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Abstract

Usually, it is difficult to implement integer ambiguity resolution within a short amount of time for GNSS positioning in
urban areas due to the contamination of non-line-of-sight signals and multipath. This study proposes a sequential ambigu-
ity selection strategy for partial ambiguity resolution. First, the ambiguities are selected based on the filtered residuals of
the phase and code measurements. In addition, the elevation angle and decorrelated variances are used as the metrics for
selecting ambiguity subsets. Two kinematic experiments are carried out in urban areas to evaluate the performance of the
strategy. Among the three independent strategies, the first one performs better than the others, as the dependency of observa-
tion quality on the elevation angle is low and the decorrelated variances are prone to be contaminated by biased ambiguities.
When the proposed sequential ambiguity selection strategy is used, the percentage of correctly fixed epochs is increased
by approximately 10-20%. The RMS of N/E/U is improved from the decimeter level (for full ambiguity resolution) to the

centimeter level. The improvement is more obvious in the obstructed area and during the re-initialization phase.
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Introduction

Because of the modernization and development of the
new and established Global Navigation Satellite Systems
(GNSS), the number of GNSS satellites in orbit already
exceeds 100. The use of multi-GNSS signals can improve
the positioning accuracy and reliability for real-time kin-
ematic (RTK) users, particularly the integer ambiguity
resolution (Odolinski et al. 2015; Liu et al. 2021). Once
the ambiguity is correctly fixed, the carrier phase can be
regarded as the range with mm accuracy to achieve cm- or
mm-level kinematic or static positioning (Odolinski et al.
2015). However, fast, reliable, and correct determination of
integer ambiguity is still a major challenge, particularly in
urban areas.

Although the multi-GNSS and multifrequency signals
can provide more redundant observations, they increase the
dimension of ambiguity. It is unnecessary to fix all ambi-
guities to the correct integers, particularly in a complex
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urban environment. Once a subset of ambiguities is cor-
rected, highly accurate positioning can be ensured. This is
termed partial ambiguity resolution (PAR) (Teunissen et al.
1999). Hence, selecting the ambiguity subsets is essential
for implementing PAR. In general, the methods can be clas-
sified into three categories. First, the ambiguity subset is
selected based on the characteristics of observations, e.g.,
the elevation angle (Li et al. 2014; Teunissen et al. 2014)
or signal-to-noise ratio (SNR) (Parkins 2011). However,
the method's main disadvantage is that some non-line-of-
sight (NLOS) and multipath signals may have high elevation
angles or SNRs (Hsu 2018), which are particularly worse
in urban areas. Second, ambiguity selection is based on the
combination of multifrequency observations, e.g., an extra
wide lane or the wide lane combination, which can theoreti-
cally be viewed as a special case of decorrelation (Teunissen
et al. 2002). However, if only (extra) wide-lane ambiguities
are fixed, the positioning accuracy can only reach the deci-
meter level, i.e., it is far from meeting the requirement of
centimeter-level accuracy (Feng 2008). The last is to select
the ambiguity subset based on the quality of ambiguities
indicated by various metrics, e.g., the ambiguity dilution
of precision (ADOP) (Teunissen 1997; Parkins 2011) or
the variance after decorrelation (Wang and Feng 2013).
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However, the bad observations will pollute the estimation of
float ambiguities, making the variances unable to reflect the
real quality of float ambiguities (Henkel and Giinther 2010).

Considering the pros and cons of the above methods, the
combined strategy is usually used for the selection of ambi-
guity subsets. Parkins (2011) selected the ambiguities based
on the two ordering methods, i.e., ADOP and SNR. Li et al.
(2014) selected a subset of ambiguities by gradually increas-
ing the elevation angle. After selecting the ambiguities based
on elevation and variances, the subsets of the ambiguities are
further selected by using the decorrelated variances (Li and
Zhang 2015). In addition, some other strategies for the selec-
tion of the ambiguity subsets are also used for the ambiguity
resolution: Hou et al. (2016) proposed a two-step success
rate criterion (TSRC), allowing the selection of the subset
such that the expected precision gain is maximized among a
set of preselected subsets, while at the same time, the failure
rate is controlled. Castro-Arvizu et al. (2021) proposed the
precision-driven PAR approach that employed the formal
precision of the (potentially fixed) positioning solution as
the selection criteria for the ambiguity subset.

The above studies showed good performance with experi-
mental static data. However, for kinematic datasets, espe-
cially in urban areas, GNSS observations are prone to inter-
ference by more unpredictable factors, such as the frequent
loss of lock and cycle slips due to occlusion or rapid changes
in satellites, large observation noise and more gross errors
(Hsu 2018). Thus, effective and robust methods should be
applied to resist these undesirable errors, yielding high-pre-
cision and high-reliability float ambiguity. For example, Shi
et al. (2019) proposed a quality control algorithm consider-
ing both code and phase observation errors, and Liu et al.
(2019) proposed an improved robust Kalman filter strategy
based on the IGG3 (Institute of Geodesy and Geophysics)
(Yang 1994) method for kinematic RTK. However, they
did not address the influence of GNSS quality control on
ambiguity resolution. Minimizing the influence of outliers
to obtain a high-precision float solution is an important pre-
requisite for ambiguity resolution. Therefore, to improve the
positioning performance in urban areas, the PAR strategy
needs to be investigated to analyze the impacts of abnormal
observations on AR and improve the success rate of AR and
the GNSS positioning performance.

The principles of LAMBDA (Least-squares AMBiguity
Decorrelation Adjustment) (Teunissen 1995) and PAR are
presented following the introduction. Afterward, the pro-
posed ambiguity selection strategy based on the IGG3 qual-
ity control method as well as the sequential partial ambiguity
resolution are presented. By analyzing two field experi-
ments, we evaluate the effectiveness and the performance
of the proposed algorithm. Finally, this study is summarized.
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LAMBDA method

The GNSS ambiguity is the integer part of the unknown
cycles when the carrier phase is first tracked. The observa-
tion of the double-difference measurements for RTK can be
described as follows:

y=Aa+Bb+e (1)

where a€ Z" is the integer ambiguity parameter vector and
b € R" is the real-valued vector, mainly including baseline
components and an atmospheric delays parameter. A and
B are the design matrices. y € R™ contains the observed-
minus-computed values for the code and carrier-phase
observables, and € represents the random noises.

GNSS precise positioning usually contains four steps:
(1) estimate the float ambiguities and other parameters; (2)
fix float ambiguities to generate integer values; (3) validate
the integer ambiguities, and (4) update the position coor-
dinates using the fixed ambiguities. Then, the estimates
of float ambiguity @ and other parameters b with the vari-
ance—covariance matrix can be resolved by weighted least
squares estimation, denoted as follows:

allCa 24

~ a 2
[b ] [ 2 D ] @
The integer estimation maps the real-valued float ambigui-
ties to integers:

a=1(a) 3)

wherel : R" — Z"is the integer mapping from the n-dimen-
sional space of real numbers to the n-dimensional space of
integers.

The most extensively used integer estimation methods are
integer rounding (IR), integer bootstrapping (IB) and integer
least squares (ILS). The ILS method is efficiently imple-
mented in the LAMBDA software, and it has the optimal
performance regarding the success rate, i.e., the probability
of correctly fixing the integer ambiguities. In this study, we
use LAMBDA to solve any subset of ambiguities.

Within LAMBDA, due to the high correlation between
the ambiguities, the Z-transformation is used for decorrela-
tion (Teunissen 1995) and transforming the original ambi-
guities into a new set as follows:

z2=27"a 4)

The corresponding variance—covariance matrices can be
obtained as follows:

Qs =7"0:07 )
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O = 02 (6)

After transformation, the float solution becomes as follows:

zl[ 2= 25 ]

ik ”
The search space of the ambiguity subset 7 after decorre-
lation in the Z domain is substantially reduced. Once the
search is finished, Z will be mapped back to the original
space to obtain the integer estimations of @. Afterward,
the third step will be used to validate the fixed ambiguities
d using an ambiguity acceptance test, and the ratio test is
the widely used one (Euler and Schaffrin 1991). Once the
estimates pass the ambiguity validation, the integer solu-
tion of the baseline components and other parameters can
be obtained:

a=27"T 8)

b=b-0;:05'(¢-% ©

If the full-set ambiguity resolution (FAR) cannot be imple-
mented, the float ambiguity vector Z in the Z domain can
be divided into two parts, Z; and Z,, and the corresponding
covariance matrix is as follows:

~_ |zl 2 | @ @ ]
: [32 ] O [Qzﬁ 2% (10
where Z, is the double-difference ambiguity that is hard to
fix, and Z, is the ambiguity that is easily fixed according to
specific criteria in the Z space. Once Z, is correctly fixed, the
fixed solution of b can be obtained directly using the fixed
partial ambiguity Z, as follows:

b=b-0; 0 (3 -%) (1

where Q322 is the submatrix of Qj, relating to Z-

A sequential strategy for partial ambiguity
resolution

This section presents a strategy based on the IGG3 qual-
ity control algorithm for ambiguity selection. Moreover, a
sequential partial ambiguity resolution strategy is further
proposed.

Quality control and ambiguity selection based
on IGG3

The abnormal observations will bias the float ambiguity esti-
mation. If they are not handled carefully, the selection of

ambiguity subsets and ambiguity resolution will be impacted
(Teunissen 2001; Henkel and Giinther 2010). The filtered
residuals usually can reflect the quality of the observations;
in particular, the double-difference phase filtered residuals
can be used to measure the quality of the ambiguity esti-
mates. Therefore, quality control and an ambiguity selec-
tion approach are proposed based on the IGG3 algorithm.
Figure 1 shows the workflow, and the following describes
it in detail.

Given that the Kalman filter is used to estimate the
unknown variable X, the filtered residuals V of the observa-
tions (including code filtered residuals v, and phase filtered
residuals v; ) and their variance and covariance matrix C,,
can be obtained as follows:

V=BX-1 (12)

C, =C,—B(B"C;'B)”'B" (13)

where B is the design matrix, [ is the observed-minute-
computed (OMC) vector, and C, is the variance—covariance
matrix of OMC. The normalized filtered residuals v; can be
obtained as follows:

= (14)

where the subscripts i represent the code (P) or phase (L).
Shi et al. (2019) show that the positioning accuracy can be
improved by considering the code errors in relative posi-
tioning. Hence, we adjust the weight y,; for the raw and the
normalized filtered residuals of both the code and phase by
using the IGG3 algorithm (Yang et al. 2002; Liu et al. 2019):

L |vi| <k
— ko kl_|vi| :
0, |vi| > k,

For the code filtered residuals vp, k) = 2 m and k; = 3 m are
taken as the thresholds, whereas %0 =1.5, %1 = 4 are used for
the normalized code filtered residuals vp. Once v, or vp falls
in the weight-reduced or the rejection region, the cycle slip
will be checked on this satellite, and if it exists, the ambigu-
ity will be reset. The observation [ of this satellite will be
deleted, and C, will be resized to reduce the influence of
abnormal codes on ambiguity initialization. Afterward, the
algorithm is applied backward to re-estimate until all codes
fall in the accept region.

For the carrier filtered residuals v;, k) = 3cmand k; = 9
cm are taken as the thresholds, whereas %O = 1.5and El =4
are used for the normalized carrier filtered residuals v, (Liu
et al. 2019). As the kinematic urban data are processed in
this study, the value of %] is slightly increased compared to
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Liu et al. (2019). Once the filtered residuals fall into the
down-weight or the rejection region, the phase observations
are abnormal observations with high probability. Hence, the
corresponding ambiguities will be marked and not used for
ambiguity resolution. Similar to the code, the algorithm is
applied backward to re-estimate the unknown variable X
for iteration. Furthermore, if the phase filtered residual falls
into the rejection region twice, the undetected cycle slip is
assumed in the observations. Hence, the ambiguity param-
eter is reset, and the algorithm is applied backward to the
estimate until all phases pass the test.

Finally, the filtered float solution X and its correspond-
ing covariance matrix C, are obtained, and all the marked
ambiguities are not used for ambiguity resolution. For com-
putational efficiency, the maximum number of iterations is
set to 5. Considering that the filtered residuals of normal
observations are biased by the gross errors, only the one with
the largest variance is removed for estimation once more
than one observation falls into the rejection domain at the
same time (Liu et al. 2019).

With the above approach, most of the abnormal
observations are down-weighted for estimation, and the
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corresponding ambiguities are removed for ambiguity reso-
lution. However, due to the complexity of the urban envi-
ronment, there are possible undetected outliers. Therefore,
the following two empirical criteria are used for abnormal
ambiguity identification:

1) The satellites tracked over less than 2 continuous epochs
are excluded for ambiguity resolution, as they are poten-
tial NLOS signals.

If the ratio value decreases substantially (i.e., lower by
half) compared to that of the previous one when the
ambiguity is selected for ambiguity resolution, it is pos-
sible that the quality of the corresponding measurement
is low. Hence, the satellite is excluded for ambiguity
resolution at the current epoch.

2)

Sequential partial ambiguity resolution

Due to the high complexity of the urban environment, the
selection of ambiguity subsets for PAR needs to consider
many more factors to ensure the robustness, stability, reli-
ability, and accuracy of the positioning. The above quality
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control strategy is not only used to improve the precision
of float resolution but also used for low-quality ambiguity
identification to reduce their contamination on AR. In addi-
tion, considering that the dependency of observation quality
on elevation is still valid in some cases, ambiguity selection
based on the elevation angle is also used (Li et al. 2014;
Teunissen et al. 2014). Finally, subset selection based on
decorrelated variance is employed to further improve the
fixed success rate, as it fully utilizes the covariance informa-
tion of ambiguities (Shi and Gao 2012).

With the above consideration, a sequential partial ambi-
guity resolution (SPAR) strategy is proposed to improve the
ambiguity fixing rate and the positioning accuracy in the
urban environment. Figure 2 demonstrates the workflow, and
the specific process is presented in the following:

1) Full ambiguity resolution (FAR). The bootstrapping
success rate test (BSRT) is calculated with all float
ambiguities. Once the BSRT is passed, the LAMBDA
algorithm is applied for FAR, and the ratio test is used
for ambiguity validation. The fixed solution is obtained
when the radio test is passed. However, if any one of the
tests fails, step 2 will be performed.

PAR with ambiguity selection based on IGG3. After-
ward, similar procedures as those in step 1 are employed,
and if any one of the tests fails, step 3 will be performed.
PAR with ambiguity selection based on the elevation
angle. In this step, the elevation angle is raised with a

2)

3)

Fig.2 Workflow of the pro- o 4 {

posed strategy of sequential
partial ambiguity resolution.

5° step size until 35° to prevent too high elevation angle
and poor geometry. Afterward, similar procedures as
those in step 1 are used, and we move on to the final
step if it fails.

Ambiguity selection based on the decorrelated variance.
First, BSRT is performed for the selected subsets after
removing the ambiguity with the largest variance each
time. Then, the LAMBDA algorithm is used to fix the
selected ambiguities, and the ratio test is used for vali-
dation. Once the ratio test is passed, the fixed solution
is obtained. Otherwise, the ambiguities are reselected
based on the decorrelated variance until there are no
more than 4 ambiguities. In this case, the float solution
is output.

4)

Experiment and analysis

To verify the performance of the proposed algorithm, we
carried out two kinematic experiments in urban areas. The
RTK is employed for positioning, and the length of the
baseline is less than 10 km. Table 1 summarizes the basic
information of the two experiments. In addition to the build-
ings along the way, the tunnel and the viaduct are passed
in the first experiment, whereas the second is obstructed
by the trees. NovAtel OEM7500 is used by Experiments 1
and 2 to track GPS L1/L2, BDS B1/B2 and GLONASS G1/
G2 signals for the rover. The smoothed RTK solution from
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Table 1 Basic information of

. . . Experiment
the two kinematic experiments

1

2

in urban areas Starting time

Ending time

Area

Environment
Sampling interval (s)
Baseline length (km)
Base station receiver

2021, 354 UTC 01:25:00

2021, 354 UTC 02:00:00
Wuchang-Jiangxia District, Wuhan
Buildings, tunnels and viaduct

1

<10
Unicore UB4B0

2021, 163 UTC 02:25:00
2021, 163 UTC 04:05:00
Daxing District, Beijing
Buildings and trees

1

<10

NovAtel OEM7500

the NovAtel Waypoint 8.9 software package is used as the
reference. However, it cannot output the positioning for all
epochs; thus, only those with a quality factor less than 4 are
selected for positioning analysis. The ambiguity fixed solu-
tion with horizontal or vertical errors greater than 10 cm or
15 cm is considered to be fixed incorrectly. In the discussion
of ambiguity, the reference integer double-difference ambi-
guity is obtained from postprocessing solutions.

Data processing methods

For ambiguity validation, the ratio test is usually used, and
the threshold c is selected empirically, such as 1.5 (Han and
Rizos 1996), 2.0 (Wei and Schwarz 1995), or 3.0 (Leick
et al. 2015). However, if a large threshold, 3.0 for exam-
ple, is set, it is prone to reject the correctly fixed ambiguity.
However, it is possible to accept incorrectly fixed ambigui-
ties if a smaller threshold is used. Therefore, it is better to
use the varying threshold instead of the fixed threshold.
Teunissen and Verhagen (2009) demonstrated that the Fixed
Failure-rate Ratio Test (FFRT) is better than the fixed thresh-
old Ratio test as it can adopt the variation of the number
of ambiguities. For FFRT, given a bootstrapping success
rate and the number of ambiguities, the critical value p can
be found in a look-up table given in (Verhagen et al. 2013).
In addition, considering that the ratio test cannot reflect the
observation condition and the quality of the fixed solution
(Teunissen and Verhagen 2009), SPAR uses both BSRT and
FFRT for ambiguity validation.

To show the performance of the proposed SPAR strat-
egy and make comparisons with that of the FAR and PAR
based on each strategy, 5 solutions are determined for each
experiment and listed in Table 2. For them, the raw dual-
frequency observations of GPS, GLONASS, and BDS are
used for positioning, and the a priori noises of the code and
carrier measurements are set as 30 cm and 0.3 cm, respec-
tively. The weighting is based on the elevation angle, and
the mask elevation for data processing and the ambiguity
resolution are set to 7° and 15°, respectively. The broadcast
ephemeris is used for the computation of the satellite posi-
tion. The tropospheric and ionospheric delays are corrected
using the Saastamoinen and Klobuchar models, respectively.
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Table 2 Strategies of ambiguity selection and ambiguity validation
for each solution

Solution Ambiguity selection Ambiguity validation

FAR No Ratio test with threshold 1.5
PAR-IGG3  IGG3 FFRT

PAR-ELE Elevation angle FFRT

PAR-DCV Decorrelated variance ~ FFRT

PAR-SEQ SPAR FFRT

The IGG3 quality control method is used in each solution,
and further to demonstrate its benefit for float solutions, both
positioning errors of the float solutions (FS) and float solu-
tions with the IGG3 quality control algorithm (FS-IGG3)
are analyzed at some representative period. The LAMBDA
algorithm is used to fix the ambiguity, and the threshold of
the ratio test is set as listed in Table 2.

Analysis of experiment 1

The experiment started from the campus of Wuhan Univer-
sity and finished at the Fozuling area of Wuhan, and Fig. 3
illustrates the trajectory. Figure 4 shows the variation of the
number of satellites and PDOP (Position Dilution of Preci-
sion) during the whole experiment. The average number of
satellites is approximately 22, and the PDOP value is 0.54
on average due to the multi-GNSS used. However, the num-
ber of satellites varies rapidly. In the three areas, which are
labeled in Fig. 4 as a (viaduct of Luoshi Road) , b (Mafang-
shan underground tunnel), and ¢ (noise barrier of the Xiong-
chu viaduct), no GNSS signals can be tracked.

Figure 5 shows the time series of the positioning errors
of Experiment 1 in the north, east, and up components for
the five solutions. It is clear that when the full ambiguity
fixed strategy is adopted, there are many points with large
positioning errors, resulting in positioning accuracies of only
5.7 cm, 15.9 cm and 13.5 cm in the north, east, and up direc-
tions, respectively. With PAR, the positioning performance
can be improved. A noticeable achievement can be observed
for solution PAR-IGG3, and the accuracy achieves 3.4 cm,
7.5 cm, and 8.4 cm in the north, east, and up directions,
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Fig.3 Trajectory (yellow) of Experiment 1 and the distribution of the float (blue dot) and the incorrectly fixed (red dot) solutions. The markers
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Fig.4 Number of satellites (black) and PDOP (blue) of Experiment
1, where the red shadow represents the areas without GNSS signal
tracking

respectively. Compared with the FAR solution, the accu-
racy is improved by 40.4%, 52.8%, and 37.8%, respectively,
which indicates that low-accuracy observations have a
large negative effect on ambiguity resolution. When only
the decorrelated variances are used for ambiguity selection
(PAR-DCYV solution), the accuracy in the north, east, and up
directions is improved by 14.0%, 6.3% and 15.6% to 4.9 cm,
14.9 cm, and 11.4 cm, respectively. This indicates that ambi-
guity selection based on the decorrelated variances has little
contribution to PAR if the observations with low quality
are not handled properly, as the impacts of these observa-
tions on the selection of ambiguity subsets are amplified
by the decorrelation process and contaminate the ambigu-
ity resolution (Henkel and Giinther 2010). In addition, for

solution PAR-ELE, only 14.0%, 3.1%, and 5.9% improve-
ments in positioning accuracy can be obtained in the north,
east, and up directions, respectively, which are even lower
than those of PAR-DCV. By combining all the strategies for
ambiguity selection, the solution PAR-SEQ shows the best
performance, and 3.4 cm, 5.9 cm and 6.8 cm accuracies are
achieved in the north, east, and up directions, respectively.
Compared with the FAR solution, the positioning accuracy
is improved by 40.4%, 62.9% and 49.6%, respectively.

The condition of Experiment 1 is relatively complicated.
Therefore, it is easy to fix the ambiguity to wrong values.
Figure 6 illustrates the float and the incorrectly fixed epochs
for the five solutions. Figure 3 also shows the distribution of
the float solution and the incorrectly fixed solution along the
way, and Table 3 lists the corresponding statistical results.
Among all the solutions, FAR has the lowest percentage of
correctly fixed epochs (approximately 78.83%). Due to the
relatively low criteria value used for the ratio test (1.5), the
proportion of incorrectly fixed epochs reaches 11.70%. With
PAR, the percentage of correctly fixed epochs is noticeably
improved, particularly for solution PAR-IGG3. The percent-
age of correctly fixed epochs increases by 18% to 96.74%,
which again confirms that the abnormal observations have
a large impact on AR. The greatest percentage of correctly
fixed epochs is obtained by solution PAR-SEQ (98.02%)
and shows that the combination of the ambiguity selec-
tion strategy can improve the reliability of RTK in complex
environments.
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By combining all these strategies, the best positioning can
be obtained, especially in severe occlusion. For example,
as seen in the marker @ region in Fig. 3, the vehicle exits
the noise barrier, and the receiver starts to track the GNSS
signals. However, the observation quality is still poor, and
the ambiguity needs to be re-initialized. Figure 7 shows the
time series of the positioning errors of FS and FS-IGG3.
When the IGG3 quality control algorithm is adopted, the
accuracy of the float solution is improved. And the ambigu-
ity selection based on IGG3 quality control algorithm is also
helpful for AR, and Fig. 8 illustrates the integer ambiguities
of C09 in the L1 frequency and C11 in the L2 frequency
for FAR and PAR-IGG3. It is found that several incorrect
resolutions in FAR, and the ambiguity selection based on
IGG3 can overcome this dilemma. For example, in the UTC
01:35:05 epoch, the FAR integer ambiguity of C09-L1 and
C11-L2 is abnormal. However, in PAR-IGG3, the ambiguity
of G10, R0O4 and R13 are deleted for AR because of their
poor quality, so the integer ambiguity of C09-L1 and C11-
L2 can be fixed correctly. In summary, the quality control
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method is an important method for float estimation and AR
and helps the convergence of accuracy quickly after GNSS
completely unlocked.

The PAR-ELE method is easy to implement and can
sometimes make a contribution, particularly under good
observation conditions. For example, in area @ in Fig. 3, it
can be seen from Fig. 9 (left panel) that the elevation angles
of most outliers are relatively low, so the accuracy of the
PAR-ELE solution during this period has improved. How-
ever, the noise level is not completely correlated with the
elevation angle (Hsu 2018), as shown in the blue circle in
Fig. 9 (left panel). PAR-ELE does not perform very well in
these epochs. In addition, it can be seen from Fig. 9 (right
panel) that the dependency of abnormal observations on the
SNR is weak, and the method of the ambiguity selection
based on the SNR may not be suitable for urban areas.

In area @ in Fig. 3 (the intersection of Xiongchu and
Guanggu Viaduct), in addition to the buildings on both sides,
the occlusion from the noise barrier becomes strong. Similar
to Fig. 7, it can also be observed that the accuracy of the FS
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Fig.6 Float and the incorrectly fixed epochs marked by the dot or
cross for each solution in Experiment 1

solution is lower than that of FS-IGG3 in Fig. 10. This indi-
cates that the estimation is biased due to abnormal obser-
vations. Furthermore, in contrast to @©, there is no obvious
abnormality for the float ambiguity, but Fig. 11 demonstrates
that the number of fixed ambiguities between PAR-IGG3
and PAR-DCYV is different. When low precision ambigu-
ity is included in the estimation procedure, the stochastic
model cannot reflect the quality of real measurements. As

a result, the AR using LAMBDA is contaminated, and the
ambiguity resolution based on PAR-DCYV is low, making
the PAR-DCYV solution inferior to PAR-IGG3 during UTC
01:48:25-01:48:45. In addition, although PAR-DCV has
fixed more ambiguity than PAR-IGG3 for the epoch marked
by the orange cycle in Fig. 11, the PAR-IGG3 solution still
fixes more than 20 ambiguity parameters in these epochs.
Therefore, their performance is almost similar. Overall, in
the period of 60 s, PAR-SEQ only has one float solution
epoch, whereas 4 float epochs are there for PAR-IGG3 and
PAR-DCV. This shows the effectiveness of SPAR.

Analysis of experiment 2

The experiment is carried out in downtown Yizhuang, Dax-
ing District, Beijing, and Fig. 12 illustrates the trajectory
of Experiment 2. As the experiment was carried out in the
summer, in addition to the buildings, most of the occlusion
originated from the trees along the road. Figure 13 shows the
variations in the number of satellites and PDOP during the
whole experiment. The average number of tracked satellites
is 24, and the PDOP value is 0.49. As the buildings along
the trajectory are not too high, the number of tracked satel-
lites is slightly large. However, in some regions, including
the beginning of the experiment and the epochs around UTC
3:15, the number of visible satellites decreases considerably,
mainly due to the obstruction of the trees.

Figure 14 shows the time series of the five solutions, and
the positioning errors in the earth, north, and up directions
are also plotted in the legend. It can be observed that the per-
formance of FAR is the worst among them all, particularly
in the serious occlusion region. The positioning accuracy
only achieves 15.9 cm, 18.5 cm, and 22.2 cm in the north,
east, and up directions, respectively. Other solutions show
relatively better performance. For PAR-IGG3, the position
accuracy in the north, east, and up directions reach 6.6 cm,
7.1 cm, and 6.6 cm, respectively. The improvement of the
PAR-ELE solution is marginal, and only a slight improve-
ment in the east direction can be observed. This is mainly
caused by the interference from the trees, resulting in the
low dependency of observation noise on the elevation angle.
Therefore, ambiguity selection based on the elevation angle
does not work well. The positioning accuracy of the PAR-
DCYV solution reaches 14.9 cm, 16.9 cm, and 20.4 cm in the

Table 3 Statistical information
of the solution status in

Solution

Correctly fixed epochs

Incorrectly fixed epochs Float epochs

Experiment 1. A fixed solution FAR 1549 (78.83%) 186 (9.47%) 230 (11.70%)
with greater than 10 cm or PAR-IGG3 1901 (96.74%) 50 (2.55%) 14 (0.71%)
15 cm positioning errors in the

horizontal or vertical direction PAR-ELE 1731 (88.09%) 131 (6.67%) 103 (5.24%)
is considered as the incorrectly PAR-DCV 1767 (89.92%) 121 (6.16%) 77 (3.92%)
fixed epoch PAR-SEQ 1926 (98.02%) 37 (1.88%) 2 (0.10%)

@ Springer
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Fig. 7 Time series of the posi-
tioning errors for the float solu-
tions without (FS) and with the
IGG3 quality control algorithm
(FS-IGG3) in area ® of Experi-
ment 1. The blue, green, and red
points denote north, east, and up
direction, respectively

Fig.8 Integer ambiguity of C09
L1 and C11 L2 for the FAR
(blue) and PAR-IGG3 (red) in
area @ of Experiment 1. The
green line denotes the reference
value of integer ambiguity

Fig.9 Relationship between
abnormal observations and

the elevation angle (left panel)
as well as SNR (right panel)
in area @ of Experiment 1.
The green and red squares
denote normal and abnormal
observations detected by IGG3
algorithm, respectively

Fig. 10 Time series of position-
ing errors for the float solution
without (FS) and with the IGG3
quality control algorithm (FS-
IGG3) in area ® of Experiment
1. The blue, green, and red
points denote north, east, and up
direction, respectively
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Fig. 11 Number of fixed ambiguities for PAR-IGG3 (red), PAR-DCV
(blue) and PAR-SEQ (green) solutions in area @ of Experiment 1

north, east, and up directions, respectively. The improvement
is also low with respect to FAR, as the unremoved abnormal
ambiguities contaminate the ambiguity selection based on
the decorrelated variance. By combining the advantages of
all these strategies, PAR-SEQ is the best solution, with posi-
tioning accuracy of 5.9 cm, 6.2 cm and 6.4 cm in the north,
east, and up directions, respectively, and the improvement
reaches 62.9%, 66.5% and 71.2% with respect to that of the
FAR solution.

Figure 15 illustrates the float and the incorrectly fixed
epochs for different solutions, the distribution of the float
solution can be found Fig. 12, and the statistics are listed in
Table 4. The FAR solution still has the lowest proportion of
correctly fixed epochs (only 87.54%) with the largest float
epochs (9.34%). Due to the low dependency of the obser-
vation noise on the elevation angle, the PAR-ELE solution
shows a performance similar to that of FAR. Although the
proportion of correctly fixed epochs is slightly increased
for solution PAR-DCYV, the percentage of incorrectly fixed
epochs increases by a factor of two and reaches 6.66%.

Fig. 12 Trajectory (yellow) of Experiment 2 and distribution of the float (blue dot) and incorrectly fixed (red dot) solutions. The markers @ and
@ represent the occlusion regions, and marker ®@ indicates the crossroads without occlusion of trees

@ Springer
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Fig. 13 Number of satellites (black) and PDOP (blue) of Experiment
2

With respect to the two, the PAR-IGG3 solution increases
the proportion of correctly fixed epochs to 96.36%. It is
further improved by PAR-SEQ to 97.45%, with the lowest
percentage of float and incorrectly fixed epochs. In sum-
mary, Experiment 2 confirms again that the PAR-SEQ has
stronger adaptability to complex environments than any one
of the strategies.

It can be concluded from Fig. 14 and Table 4 that the
accuracy improvement of PAR-SEQ is more obvious than
the others in the shade areas. For further investigation, the
data during UTC 02:37:20-02:42:20 are analyzed when
the car moved from Tianbao Middle Street (Fig. 12 @) to
Tianhua North Street (Fig. 12 ®). The positioning errors
are marked in green shadow in Fig. 14. Compared with the
occlusion of buildings, the interference of trees with GNSS
signals is much more serious and random. There is no
noticeable correlation between the abnormal observations
and the elevation angle or SNR (Fig. 16). Hence, there is lit-
tle improvement for the PAR-ELE solution in Experiment 2.

Figure 17 zooms the positioning errors of the FS and
FS-IGG3 solutions. The large positioning error at the
beginning of the FS solution can be observed, as many
cycle slips occur during this period due to the shade of the
trees shown in Fig. 18. For FS-IGG3, the abnormal code
observations are removed to prevent them from initial-
izing the ambiguity. Moreover, the low-quality measure-
ments also bias the estimation of ambiguity, resulting in

Fig. 14 Time series of the FAR PAR-IGG3
positioning errors of Experi- 1.0/3773 R : ! ; :
ment 2 in the north (N, blue), A .' ‘f : g .
east (E, green), and up (U, red) 0.5 gi 5 !:l i LR o | ;
component for the five solutions P ;':.‘ i ¥ LB iit 5 L & ; ;
with a full ambiguity resolution g ’,. 4 e P ;- § 5
(FAR), PAR with ambiguity @ 0.0 j" A e 4 it : .
selection based on IGG3 (PAR- o o _:' . - Y $1 T G 7 [+ e * P
1GG3), the elevation angle 0.5 3l o g‘ dN=15.9cm dN=6.6cm
(PAR-ELE), the decorrelated Tl .. ; - dE=18.5cm dE=7.1cm
variances (PAR-DCV), and the ‘} AP dU=22.2cm dUu=6.6cm
SPAR strategy (PAR-SEQ). The =1.0t k- :
green shadow represents the PAR-ELE PAR-DCV
area © and @ in Fig. 12 1.0 ; ree X 3 B
e ’ o . . it X2 4
‘i "" H ; i T { : f .-i' .
08 -‘fj‘" IR B S b1
3 @ 1y 3 m é s
@ 0.0{igi Wi & : 3i A P :
g .:.:‘l b o { SEH ey s = ". 11 s u.,;-‘;."_. s ik ik 7
P f. [dN=133cm| |© G % . (ji dN=14.9cm
S £ le=tezem| [0 0 W ldE=16.9em
-10 : ; ! du=22.1cm| |- _‘r P i du=20.4cm
PAR-SEQ 2:30 2:45 3:00 3:15 3:30 3:45 4:00
1.0 ] : uTC
0.5+ 48 o
E |4 i é:
& 0.0ty i
m U =
dN=5.9cm
S dE=6.2cm
_ dU=6.4cm

.0 .
2:30 2:45 3:00 3:15 3:30 3:45 4:00

uTC

@ Springer



GPS Solutions (2022) 26:92

Page 130f 16 92

e FAR + PAR-IGG3 +« PAR-ELE
PAR-DCV < PAR-SEQ
Float epoch

Incorrectly fixed epoch

MMOBMDAK XK MK K X INOEBEEIDC X OEMX - XX X X

MMOEK I MK X I I0ME XK XX X X XX X

JWOBEENOC K B K- X IOEDEE0C - - - X ORI - XX xX-X

MO I MK X XK IERCX0EK X XMXX XXX X

2:30 2:45 3:00 3:15 3:30 345 4:00
uTC

Fig. 15 Float and the incorrectly fixed epochs of the five solutions in
Experiment 2

Table 4 Statistical information of the solution status in Experiment 2.
Fixed solution with greater than 10 cm or 15 cm positioning errors
in the horizontal or vertical direction is considered as the incorrectly
fixed epochs

Solution Correctly fixed Incorrectly fixed Float epochs
epochs epochs

FAR 4913 (87.54%) 175 (3.12%) 524 (9.34%)

PAR-IGG3 5408 (96.36%) 94 (1.67%) 110 (1.96%)

PAR-ELE 4964 (88.45%) 189 (3.37%) 459 (8.18%)

PAR-DCV 5003 (89.15%) 374 (6.66%) 235 (4.19%)

PAR-SEQ 5496 (97.45%) 86 (1.53%) 57 (1.02%)

the long time needed for convergence for FS. Although
there are more cycle slips at the end of the experiment,
the number of ambiguity initializations is less than that

in the beginning. This explains why the FS solution does
not show the noticeable position error at the end period.

Figure 19 demonstrates the number of fixed ambigui-
ties for PAR-IGG3 and PAR-DCV. It was found that PAR-
IGG3 and PAR-DCYV solutions have similar performance
when the observation condition is good, such as the periods
marked by the cyan circle. However, in the occluded area,
the performance of PAR-IGG3 is slightly better, as indicated
by the number of fixed epochs and ambiguities shown by
the orange circle in Fig. 19. However, PAR-DCV has more
incorrectly fixed epochs. Figure 20 illustrates the integer
ambiguities of GOS8 at the L1 frequency and G21 at the L2
frequency for PAR-IGG3 and PAR-DCV. PAR-IGG3 has the
best precision and the smallest number of incorrect integer
ambiguities. Therefore, a reasonable stochastic model helps
to provide an unbiased estimate of the ambiguity and ensures
the reliability of the fixed solution. When compared to PAR-
SEQ, in the marked area, PAR-SEQ reduces 7 float epochs
and 5 incorrectly fixed epochs compared with PAR-IGG3
and reduces 7 float epochs and 31 incorrectly fixed epochs
compared to PAR-DCV. These results further confirm the
effectiveness of SPAR.

However, the positioning errors of some epochs are still
large for the PAR-SEQ solution due to noticeable occlu-
sion. It may be a challenge to solve this with GNSS alone.
However, when the vehicle crosses the intersection without
occlusion of trees, such as Fig. 12 ®, the ambiguity can be
fixed correctly. At this time, if the ambiguities and the state
of the vehicle are transmitted with the help of other sensors
(such as Inertial Navigation System), the positioning perfor-
mance will be further improved (Chai et al. 2022).

Conclusions

A sequential ambiguity resolution strategy based on the
IGG3 quality control algorithm is proposed and applied to
improve the RTK ambiguity resolution and the position-
ing accuracy in urban areas. In contrast to the traditional
partial ambiguity resolution method, the proposed strategy
uses the robust quality control algorithm IGG3 for the detec-
tion of abnormal ambiguities to reduce the contamination
of the low-quality observations on the float ambiguity and
the variance—covariance matrix. In addition, the elevation
angle and the decorrelated variance-based strategy are used
sequentially for the further selection of ambiguity subsets,
which improves the ambiguity resolution performance in
urban areas.

To verify the performance of the algorithm, two sets
of kinematic experiments in urban areas were carried out.
The results indicate that the sequential ambiguity resolu-
tion strategy can substantially improve the ambiguity res-
olution and GNSS positioning performance, particularly
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Fig. 18 Number of cycle-slips and abnormal code observations dis-
carded for ambiguity initialization in area @ to @ of Experiment 2
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is not valid in the urban environment where there are many
more NLOS signals and multipath. Considering the simple
operation of this strategy, it is still incorporated into the
sequential ambiguity resolution strategy. In addition, the
decorrelated variance is used for further ambiguity selec-
tion. By combining them, the best performance can be
obtained. With the proposed strategy, the centimeter-level
accuracy is obtained, as shown by two kinematic experi-
ments carried out in urban regions. However, the position-
ing accuracy still cannot be guaranteed in some areas with
GNSS occlusion. Hence, multi-sensor fusion can be used
to provide a better solution in the urban environment.



GPS Solutions (2022) 26:92

Page 150f 16 92

Fig. 20 Integer ambiguities
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