISBs, the position deviations
of each station are closer to 0 m than those before ISB correcting.
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Figure 12. Time series of the position deviations of carrier-phase-smoothed pseudorange SPP before
and after correcting the UD-Code ISBs in the geodetic GNSS receivers.

Figure 13 shows the RMS and STD values of the carrier-phase-smoothed pseudorange
SPP position deviations of each station before and after correcting the UD-Code ISBs.
After correcting the code ISBs, the RMS values of position deviations for each station in
Shanghai decreased by 6% to 11% in the horizontal and vertical components, respectively,
and the STDs also decreased by 3% to 6%. For the ROV1 station in Wuhan, the RMS
values of position deviations decreased by 5.13% and 2.14% in the horizontal and vertical
components, respectively, and the STD values also decreased by about 5% to 6%. For the
WHUB station, the RMS values of position deviations only decreased by 0.3% and 0.6% in
the horizontal and vertical components, respectively, and the changes of the STD values
were also less than 0.1%, which can taken as the positioning result not changing. In Figure 6,
it can be seen that the mean values of the code ISBs of each station were almost the same
before and after carrier-phase smoothing.
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Figure 13. RMS and STD values of the position deviations of carrier-phase-smoothed pseudorange
SPP before and after correcting the UD-Code ISBs.



Remote Sens. 2024, 16, 1710

17 of 26

(2) Carrier-phase-smoothed pseudorange differential positioning

In Figure 14, the time series of carrier-phase-smoothed pseudorange differential posi-
tioning position deviations for each baseline before and after correcting the Diff-Code ISBs
are illustrated. From this figure, we can see that the position deviation in the horizontal
component of each baseline after carrier-phase smoothing is basically distributed within
£0.5 m, and the vertical component deviation is basically distributed within =1 m. Among
them, the SH01-SH11 and SH01-SHO04 baselines are equipped with homogeneous receivers,
and the change of positioning results is not obvious after the code ISBs are corrected. The
ROV1-WHUB baseline is equipped with heterogeneous receivers, and the distribution of
the position deviations slightly decreased after correcting the code ISBs.

: B Code ISB Not Corrected M Code I1SB Corrected:

SHO1-SH11

SHO01-SH04

ROV1-WHUB

2,40 1 2 08 ' 12 ' 16 ' 20 !
E/m UTC Time/h

Figure 14. Time series of the position deviation variations of carrier-phase-smoothed pseudorange
differential positioning before and after correcting the Diff-Code ISBs in the geodetic GNSS receivers.

Figure 15 shows the changes of the carrier-phase-smoothed pseudorange differential
positioning accuracy for each baseline before and after correcting the Diff-Code ISBs. After
correcting the code ISBs, the RMS and STD values of position deviations for the baselines
in Shanghai changed less than 1% in both horizontal and vertical components. The RMS
values of the position deviations of the ROV1-WHUB baseline decreased by 6.77% and
5.13% in the horizontal and vertical components, respectively, and the STD values of each
direction also decreased by 3% to 6%. According to the statistical results of Figure 6, the
mean values of the code ISBs for SHO1-SH11 and SH01-SH04 baseline remained at —0.2 m
after carrier-phase smoothing, and the mean value of the code ISBs of the ROV1-WHUB
baseline remained at —0.475 m. The mean values of the code ISBs did not change after
carrier-phase smoothing, so the effect of the code ISBs on the positioning results was similar
to that without carrier-phase smoothing.
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Figure 15. RMS and STD values of the position deviations of carrier-phase-smoothed pseudorange
differential positioning before and after Diff-Code ISBs correction.

3.3. Pseudorange Positioning Analysis of Low-Cost Receiver
3.3.1. Data Availability Analysis of Low-Cost Receiver

Table 5 shows the availability of data at different satellite elevation angles. According
to the table, when the satellite elevation angle is set to 10°, the data availability rate is
only 45.18~49.28%. When the satellite elevation angle is set to 30~50°, the data availability
rate is also low due to the small number of observable satellites. Therefore, in the low-
cost pseudorange positioning experiment in this paper, the satellite elevation angle is set
to 20°. At this time, the data availability rate is higher, and the code ISB has the most
significant impact on the pseudorange positioning results. Due to the unstable data quality
of the u-blox M8T receiver, the positioning results in the later stage of data collection are
poor, which cannot effectively reflect the influence of code ISBs on the positioning results.
Therefore, the pseudorange differential experiment only retains the positioning results of
some epochs.

Table 5. Statistics of data availability rate under different satellite elevation angles.

. Availability Epoch Availability Epoch Data
El;‘;::i(on when the ISB when the ISB I::l" 0(:31 Availability
Is Not Corrected Is Corrected P Rate
10° 1857 2045 4150 45.18-49.28%
20° 4035 4046 4150 97.23-97.49%
30° 3065 3141 4150 73.86-75.52%
40° 475 479 4150 11.45-11.52%
50° 0 0 4150 0%

3.3.2. Analysis of Code ISB Characterization in Low-Cost Receiver
(1) Un-Differential Code ISBs

Figure 16 shows the time series of the UD-Code ISBs of the low-cost u-blox receiver
between BDS-2 and BDS-3. It can be seen from the diagram that there are still non-zero
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UD-Code ISBs in the low-cost receiver, basically distributed between £2 m. The stability of
code ISBs in the low-cost receiver is worse than that of the geodetic GNSS receiver, and the
distribution fluctuation can reach 4 m. The STD value of the code ISB in the geodetic GNSS
receiver is basically 0.2~0.3 m, while in the low-cost receiver it is 0.765 m. The code ISBs in
the low-cost u-blox receiver are significantly larger than those in the geodetic GNSS receiver.
The mean value of the UD-code ISB in the low-cost receiver is —0.741 m, while that of the
UD-code ISB in the geodetic GNSS receiver is —0.681~—0.182 m. During the calculation
process, the number of BDS-2 satellites is about 7 to 9, while the number of BDS-3 satellites
is only 3 to 4. When the number of BDS-3 satellites is small, the estimated value of ISBs
may deviate from the true value [35], resulting in a large fluctuation of UD-Code ISB.

|Mean: -0.741m STD: 0.765m

UD-Code ISB/m

4

08:00 08:20 08:40 09:00
UTC Time/h

Figure 16. Time series of B1I UD-code ISBs estimated between BDS-3 and BDS-2 in low-cost u-
blox receiver.

(2) Differential code ISBs

Figure 17 shows the time series of Diff-Code ISBs between BDS-2 and BDS-3 of the
baseline with the low-cost u-blox receiver. It can be seen from the figure that the Diff-Code
ISB distribution in the u-blox receiver is more obvious than that in the geodetic GNSS
receiver, which is basically distributed within +2 m. The Diff-Code ISBs are unstable in
short time, and there is a fluctuation of about 4 m. Among them, the STD of the code ISBs
in the baseline composed of the geodetic GNSS receiver is about 0.2 m, while the STD of
the code ISBs in the baseline with the low-cost u-blox receiver is 0.627 m, indicating that
the code ISB distribution in the low-cost u-blox receiver is more discrete. In pseudorange
differential positioning, the number of BDS-3 satellites is only 3 to 4, so the Diff-Code ISBs
may also deviate from the true value, resulting in the unstable distribution of code ISBs.

(38) Code ISBs before and after carrier-phase smoothing

Figure 18 describes the change of mean values and the distribution of code ISBs before
and after carrier-phase smoothing for the u-blox receiver and baseline. It can be seen from
the figure that the distribution range of UD-Code ISBs and Diff-Code ISBs has a certain
degree of change before and after carrier-phase smoothing. For the UD-Code ISB, the
distribution range of code ISBs after smoothing is reduced to a lesser extent. The STD value
decreased from 0.765 m to 0.733 m, reduced by 4.18%. For Diff-Code ISB, the distribution
range of code ISBs is greatly reduced. The STD value decreased from 0.627 m to 0.569 m, a
decrease of 9.25%.
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Figure 17. Time series of B1I Diff-code ISBs estimated between BDS-3 and BDS-2 in low-cost u-
blox receiver.
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Figure 18. Comparison diagram of code ISBs in the low-cost receiver distribution before and after
carrier-phase smoothing.

After carrier-phase smoothing, the mean values of the UD-Code ISB and Diff-Code ISB
both have changed. The mean value of UD-Code ISBs becomes larger after carrier-phase
smoothing, and the mean value of Diff-Code ISBs decreases slightly after smoothing, while
that of the geodetic GNSS receivers is basically unchanged before and after smoothing.
Compared with the geodetic GNSS receivers, the data quality of the low-cost u-blox
receiver is poor, and the code ISBs estimated is not accurate. Therefore, in the low-cost
u-blox receiver, there are no same characteristics as the code ISBs in the geodetic GNSS
receivers.

3.3.3. Impact of Code ISBs on Pseudorange Positioning
(1) Pseudorange SPP

The position deviations in the north (N), east (E) and up (U) directions of the pseudor-
ange SPP are shown in Figure 19. The position deviation of the pseudorange SPP position
deviations of the u-blox receiver in the horizontal components is roughly distributed within
£2 m, and the position deviation in vertical components is roughly distributed within
£10 m. The pseudorange SPP position deviation distribution of the low-cost receiver
fluctuates greatly, which is related to the unstable data quality of the u-blox receiver. After
correcting the code ISBs, the position deviation in the horizontal and vertical components
is reduced. The RMS values of the position deviation in the horizontal components of
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the u-blox receiver is reduced by 7.21%, and the STD values are reduced by 1.67%. The
RMS values of the position deviation in vertical components is reduced by 12.83%, but
the STD values increased by 6.64%. In vertical components, there is a phenomenon that
the positioning deviation, after correcting the ISB, is larger than that when the ISB is not
corrected at 9 h. There may be errors which are not processed at that time, resulting in a
larger positioning deviation, so the degree of dispersion of the positioning deviation will
also increase. The code ISBs in the low-cost receiver are significantly larger than the that in
the geodetic GNSS receivers. Therefore, after correcting the code ISBs, the reduction of the
pseudorange SPP position deviation of the low-cost receiver is more obvious.
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Figure 19. Time series of pseudorange SPP position deviations before and after correcting the
UD-Code ISBs in the low-cost receiver.

(2) Pseudorange Differential Positioning

Figure 20 compares the distribution of pseudorange differential positioning position
deviations before and after correcting the Diff-Code ISBs for the baseline with the low-cost
u-blox receiver. It can be seen from the figure that the position deviation in the horizontal
components is basically distributed within £2 m, and the position deviation in the vertical
components is basically distributed within —6~3 m. The position deviation distribution
fluctuates greatly. After correcting the code ISBs, the position deviation distribution in
the horizontal and vertical directions are significantly reduced. The RMS of the position
deviations in the horizontal components is reduced by 10.08%, and the STD values are
reduced by 1.58%. The RMS of the position deviation in the vertical components is reduced
by 10.41%, and the STD values are reduced by 2.40%. The baseline with the u-blox receiver
is equipped with heterogeneous receivers; compared with the geodetic GNSS receivers, the
code ISBs in the low-cost receiver have a more obvious effect on the positioning results.
Therefore, the influence of code ISBs cannot be ignored in the low-cost combined BDS-2
and BDS-3 system navigation and positioning.
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Figure 20. Time series of pseudorange differential positioning position deviations before and after
correcting the Diff-Code ISBs in the low-cost receiver.



Remote Sens. 2024, 16, 1710

22 of 26

3.3.4. Impact of Code ISBs on Carrier-Phase-Smoothed Pseudorange Positioning
(1) Carrier-phase-smoothed pseudorange SPP

The time series of carrier-phase-smoothed pseudorange SPP position deviations for
each station before and after correcting UD-Code ISBs is illustrated in Figure 21. It can
be seen from the figure that the distribution of the position deviation after carrier-phase-
smoothing is more concentrated. The position deviations in the horizontal components are
basically distributed around 0~2 m, and the position deviations in the vertical components
are basically distributed within 4= 6m. After correcting the code ISBs, the position deviations
in each direction are closer to 0 m. The RMS values of the position deviations in the
horizontal components are reduced by 10% after correcting the code ISBs in the low-cost
u-blox receiver, and the STD value is reduced by 1.95%. The RMS value of the position
deviations in the vertical components are reduced by 13.94%, but the STD value increased
by 5.05%. Compared with the unsmoothed position deviation, the influence of code ISBs on
positioning accuracy becomes larger. This may be because the mean value of the code ISBs
becomes larger after carrier-phase smoothing and the effect of improving the positioning
accuracy after correcting the code ISBs will be more obvious.

[ M Code ISB Not Corrected M Code ISB Corrected|

4JSTD:0.870m 0.853m | STD:1.982m 2.082m
61 . .
2 \ Jh AT i\ 3
B 6 1.., d
RMS:1:514m 1.387m RMS:2.841m 2.445m :
4 2 0 2 4 0800 08:20 08:40 09:00
E/m UTC/ Time/h

Figure 21. Time series of the position deviations of carrier-phase-smoothed pseudorange SPP before
and after correcting the UD-Code ISBs.

(2) Carrier-phase-smoothed pseudorange differential positioning

In Figure 22, the time series of carrier-phase-smoothed pseudorange differential posi-
tioning position deviations for the baseline with the low-cost u-blox receiver before and
after correcting the Diff-Code ISBs is illustrated. It can be seen from the figure that the posi-
tion deviations in the horizontal components after carrier-phase smoothing are basically
distributed between —1~2 m, and the position deviations in the vertical components are
between —6~1 m. Compared with the position deviation before carrier-phase smoothing,
the distribution range is significantly reduced and the distribution is more concentrated.
After correcting the code ISBs, the position deviations in each direction are closer to 0 m.
Among them, the RMS value of the position deviations in the horizontal components are
reduced by 5.43%, and the STD value is reduced by 2.25%. The RMS value of the position
deviations in the vertical components are reduced by 4.85%, and the STD value is reduced
by 1.42%. Compared with the unsmoothed position deviation, the influence of the code
ISBs is smaller. This may be due to the decrease of the mean value of the code ISBs after
carrier-phase smoothing, with the influence on the positioning results becoming smaller.
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Figure 22. Time series of the position deviation variations of carrier-phase-smoothed pseudorange
differential positioning before and after correcting the Diff-Code ISBs.

4. Discussion

The influence of code ISBs on pseudorange positioning is related to the magnitude
of code ISBs, and the magnitude of code ISBs is further related to the type of receiver. In
high precision geodetic GNSS receivers, the code ISB is stable within a day. The code ISBs
in the receivers of the Shanghai stations are significantly larger than those of the Wuhan
stations, and their influence on the pseudorange positioning of the Shanghai stations is also
significantly greater than those of the Wuhan stations. The code ISB in the WHUB station is
about —0.2 m, which is smaller than that in other stations. This may be due to the fact that
the data quality received by the receiver of the WHUB station is better than that of other
stations, so the code ISBs are small and have little effect on the positioning result. In the
baseline with homogeneous receivers, the code ISBs are small, which has little effect on the
positioning results. In the baselines with heterogeneous receivers, the code ISBs are larger,
which has an obvious impact on the positioning results. At this time, the code ISBs in this
receiver can be ignored. When using the low-cost u-blox receiver for positioning, the code
ISBs are significantly larger than the code ISBs in the geodetic GNSS receivers, and the code
ISBs have a more obvious effect on the positioning accuracy in the low-cost u-blox receiver.

The carrier-phase smoothing method can effectively improve pseudorange positioning
accuracy. The comparison of Figures 7, 9, 11 and 13 shows that the positioning errors of
each station and baseline have different degrees of decline after carrier-phase smoothing.
In Table 6, some results of pseudorange positioning before and after smoothing are counted.
The position deviations are reduced by about 50% after carrier-phase smoothing in the
Shanghai baseline, which may be because the receivers in Shanghai are located in residential
areas and the observation noise is large. In correspondence, the position deviation is
reduced by about 20% in the Wuhan baseline, which may be attributed to the small
observation noise of the Wuhan receivers, which are located in a quiet area on the roof. The
position deviations of the positioning results of the u-blox receiver are also significantly
reduced after carrier-phase smoothing. It can be seen that in low-cost navigation and
positioning, the carrier-phase smoothing method can effectively improve the accuracy of
pseudorange positioning.

Table 6. Statistics of partial results of pseudorange positioning before and after smoothing.

Horizontal Components RMS/m Vertical Components RMS/m
Station/Baseline Before After Change/% Before After Change/%
Smoothing Smoothing Smoothing Smoothing
SHO01-SH11 0.421 0.215 48.93 0.704 0.358 49.15
ROV1-WHUB 0.359 0.289 19.50 0.723 0.610 15.63
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Carrier-phase smoothing can reduce the dispersion of the code ISB distribution. In the
geodetic GNSS receivers with large noise, the STD value of the undifferential code ISBs
are reduced by about 30% after smoothing, and the STDs value of the differential code
ISB are reduced by more than 50%. For the stations with less noise, it is reduced by 10%
and 20.49%, respectively. In the low-cost receiver, due to the unstable data quality of the
receiver, the code ISBs still have a large fluctuation. After smoothing, the STD values of the
undifferenced code ISBs are only reduced by 4.18%, and the STD values of the differential
code ISBs are reduced by 9.25%.

Before carrier-phase smoothing, the position deviations of the pseudorange SPP of
the Shanghai stations are reduced by about 5.4% averagely after correcting the code ISBs,
and the position deviations of differential positioning for the ROV1-WHUB baseline is
reduced by about 3.4%. However, after carrier-phase smoothing, the corresponding position
deviations of the Shanghai stations and the ROV1-WHUB baseline are respectively reduced
by about 6.6% and 6.0% after correcting the code ISBs. Therefore, it can be inferred that the
influence of code ISBs should be considered for the positioning mode with high observation
accuracy. The influence of code ISBs on the positioning accuracy of the ROV1 station after
carrier-phase smoothing is almost the same as that before carrier-phase smoothing. This
may be because the observation noise of the ROV1 station is small and the accuracy of
pseudorange observations is high, so the influence of code ISBs on the positioning accuracy
before and after carrier-phase smoothing is almost unchanged in the ROV1 station. In
the low-cost u-blox receiver positioning, the undifferenced code ISBs after carrier-phase
smoothing become larger, so the influence of them after carrier-phase smoothing on the
positioning accuracy is increased from 7.21% and 12.83% to 10% and 13.94%. The differential
code ISBs decrease after carrier-phase smoothing, and the influence of the code ISBs on the
positioning position deviations in the horizontal and vertical component are reduced from
10.08% and 10.41% to 5.43% and 4.85%.

In other studies of ISBs in combined BDS-2 and BDS-3 positioning [18], it is found that
the code ISBs in the B3I frequency were at the millimeter level and it can be assumed that
there were no code ISBs in the B3I frequency. Therefore, the code ISBs in the B3I frequency
were not further investigated in this paper.

5. Conclusions

In this work, we investigate the variation characteristics of code ISBs in geodetic GNSS
receivers and low-cost receivers, and their impact on pseudorange positioning accuracy.
The results show that:

(1) Code ISBs vary among different receivers, but the STDs are close, which shows the
code ISB distribution in the homogeneous receivers has strong consistency. The code
ISBs in each type of geodetic GNSS receiver are about —0.3 m to —0.8 m. The code
ISB in the baseline with homogeneous receivers is reduced to about —0.2 m, while the
code ISB in the baseline with heterogeneous receivers is still large, about —0.5 m.

(2) The STD values of code ISBs in the low-cost receiver u-blox M8T are larger than that
in geodetic GNSS receivers, which are unstable in a short time. For low-cost receivers,
correcting the code ISBs can improve the availability of positioning data at different
satellite elevation angles, which can effectively improve the performance of low-cost
navigation and positioning.

(3) After correcting the code ISBs, the SPP position deviations of each geodetic GNSS
receiver can be reduced by about 7%. For the baseline with homogeneous receivers,
the influence of the code ISBs of the B1l frequency on positioning accuracy is less
than 1%, which is negligible. For the baselines with heterogeneous receivers, the
differential positioning position deviations can be reduced by 4% after correcting the
code ISBs.

(4) After correcting the code ISBs, the SPP position deviations of the low-cost receiver u-
blox M8T can be reduced by about 11%, and the pseudorange differential positioning
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position deviations can be reduced by about 12%. Correcting the code ISBs in the
low-cost receiver can effectively improve the pseudorange positioning accuracy.

(5) The distribution dispersion of the estimated code ISBs can be reduced after carrier-
phase smoothing. For geodetic GNSS receivers, the STD values of undifferential
and differential code ISBs are reduced by 30% and 50%, respectively. For low-cost
receivers, due to the unstable data quality, the STD values of code ISBs are reduced by
4% to 7%.

(6) For geodetic GNSS receivers, the position deviations of the carrier-phase-smoothed
pseudorange SPP and differential positioning with heterogeneous receivers can be
reduced by about 9% and 6%, respectively, when correcting the code ISBs. For the
low-cost receiver u-blox M8T, the position deviations of the carrier-phase-smoothed
pseudorange SPP can be reduced by about 14% after ISB correction, and the differential
positioning reduced by about 5%.

It should be noted that the assumed precision of the BDS-2 and BDS-3 pseudorange
measurements may not be that realistic. An investigation to obtain the proper stochastic
model for combined BDS-2 and BDS-3 positioning will be made.
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