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Abstract

In GNSS (Global Navigation Satellite Systems) kinematic positioning, observations will be inevitably contaminated by cycle slips and
gross errors, as the complex observation environment changes rapidly. These outliers will degrade the performance of classic Kalman
filtering applied in GNSS kinematic resolution and eventually, the filtering may converge slowly or even diverge and thus the precision
will be degraded. Therefore, a robust Kalman filter should be applied to resist the influence of these outliers that cannot be identified in
the data preprocessing stage. Based on the conventional IGG (Institute of Geodesy and Geophysics) III equivalent weight method which
addresses the outliers of the zero-weight segment with the same strategy, this paper proposes an improved robust Kalman filtering strat-
egy that detects outliers by both posterior phase residuals and standardized residuals and handles the carrier-phase observation of zero-
weight segment as cycle slips. In addition, to avoid unnecessary ambiguity reinitialization caused by the detected cycle slips, only when
the carrier-phase observation of the same satellite is classified in the zero-weight segment over two consecutive epochs should the ambi-
guity be reinitialized. Experimental results of relative positioning show that the improved method can not only mitigate the influence of
unexpected outliers in the Kalman filter but also improve the fixing rate of ambiguity resolution as well as the accuracy and reliability of
positioning.
� 2017 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The accuracy and the reliability of GNSS positioning
are closely related to the quality of observations. In prac-
tice, especially in complex and kinematic observation envi-
ronments, the GNSS data will inevitably be contaminated
by unexpected outliers such as cycle slips and gross errors.
Thus, effective and robust methods should be applied in
GNSS processing to resist these undesirable errors so as
to yield high-precision and high-reliability results. Theoret-
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ically, the influence of outliers can be controlled and miti-
gated in two aspects: For one thing, the outliers can be
identified by a hypothesis test in data preprocessing. For
instance, the cycle slips can be detected and repaired by
TurboEdit (Blewitt, 1990) method and the method comb-
ing Total Electron Contents Rate (TECR) and
Melbourne-Wubbena Wide Lane (MWWL) linear combi-
nation (Liu, 2011). The method of multi-dimensional gross
error detection (Teunissen, 1990) is used to identify gross
errors. For another, the effect of outliers can be controlled
by decreasing the weight of the outliers in parameter esti-
mation. For example, the equivalent weight matrix of
observations is introduced in robust Kalman filtering or
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robust least squares estimation to handle the outliers. Gen-
erally, the outliers cannot be thoroughly excluded in data
preprocessing as the given threshold of the hypothesis test
is not always appropriate. Therefore, a reliable robust esti-
mator should be employed to guarantee reliable solutions.
The key to a robust estimator lies in the equivalent weight
function, which detects the outliers and reasonably reduces
or resists their influences. Many scholars have been dedi-
cated to researching this issue and achieved fruitful
research results. To name a few, Krarup proposed the Dan-
ish method (Krarup, 1980), which is purely heuristic and
carries out the LS (Least Squares) adjustment by iteratively
altering the prior weight matrix. Huber put forward the M-
estimators (Huber, 1992) based on the minimization of a
function of the residuals. By combining the S-estimator
and the M-estimator, Yohai proposed the MM estimator
(Yohai, 1987), which achieves a high rate of correct exclu-
sion for a single outlier. Yang (1994) proposed a three-
segment IGG (Institute of Geodesy and Geophysics) III
method based on M-estimation. This method was further
studied and confirmed by other scholars (Boz and
Gokalp, n.d.; Chen et al., 2017; Gaglione et al., 2017;
Gao et al., 2014; Guo and Zhang, 2014; Nie et al., 2010;
Wenbo et al., 2016; Yao, 2016; Zhang et al., 2014, 2015;
Zhou and Li, 2017). However, this approach still faces
some problems. As for small cycle slip, which is the kind
of cycle slip that cannot be detected with MW and GF
combination, the so called IGG III method addresses it
and gross errors of the reject segment with the same strat-
egy and neglects the change of ambiguity when a small
cycle slip occurs. Consequently, the ambiguity estimation
may not be compatible with its variance once a small cycle
slip occurred, and the residuals of carrier phase observa-
tion may be quite large in the following epochs. In other
words, when a small cycle slip occurs, the posterior phase
residual of this problematic observation may be signifi-
cantly large (in most cases, the standardized residual is
large as well) and the corresponding ambiguity should be
changed accordingly so as to adapt to the occurrence of
the small cycle slips. However, the IGG III method only
decreases the weight of this observation to zero (equivalent
to excluding the satellite in parameter estimation), leaving
its float ambiguity unchanged in the subsequent epochs.
Besides, for the epochs with many outliers, reducing or
zeroing the weights of these problematic observations will
unfortunately reduce the redundancy of the observation,
which may lead to instability of the Kalman filtering or
even the failure of the baseline resolution. To overcome
these problems, this paper proposes an improved robust
Kalman filtering strategy for GNSS kinematic positioning,
and its effectiveness and efficiency are demonstrated by
some experimental tests.

2. Methods

In view of convenience, this section first briefly intro-
duces the traditional IGG III method, and then points
out its shortcomings. Finally, an improved method is put
forward.
2.1. The IGG III method

Compared with the standard Kalman filtering, robust
Kalman filtering handles the outliers by replacing the
weight matrix or variance-covariance matrix of observa-
tions with the equivalent weight matrix or equivalent
variance-covariance matrix. Considering that these two
equivalent matrices are reciprocals of each other, the equiv-
alent variance-covariance matrix is adopted to control the
abnormal observations in this paper. In the case of GNSS
relative positioning, the double differenced (DD) observa-
tional covariance matrix is a non-diagonal matrix because
of the dependence of DD observations. To guarantee the
equivalent covariance matrix of the observations to be
symmetric and the intrinsic correlation of the observations
not to be changed, the equivalent variance-covariance can
be constructed as follows (Yang et al., 2002).

Rii ¼ kii � Rii

Rjj ¼ kjj � Rjj

Rij ¼
ffiffiffiffiffiffiffiffiffiffi
kiikjj

p � Rij

8><
>: ð1Þ

where kii and kjj are two inflation factors of the variance
elements; Rii and Rjj are variances and Rij is the covariance

elements for DD observation Li and Lj; Rii and Rjj are the

equivalent variances and Rij is the equivalent covariance
element for DD observations Li and Lj. The correlation
coefficient reads

qij ¼ Rijffiffiffiffiffiffiffiffiffiffiffi
RiiRjj

q ¼
ffiffiffiffiffiffiffiffiffiffi
kiikjj

p
Rijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kiiRiikjjRjj

p ¼ Rijffiffiffiffiffiffiffiffiffiffiffi
RiiRjj

p ¼ qij ð2Þ

where qij is the correlation coefficient of Li and Lj derived

from the original variance-covariance matrix and qij is the
correlation coefficient of Li and Lj derived from equivalent
variance-covariance matrix. Notice that Eq. (1) keeps the
equivalent variance-covariance matrix symmetrical and
the original correlation coefficients of the observations
unchanged.

According to Yang et al. (2002), the variance inflation
factor can be chosen as

kii ¼ 1

cii
; cii ¼

1 jevij < ek0ek0
jevi j ek 1�jevi jek 1�ek 0

� �2 ek0 6 jevij 6 ek1

0 jevij > ek1

8>>>><
>>>>:

ð3Þ

evi ¼ vi
ri

ð4Þ

where kii is the inflation factor of variance; cii is the reduction
factor of weight; evi is the standardized residual that can be
computed by Eq. (4); ri is the prior standard deviation of

observation; vi is the posterior residual of observation; ek0
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and ek1 are two thresholds, usually recommended as 1.0–1.5
and 2.5–3.0 (Wang et al., 2011) in GNSS kinematic relative

positioning. In this paper, ek0 and ek1 are chosen to be 1.5 and
2.5, respectively. The method divides the reduction factor of
the weight into three segments: the weight-reserved segment
where the equivalent variance is equal to the original vari-

ance (jevij < ek0), the weight-reduced segment where the

equivalent variance is moderately inflated (ek0 6 jevij 6 ek1)

and the reject segment (or zero-weight segment, jevij > ek1)
where the equivalent variance is infinite. This division can-
not only ensure the contribution of normal observations
but also reduce the influence of the outlying observations.

It should be noted that when evi is larger than ek1 (reject seg-
ment), the inflation factor will approach infinity and thus cii
is suggested to be chosen from 10e�6 to 10e�4 to ensure the
reliability of the solution.

The robust Kalman filtering based on the IGG III
method has been proved to be effective in resisting outlying
observations (Wang et al., 2011; Xi-Xiu et al., 2011; Zhang
et al., 2005). For gross errors that lie in the weight-reduced
segment, the method moderately reduces their effect in
parameter estimation; for gross errors that lie in the reject
segment, the method sets their weight to 0 (equivalent to
excluding the outlying observation in the Kalman filtering
process). However, small cycle slips are handled with the
same strategy as gross errors, which may lead to the follow-
ing problems:

(1) The method does not distinguish between gross errors
and small cycle slips but addresses them with the
same strategy. For the epochs when a small cycle slip
occurs and is not effectively detected, the positioning
result may be not seriously affected, for the weight of
this outlying observation is reduced or set to be zero.
Nevertheless, the situation may be different for the
carrier-phase ambiguity estimates. The residuals of
carrier-phase observation may be significantly large
since the undetected small cycle slips will be finally
transferred to the residuals. This problematic satellite
will be excluded from the parameter estimation, leav-
ing the float ambiguity unchanged. In other words,
the satellite with small cycle slip may be excluded in
the baseline resolution, as its weight is continuously
set to zero in the IGG III method. It may be even
worse for the epochs with only a few satellites
observed.

(2) The standardized residual is the only criterion used
for the variance-covariance segmentation. Thus, the
outlying observations may fall into the inappropriate
segment. For example, once a small cycle slip occurs
and the prior variance of the observation (which can
be determined by the accuracy of the observation, the
elevation angle of the satellite, the SNR (Signal Noise
Ratio) observation, etc.) is given with a reasonably
large value, the standardized residual computed by
Eq. (4) may not be large enough to fall into the
zero-weight segment. It may be unfortunately fall
into the weight-reduced segment. Thus, the Kalman
filtering will be unstable in the following epochs
because of the unsolved cycle slip, and consequently
the ambiguity resolution may fail.

2.2. An improved robust filtering method

To solve the problems mentioned above, this paper puts
forward an improved robust Kalman filtering strategy.
Fig. 1 shows the flowchart of this method. Compared with
the traditional IGG III method, the main differences are as
follows:

(1) Both the posterior phase residuals and standardized
residuals of observation are adopted to detect out-
liers. The carrier-phase observation, which fall into
the reject segment, is treated as outlier contaminated
with cycle slips and its ambiguity is reset. Once the
observation is rejected by its large phase residual, it
will be excluded in the weight-reduction judgement
of next iteration. As for the normal carrier phase
observations, the double-differenced posterior phase
residuals are normally less than one-tenth of the
wavelength. Therefore, the threshold of the weight-
reduced segment k0 (in Eq. (5)) is set to 3.0 cm in this
paper. Since it is difficult to distinguish a small cycle
slip from the posterior phase residual, the threshold
of the rejection segment k1 (in Eq. (5)) is set to 9.0
cm (about half of the wavelength). The posterior
residual reflects the difference between the observa-
tion and its estimate. The standardized residual
reflects the compatibility of the residual and its vari-
ance, that is, the larger the residual is, the larger its
variance should be. Therefore, theoretically the adop-
tion of these criteria can effectively increase the possi-
bility of correctly identifying the cycle slips. The
added judgement by phase residual can be set as:

kii ¼ 1

cii
; cii ¼

1 jvij < k0
k0
jvi j

k1�jvij
k1�k0

� �2

k0 6 jvij 6 k1

0 jvij > k1

8>><
>>: ð5Þ

where kii is the inflation factor of variance; cii is the reduc-
tion factor of weight; vi is the phase residual and k0 and k1
are two thresholds.
(2) To avoid frequent convergence of filtering caused by

the unnecessary ambiguity reinitialization, only when
the carrier-phase observation of the same satellite fall
into the reject segment over two consecutive epochs
should the ambiguity be reinitialized. Otherwise, the
weight elements of the outlying observations should
be reduced. To be brief, when the observation falls into



Fig. 1. Kalman filtering process based on the improved robust method.
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the reject segment at the first time, it is difficult to dis-
tinguish whether it is gross error or small cycle slip
from the value of phase residual or standardized resid-
ual. Therefore, the weight of this problematic observa-
tion should be reduced to zero at the first time. Further
considering the continuity of the small cycle slip is nec-
essary. If it falls into the reject segment again in the
next epoch, its ambiguity should be reinitialized.

(3) For each iteration, if there are several observations
falling into the reject segment, only the observation
with the largest absolute value of posterior phase
residual should have its variance replaced by an
equivalent variance. Generally, due to the correlation
among the elements of the design matrix, parts of (or
single) gross errors may be distributed to other resid-
uals of normal observation, and the standardized
residuals of these contaminated observations may
be larger and contribute less to the filtering (Zhang,
2012). Accordingly, the observation with the largest
residual is disposed in one iteration. In addition, if
there is no phase residual larger than the reject
threshold k1 but there exists the largest standardized

residual (larger than the reject threshold ek1), its vari-
ance should also be replaced by an equivalent vari-
ance. In practice, the number of iterations is set to
3–8 according to experience considering the occur-
rence of filter divergence and robust efficiency.

3. Outdoor experiment results

To validate the effectiveness of the improved robust
method, three sets of GNSS kinematic relative positioning
tests were designed and performed in the following sections.
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In each test, three different schemes were adopted for
baseline resolution. For simplicity, we used Scheme 1, 2,
and 3 to represent the classic Kalman filtering (KF), the
robust Kalman filtering with IGG III method (KF-
IGGIII) and the proposed improved robust Kalman filter-
ing (KF-M), respectively. The Geometry-Free (GF) and
Melbourne-Wubbena (MW) combinations were used for
cycle slip detection. The reference solutions for all tests
were obtained from the GNSS post-processing software
package GrafNav v8.60 (developed by the Waypoint Prod-
ucts Group of NovAtel). The basic information including
the number of epochs and the ambiguity fixing rate of
the reference solution is listed in Table 1. According to
GrafNav and GrafNet Software Version 8.60 User Guide
(NovAtel Inc., 2014), the 3D accuracy of fixed integer solu-
tion is better than 0.15 m (as indicated in the user guide).
Hence, only fixed integer solutions were used for statistics
in the following tests. It should also be noted that the accu-
racy of fixed solution is only the guideline and meant to
provide a high-level indication of solution quality. Consid-
ering the GNSS kinematic relative positioning reference
solution is hard to obtain, the result of high accuracy is
also acceptable especially in the short or medium (�20
km) baseline resolution.

Some common processing strategies are as follows:
broadcast ephemeris was used and the satellite cutoff angle
was set to 15�; ionospheric and tropospheric delays were
corrected by the Klobuchar model and the Saastamoinen
model; the LAMBDA (Least-squares AMBiguity Decorre-
lation Adjustment) (Teunissen, 1993) method was used for
integer ambiguity estimation, and the threshold of the ratio
test was set to 2.5.
3.1. Test 1

To state the problem that the outliers with small cycle
slip cannot be detected by the single standardized residual,
a short-baseline vehicle-borne real time kinematic (RTK)
data without any gross errors and cycle slips were first used
to verify. The dual-frequency GPS/BDS data was recorded
by NovAtel ProPak6 receivers on the 27th of October 2016
at the reference station located in an open area next to
Liangzihu Avenue, Wuhan, China. The length of the base-
line varies from 2 to 8 km and the sampling rate reaches 1
s. As shown in Table 2, four sets of simulated small cycle
slips were added on the original observations at 03:31:01
GPST (GPS weeksec. 358261.0). It should be noted that,
the MW and GF combinations are not sensitive to those
simulated small cycle slips. In other words, these small
Table 1
Basic information of GrafNav solution.

Test Number of epochs Fixing rate

Test 1 361 100%
Test 2 7156 99.89%
Test 3 12,952 98.24%
cycle slips cannot be detected with MW and GF
combinations.

3.1.1. Result analysis after adding cycle slips for one satellite

Take the cycle slip (1, 1) added on satellite G09 as an
example. The positioning errors of three schemes are
shown in Figs. 2 and 3. The satellite number as well as
the carrier-phase residuals for the three schemes are shown
in the right panel of Fig. 3. It should be noted that the x-
axis of the figure represents the GPS week second(s), simi-
larly hereinafter. The magenta vertical lines displayed in
Figs. 2 and 3 are the reference epoch (GPS weeksec.
358261.0) where the cycle slip is added. The statistics for
the baseline solution are listed in Table 3. It should be
noted that, the phase residuals plotted in Fig. 3(right) are
obtained after the iterations of Kalman filtering and before
adding cycle slips, the residuals of three schemes are the
same and they are overlapped in Fig. 3(right). The residual
fluctuation for the IGG III method is about 0.19 m (a cycle
of L1) since the weight of G09 is set to zero and it is
excluded from the parameter estimation. It can be found
that, Scheme 1 with traditional KF is quite sensitive to
the simulated cycle slips. Once a small cycle slip occurs,
the positioning errors will be significantly increased to 1–
1.5 m, and the corresponding residuals are obviously large
at the beginning. The residuals will gradually converge to
the normal range as the filtering continues. This scheme
takes the least processing time (13.89 ms) since it does
not iterate. As for the scheme 2 with IGG III method,
the outlying satellite (G09) is completely rejected and thus
the positioning error keeps smoothly running, suggesting
that the positioning accuracy is not affected by cycle slip
occurs with sufficient satellite number. However, the posi-
tioning accuracy and reliability cannot be guaranteed in
the case of only a few satellites are available. Moreover,
the carrier-phase residuals are unresonablely biased from
zero for nearly one cycle (�0.19 m). This problem can be
effectively solved if we use the improved robust filtering
strategy in Scheme 3. The positioning accuracy reaches
4–5 mm in horizontal and 2 cm in vertical while the resid-
uals are normally distributed with a zero mean. In addi-
tion, the average time of resolution is 18.54 ms, which is
comparable to that of the IGGIII method in Scheme 2
(18.86 ms). Overall, the improved method not only solves
the divergence problem resulting from the undetectable
cycle slips but also ensures the usage of the problematic
satellite in the rest of epochs.
Table 2
The undetectable cycle slip combinations for MW and GF Methods.

Satellite N1/cycle N2/cycle

G09 1 1
G17 4 3
C02 5 4
C09 �1 �1
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3.1.2. Result analysis after adding cycle slips for 4 satellites
To illustrate the necessity of the introduction of both

carrier-phase residual and standardized residual in the test
process, different cycle slips were simultaneously simulated
on four satellites (two GPS satellites and two BDS satel-
lites) as Table 2. Figs. 4(left) and 5(left) show the corre-
sponding carrier-phase residuals and standardized
residuals after the first iteration. And for clearer explana-
tion, the detailed views of residual and standardized resid-
ual are plotted in the right pane of Figs. 4 and 5. As shown
in Figs. 4 and 5, there are significant jumps on both the
carrier-phase residuals and the standardized residuals of
the outlying satellites at the epoch of cycle slips (GPS week
seconds: 358261.0). and the abnormality of G17 and C02
can be identified by these two criteria.

If the thresholds of carrier-phase residual k1 and stan-

dardized residual ek1 were set to be 9.0 cm and 2.5, respec-
tively, the cycle slips of G09 cannot be detected by the
former index due to the small value of carrier-phase resid-
uals and the cycle slips of C09 cannot be detected by the
latter one because of the large value of a priori variance.
Thus, the standardized residual may not be large enough
to fall into the reject segment. Therefore, both the
carrier-phase residual test and the standardized residual
test are essential for the robust Kalman filtering.
3.2. Test 2

A set of vehicle-borne BDS RTK data with real cycle
slips and gross errors were applied for validation in this
test. The data were collected on the 13th of November
2016 by means of two NovAtel ProPak6 receivers over
2.5 h with a sampling interval of 1 s. The reference station
was installed in an open area next to Liangzihu Avenue
and the rover station moved along Gao Xin 4th Road,
Wuhan, China. The car moved back and forth on this rel-
atively open road where there are some roadside billboards
and tall buildings. Fig. 6 shows the time series of common-
view satellite numbers and the PDOP (Position Dilution of
Precision). The scene of the rover station is presented in the
left half of Fig. 7 and the trajectory of the vehicle is shown
in the right half of Fig. 7.

In general, carrier-phase ambiguity should be reinitial-
ized when the carrier-phase observation falls into the reject
segment over two consecutive epochs. To prove this, we
can temporarily replacing the improved KF-M scheme
with the KF-M-SE scheme. Different from KF-M, the
ambiguity will be initialized if the phase residual or stan-
dardized residual of the satellite is larger than thresholdek1. That is, in the KF-M-SE scheme, once the observation
falls into the reject segment, its ambiguity should be initial-
ized. The positioning results of the different schemes are
shown in Figs. 8 and 9. Table 4 shows the baseline solution
and statistics of test 2.

As can be seen from the figures and table above, the
positioning performance of the first scheme (KF) is obvi-
ously worse than that of other schemes. The other three
schemes reach an accuracy of 1–2 cm in horizontal and
2–4 cm in vertical for most of the epochs. As for the ambi-
gutity fixing rate, scheme KF shows the lowest fixing rate
(99.58%) since it takes no measure to resist the cycle slips
and the gross error. Therefore, it is difficult to fix the ambi-
guity of satellites in some epochs where the outliers
occurred, and thus some spikes inevitably appear in
Fig. 8(left). With KF-IGG III scheme, better positioning
results have been achieved. But there are still some spikes



Table 3
Baseline solution and statistics of test 1 (adding cycle slips on G09).

Scheme Number of epochs Ambiguity fixing rate Average time of resolution/ms
RMS-E/m RMS-N/m RMS-U/m

KF 361 54.0% 13.89
0.4467 0.7962 0.4647

KF-IGGIII 361 100% 18.86
0.0049 0.0053 0.0197

KF-M 361 100% 18.54
0.0047 0.0054 0.0202
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which can be attributed to the small cycle slips. Due to the
occurrence of small cycle slip when a few satellites are
observed, the phase residual of the outlying observation
may be easily distributed to other normal residuals, result-
ing in the weight of this outlier being reduced rather than
set to zero. In addition, the standardized residual of the
outlying observation is not large enough to be treated as
zero-weight, especially with a few satellites observed. Com-
pared to the KF-IGG III scheme, the KF-M-SE scheme
performs better in terms of the positioning accuracy and
ambiguity fixing rate. However, still a few large variation
up to 0.2–0.3 m can be observed using the KF-M-SE filter.
On the contrary, smoothly running and accurate position-
ing results can be obtained for all the epochs when the pro-
posed KF-M filtering scheme was applied for baseline
solution.

Moreover, the carrier-phase residuals were output for
further analysis. Take the first spike (GPS Weeksec.
33260.0) as an example, the phase residuals of C10 after
the first iteration are plotted in Fig. 10. We can find that
the residuals of all the schemes deviate from zero in this
epoch and the KF scheme takes the longest time for con-
vergence. It can be inferred that gross errors instead of
the cycle slips may probably occur at this time. The KF-
IGG III scheme reduces the weight of the outliers to zero
(temporarily excluding satellite C10) and the residual
returns to be normal in the next epoch. The KF-M-SE
scheme directly initializes the ambiguity of C10 leading to
the deviation of the float ambiguity and the failure of ambi-
guity fixing. The positioning fluctuations caused by the
unnecessary ambiguity initialization can be reasonably
eliminated once the KF-M scheme is adopted. Therefore,
to guarantee the accuracy and reliability of GNSS position-
ing, it is suggested that only when the carrier-phase obser-
vation of the same satellite falls into the reject segment over
two consecutive epochs, should the ambiguity be
initialized.

3.3. Test 3

To further verify the effectiveness of this method, a set of
vehicle-borne GPS/BDS data were collected on the 12th of
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November 2016 (generated at 1 s interval for 3.5 h). The
reference station was mounted on the roof of a building
in CCNU (Central China Normal University, Wuhan,
China) science and technology park and the rover station
moved along Liangzihu Avenue, Wuhan, China. Likewise.
the scene and the trajectory of the rover station are shown
in Fig. 11. The time series of common-view satellite num-
bers and the PDOP are plotted in the left of Fig. 12. The
positioning errors as well as the ambigutity fixing rate are
shown in Figs. 12 and 13 and Table 5. It should be noted
that only fixed solutions were used for comparisons in this
section.

As shown in the left part of Fig. 12, the PDOP keeps
stable as there are over 15 GPS and BDS satellites available
for positioning. However, the number of observed satellites
and the trajectory of test 2 (right).
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Table 4
Baseline solution and statistics of test 2.

Scheme Number of epochs Ambiguity fixing rate

RMS-E/m RMS-N/m RMS-U/m

KF 7156 99.58%
0.0459 0.0265 0.1090

KF-IGGIII 7156 99.85%
0.0135 0.0127 0.0433

KF-M-SE 7156 99.97%
0.0198 0.0162 0.0297

KF-M 7156 100%
0.0159 0.0160 0.0225
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Fig. 10. Carrier-phase residuals of C10 with different schemes.
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Fig. 13. Positioning errors of the KF-IGG III scheme (left) and the KF-M scheme (right).
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Fig. 12. Satellite number and the PDOP of test 3 (left) and the positioning errors of the KF scheme (right).

Fig. 11. The scene of rover station (left) and the car trajectory of test 3 (right).
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Table 5
Baseline solution and statistics of test 3.

Scheme Number of epochs Ambiguity fixing rate

RMS-E/m RMS-N/m RMS-U/m

KF 13,153 84.00%
0.0209 0.0572 0.1200

KF-IGGIII 13,153 93.01%
0.0157 0.0222 0.0614

KF-M 13,153 99.87%
0.0118 0.0199 0.0561
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changes frequently due to the frequent loss of lock of satel-
lite signals. It is a challenge for Kalman filtering and the
ambiguity resolution. As for the continuity of positioning
result, it can be seen that a large gap occurs for the KF
and KF-IGG III schemes because of the failure of ambigu-
ity fixing under extreme conditions. Consequently, the fix-
ing rate is relative low. For the KF scheme, the positioning
RMS in the east, north and up directions are, respectively,
0.0209, 0.0572, and 0.1200 m, with the ambiguity fixing
rate of 84.00%. Compared with the KF scheme, outlying
observations can be suppressed to some extent using the
KF-IGG III schemes, and thus the positioning RMS reach
0.0157, 0.0222, and 0.0614 m in the east, north and up
components. In the meanwhile, the fixing rate increases
to 93.01%. Once the proposed KF-M method is applied,
the outlying observations can be effectively handled. There-
fore, the fixing rate further increases to 99.87%, and the
positioning RMS reduce to 0.0118, 0.0199 and 0.0561 m
in three directions.

In summary, the ambiguity should be initialized instead
of simply reducing its weight to zero in the case of observa-
tion being contaminated by small cycle slips. Meanwhile, it
should be noted that the frequent initialization may slow
down the convergence of the Kalman filtering and the
ambiguity of the carrier-phase observation may not be
fixed or may be fixed incorrectly in some epochs. Only
the outlying observations are handled in a proper way,
should we get accurate and reliable positioning results.
4. Conclusions

Cycle slips and gross errors are inevitable for GNSS
positioning, particularly in the case of dynamic or kine-
matic applications. The robust Kalman filter based on
the IGG III method does work on resisting outliers and
achieves relative good performances in GNSS positioning.
However, small cycle slips are not effectively handled. The
small cycle slips are often simply treated as gross errors. In
other words, the traditional method simply reduces the
weight of the contaminated observation to zero, rather
than distinguish between cycle slips and gross errors. It will
undoubtedly decrease the number of available observation
in Kalman filtering and may finally degrade the perfor-
mance of the RTK solution. This is particularly true when
the number of available satellites is limited. Therefore, an
improved robust Kalman filtering strategy based on the
IGG III method is developed in this paper. It detects the
outliers by posterior phase residuals as well as the stan-
dardized residuals of observation. And the observation
falls into the rejection segment will be treated as outliers
with cycle slips. Meanwhile, to avoid unnecessary ambigu-
ity initialization, only when the carrier-phase observation
of the same satellite falls into the reject segment over two
consecutive epochs should the ambiguity be reinitialized.
Otherwise, the weight of the outliers should be reduced.

To verify the performance and superiority of the robust
Kalman filtering, all of the classic Kalman filtering (KF),
robust Kalman filtering with IGG III (KF-IGG III) and
the proposed robust Kalman filtering (KF-M) schemes are
designed for baseline solution with kinematic GPS/BDS
data. Experimental results show that the proposed filtering
strategy outperforms the other two Kalman filter in terms
of positioning accuracy and ambiguity fixing rate. In addi-
tion, its computational efficiency is comparable to that of
KF-IGG III.

However, a problem worthy to be pointed out is that the
frequent initialization of ambiguity may also slow down
the convergence of Kalman filtering and the ambiguity of
observation may not be fixed or may be fixed incorrectly.
Therefore, further in-depth studies should be devoted to
this problem.
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