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Abstract

As a new global positioning technology developed in the late 1990s,
Precise Point Positioning ( PPP) integrates the technical advantages of
GPS standard point positioning and GPS differential positioning. It
gradually becomes one of the research frontier and hotspots in the field of
satellite navigation and positioning. In the past decade, the basic
theoretical and practical issues of PPP have been widely researched and
successfully resolved. Currently, PPP is moving toward the engineering
application stage. However, most of the mature and applicable PPP
systems are based on float solution. Since the un-differenced ambiguities
are not fixed into integers, the quality of float PPP solution is uncertain.
It is difficult for ordinary PPP users to know exactly the accuracy and
reliability of the positioning results. How to evaluate and improve the
accuracy and reliability of PPP solution is a key issue, and it must be
properly addressed during the popularization and promotion stage of PPP
technology. Therefore, increasing attention is being paid on the theory
and methodology of quality control (QC) and quality assessment ( QA)
for PPP. But few scholars have ever carried in-depth research on this
topic.

This thesis aims to study on the theory and methodology of quality
control and quality assessment for GPS PPP, and finally establish a
comprehensive quality control system for PPP. It is expected to lay a
solid theoretical and practical foundation for the future development of
PPP technical specifications. The main work and contributions of this

thesis are as follows:



Abstract

(1) The basic theory of GPS PPP and modern quality control
methods are summarized systematically. First three fundamental PPP
function models such as, traditional Ionosphere-Free combination model ,
UofC model and raw-data-based un-combined model, and two stochastic
models based on satellite elevation and signal to noise ratio ( SNR)
respectively are reviewed. Then three QC methods, data snooping, DIA
( Detection, Identification and Adaption ) procedures and robust
estimation are discussed in detail. A preliminary structure of PPP QC/
QA system is promoted and established. It covers the basic connotation,
specific method and standard of quality check.

(2) Quality control issues relating to IGS products in PPP
application are first proposed and discussed in this thesis. The quality of
precise satellite ephemeris and precise satellite clocks are analyzed in
terms of availability and consistency. The actual cause or physical
explanation of abnormal errors in IGS products are investigated in detail.
Then, some diagnostic methods for abnormal error detection of satellite
orbits and clocks are introduced. Results show that the decimeter level
orbital error can be effectively tracked by differencing IGU and IGS
ephemeris. Anomalies in satellite clock products can be easily checked
out by testing the satellite clock stability with Allan variance.

(3) Ionospheric disturbances can be detrimental to the accuracy and
reliability of PPP. To overcome its adverse effect, an improved approach
is adopted to enhance the PPP performance. First, the differential code
biases are used for GPS data quality checking. Any satellite whose C,-P,
and P,-P, biases exceed 10 m and 30 m respectively will be rejected.
Then, the Melbourne-Wubbena ( MW ) and geometry-free ( GF)
combination are used for cycle slip detection. But the thresholds are set
more flexibly when ionospheric conditions become unusual. The results
show that the improved approach effectively avoids a large number of
ambiguity resets which would otherwise be necessary. It reduces the

number of re-parameterized phase ambiguities by approximately half,
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without scarifying the accuracy and reliability of the PPP solution.

(4) Failure to properly detect and account for receiver clock jumps
may cause unexpected behavior of the GPS software and large errors in
the resulting PPP solution. This is particularly troublesome when there
are irregular (type 2 or type 3) millisecond clock jumps represented in
RINEX observation files. We first provide an intuitive description of the
receiver clock jump phenomenon, and a comprehensive classification of
clock jumps is presented according to its influence on three fundamental
quantities (time tag, pseudorange and carrier phase). Then a simple
but robust Real-Time Clock Jump Compensation’(RTCJC) method is
proposed for reconstructing a consistent set of observables. Numerous
validation tests with various GPS data show that without RTCJC, clock
jumps are prone to cause failure of gross error and cycle slip detection
algorithms, and so result in repeated re-initialization or even non-
convergent solutions, which lead to gross errors in the PPP solution.
When RTCJC is applied, all clock jumps present in the GPS data can be
effectively identified and repaired accurately, and the problem of re-
initialization in PPP will no longer be triggered by receiver clock jumps,
which results in significant improvement of PPP accuracy and reliability.

(5) Both static and kinematic PPP models based on Standard
Kalman Filter, Robust Kalman Filter and Adaptively Robust Kalman
Filter are derived in detail. The PPP performance of the above three
filtering schemes are compared and analyzed. A large number of
examples show that the Adaptively Robust Kalman Filter can not only
resist gross errors of GPS observation data, but also control unexpected
state turbulences. It is demonstrated to be a powerful estimator,
especially suitable for kinematic PPP with high dynamic and complicated
mobility. An improved Robust Kalman Filter is put forward to avoid
filtering divergence. Compared with the conventional method, not all
satellites are simultaneously applied robust estimation, but only the

satellite with largest residual will be de-weighted by equivalent
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covariance. Furthermore, three Constraint Kalman Filters restrained by
velocity , trajectory and baseline length are designed for kinematic PPP.
Experimental results show that, Constraint Kalman Filters with restricted
information have obvious contribution to improving the accuracy and
reliability of PPP, particularly under the worst case scenarios.

(6) As to PPP model refinement, first a novel method of Stop & Go
positioning method based on PPP is proposed. It couples the kinematic
PPP and static PPP and can be flexibly switched between each. Since
the continuous kinematic observations between two sequential short static
observations provide connection of the ambiguities. Therefore, the whole
consecutive session including short static observation segments will
contribute to the ambiguities convergence of each point with few epochs’
static observation. Experimental results showed that, for the measured
points which are observed 60 s with 5 s sampling rate in static mode, the
positioning accuracy can reach 2-3 e¢m in the horizontal and 5 ¢m in
vertical. To mitigate the higher order ionospheric effects, a PPP model
considering the second- and third-order ionospheric delay is given, and
its influence on GPS observations and static PPP are analyzed. As to
stochastic model refinement, the time-varying characteristic of
pseudorange noise is investigated, and a real-time pseudorang noise
estimator is developed. Furthermore, an improved pseudorang-phase
noise iwuo scheme and a comprehensive observalion stochastic model
considering satellite orbit and clock interpolation error are discussed.
Experimental results show that, the accuracy, efficiency and reliability
of FPP solution positioning are greatly improved with these refined
stochastic models.

(7) The quality assurance and optimization methods are explored
for PPP solutions. Three checking means including Velocity/
Acceleration Test, Forward-Backward Filter Calibration, and Multi-
GNSS Validation are put forward for PPP quality control and quality
assurance. Both smoothed filter and GPS-GLONASS integrated system
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are used to enhance PPP performance. Experiment results show that,
solutions from smoothed filter are much better than that of one-way
filtering. It plays an important role in positioning smoothing, and ensures
high accuracy and reliable PPP solutions during the whole observation
period. Compared with GPS alone system, GPS-GLONASS integrated
system has more redundant information, and greatly enhances the fault-
tolerance of PPP, and finally improves its precision and reliability

significantly.

Key words: Precise Point Positioning; Quality Control; Quality
Assessment; Outlier Detection; Cycle Slip Detection; Clock Jump
Detection and Compensation; Stop and Go PPP; Adaptively Robust
Kalman Filter; Reliability



