)

Check for
updates

Influence of Different ISB Processing Strategies
on the Accuracy of Undifferenced FCBs
and PPP-AR Positioning
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Abstract. Aiming at the influence of inter-system bias (ISB) on the accuracy of
undifferenced FCB. This paper estimates three different FCBs (WN-FCB, RW-
FCB, CV-FCB) based on white noise, random walk, constant strategies. And
using the three FCBs to fixed ambiguity. The experimental results show that: in the
wide-lane FCB, the accuracy of three wide-lane FCB products is equivalent; in the
narrow-lane FCB, compared with narrow-lane CV-FCB, the precision of RW-FCB
and WN-FCB is equivalent, better than CV-FCB. For the convergence time and
positioning accuracy, PPP-AR based on RW-FCB and WN-FCB is significantly
better than CV-FCB.
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1 Introduction

With the rapid development of BeiDou navigation satellite system (BDS), Galileo nav-
igation satellite system and the construction of GPS Modernization [1-4], BDS/GPS
precise point positioning (PPP) can provide more visible satellites and optimize the spa-
tial structure, which can not only improve the positioning accuracy and reliability, but
also accelerate the convergence of ambiguity, which is conducive to the rapid fixing of
ambiguity [5—12]. Due to the different time reference and hardware delay of different
navigation systems, inter-system bias (ISB) should be considered in multi-GNSS precise
point positioning [11, 13, 14].

The correct handling of ISB is the key to multi-GNSS integrated positioning, so it has
been studied by Imany scholars at home and abroad. In paper [15], the source of inter-
system bias is demonstrated by experiments, but the in-depth study on the time-varying
characteristics of ISB is lacking. Paper [16] systematically analyzes the time-varying
characteristics of ISB among GNSS navigation systems. The experimental results show
that the ISB values among different navigation systems are stable in a single day, all
better than 0.12 ns, but no further study has been conducted. Based on the analysis of the
characteristics of ISB, paper [17] takes one day’s ISB as constant estimation to analyze
the GNSS PPP positioning performance. Paper [6] and [18] respectively used ISB as
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random walk process and white noise estimation to analyze GPS/GLONASS PPP posi-
tioning performance. Based on the precise ephemeris and clock offset products released
by multiple analysis centers, paper [19] analyzes the impact of different ISB processing
strategies on undifferenced and uncombined PPP. Most of the above researches focus
on the time-varying characteristics of ISB and the influence of different ISB processing
strategies on floating-point PPP location, but few studies on the influence of different
ISB processing strategies on FCB estimation and PPP-AR.

Based on BDS/GPS/Galileo undifferenced and uncombined PPP, ISB is estimated as
constant, random walk and white noise respectively. 106 IGS/MGEX stations with global
distribution are selected as service stations to generate three kinds of FCB (CV FCB,
RW FCB and WN FCB respectively), and the accuracy of the three FCBs products is
analyzed. 15 IGS/MGEX stations are selected as the users, and the influence of different
FCBs products on PPP-AR is analyzed experimentally from three aspects of positioning
accuracy, time to first fix and fixed rate.

2 BDS/GPS/Galileo Undifferenced and Uncombined PPP

BDS/GPS/Galileo undifferenced and uncombined PPP takes the raw carrier and code
observations as the observation equation to avoid noise amplification:

Pol = pl+ cdis , — cdi® + MET + ys g 1)+ dS, — ¥ + e(P)))

rf = pl + cdts,, — cdi> + MST — )/SJI +%§J(Nf’ +byp —bip) +8(Lf:fj)
(D

Where: S denote BDS, GPS, Galileo navigation system, respectively; r is receiver;
f is frequency, GPS for L1 and L2, BDS for B1 and B2, Galileo for E1 and ES; P and L
denote code and carrier observations, respectively; p is the satellite -to- receiver geomet-
ric range; cdts, » and cdr® are the receiver and satellite clock offsets, respectively; M; S
and T are mapping function for troposphere delay and troposphere delay, respectlvely,
Iy j is ionosphere delay of ﬁrst frequency; d’ of and dS are satellite and receiver code

b1as respectlvely, / and N are wavelength for
Ambiguity and ﬂout amblgulty, br r and bf ' are satellite and receiver phase bias,

respectively; e (Prsy}{) and e (Lf}) denote measurement noise of code phase measurements.

At present, the precise satellite clock producte released by the analysis center is
calculated based on the P1 and P2 dual frequency ionosphere-free combination, including
the hardware delay of pseudo range ionosphere cancellation at the satellite.

cdt® = cdt®’ + cdr®'F )
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With the precise satellite clock product correction, the expression of dual frequency
BDS/GPS undifferenced and uncombined PPP is as follows:

P = pl+ cdig,, + MOT + 1) — «DCBC + e(P7Y)

rz _p£+cdtGr+M T+7/GZI” —sz/cDCBG+8(P )

P = p} + cdig, + ISBE + MET + 1}~k DCBC + £(P,{)

PS = ol + cdig, + ISBE + MET + ye oIy — yc,zchCBC +e(PSY)

P*) = pl+ cdig,, + ISBE + MET + 11/ —«DCBF + (P™)

3)

PY) = ol + cdig,, + ISBS + MET + ypall?! — ye ok DCBE + e(Py3)

LY = pl + edig, +MET — 17 +37INY + «DCBC + e(Ly)

LY = pl + cdig, + MET — y oI + 25N + y6. 26 DCBC + e(LYY)
LS = p} + cdig, +1SBG + MET — I + A0 /N7 + «DCBE + (L))
LY = p} + cdig, +1SBG + MET — yc ol ) + 357Ny + ye ok DCBE + e(LL3)
L] = p} + cdic., + ISB§ + MET — Ifj + 27N + kDCBO + (L)
L) = ol + cdig,, + ISBG + MET — yp oI + 357Ny + yp ok DCBE + e(LE))

“)
The expression of the above parameters is as follows:
cdic., = cdiG., + cdi pISBS = dts — di°
LY =1} + kDCBSDCBS = dS ~ds, S
T v

yso =flIffk =1 /(f1 —f)

Where: cdig.,, is receiver clock offsets included ionosphere-free code bias; ISBE

denote inter-system bias; ii f is ionosphere delay included receiver DCB; Assuming
that M satellites are observed, the number of parameters of BDS/GPS/Galileo dual
frequency undifferenced and uncombined PPP is as follows:

X = [X.Y.Z. T, cdig., ISBS, ISBS, (Iy)), (N$9), (N$))]
(iS»j) — [iG,l IlGrNG IC 1 IlcrNC IE 1 ENE] (6)
Ny = v NN NN ’NC,NF‘.--NI M)

(NSJ) [ G I N2G’NG,N2C’1 . .NZC,NC’ Nfl . _NF,NE]
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3 Parameter Processing Strategy

3.1 ISB Processing Strategy

The precision clock products released by IGS/MGEX Analysis Center unify the time
of other navigation systems into the GPS time frame, However, when calculating the
satellite clock difference, the reference clocks selected by different systems are different,
and the hardware delay caused by the signal after entering the channel is different due
to the different carrier characteristics of the navigation systems at the receiver, so GNSS
PPP needs to handle ISB correctly. In this paper, ISB adopts three processing strategies:
white noise, random walk and constant.

1) White noise processing strategy (PPP model based on this strategy is called PPP-WN
model, the same below). The ISB is treated as white noise, and the epoch before and
after ISB is considered to be independent of each other. When Kalman filtering is
performed, the state transition coefficient is 0, and the process noise adopts a large
variance, and the variance is set to 10°m?:

ISBS ~ N(0,0?) (7

2) Random walk processing strategy PPP-AR). The ISB is treated as random walk, It is
considered that there is correlation between the epoch before and after the ISB. The
filtering solution of the previous epoch ISB ISBS (K — 1) is transferred and consider
time-varying part of ISB wy, the state transition coefficient is 1 and the process noise
is considered 0.001 m?:

®)

ISBS(K) = ISB> (K — 1) + ay,
wr~N (0, 0.001)

3) Constant processing strategy (PPP-CV). When the ISB is treated as a constant, it
is considered that the ISB is very stable between epochs and is not consider by the
change of time, the state transition coefficient is 1 and the process noise is 0:

ISB3(K) = ISB3 (K — 1
Y (K) > ( )} o)

a2 =0

3.2 FCB Processing Strategy

High accuracy of FCBs is the premise of correctly fixing ambiguity and fast PPP con-
vergence. Based on the time-varying characteristics of FCBS in wide/narrow-lanes, this
paper uses Kalman filtering method to estimate FCBs. The specific processing strategies
are as follows:

1) Wide-lane FCB estimation strategy at satellite end. The satellite side FCB is rela-
tively stable in a single day. The reference [20] shows that the wide lane FCB can
converge to within 0.1 cycle in the continuous arc without cycle slip and keep stable.
Therefore, this paper takes the satellite wide-lane FCB as a constant estimation, and
the specific processing strategies are as follows:
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FCB'"L(K) = FCB'"VE(K — 1)
) (10)
c-=0
2) Wide-lane FCB estimation strategy at receiver end. The experiments in reference
[20] show that the wide-lane FCB at the receiver end is not stable in a single day, and the
maximum variation in one day can reach 0.4 cycle. Therefore, in this paper, the receiver
wide lane FCB is taken as random walk estimation, and the specific processing strategies
are as follows:

(11
o =’

FCB, wi.(K) = FCB, wL(K — 1)}

3) FCB estimation strategy for narrow-lane at satellite end. Compared with the wide-

lane FCB at the satellite end, the FCB of the narrow-lane at the satellite end is stable for

10 min, and the interval between 10 min and 15 min has a certain change. Therefore,

the 10 min FCB of the satellite end narrow-lane is taken as a constant estimation, and

the interval of 10 min is taken as the random walk estimation. The specific processing
strategies are as follows:

FCBSM'(K) = FCBSM: (K — 1)

o2 = 0(r < 10 min) (12)
ol = a)z(t >= 10 min)

4) Narrow-lane FCB estimation strategy at receiver end. Because the hardware delay
part is easily affected in the observation environment, the FCB stability of narrow-lane
at the receiver end is non-relatively. In this paper, white noise processing is carried out,
and the specific processing strategies are as follows:

FCB, nL(K) ~ N (0, %) (13)

4 Results and Discussion

106 IGS/MGEX stations are evenly selected in this paper. The distribution of the stations
is shown in Fig. 1 (server stations in red and user stations in blue). The sampling interval
of observation data is 30 s, and the observation time is 5-11 days in 2019. The precise
ephemeris products with 5 min interval and precision clock products with 30 s interval are
provided by GFZ. Three ISB processing strategies are used to generate FCB products,
namely CV-FCB, RW-FCB and WN-FCB, respectively, and broadcast three kinds of
undifferenced FCB products to fix the ambiguity.
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Fig. 1. Distribution of stations

4.1 Characteristic Analysis of FCBs

The time-varying characteristics of FCBs and the accuracy of posteriori residuals are
important indexes to evaluate the quality of FCBs. This paper will analyze the quality
of three FCBs in these two aspects.

1) Analysis on undifferenced wide-lane FCB characteristics

Three FCB products from 5 to 11, January, 2019 are selected to analyze the time-
varying characteristics of long-time wide-lane FCB. Figures (a) and (b) are BDS-
MEO and BDS-IGSO satellite wide-lane FCB sequence diagrams, as shown in
Fig. 2. It can be seen that the time stability of wide-lane CV-FCB, RW-FCB and
WN-FCB is similar, but BDS-IGSO satellite wide-lane FCB is better than BDS-
MEDO satellite. The main reason is that the number of MEO satellites is less, the
continuous observation arc length is short, so the ambiguity convergence is low. In
order to further analyze the time stability of three kinds of wide-lane FCB products,
the STD of 7-day wide-lane FCB is counted, as shown in Fig. 3. It can be seen
that the STD of three kinds of wide-lane FCB is basically the same, RW-FCB and
WN-FCB are slightly better than CV-FCB. But the STD of IGSO FCB is less than
0.03 cycle, which is obviously better than that of MEO satellite.

The distribution of FCB posterior residuals is an index that can directly reflect the
accuracy of FCB products. The posterior residuals of wide-lane FCB with annual product
date of the 6th day of 2019 are selected. As shown in Fig. 4, it can be seen that the posterior
residuals distribution of satellite FCB of three BDS are basically the same. Table 1 is
the residual distribution of three wide-lane FCB in 7 days. It can be seen from the table
that the estimation accuracy of FCB of three wide lanes is basically the same, indicating
that It shows that different ISB processing strategies have no effect on wide-lane FCB
estimation accuracy.
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Table 1. Comparison of different wide-lane FCB residual distribution in seven days

Date Type
CV-WL-FCB RW-WL-FCB WN-WL-FCB
Interval/cycle Proportion Interval/cycle Proportion Interval/cycle Proportion
5 (—0.25,0.25) 91.7% (—0.25,0.25) |91.8% (—0.25, 0.25) 92.0%
(—0.15, 0.15) 82.8% (—0.15, 0.15) 82.8% (—0.15, 0.15) 83.0%
(—0.05,0.05) |44.6% (—0.05,0.05) |44.8% (—0.05,0.05) |44.9%
6 (—0.25,0.25) 93.4% (—0.25,0.25) |93.2% (—0.25, 0.25) 93.1%
(—0.15,0.15) 86.3% (—0.15, 0.15) 86.1% (—0.15, 0.15) 85.9%
(—0.05,0.05) |49.4% (—0.05,0.05) |49.2% (—0.05,0.05) |49.0%
7 (—0.25,0.25) 90.8% (—0.25,0.25) | 90.6% (—0.25, 0.25) 90.6%
(—0.15, 0.15) 83.3% (—0.15, 0.15) 83.2% (—0.15, 0.15) 83.2%
(—0.05,0.05) |47.4% (—0.05,0.05) |47.5% (—0.05,0.05) |47.6%
8 (—0.25, 0.25) 91.1% (—0.25,0.25) |91.1% (—0.25, 0.25) 91.1%
(—0.15, 0.15) 85.1% (—0.15, 0.15) 85.2% (—0.15, 0.15) 85.1%
(—0.05,0.05) |49.2% (—0.05,0.05) |49.1% (—0.05,0.05) |49.2%
9 (—0.25,0.25) 94.0% (—0.25,0.25) | 93.6% (—0.25, 0.25) 93.6%
(—0.15, 0.15) 86.2% (—0.15, 0.15) 86.3% (—0.15, 0.15) 86.4%
(—0.05,0.05) |48.7% (—0.05,0.05) |49.6% (—0.05,0.05) |49.6%
10 (—0.25, 0.25) 92.9% (—0.25,0.25) |93.0% (—0.25, 0.25) 92.9%
(—0.15,0.15) 87.0% (—0.15, 0.15) 87.2% (—0.15, 0.15) 87.1%
(—0.05, 0.05) 50.3% (—0.05,0.05) |50.4% (—0.05, 0.05) 50.3%
11 (—0.25, 0.25) 93.1% (—0.25,0.25) |93.0% (—0.25, 0.25) 93.0%
(—0.15,0.15) 86.5% (—0.15, 0.15) 86.4% (—0.15, 0.15) 86.4%
(—0.05,0.05) |48.0% (—0.05,0.05) |47.8% (—0.05,0.05) |47.7%
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2) Analysis on undifferenced narrow-lane FCB characteristics

The ionosphere-free ambiguity is affected by narrow-lane FCB, so high precision of
narrow-lane FCB is the key to PPP-AR. Compared with wide-lane FCB, the stability of
narrow-lane FCB is low. The FCB of narrow-lane with 10 min interval is estimated as
random walk process, and once is estimated every 10 min. The single day time-varying
characteristics of three kinds of narrow-lane FCB are shown in Fig. 5. (a) is IGSO satellite
narrow-lane FCB, and (b) is MEO satellite narrow-lane FCB. And it can be seen that
the FCB stability of IGSO satellite is better than that of MEO satellite.
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Fig. 5. Three narrow-lane FCB series of BDS satellites

In order to further analyze the accuracy of different FCB products, Posterior residuals
of the narrow-lane FCB product on the 6th day of 2019 is selected, and the distribution
is shown in Fig. 6. It can be seen that the residual distribution of RW-FCB and WN-FCB
in narrow-lane is similar, and it is obviously better than CV-FCB in narrow-lane, which
increases about 10% in (—0.25, +0.25) cycle, 14% in (—0.15, +0.15) cycle, and 18%
in (—0.05, 0.05) cycle. In Table 2, the residual distribution of three kinds of narrow-lane
FCB in 7 days is counted. It can be seen from the table that compared with CV-FCB,
RW-FCB and WN-FCB about improvement 7.5%, 10.6% and 12.2% in (—0.25, +0.25),
(—0.15, +0.15) and (—0.05, +0.05), respectively, which indicates that different ISB
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Fig. 6. Posterior residuals of three narrow-lane FCB
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processing strategies have great influence on FCB estimation accuracy of narrow-lane,
and ISB should be regarded as random walk process or white noise estimation. The
possible reason is that narrow-lane ambiguity is more sensitive to the error, and the
inappropriate parameter processing strategy has a greater impact on the narrow-lane
ambiguity, so the precision of narrow-lane FCB is relatively lower.

Table 2. Comparison of different wide-lane FCB residual distribution in multi day

Date | Type
CV-NL-FCB RW-NL-FCB WN-NL-FCB
Interval/cycle | Proportion | Interval/cycle | Proportion |Interval/cycle |Proportion
5 (—=0.25,0.25) |82.8% (=0.25,0.25) |90.8% (=0.25,0.25) |90.8%

(—0.15,0.15) |76.8% (—0.15,0.15) |88.6% (—0.15,0.15) |88.4%
(—0.05,0.05) |54.9% (—0.05,0.05) |68.7% (—0.05,0.05) |68.7%

6 | (—0.25,025) 81.1% (=0.25,0.25) | 91.7% (=0.25,0.25) | 91.4%
(=0.15,0.15) | 73.5% (=0.15,0.15) | 87.4% (=0.15,0.15) | 96.9%
(—0.05,0.05) | 50.4% (—0.05,0.05) | 68.1% (—0.05,0.05) | 67.7%

7 (~0.25,0.25) 80.8% (—0.25,0.25) | 87.7% (—0.25,0.25) | 87.6%
(=0.15,0.15) | 72.9% (=0.15,0.15) | 82.1% (=0.15,0.15) | 82.0%

(=0.05,0.05) |53.5% (=0.05,0.05) |62.5% (=0.05,0.05) |62.3%
8 (—0.25,0.25) | 80.0% (—0.25,0.25) |89.3% (—0.25,0.25) |89.1%
(—0.15,0.15) |73.6% (—0.15,0.15) |83.6% (—0.15,0.15) |83.5%
(—0.05,0.05) |53.5% (—0.05,0.05) |65.5% (—0.05,0.05) |63.9%
9 (—=0.25,0.25) |84.1% (—0.25,0.25) |90.0% (—=0.25,0.25) |98.4%
(=0.15,0.15) |76.4% (=0.15,0.15) |84.8% (=0.15,0.15) |94.4%
(—0.05,0.05) |53.3% (—0.05,0.05) |64.5% (—0.05,0.05) |64.5%
10 (—=0.25,0.25) |81.3% (—=0.25,0.25) |85.9% (—=0.25,0.25) |86.2%

(—0.15,0.15) | 74.2% (—0.15,0.15) |80.1% (—0.15,0.15) | 80.0%
(—0.05,0.05) |51.2% (—0.05,0.05) |61.4% (—0.05,0.05) |61.6%
11 (=0.25,025) | 86.2% (—0.25,0.25) | 88.5% (—0.25,0.25) | 89.6%

(—0.15,0.15) |78.3% (—0.15,0.15) |83.3% (—0.15,0.15) |84.3%
(—0.05,0.05) |54.8% (—0.05,0.05) |67.0% (—0.05,0.05) |66.9%

4.2 Positioning Result Analysis

Table 3 Statistics the time to first fix and fixed rate of ambiguity of 13 stations using
three FCB products. It can be seen from the table that PPPAR-RW and PPPAR-WN
are better than PPPAR-CV model in average time to first fix and fixed success rate of
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ambiguity, with an increase of about 19.5% and 15.5%, respectively. Table 4 shows
the positioning accuracy of 13 stations using three FCB products. The 3D positioning
accuracy of PPPAR-CV model is 11.07 cm, 7.35 cm and 6.09 cm in 30 min, 60 min and
120 min, respectively. PPPAR-WN and PPPAR-RW are basically the same, but better
than PPPAR-CYV, which are improved by about 6.3 cm, 3.9 cm and 3.6 cm respectively.
It can be seen that the inaccurate processing of ISB parameters has a great influence
on the narrow-lane ambiguity which is more sensitive to the error, which influence the
convergence accuracy of short-time ambiguity, reduces the estimation accuracy of FCB
in narrow-lane, and further affects the time to first time, fixed rate and short-time fixed
solution accuracy of ambiguity (Table 4).

Table 3. Time to first fix and success rate

Station PPPAR-CV PPPAR-RW PPPAR-WN

First fixed Success First fixed Success First fixed Success

time/min rate/% time/min rate/% time/min rate/%
DARW 29.65 62.94 26.37 71.16 26.41 71.16
GMSD 25.83 66.35 24.33 79.68 23.33 81.35
HKSL 27.07 59.49 25.75 79.19 25.45 80.48
JFENG 32.25 59.03 27.08 78.36 26.95 82.45
KARR 29.05 84.42 18.5 92.91 17.54 89.50
METG 30.00 42.02 16.00 51.08 15.87 49.60
MRO1 25.27 91.85 21.33 92.12 21.92 91.92
NNOR 28.65 95.56 17.83 93.21 18.16 92.98
PERT 28.95 87.04 24.25 91.51 23.5 91.81
SEYG 36.25 37.40 29.25 65.70 29.6 56.99
STRI1 25.59 86.54 23.45 91.20 23.66 89.42
SYDN 33.13 59.03 30.72 72.60 31.77 67.10
XMIS 26.36 74.76 19.25 88.44 19.13 86.28
35 29.08 69.72 23.40 80.55 23.41 79.31




267

Influence of Different ISB Processing Strategies

§9°¢ c9¢ 609 (4% 6’ SEL €9 LE9 LOTI ag

€6'C ¥9°C 96'C ¥6'C ¥6'C Y6’y €0°S 90°S SL'L n

o'l o1 wy 891 891 (4% €9°C 99°C S¥'9 q

180 18°0 88°0 8L°0 6L0 Il 1T 171 96'l N
NM-dVddd | NM-dVddd | AD-dVddd | NM-dVddd | MIIVddd | AD-dVddd | NM-IVddd | MI-dVddd | AD-dVddd

ur gt utu 09 u gg | uonosaaq

wo YV-ddd JUSIIP JO J0119 Suruonisoq

v IIqBL



268 W. Qi etal.

5 Conclusions

In this paper, through different ISB processing strategies, using the 106 evenly distributed
IGS/MGEX station network, are used to estimate three FCBs product, namely CV-FCB,
RW-FCB and WN-FCB. The effects of different ISB processing strategies on FCBs
estimation accuracy and PPP-AR positioning are analyzed:

1) When ISB is treated as constant, white noise and random walk process, the accuracy
of FCB products in wide-lane FCB is equivalent. In narrow-lane FCB, the accuracy
of WN-FCB and RW-FCB is the same, which is better than CV-FCB products. In
the range of (—0.25, 40.25), (—0.15, 4+0.15), (—0.05, 40.05) cycle, the accuracy
of WN-FCB and RW-FCB are increased by 7.5%, 10.6% and 12.2%, respectively.

2) In terms of the first convergence time and fixed success rate of ambiguity, PPPAR-
WN and PPPAR-RW are basically the same, which are improved by about PPPAR-
CV model, they are improved by about 19.5% and 15.5% respectively.

3) in terms of positioning accuracy, the 3D positioning accuracy of PPPAR-CV model
is 11.07 cm, 7.35 cm and 6.09 cm at 30 min, 60 min and 120 min respectively, while
PPPARRW and PPPAR-WN are basically equivalent, but better than PPPAR-CV,
with an increase of about 6.3 cm, 3.9 cm, 3.6 cm at 30 min, 60 min, 120 min.
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