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Abstract
The last decade has witnessed a growing demand for precise positioning in many applications such as autonomous car navigation and precision agriculture. Precise positioning can be obtained from the global navigation satellite systems (GNSS) through
either differential techniques or precise point positioning (PPP). PPP is currently favored over differential GNSS because it provides a global solution without the need
for local reference stations. Nevertheless, PPP must address the error sources that
are canceled in differential GNSS, and hence, it requires a longer time to converge.
Therefore, employing PPP for land vehicles would be challenging due to frequent
signal degradation and blockage. Integrating PPP with an inertial navigation system
(INS) can solve the solution continuity issue; however, the INS solution drifts over
time which can result in losing the desired accuracy. The implementation of a reliable PPP/INS system that can preserve the required accuracy is not a trivial task,
especially with financial and computational cost constraints.
In this work, two PPP/INS systems were developed. The first system integrates
the single-frequency (SF) PPP measurements from a low-cost GNSS receiver with
low-cost micro-electro-mechanical systems (MEMS) inertial sensors. The purpose of
this system is to provide a reliable, low-cost navigation solution for land vehicles
with sub-meter level accuracy. The system was evaluated through two road tests
ii

where it could maintain sub-meter position accuracy with short GNSS outages and
reliable performance with long-term outages. The second system integrates the dualfrequency (DF) PPP with the Reduced Inertial Sensor System (RISS) for car lane-level
navigation. The high-precision needed in lane-level positioning can be achieved by
integrating DF-PPP with high-end INS. Since high-end INS are expensive, this work
proposed the use of RISS instead of the traditional INS. RISS uses only one gyroscope
and two accelerometers which can contribute to saving more than half the cost of a
high-end INS. The proposed DF-PPP/RISS system was tested through three road
tests that included highway driving under several overpasses, and the system was
able to maintain horizontal position errors less than 50 cm. The developed PPP/INS
systems are expected to play an essential role in the different applications of land
vehicle navigation.
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Chapter 1
Introduction
Many applications today require location and positioning services such as the navigation applications in our mobile phones. Two decades ago, positioning accuracy of
a few meters was considered a significant achievement. However, the need for more
accuracy continued to increase rapidly with the desire for centimeter-level and even
millimeter-level accuracy in some applications. This chapter starts in the next section
with an overview of the precise positioning and its applications. Section 1.2 describes
the motivation of this work while Sections 1.3 and 1.4 talk about the problem statement and the thesis objectives respectively. Section 1.5 outlines the contributions
made in this thesis. Finally, Section 1.6 describes the thesis organization.

1.1

Precise Positioning

When it comes to precise positioning, the Global Positioning System (GPS) is the
first thing to come in mind. The GPS is the first fully operational global navigation
satellite system (GNSS) that provides all-weather worldwide coverage. Later, the
Russian GLObal NAvigation Satellite System (GLONASS) has also achieved its full
1
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2

operational capability. Other GNSS systems are still on the way to provide global
coverage such as the European Galileo and the Chinese BeiDou systems.
When GPS was initially designed, it utilized the code measurements with accuracy
limited to few meters. The designers did not see the potential for higher accuracy
at that time [1]. The concept of using GPS carrier phase measurements to obtain
centimeter-level accuracy was first introduced by Counselman [2] [3]. Carrier phase
measurements are more precise than the corresponding code measurements because
the wavelengths of GPS carrier waves are very short, approximately 19 cm for L1 and
24 cm for L2 frequencies, compared to the chip lengths of GPS codes [4].
Despite the high precision of GPS carrier phase, it suffers from the problem of
integer ambiguity (IA). The IA is the unknown number of full carrier cycles between
the receiver and the satellite during the initial signal acquisition. The required high
precision will not be obtained unless this IA is resolved [1].
Carrier phase-based differential GPS (DGPS) positioning was the first technique
to obtain centimeter-level accuracy from GPS [3]. DGPS, or generally DGNSS, is a
method to improve the performance of the GNSS receiver with the aid of information
from one or more reference stations at known locations [5]. The main idea behind
DGNSS is that if the baseline length, i.e., the distance between the rover receiver and
the reference station, is short enough (e.g., less than 40 km), then some errors such as
the atmospheric errors, and the satellite orbit and clock errors are spatially correlated
and can be canceled by the differencing techniques [6]. The Real-Time Kinematics
(RTK) is a DGNSS technique which can provide a real-time positioning solution with
centimeter-level accuracy [4]. Nevertheless, the cost of the reference stations and the
baseline length limitations are significant drawbacks of DGNSS.
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The precise point positioning (PPP), introduced in 1997 [7], has eliminated the
need for local reference stations. PPP provides the absolute position of the receiver
based only on the GNSS measurements of the rover receiver and globally distributed
precise correction products. Because PPP must deal with all the error sources, which
are canceled in DGPS, its most significant challenge is the convergence time required
to resolve the IA and reach centimeter-level accuracy [8]. Nevertheless, the capability
of PPP to provide a global solution using a single receiver made it very promising and
attracted many researchers to develop methods to overcome its challenges [9]. PPP
is explained in more details in Chapter 2.
The importance of precise positioning can be seen in many applications such
as aviation, precision agriculture, surveying and mapping, and recreation, among
others. Despite the precise accuracy that can be obtained from GNSS, this accuracy
requires continuous visibility of GNSS satellites and open-sky conditions that are
not available in some applications. For example, in land vehicle navigation, there
are many challenging environments for GNSS such as urban canyons, tunnels, and
overpass bridges. In such scenarios, the GNSS solution will deteriorate or become
unavailable. Therefore, the GNSS receiver is integrated with other sensors, such
as the inertial navigation system (INS), cameras, and Light Detection and Ranging
(LiDAR) devices. This integration provides a continuous and reliable navigation
solution that transcends the limitations of GNSS-only solution. The focus of this
thesis is to investigate the benefits of integrating GNSS PPP with INS for land vehicle
navigation.
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Motivation

The demand for precise positioning is increasing every day in many applications.
GNSS receivers are now available at a reasonably low cost and have become part of our
daily lives due to their presence in mobile devices and automobile navigation systems.
GNSS precise positioning is moving towards the use of PPP since it provides a precise
global solution with a single receiver. However, the positioning in land vehicles cannot
only rely on GNSS because the open-sky conditions are not satisfied all of the time.
Therefore, integrating GNSS with other sensors such as INS is necessary for land
vehicles. The importance of multi-sensor fusion increases when lane-level accuracy
is required such as in the case of advanced driver assistance systems (ADAS) and
autonomous driving [10].
The performance of PPP/INS integration is affected by the accuracy of PPP, the
quality of the INS, and the integration and estimation approach. The PPP accuracy
is influenced by the number of frequencies used, the number of constellations, and
the type of corrections, among other factors. The INS quality depends on the grade
of the inertial measurement unit (IMU) which means it is proportional to the IMU
cost. Different integration modes and estimation filters can be used in the integration
process as described in Chapter 3. These various factors result in different realizations
of the PPP/INS system. The choice of which realization to use depends on the
application requirements such as accuracy and cost. This work aims to study and
understand different implementations of PPP/INS and apply them to the application
of land vehicle navigation.
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Problem Statement

Precise positioning in land vehicle navigation cannot rely only on PPP due to the
obstacles that degrade or block the GNSS signals. Furthermore, PPP requires reconvergence time whenever a loss of signal tracking, i.e., cycle slip, occurs. Although
some research studies have been made to integrate PPP with INS for vehicular navigation, meeting the industry needs for a reliable PPP/INS system with minimal cost
has not been fulfilled so far. A reliable navigation solution is a continuous solution
with an acceptable level of accuracy. For land vehicles, the current trend is towards
lane-level accuracy. The cost of the solution comprises both the financial cost and
the computational cost.

1.4

Objectives

The primary objective of this thesis is to develop a reliable PPP/INS navigation
system for precise land vehicle navigation. This main goal is achieved through a set
of sub-objectives that are listed below.
• Develop a comparative study of the available precise real-time corrections that
can be used with real-time PPP.
• Develop an integrated PPP/INS system for low-cost vehicular navigation based
on measurements from a low-cost GNSS receiver and consumer-grade inertial
sensors to achieve continuous and reliable sub-meter level accuracy.
• Develop an integrated PPP/INS system for lane-level car navigation utilizing
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a dual-frequency (DF) GNSS receiver and high-end inertial sensors. The developed system involves a reduced set of inertial sensors to reduce system cost.

1.5

Contributions

In addition to the detailed review of PPP error sources, models, and challenges, this
thesis has the contributions that are summarized below.
1. The performed comparison of the two available open-access real-time PPP corrections with single-frequency (SF) PPP defines an envelope for the expected
position errors from each source of corrections. This, in turn, can help to decide
which correction source to use and if they can be used interchangeably.
2. A low-cost real-time PPP/INS system is developed for land vehicle navigation applications such as autonomous driving along highways with sub-meter
level accuracy. The implemented system utilized SF-PPP measurements from
a low-cost GNSS receiver. Moreover, low-cost consumer-grade Micro-ElectroMechanical Systems (MEMS) sensors were chosen for the INS part. This system
achieved sub-meter positioning accuracy with short GNSS outages and provided
a reliable navigation solution during long GNSS outages.
3. An integration of DF-PPP and the Reduced Inertial Sensor System (RISS) is
developed for lane-level car navigation in challenging GNSS environments with
frequent cycle slips and short GNSS outages. RISS uses only one gyroscope and
two accelerometers, and hence reduces the cost, complexity, and power consumption of the integrated system. This system provided a continuous solution
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with less than 20 cm rms horizontal position error and a maximum error of 50
cm through road tests with highway driving.

1.6

Thesis Organization

The organization of this thesis is summarized as follows. Chapter 2 is a review of PPP
errors, models, and challenges. Chapter 3 describes inertial navigation systems and
their integration with GNSS. Chapter 4 discusses real-time PPP corrections and the
results of integrating SF-PPP with low-cost INS sensors for land vehicle navigation.
Chapter 5 demonstrates the integration of DF-PPP with RISS for car navigation.
Finally, Chapter 6 concludes the presented work and outlines recommendations for
future work.

Chapter 2
Precise Point Positioning
Precise point positioning (PPP) is a method to compute a user’s position with high
accuracy worldwide using a single GNSS receiver. PPP uses both carrier phase and
pseudorange measurements in addition to precise satellite orbit and clock corrections
from global networks such as the International GNSS Service (IGS) network1 . These
precise corrections are accessed through the Internet or correction satellites.
When PPP was first introduced, it was mainly applied in post-processing applications because the precise corrections were available only after a specified latency.
Recently, the demand has increased for real-time PPP; therefore, the IGS officially
launched its real-time service (IGS RTS) on April 1, 2013 [11]. This, in turn, has
encouraged researchers to investigate the use of PPP in real-time applications such as
car navigation. This chapter will focus on describing the error sources, measurement
models, and challenges of PPP.
1

IGS website: http://www.igs.org/
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Error Sources in PPP

To achieve centimeter-level accuracy with PPP, range errors should be eliminated
or mitigated as much as possible. Some of these errors are common with GNSS
standard point positioning (SPP) where accuracy of several meters is achieved such
as the Sagnac effect (Earth rotation effect), relativistic clock effects, satellite position
and clock errors, and atmospheric delays [12]. The same correction models for the
Sagnac effect and relativistic clock effects with SPP also apply to PPP, hence they
will not be discussed further.
On the other hand, broadcast information used to calculate satellite position,
satellite clock error, and atmospheric effects is not sufficient to reach the desired
PPP accuracy. For example, the GPS ionospheric broadcast model can only correct
about 50% rms of the ionospheric error [13]. Consequently, more precise corrections
and accurate models are needed to overcome these errors. Furthermore, when seeking
centimeter-level accuracy, other errors must be taken into consideration such as antenna effects, and site displacement errors. This section describes the different PPP
error sources and their correction models.

2.1.1

Ionospheric Delays

The ionosphere is the layer of the atmosphere between 50 to 1000 km that contains
ionized gases. The ionization level changes with solar activity which affects the refractive indexes of various layers of the ionosphere, consequently, changing the transit
time of the GNSS signal. The ionospheric delays can cause ranging errors up to 100
m depending on the solar activity and the satellite elevation angle [13]. This delay
is frequency dependent; therefore, in the standard DF-PPP, the ionospheric-free (IF)
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combination of the DF measurements is used to remove the first-order ionospheric
error. The IF pseudorange PIF and carrier phase ΦIF measurements are formulated
as

PIF = αIF P1 + βIF P2
ΦIF = αIF Φ1 + βIF Φ2

(2.1)

where Pi and Φi are the pseudorange and carrier phase measurements, respectively,
at the GNSS frequency fi . The IF coefficients are αIF = f12 /(f12 − f22 ), and βIF =
−f22 /(f12 − f22 ), and f1 , f2 are the carrier frequencies of the two combined signals.
This combination removes up to 99.99% of the slant delay [14]; however, the resulting IF measurements are noisier than the individual observations (e.g., approximately
three times noisier than the standard L1 and L2 code and phase GPS observations [1]).
The higher-order ionospheric effects result in an error magnitude up to 2 cm and can
also be modeled if millimeter-level accuracy is needed [8].
Another approach is to use a network of dual-frequency receivers to estimate the
ionospheric delays at these receivers. Then, these delays are interpolated to provide
grid-based corrections that can be sent to users. These estimated values are directly
used to mitigate the ionospheric error. For post-processing, these corrections are
available through IGS products. Real-time estimation is still a challenge, especially
for the global scale. In [14], a regional network of receivers was used to provide realtime ionospheric corrections for PPP. The authors called their algorithm “Fast PPP”
because the convergence time achieved was several minutes.
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Tropospheric Delays

The troposphere is the lower part of the atmosphere directly above the Earth’s surface
and is mainly composed of dry gases and water vapor. Unlike the ionosphere, the
troposphere is nondispersive for GNSS frequencies, but it is refractive and hence
reduces the GNSS signal speed, thereby introducing a delay [5]. The tropospheric
delay has dry and wet components, and the total delay ranges from 2 - 25 m depending
on the elevation angle and the atmospheric density profile. The dry component
accounts for 90% of the tropospheric delay and can be modeled accurately.
On the other hand, the wet component which is responsible for 10% of the tropospheric delay is difficult to model because water vapor content varies locally [15].
The total tropospheric delay can be accurately modeled for SPP, and sometimes for
SF-PPP, using models such as Saastamoinen model [16]. However, these models do
not meet the precision requirements of DF-PPP.
For precise positioning, the total tropospheric delay T for each satellite can be
parametrized as [8]

T = Mh (E)Zh + Mw (E)Zw + Mg (E)(GN cos(Az) + GE sin(Az))

(2.2)

where E and Az are the satellite elevation and azimuth angles respectively. The dry
(hydrostatic component) is represented by the zenith hydrostatic delay (ZHD), denoted as Zh , multiplied by an elevation-dependent mapping function Mh . Similarly,
the zenith wet delay (ZWD), denoted as Zw , is multiplied by the mapping function
Mw . The third term represents the horizontal gradients in the north and east directions and their mapping function Mg ; however, this term is in the order of millimeters
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and hence can be neglected in vehicle navigation.
The ZHD can be calculated as [17]

Zh =

0.0022768P
1 − 0.00266 cos(2ϕ) − 2.8 ∗ 10−7 h

(2.3)

where P is the surface pressure in hPa2 , ϕ is the latitude, and h is the height in meters.
For centimeter-level PPP accuracy, the pressure (in hPa) can be approximated by
Berg’s formula P = 1013.25(1 − 2.2557 ∗ 10−5 h)5.2568 [18]. On the other hand, the
ZWD cannot be calculated with the same accuracy and hence is estimated as an
unknown in the navigation filter.
The mapping functions Mh and Mw are mainly functions of the satellite elevation angle. All the current mapping functions are based on the continued fractions
introduced by Marini [19] with normalization to unity at the zenith
1+
M (E) =

sin E +

a
b
1+ 1+c
a
b
sin E+ sin E+c

(2.4)

where a, b, and c are small constant coefficients much less than 1. These coefficients
are different for the dry and wet components. The Vienna mapping function 1
(VMF1) [20] is the most accurate mapping function for precise geodetic PPP solutions [21]; nevertheless, it requires external data from numerical weather models.
In contrast, Neill mapping functions (NMF) [22], even though less precise, depend
only on the receiver latitude and height in addition to the day of the year. The NMF
accuracy is sufficient for navigation applications, and hence it is adopted in this work.
2

One hPa (hectopascal) = 100 Pa = 1 millibar
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Satellite Orbit and Clock Errors

The calculation of the estimated range from the receiver to one of the GNSS satellites
requires accurate knowledge of the satellite position in space. In SPP, the satellite
position is calculated using the information contained in the broadcast ephemeris.
The accuracy of the broadcast ephemeris is not sufficient for precise applications,
which created the need for more precise ephemeris. The most well-known source to
obtain precise satellite orbits is the IGS products [23]. Different IGS products are
available with different accuracies and latencies. The most accurate products are the
final IGS products that are available after 12-18 days with satellite orbit accuracy of
approximately 2.5 cm.3
Another source of error from GNSS satellites comes from satellite clock instability.
Again, the satellite clock error model in the broadcast ephemeris is not accurate
enough and more precise clocks are required. However, even with the availability of
precise clock information, the relativistic effects still must be modeled using one of
the two formulas in [12].
The precise satellite orbit and clock data are usually saved in the Standard Product 3 (SP3) format with an epoch interval of 15 min or less. The latest SP3 version at
the time of writing this document is SP3-d [24]. The precise orbit and clock data are
interpolated to obtain the precise satellite position and clock at the signal transmission time. The orbit interpolation can be performed using the Lagrange polynomial
interpolator of order 9 or 10 with a centimeter level of accuracy [25] [26]. On the
other hand, the linear interpolation is typically used with satellite clock errors.
Although satellite clock error data are available in SP3 files, higher-rate data are
3

IGS products website: http://www.igs.org/products [Accessed: April 1, 2019]
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preferred because of the stochastic nature of the clock errors compared to the smooth
satellite orbits. The high rate clock data (typically with 5 min or 30 s interval) are
provided by the IGS using the clock Receiver Independent Exchange Format (RINEX)
[27]. One can use SP3 data for the orbits and high rate data for the clocks; however,
it is essential to keep consistency by using data from the same analysis center.
In the case of real-time PPP, the orbit and clock corrections are differential corrections, rather than absolute values, with respect to the broadcast ephemeris. This
means that real-time PPP software will use the broadcast ephemeris to calculate the
errors and then add the received corrections with the proper sign for better accuracy.
More details about real-time PPP corrections are provided in Section 4.3.

2.1.4

Code Biases

Code biases result from the time delays of the GNSS signal caused by the satellite and
receiver hardware. These biases depend on different factors such as signal frequency,
signal shape, and tracking technology [28] [29]. The receiver code biases are usually
assumed to be satellite-independent for the same code observation and hence can be
absorbed in the estimated receiver clock bias [8] [29]. For the satellite code biases,
typically what is needed is the difference between biases rather than the absolute
value.
The term differential code biases (DCBs) is used to represent the time delays
between two code observations of the same satellite either at the same or different frequency [30]. For example, there is a DCB between the P1 code and the coarse/acquisition
(C/A) code, denoted C1 from now on, where both share the L1 frequency of GPS.
This DCB is denoted as DCBP 1−C1 . Also, the term DCBP 1−P 2 represents the DCB
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between P1 and P2 code observations which have different frequencies.
For GPS and GLONASS, the satellite clock corrections, in both broadcast and
precise ephemerides, are estimated based on the IF combination of P-code observations at L1 and L2 frequencies (P1/P2) [8]. This means that there is no need for
DCB corrections with DF-PPP when using P1/P2 IF combination. On the other
hand, when using different code combinations rather than P1/P2, the proper DCB
correction has to be applied. For example, in the case of the IF combination C1/P2,
the term cαIF DCBP 1−C1 is added to correct the IF code observation where c is the
speed of light and αIF is as defined in Section 2.1.1.
Even though the high precision of PPP mainly comes from the carrier phase
observation, the consideration of DCBs reduces the convergence time and enables
faster ambiguity fixing [8]. Fig. 2.1 shows the effect of DCB on DF-PPP convergence
using two hours of static GPS data from NRC1 IGS station and the implemented PPP
code. In this example, the final IGS products were used, and all of the other PPP
centimeter-level errors were considered. All three position errors fell below 10 cm
within 15 min without DCB corrections as compared to 10 min when the corrections
were applied. After the convergence period, the carrier phase effect increases, and
the effect of the DCB corrections can no longer be seen by eye; after 20 min, the two
graphs look almost similar.
For SF-PPP, DCBP 1−P 2 is needed when utilizing P1 or P2 observations. Other
DCB terms may also be added if other code observations are used.

For GPS,

DCBP 1−P 2 can be obtained from the Timing Group Delay (TGD) parameter in the
navigation message [31]. Starting from Block IIR-M of the GPS satellites, the new
civil navigation message contains Inter-Signal Correction (ISC) parameters which
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Figure 2.1: The effect of DCB corrections on PPP convergence using two hours of static
data from NRC1 station on June 1, 2016, (a) with no DCB corrections, (b)
DCB corrections applied.

represent the DCBs of the P1 code with respect to C1, L2C, and L5 codes. Alternatively, DCBP 1−P 2 and DCBP 1−C1 for GPS and GLONASS can be obtained monthly
form the Center for Orbit Determination in Europe (CODE) file transfer protocol
(FTP) server4 . The DCBs for more constellations and frequencies may be obtained
through the IGS Multi-GNSS Experiment (MGEX) [32] [33] FTP server5 .
The DCB terms are usually used to adjust the satellite clock correction dtsPIF
which is based on P1/P2 IF combination PIF . For example, the satellite clock error
in the case of the single-frequency C1 observation dtsC1 is calculated as [29] [31]
dtsC1 = dtsPIF − T GD + ISCL1C/A
= dtsPIF +

2
fL2
DCBP 1−P 2 + DCBP 1−C1
2
2
fL1
− fL2

(2.5)

Equation 2.5 shows the relation between the GPS broadcast parameters (TGD, ISC)
4
5

ftp://ftp.aiub.unibe.ch/CODE/ [Accessed: April 1, 2019]
ftp://cddis.nasa.gov/gnss/products/bias/ [Accessed: April 1, 2019]
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and the IGS convention for DCBs. All of the bias parameters are in units of seconds,
and fL1 , fL2 are the GPS carrier frequencies of L1 and L2 bands. Practically, there
might be an arbitrary offset between the broadcast and IGS parameters; nevertheless,
this does not affect the solution as it will be absorbed by the receiver clock error.
For multi-GNSS, each GNSS has its timing system, which adds bias components
that represent the delays between the different systems. The effect of these biases is
described by the so-called inter-system bias (ISB). The ISBs are typically estimated
for each constellation as a time offset with respect to GPS [34] [35].
A particular code bias related to GLONASS legacy signals is the inter-frequency
bias (IFB). The GLONASS legacy signals are based on frequency division multiple access (FDMA) technique. Each satellite transmits its signals using a slightly different
frequency from the other satellites. The other GNSSs do not suffer from these biases
because all of the satellites use the same frequencies based on the code division multiple access (CDMA) technique. The GLONASS IFBs are satellite-dependent receiver
biases in contrast to the receiver DCBs, and hence they cannot be easily separated
or lumped to other parameters. For this reason and because the code biases affect
mainly the initial PPP convergence as previously mentioned, the GLONASS code
IFBs are usually neglected [28].

2.1.5

Phase Biases

The carrier phase observations also suffer from the effect of the hardware delays
but with different values from code observations. However, when dealing with the
ambiguities as float values, the effect of these biases for the same constellation is
lumped to the ambiguity terms. Therefore, in float-ambiguity PPP, there is no concern
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regarding the phase biases except the ISB terms which should also be added to the
phase observation when relying on multi-GNSS. Although the ISB value of the phase
observation is not necessarily the same as the code ISB, the difference is also absorbed
in the float ambiguities.
On the other hand, with ambiguity-fixed PPP, the phase biases have to be separated to retrieve the integer nature of the ambiguities. In this work, only the float
PPP is implemented; nevertheless, a summary of the ambiguity-fixed PPP is introduced in Section 2.2.3.

2.1.6

Antenna Phase Center Of fsets and Variations

The actual range between the GNSS satellite and receiver is measured between their
antenna phase centers. The precise satellite orbits in the IGS SP3 files and the orbit
corrections in some of the real-time products are referred to the satellite center of
mass (CoM) rather than the antenna phase center (APC). On the receiver side, the
reference location of the receiver is usually specified at a marker position which can be
the antenna reference point (ARP) or another reference marker point on the ground.
Therefore, for both the satellite and receiver sides, the measured range should be
corrected to account for the deviations from the APC.
The APC error is frequency dependent, and it can be divided into two components:
phase center offset (PCO) and phase center variation (PCV). IGS provides calibrated
corrections for these two components in antenna exchange (ANTEX) format [36].
The rest of this section describes how these corrections can be used to correct PPP
observations.
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Satellite APC errors

The satellite PCO is the distance between the satellite CoM and mean APC represented in a satellite body-fixed frame. The IGS convention for this frame is that
the origin is at the satellite CoM, the z-axis is parallel to the antenna boresight, the
y-axis is parallel to the rotation axis of the solar panels, and the x-axis completes the
right-handed coordinate system [37].
In the nominal orientation of GNSS satellites, the “yaw-steering” attitude control
mode is employed which requires permanent rotation of the satellite vehicle around
its z- and y-axis as illustrated in Fig. 2.2. During eclipse periods or for low values
of the angle β defined in Fig. 2.2, other attitude control modes are used but they
are beyond the scope of this discussion. The three unit vectors defining the satellite
body frame (x̂s , ŷs , ẑs ) in yaw-steering mode can be expressed in the Earth-Centered
Earth-Fixed (ECEF) as follows [26] [37]
rsCoM
krsCoM k
ẑs × e
ŷs =
kẑs × ûs k
ẑs = −

x̂s = ŷs × ẑs

where e =

.−r
R −r
.

R

sCoM
sCoM

(2.6)
(2.7)
(2.8)

, rsCoM is the CoM satellite position vector, and R. is the

sun position vector, both in ECEF frame. The sun position can be obtained from the
planetary ephemerides [38] or simply from analytical formulas [39].
If the satellite position is represented in the ECEF frame, the PCO corrections
should also be transformed to the ECEF frame and then added to the satellite position
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Figure 2.2: Yaw-steering mode of GNSS satellite orientation (after [37]).
as follows
i
h
PCOsECEF = x̂s ŷs ẑs PCOs

(2.9)

rs = rsCoM + PCOsECEF

(2.10)

where PCOs is the satellite PCO vector in the satellite body frame (from the ANTEX
file), PCOsECEF is the offset values in the ECEF frame, and rs is the corrected
satellite position vector at the APC. The magnitude of the satellite offset vector can
be between 0.5 to 3 m [8], which can cause positioning errors in the centimeter level.
On the other hand, the satellite PCV is the change of the APC with the satellite
nadir angle. The IGS provides calibrated satellite PCV values in its ANTEX file for a
specific range of satellite nadir angles. This range is currently up to 17◦ for GPS and
15◦ for GLONASS with a step of one degree. The correct PCV values are obtained
by linearly interpolating the values provided by the IGS at the calculated satellite
nadir angle.
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Finally, the interpolated PCV value is subtracted from both the code and carrier
phase observations. Nevertheless, the satellite PCVs are in the millimeter range and
hence affect only the most precise applications that require millimeter-level accuracy.

2.1.6.2

Receiver APC errors

Because the APC is not a physical point and it is frequency dependent, the location
of the receiver antenna is usually referred to the ARP. The IGS defines the ARP as
the intersection of the bottom of the antenna with its vertical axis of symmetry [25].
The receiver PCO is the distance between the mean APC and ARP. The antenna
manufacturers usually specify the antenna PCO or at least the vertical PCO component for each carrier frequency. Besides, the IGS ANTEX file provides calibrated
PCO values for some well-known antenna types. The effective receiver PCO value
(P COr ) is the projection of the PCO vector in the antenna-fixed frame PCOra on
the negative line-of-sight (LOS) vector between the receiver and satellite antennas as
shown in Fig. 2.3 [40]
P COr = −usr · (Rae PCOra )

(2.11)

where usr is the LOS unit vector in the ECEF frame, the matrix Rae is the transformation matrix from the antenna-fixed frame to the ECEF frame.
The PCO values provided by the IGS use the antenna Local Level Frame (LLF) to
describe the offsets in the north, east, and up directions. However, care must be taken
in ordering the axes when applying the rotation. Assume that the PCOra vector is
arranged such that its components are east (E), north (N), and up (U), respectively.
Now, the rotation matrix Rae is equal to Rle which is the rotation from the LLF to
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Figure 2.3: Illustration of the receiver antenna phase center errors: phase center offset
(P COr ) and phase center variation (P CV r ) (after [40]).

ECEF frame [41]



− sin(λ) − sin(ϕ) cos(λ) cos(ϕ) cos(λ)


Rae = Rle =  cos(λ) − sin(ϕ) sin(λ) cos(ϕ) sin(λ) 
0
cos(ϕ)
sin(ϕ)

(2.12)

where ϕ and λ are the latitude and longitude of the receiver respectively.
The receiver PCV represents the phase center variation with the satellite elevation
and azimuth angles as shown by the solid red curve in Fig. 2.3. Calibrated values for
several antenna models may be obtained from the IGS ANTEX file. These values
are estimated at zenith angles6 from 0 to 90◦ with 5◦ steps. Furthermore, they are
6

zenith angle = 90◦ − elevation angle
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available in both azimuth-dependent and azimuth-independent forms. The azimuthdependent values span the 360 degrees azimuth range with 5◦ steps. Similar to the
satellite case, the receiver PCV values are interpolated to obtain the required PCV
for specific elevation and azimuth angles.
The receiver APC errors are systematic errors in the GNSS observations with a
magnitude of 5-15 cm for the PCO and up to 3 cm for the PCV [8]. The receiver
PCO error is mostly reflected in the estimated height component. It is also worth
mentioning that the receiver APC corrections are referenced to the ARP. If the target
location is at a monument marker or geodetic point, the offset to the marker must
also be added to PCOra in (2.11). Moreover, when comparing the PPP solution to
a reference solution, the consistency must be maintained between the two solutions
which means that the receiver APC corrections are either applied to both solutions
or to none of them.
The net receiver APC error can now be expressed as

AP Cr = P COr + P CVr

(2.13)

This error is directly subtracted from the code and phase measurements to account
for the receiver APC effects.

2.1.7

Phase Wind-Up

GNSS satellites transmit right-hand circularly polarized (RHCP) electromagnetic
waves. This type of polarization contributes to the reduction of multipath effects
and removes the restrictions on the relative orientation between the GNSS satellite
and receiver antennas [8]. Nevertheless, any change in the antenna orientation results
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in a change in the carrier phase measurements known as “phase wind-up” [42]. The
phase wind-up does not affect the code measurements whereas a full rotation of either
the receiving or the transmitting antenna changes the measured carrier phase by one
cycle for all frequencies.
Although the GNSS signal is not purely RHCP, the left-hand component can be
neglected for receivers within small angles of the satellite antenna boresight. This
includes the region from the Earth surface up to the low-orbit satellites in space [42].
Therefore, based on the assumption of a pure RHCP, the phase wind-up effect can be
modeled using the effective dipole method in [42]. Each of the satellite and receiver
antennas is modeled by a crossed dipole antenna. Assuming that k is the unit vector
from the satellite to receiver antennas, the effective dipole vectors for the satellite Ds
and receiver Dr are given by

Ds = x̂s − k̂(k̂ · x̂s ) + k̂ × ŷs

(2.14)

Dr = x̂r − k̂(k̂ · x̂r ) + k̂ × ŷr

(2.15)

where x̂s and ŷs are the satellite dipole unit vectors while x̂r and ŷr are the receiver
dipole unit vectors. It is worth noting that the dipole vectors are chosen such that
they are perpendicular to the wave propagation direction and follow the right-hand
rule. Thus, the receiver dipole vectors (x̂r , ŷr ) are typically the receiver unit vectors
in either (east, north) or (north, west) directions. The unit vectors in the east and
north directions may be obtained from the first and second column, respectively, of
the direction cosine matrix defined in (2.12). The satellite dipole unit vectors are
defined in (2.7) and (2.8).

2.1. ERROR SOURCES IN PPP

25

The fractional part of the phase wind-up correction ∆φw in radians is given by

∆φw = sign(ζ) arccos

Ds · Dr
kDs k kDr k

ζ = k̂ · (Ds × Dr )


(2.16)
(2.17)

For the continuity of the phase wind-up correction, the integer part N is calculated
using the previous correction value φwprev using

N = nint

φwprev − ∆φw
2π


(2.18)

where nint is the nearest integer operator. The value of N can be initialized with
zero. The total phase wind-up correction becomes

φw = 2πN + ∆φw

(2.19)

This correction is to be subtracted from the carrier phase observation. However,
care must be taken to maintain the consistency in the units. Because the correction
in (2.19) is in radians, it must be divided by 2π to be in cycles and also multiplied
by the carrier wavelength if the carrier phase observation is expressed in meters.

2.1.8

Site Displacement Effects

PPP provides an absolute global solution with respect to one of the global terrestrial frames such as the international terrestrial reference frame (ITRF) which is
an ECEF frame. Various natural effects cause displacements in the Earth’s crust
such as solid Earth tides, polar tides, ocean loading, atmospheric pressure loading,
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groundwater, and snow buildup. Although these displacements can be neglected in
relative positioning over short baselines, they should be considered in PPP for an
ITRF-compatible solution [43].
This section discusses the dominant displacement effects with a magnitude greater
than 1 cm which are solid Earth tides, polar tides, and ocean loading. The other
effects can be safely neglected for centimeter-level positioning. The vector ∆r represent the total site displacement in the ECEF frame. This vector must be added to
the calculated receiver position vector rr to obtain its position in the ITRF rrITRF as
follows

rrITRF = rr + ∆r
= rr + (∆rsolid + ∆rpolar + ∆rocean )

(2.20)

The rest of this section describes how to calculate each of the above displacement
components.

2.1.8.1

Solid Earth tides

The gravitational forces of the Sun and Moon are known to cause ocean tides. The
solid Earth is also affected by these forces resulting in horizontal and vertical site
displacements. These displacements are modeled by a spherical harmonics expansion
characterized by Love and Shida numbers [43]. For an accuracy level of 5 mm, it is
sufficient to consider only the second-degree tides and a height correction term [44].
Based on this approximation, for a station at position rr , the displacement vector
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∆rsolid in ECEF frame can be described as

∆rsolid

(
)
 

i
2 h 
X GMj krr k4 h 
h2
2
3l2 R̂j · rˆr R̂j + 3
− l2
R̂j · rˆr −
rˆr
=
GM kRj k3
2
2

. ,$

j=

h
i
+ −0.025 sin(ϕ) cos(ϕ) sin(θg + λ)rˆr (2.21)

where GM is the Earth gravitational parameter, rˆr is the geocentric unit vector in
the direction of rr , while GMj is the gravitational parameter and Rj is the geocentric
position with the corresponding unit vector R̂j for the Sun when j =

. and the

Moon when j = $. The nominal second-degree Love and Shida numbers (l2 , h2 ) can
be approximated as (0.609, 0.085).
The last term in (2.21) is the height correction which depends on the station
latitude ϕ, longitude λ, and the Greenwich mean sidereal time θg . For high-precision
applications, more harmonics and accurate Love and Shida number values may be
considered (more details can be found in [45]). As mentioned in Section 2.1.6.1, the
Sun and Moon positions can be obtained from the planetary ephemerides or from
analytical formulas.
The displacement vector calculated in (2.21) can reach 30 cm in the vertical direction and 5 cm in the horizontal direction. This vector consists of a permanent
component at the decimeter level (which depends on the latitude) and a periodic
component [8] [43]. The periodic component may be averaged out when processing
daily or long static data; nevertheless, it is still required to correct for the solid Earth
tides because of the permanent component.
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Polar tides

The polar tide, or polar motion, is the variation of the geocentric position of the
Earth’s rotation axis with respect to Earth’s crust. This polar motion disturbs the
centrifugal force associated with the Earth diurnal rotation which, in turn, deforms
the Earth [46]. The site displacements from polar tides, in mm, calculated in east,
north, and up directions are given by [45]

∆re =

9 sin ϕ [m1 sin λ − m2 cos λ]

∆rn = −9 cos 2ϕ [m1 cos λ + m2 sin λ]

(2.22)

∆ru = −33 sin 2ϕ [m1 cos λ + m2 sin λ]
where m1 = (xp − xp ) and m2 = −(yp − yp ), both expressed in arc seconds7 , represent
the variations to the coordinates of the Earth’s mean pole in the terrestrial reference
frame. These variations are calculated as the difference of the polar motion variables
(xp , yp ), which can be obtained from the IGS Earth rotation parameters product, and
the mean pole (xp , yp ) from the International Earth Rotation and Reference Systems
Service (IERS) model defined in Equation 7.25 in [45].
The maximum magnitude of the polar tide displacement is 25 mm in the vertical
direction and about 7 mm in the horizontal direction [45]. The displacement vector
in the ECEF frame can be obtained using the rotation matrix in (2.12)

∆rpolar =
7

1 arc second = 1/3600 degree

Rle

h
iT
∆re ∆rn ∆ru

(2.23)
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Ocean loading

Ocean loading is the effect of the Earth’s crust deformation due to the ocean tides.
This effect, similar to solid tides, has semi-diurnal and diurnal periodicity but with
no permanent component. The site displacement due to ocean loading is generally
at the centimeter-level, more noticeable in the vertical direction; nevertheless, it can
reach 10 cm in coastal regions [8]. Typically, the ocean loading may be neglected for
daily static positioning or stations far from the coast. On the other hand, it must
be considered for short processing periods, proximity to oceans, and centimeter-level
kinematic processing.
Ocean loading is modeled by a summation of eleven main tidal harmonics; each
harmonic j is characterized by its amplitude Acj , phase φcj , and time-varying argument χj (t) [45]. The amplitude and phase of each harmonic are site- and modeldependent. Their values can be obtained from the ocean loading service website [47]
where they are represented in the south, west, and up directions. For each direction,
the displacement ∆c from ocean loading can be calculated as

∆c =

11
X

Acj cos(χj (t) − φcj )

(2.24)

j=1

The astronomical arguments χj (t) are calculated as in the FORTRAN subroutine
ARG2.F8 provided by IERS. The eleven harmonics in (2.24) represent the semidiurnal (M2 , S2 , N2 , K2 ), diurnal (K1 , O1 , P1 , Q1 ), and long-period (Mf , Mm , Ssa ) tide
waves.
8
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The ocean loading displacement vector in the ECEF frame ∆rocean can be obtained from the calculated ∆c components in a manner similar to (2.23). However, the
west and south ocean components must be converted to the east and north directions
through sign inversion before applying the same rotation matrix.
Finally, it is worth mentioning that when downloading the amplitude and phase
data from the ocean loading provider, two main choices should be made. The first
choice is the ocean tide model. As suggested by [45], the latest models should be used
unless consistency with old models is required. The ocean loading service website [47]
describes all available models. FES2004 is still one of the most used ocean models
so far. The second choice relates to whether CoM correction is required in the ocean
model. Although the ocean tides affect the Earth’s CoM, this correction is not needed
in PPP because the IGS products are in the ITRF which is crust-fixed and not
sensitive to the Earth’s CoM [8].

2.2

PPP Models

PPP can be implemented in various modes depending on several factors such as the
number of frequencies, available constellations, handling of the ionospheric delays,
and whether the phase ambiguities are to be fixed or not. Based on the number
of available GNSS frequencies, it is possible to consider single-frequency (SF), dualfrequency (DF), and triple-frequency PPP. The ionospheric delays are commonly
canceled using IF measurement combinations; nevertheless, ionospheric corrections
from local or global networks may also be used to reduce the solution convergence
time.
Regarding the ambiguity resolution, the ambiguities can be estimated as float
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numbers or fixed to their integer values. Fixing the integer ambiguity with PPP
is not a trivial task, and this is why float-PPP is still used in many applications
especially in real-time.
In this section, the GNSS code and carrier phase observations are defined with
some of their useful linear combinations. Then, three PPP models are introduced:
the standard DF-PPP model with float ambiguities, the SF-PPP model, and the
ambiguity-fixed DF-PPP model. The first two models are utilized in the implemented
algorithms of this work. The ambiguity-fixed PPP is discussed only in this chapter
to provide a complete overview of PPP.

2.2.1

GNSS Code and Phase Observations

A common basis for all GNSS models is the definition of the GNSS pseudorange
and carrier phase observations. Although simplified equations are usually used in
the literature for this purpose, more detailed formulas are needed to understand how
the error sources discussed in Section 2.1 affect these observations. Therefore, the
pseudorange P and carrier phase Φ observations from a certain GNSS satellite, both
in meters, can be written as

Pi = ρ0 + c(dtr − dts ) + brPi − bsPi + T + Ii − v + P CVis + AP Cir + Pi
Φi = ρ0 + c(dtr − dts ) + brΦi − bsΦi + T − Ii − v + P CVis + AP Cir + λi Ni +

(2.25)
λi
φw + Φi
2π
(2.26)

where the subscript i denotes the frequency index, c is the speed of light, dtr , dts are
the receiver and satellite clock errors in seconds respectively. The terms brPi , bsPi are
the receiver and satellite code biases while brΦi , bsΦi are the receiver and satellite phase
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biases, T is the tropospheric delay, I is the ionospheric delay, v is the relativistic
effect, P CVis is the satellite PCV error, AP Cir denotes the receiver antenna phase
center errors, and Pi , Φi represent the multipath and receiver noise for the code and
carrier phase respectively, all in units of meters. The integer ambiguity in cycles is
represented by Ni while the phase wind-up effect φw has a unit of radians according to
(2.19). The sign of each term is chosen to match the correction models and formulas
in literature and in Section 2.1.
The symbol ρ0 in (2.25) and(2.26) denotes the geometric distance between receiver
and satellite in meters where the prime superscript refers to the contamination of this
distance by the Sagnac effect, satellite orbit (position) errors, site displacements, and
satellite phase center offset if the satellite position or its corrections were referred to
the satellite CoM rather than APC.
Rather than the individual GNSS observations, various useful code and phase
linear combinations are commonly used in GNSS algorithms. The linear combinations
of GNSS observations at two different frequencies f1 and f2 take the general form [48]

Pcomb = αP1 + βP2

(2.27)

Φcomb = αΦ1 + βΦ2

(2.28)

where the subscript comb denotes linear combination, and α, β are the combination
p
coefficients. The factor α2 + β 2 represents the amount by which the combined observation noise will be increased or reduced assuming equal variance and uncorrelated
noise of the two combined observations. In the following, some of these combinations
are briefly described.
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Ionospheric-Free (IF) Code and Phase: The IF combination has been previously introduced in Section 2.1.1. This combination removes the first-order ionospheric delays at the expense of increasing the noise level.

Geometric-Free (GF) Code and Phase: The GF combination is formed as the
difference between the same observations of two frequencies which means αGF = 1
and βGF = −1. This combination removes the geometric part and the frequencyindependent terms leaving the frequency-dependent parts such as ionospheric delays
and signal biases. The GF combinations are used in cycle slip detection and the
estimation of the ionospheric total electronic content.

Wide-Lane (WL) Phase Observation: Another interesting combination is the
wide-lane phase ΦW L , which is obtained by setting αW L = f1 /(f1 − f2 ) and βW L =
−f2 /(f1 − f2 ) in (2.28). This combination contains a new WL ambiguity NW L =
N1 − N2 that corresponds to a wave length λW L = c/(f1 − f2 ). The WL wavelength
is wider than both L1 and L2 wavelengths, e.g., λW L = 86.2 cm for GPS. The WL
phase is useful in cycle slip detection and integer ambiguity resolution, and it is a
main component in Melbourne-Wübbena function.

Narrow-Lane (NL) Code Observation: The narrow-lane code PN L is obtained
by setting αN L = f1 /(f1 + f2 ) and βN L = f2 /(f1 + f2 ) in (2.27). The corresponding
wavelength is λN L = c/(f1 +f2 ) which equals 10.7 cm for GPS L1 and L2 combination.
The NL code has a reduced noise level compared to the original P1 and P2 code. It
is also used in Melbourne-Wübbena function.
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Melbourne-Wübbena (MW) Function: This function computes the difference
between the WL phase and NL code, which will be denoted as AM W and can be
written as
AM W = ΦW L − PN L

(2.29)

The importance of this function is that it is both IF and GF; it does not depend on the
geometrical model, orbits, clocks, or receiver positions. It is only a function of the WL
ambiguity and hardware biases, and hence is used in PPP ambiguity resolution [48].

2.2.2

Standard PPP Model

The standard PPP model is based on IF combinations of DF GNSS pseudorange and
carrier phase measurements with float ambiguity resolution [43]. The IF observations
of a GNSS satellite can be formed using (2.1), (2.25), and (2.26)

s
r
PIF = ρ0 + c(dtr − dts ) + brPIF − bsPIF + T − v + P CVIF
+ AP CIF
+ PIF

(2.30)

s
r
ΦIF = ρ0 + c(dtr − dts ) + brΦIF − bsΦIF + T − v + P CVIF
+ AP CIF
+ λIF NIF

+

λwIF
φw + ΦIF
2π

(2.31)

The above equations show that the IF combinations preserve the values of the
frequency-independent quantities such as the geometric range and tropospheric delay.
On the other hand, the frequency-dependent terms took new values after applying
(2.1). The IF wavelength λIF of two combined signals with frequencies fA and fB
can be calculated using [49]
λIF =

λA λB
iA λB + iB λA

(2.32)
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where iA and iB are two integers satisfying iA /iB = −fA /fB . For example, for GPS L1
and L2 frequencies, iA = 77 and iB = −60 result in λIF ≈ 6.3 mm. For GLONASS,
iA = 9 and iB = −7 result in λIF ≈ 5.3 cm for channel 0 (the central frequency
of GLONASS FDMA channels). On the other hand, the wavelength of the phase
wind-up term λwIF is directly calculated as

λwIF = αIF λA + βIF λB =

c
fA + fB

(2.33)

The satellite clock corrections obtained from precise or broadcast ephemeris are
referred to IF P1/P2 code observations. The satellite code biases for this combination,
within the same constellation, are absorbed in these corrections. Therefore, in the
standard PPP model, the IF code satellite clock correction dtsPIF can be used for
both code and carrier phase observations as long as integer ambiguity resolution is
not required. The same concept can be applied to the receiver clock term such that
code clock term dtrPIF is used. The difference between phase and code biases is
absorbed in the float ambiguity term AIF . The IF observations for GPS can now be
rewritten as

s
r
PIF = ρ0 + c(dtrPIF − dtsPIF ) + T − v + P CVIF
+ AP CIF
+ PIF
r
s
ΦIF = ρ0 + c(dtrPIF − dtsPIF ) + T − v + P CVIF
+ AP CIF
+ λIF AIF +

(2.34)
λwIF
φw + ΦIF
2π
(2.35)

where
AIF = NIF +

(brΦIF − brPIF ) − (bsΦIF − bsPIF )
λIF

(2.36)

For other constellations, the ISB term has to be added separately to the previous
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equations as it cannot be absorbed into the receiver clock.
Finally, to obtain the PPP solution, the error models in Section 2.1 in addition to
the network precise corrections are used to correct the received measurements before
estimating the unknown values. The correction is performed as follows

s
r
PIFcorr = PIF + c(dtsPIF ) − Mh Zh + v − P CVIF
− AP CIF

= ρ + cdtrPIF + Mw Zw + PIF
s
r
− AP CIF
−
ΦIFcorr = ΦIF + c(dtsPIF ) − Mh Zh + v − P CVIF

= ρ + cdtrPIF + Mw Zw + λIF AIF + ΦIF

(2.37)
λwIF
φw
2π
(2.38)

The unknowns in the standard PPP model are the three position parameters, the
receiver clock error (and ISB terms if multi-constellation), the wet tropospheric delay,
and the float ambiguities (one per each satellite).

2.2.3

Ambiguity-Fixed PPP Model

Although it is easier to deal with float ambiguities, fixing the integer ambiguities
in PPP has been shown to reduce the convergence time and improve the solution
accuracy especially in the longitudinal direction [50]. The traditional PPP model
lumps residual biases with the ambiguity term as shown in (2.36). These biases are
called the uncalibrated phase delays (UPDs), and also fractional cycle biases (FCBs).
Because the ambiguity resolution for GLONASS is not easy due to the inter-frequency
biases, the following discussion is limited to GPS; however, the general concept still
applies to all constellations.
To retrieve the integer nature of the ambiguity, the UPDs must be estimated

2.2. PPP MODELS

37

separately from the ambiguity term; nevertheless, this cannot be done in the traditional PPP model. In order to see this, let us simplify the traditional PPP model by
performing single differencing (SD) between satellites. The SD operator, denoted as
∆, subtracts the observations of a reference satellite from the corresponding observations of the other satellites which, in turn, removes all receiver biases. Assuming
that all necessary corrections are applied except the satellite clock error, the SD PPP
observations can be written as follows

∆PIF = ∆ρ − c∆dtsPIF + ∆Mw Zw + ∆PIF

(2.39)

∆ΦIF = ∆ρ − c∆dtsPIF + ∆Mw Zw + λIF ∆NIF + (∆bsΦIF − ∆bsPIF ) + ∆ΦIF

(2.40)

Even with SD, the system is unsolvable as the number of unknowns is still larger
than the number of observations. Another challenge is that the IF ambiguity for
GPS has a short wavelength of λIF = 6.3 mm which is small and comparable to the
observation noise. To solve this, the IF ambiguity is usually decomposed into two
components as follows [48]

NIF = 17N1 + 60(N1 − N2 ) = 17N1 + 60NW L

(2.41)

where N1 and N2 are the ambiguity of the phase observations at L1 and L2 GPS
frequencies, respectively.
To overcome the rank deficiency problem, the PPP network model must be
modified to be able to estimate more corrections that can be sent to the user and
enable the resolution of the IA. Several models have been introduced in the literature
for this purpose such as the Decoupled Clock (DC) model [51], the Integer Recovery
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Clock (IRC) model [52], and the UPD/FCB model [53]. The three models agree on
adding a third observation to the PPP model which is the MW function. The MW
function with SD can be written as

∆AM W = λW L ∆NW L − ∆bsAM W + ∆AM W

(2.42)

where ∆bsAM W and ∆AM W are the FCB and noise for ∆AM W respectively. The MW
FCB, also referred to as WL FCB, is stable over time and can be considered as a
constant. However, smoothing ∆AM W still requires approximately 10 min, and then
∆bsAM W can be estimated as the fractional part of ∆AM W [53].
The Centre National d’Etudes Spatiales (CNES) is the only IGS analysis center
providing corrections for WL satellite biases (WSB) so far [54]. Their corrections are
based on the IRC model. The IRC model is the same as the DC model but with
different parametrization [55]. They both assume different satellite clock terms for
code and phase observations as follows

∆PIF = ∆ρ − c∆dtsPIF + ∆Mw Zw + ∆PIF

(2.43)

∆ΦIF = ∆ρ − c∆dtsΦIF + ∆Mw Zw + λIF (17∆N1 + 60∆NW L ) + ∆ΦIF

(2.44)

∆AM W = λW L ∆NW L − ∆bsAMW + ∆AM W

(2.45)

The above equations show that, in the IRC model, three correction parameters are
estimated and sent to the users (shown in bold) which are satellite code clock, satellite
phase clock, and WL biases. The satellite phase biases in (2.44) are absorbed in the
phase clock term. At the user side, NW L is fixed after the observation is smoothed.
Then, it is substituted in (2.44) so that the N1 ambiguity can be fixed. Although N1 is
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the L1 phase ambiguity, it is usually labeled as the NL ambiguity, and also the biases
in the phase observation are called the NL FCBs because N1 is multiplied by 17λIF
which is equal to λN L . The NL biases vary relatively faster than the corresponding
WL ones, and hence can be modeled in a piece-wise constant manner [53].
Although the user obtains the corrections directly from the network, a long initialization time is still required to smooth the measurements and have a change in
the satellite geometry such that the IAs can be resolved [56]. Fixing the IA can be
done by a simple rounding, bootstrapping, or advanced integer least-squares techniques such as the Least-squares AMBiguity Decorrelation Adjustment (LAMBDA)
method [57] [58].

2.2.4

Single-Frequency PPP Model

As most of the low-cost GNSS receivers in the mass market are only providing SF
observations, SF-PPP has become an interesting topic for many researchers [59].
The accuracy of SF-PPP is generally less than DF-PPP because it is limited to the
decimeter to sub-meter level in the kinematic mode [60]; nevertheless, this level of
accuracy is sufficient for some applications that have low cost and fast convergence
as priorities.
SF-PPP is based on the code and phase observations of a single GNSS frequency.
These observations can be derived from (2.25) and (2.26) by using only one value for
the frequency index i such as i = 1. The satellite PCV errors can be safely neglected
with SF-PPP. Moreover, the satellite clock error is replaced by the IF code clock
which is available from both broadcast and precise ephemerides. The receiver biases
are absorbed into the receiver clock except for the ISB component for constellations
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rather than GPS. The satellite phase biases are absorbed by the float ambiguity term.
Finally, the satellite code bias term can be replaced by the differential bias of P1/P2
IF combination relative to P1, denoted as BPs IF −P1 , because the other components are
absorbed in the satellite clock correction. Based on these assumptions, the SF-PPP
observations can be written as

P1 = ρ0 + c(dtr − dtsPIF ) + ISB − BPs IF −P1 + T + I1 − v + AP C1r + P1
Φ1 = ρ0 + c(dtr − dtsPIF ) + ISB + T − I1 − v + AP C1r + λ1 N1 +

(2.46)

λ1
φw + Φ1 (2.47)
2π

The major differences between SF-PPP and the standard DF-PPP model are
the DCB and ionospheric delay terms. In SF-PPP, care must be taken to use the
proper DCB between the utilized code observation and the IF P1/P2 combination
(see Section 2.1.4).
For the ionospheric delays, two approaches can be used to mitigate those effects.
The first approach is called Group and Phase Ionospheric Correction (GRAPHIC)
[61] which averages the pseudorange and phase measurements of each satellite to obtain a first-order IF observation. However, the resulting observation contains half of
the pseudorange noise in addition to the phase integer ambiguities which results in
a relatively large initial convergence time to reach the required accuracy (15 min or
longer) [8]. Another approach is to use the predicted ionospheric corrections from
organizations such as IGS and Jet Propulsion Laboratory (JPL). Utilizing these corrections has been shown to improve the solution accuracy faster than the GRAPHIC
approach [62] [63], e.g., reaching several decimeters accuracy within a few seconds as
demonstrated in [63].
Although the tropospheric delays in SF-PPP can be decomposed into wet and
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dry components as with DF-PPP, it can alternatively be mitigated using an a priori
model for the total tropospheric delay due to the lower accuracy of SF-PPP compared
to DF-PPP. After applying the precise ephemeris data and corrections models, and
assuming that the tropospheric delay is modeled a priori, and ionospheric corrections
are obtained from the network, the SF-PPP model reduces to

P1corr = ρ + c(dtr ) + ISB + P1

(2.48)

Φ1corr = ρ + c(dtr ) + ISB + λ1 N1 + Φ1 .

(2.49)

The unknowns of the SF-PPP model are the three position parameters, the receiver
clock bias, ISBs (one for each constellation rather than GPS), and the float ambiguities (one per each satellite).

2.3

PPP Challenges

A significant challenge for PPP is the long convergence time (larger than 20 min)
which is due to the time needed to resolve the carrier phase ambiguities. This time
depends on several factors such as the number of visible satellites, satellite geometry, quality of the correction products, receiver multipath environment, and atmospheric conditions. Research is still ongoing to reduce the PPP convergence time to
meet the requirements of real-time applications. Recent studies have shown that the
convergence time might be shortened by using triple-frequency observations, multiconstellation observations, and using ionospheric corrections rather than IF combinations. Furthermore, fixing the integer ambiguities can reduce the convergence time
to a certain limit compared to the float solution; however, it requires additional
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corrections and more complex algorithms as mentioned earlier.
Another critical challenge for PPP is the degradation or possible nonexistence of
a solution in challenging environments such as under bridges, tunnels, tall buildings.
Although this problem is shared with all GNSS positioning modes, it is worse with
PPP because it will need re-convergence time after passing the challenging environment to regain the PPP accuracy level. This problem is the primary concern for
using PPP in land vehicle navigation. Accordingly, this work aims at improving the
PPP performance with land vehicles through the integration of PPP with inertial
technologies as will be demonstrated in the following chapters.

Chapter 3
Inertial Navigation Systems
An inertial navigation system (INS) is a navigation system that contains a navigation
processor and an inertial measurement unit (IMU). The IMU consists typically of
accelerometers to measure specific forces (acceleration), and gyroscopes to measure
angular rotation rates. The INS is an example of dead reckoning navigation systems.
It is autonomous which means it does not need an external reference and only needs
the knowledge of the initial position, speed, and heading information. Moreover, it
gives a high output rate of at least 50 Hz compared to the low GPS data rate which
is typically around 10 Hz [64].
Despite the significant advantage of being a stand-alone system, the INS has a
short-term accuracy. In the long term, the INS solution drifts dramatically away from
the correct navigation parameters. This is due to the mathematical integration of the
IMU measurements to obtain the velocity and position, which means that any small
bias in any of the sensors will grow larger with time [41].
This chapter starts with a section describing the conventional INS with full IMU
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system. The second section introduces the reduced INS that will be utilized in Chapter 5. The last section discusses GNSS/INS integration in terms of its benefits, modes,
and filters.

3.1

Full IMU Inertial System

The standard INS consists of a full IMU system, i.e., it has three orthogonal accelerometers and three orthogonal gyroscopes (gyros) to be able to measure the accelerations and rotations in all directions in three-dimensional (3D) space. Because
the full IMU system has six degrees of freedom, it can represent motions of different
dynamics including land and air applications.

3.1.1

INS 3D Mechanization

INS mechanization is the process of using the IMU measurements to calculate the position, velocity, and attitude information. The mechanization process starts with a set
of initial states and then adds the change in these states at each measurement epoch.
Fig. 3.1 shows the general block diagram of the INS mechanization process. The IMU
measurements are typically measured in the body (vehicle) frame with respect to the
inertial frame; however, the mechanization may be performed in another frame such
as the local-level frame (LLF). The LLF, sometimes called the navigation frame, is a
practical choice especially for vehicular navigation as it provides the position in terms
of latitude, longitude, and altitude. The LLF shares the same origin with the vehicle
frame, and its axes point to either east, north, and up (ENU) directions or north,
east, and down (NED) directions. In this work, the ENU directions of the LLF are
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Figure 3.1: A block diagram of the INS mechanization process [41].
adopted. More details about the different navigation reference frames can be found
in [41].
In the LLF, the position vector rl and the velocity vector vl can be written as
h
iT
rl = ϕ λ h
h
iT
l
v = ve vn vu

(3.1)
(3.2)

where ϕ is the latitude, λ is the longitude, h is the height, and ve , vn , vu represent the
velocities in east, north and up directions respectively.
The INS mechanization equations in the continuous-time form are differential
equations of the rate of change of the navigation states [41] [65]


 

ṙl
D−1 vl
 l  l b

 v̇  = Rb f − (2Ωlie + Ωlel )vl + gl 
Ṙbl
Rbl (Ωbib − Ωbil )

(3.3)

where Rbl is the rotation matrix from the body frame to LLF, f b is the vector of
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specific force measurements from accelerometers in the body frame, and gl is the
gravity vector in the LLF. The notation Ωpmn , where the subscripts m, n and the
superscript p are arbitrary navigation frames, denotes the skew-symmetric matrix
form of the angular velocities vector that represent the rotation from n-frame to mframe measured in p-frame coordinates. The letters i, e, l refer to the inertial frame,
ECEF frame, and LLF respectively. D−1 is a transformation of the velocity vector vl
to geodetic coordinates that uses the meridian radius RM and normal radius RN of
the Earth’s ellipsoid and is defined as


0


1
D−1 =  (RN +h)
cos ϕ
0

1
RM +h

0
0


0

0
1

(3.4)

The mechanization equations in (3.3) can be intuitively formulated from the block
diagram in Fig. 3.1. The position is obtained directly by integrating the velocity
which, in turn, is obtained from integrating the acceleration. The acceleration f b
is measured in the body frame with respect to the inertial frame, and hence must
be transformed first to the LLF using Rbl . In addition, the gravity and Coriolis
effects must be removed to obtain the motion acceleration. Therefore, the vehicle
acceleration v̇l has correction terms for the gravity vector gl and Coriolis effects
(2Ωlie +Ωlel )vl . These Coriolis effects combine the effect of Earth rotation with respect
to the inertial frame and the movement of LLF over Earth’s curvature [41].
The equation Ṙbl = Rbl Rbl (Ωbib − Ωbil ) is used to obtain the vehicle attitude which
is represented by the three Euler angles: pitch (p), roll (r), and azimuth (Az) which
are defined in [65]. The solution to this equation cannot be obtained in closed form
and requires numerical integration methods such as the quaternion approach. The
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matrix Rbl is given by



cos Az cos r + sin Az sin p sin r sin Az cos p
cos Az sin r − sin Az sin p cos r


Rbl = − sin Az cos r + cos Az sin p sin r cos Az cos p − sin Az sin r − cos Az sin p cos r
− cos p sin r
sin p
cos p cos r
(3.5)

3.2

Reduced Inertial Sensor System

In the land vehicle navigation industry, there is a continuous demand for lower cost,
lighter, and smaller navigation sensors. One way to achieve this goal is to rely on
Micro-Electro-Mechanical Systems (MEMS) sensors rather than the high-end ones,
but with the disadvantage of compromising the quality of the sensors. Another approach to consider is to reduce the number of utilized inertial sensors.
The motion of land vehicles has three characteristics as defined in [66]. First, the
vehicle velocity is mainly in the forward direction while the transverse and vertical
velocity components are nearly zero. Secondly, the pitch and roll angles relative
to Earth’s surface are small values (mostly less than 5 degrees [67]). The third
characteristic is that the vehicle is always moving on the Earth’s surface. These
constraints were used in [66] to prove that three gyros and one forward accelerometer
may be sufficient for land applications. However, the cost of this configuration is
still relatively high because the gyros are more expensive than the accelerometers,
especially for high-quality sensors.
The above characteristics also show that the dominant vehicle rotation is around
the vertical axis which allows the removal of the two horizontal gyros. On the other
hand, the output of the vertical accelerometer mainly consists of gravity and road
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vibrations. Therefore, the minimum configuration of IMU sensors for a reduced INS
is one vertical gyro and two horizontal accelerometers [67]; nevertheless, a wheel
speed odometer may be used to replace the accelerometers in 2D models [68]. This
configuration has been studied by many researchers in the past years [67–70]. Some
of these studies have presented a simplified 2D solution ignoring the vehicle off-plane
motion (i.e., they assume zero pitch and roll angles) [68] whereas others have tried to
model the pitch and roll angles as a stochastic process [67] [70].
In this work, the Reduced Inertial Sensor System (RISS) was chosen to be integrated with DF-PPP (see Chapter 5). RISS was initially introduced as a 2D model
in [71] using one vertical gyro and a speed odometer. Employment of two horizontal
accelerometers was suggested to calculate the pitch and roll angles but not used in
estimating the position. Later, the RISS model was updated to incorporate the calculated pitch and roll angles in estimating the off-plane vehicle motion, and it was
called 3D RISS [72]. For simplicity, in the rest of this thesis, the term RISS implicitly
refers to the 3D RISS model.

3.2.1

RISS Mechanization

Fig. 3.2 shows the block diagram of the RISS system and its mechanization process.
Similar to the full IMU, the RISS mechanization is performed in the LLF. The following analysis assumes that the IMU is well-aligned with the vehicle so that the
y-direction of the IMU body frame is the motion direction, the x-direction is the
transverse (right) direction, and the z-axis is normal to both, pointing in the up vertical direction. Because of its simplicity, the RISS mechanization equations can be
directly represented in the discrete-time form.
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Figure 3.2: Block diagram of RISS mechanization (after [41]).
The first mechanization step is the attitude calculation, i.e., the azimuth, pitch,
and roll angles. The pitch and roll are calculated at epoch k from the gravity components in the accelerometer measurements at the same epoch. These components are
obtained through subtracting the effect of the vehicle motion acceleration [72]
f − a 
yk
odk
g
f + v ω 
odk zk
xk
rk = − sin−1
g cos pk

pk = sin−1

(3.6)
(3.7)

where vod , and aod are the odometer velocity and acceleration respectively, fx and fy
are the specific forces measured by the horizontal accelerometers, wz is the rotation
rate around the z-axis and g is the Earth’s gravity that can be considered as a constant
or better calculated using gravity models.
The azimuth angle is calculated through the numerical integration of its rotation
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rate as follows

ve tan ϕk−1 
Azk = Azk−1 + −ωzk + ωe sin ϕk−1 + k−1
∆t
RN + hk−1

(3.8)

where ωe is the Earth’s angular rotation rate, and ∆t is the time interval between
epochs.
The underlying assumption in RISS is that the measured odometer speed represents the forward motion in the y-direction and no other velocity components exist,
h
iT
i.e., vb = 0 vod 0 . For calculating the velocities in the LLF, the odometer velocity is transformed from the body frame to the navigation frame using the equations

vek = vodk sin Azk cos pk

(3.9)

vnk = vodk cos Azk cos pk

(3.10)

vuk = vodk sin pk

(3.11)

Finally, the position states, latitude and longitude in radians, and altitude in
meters can be obtained by the numerical integration of their corresponding velocities
using the trapezoidal rule

hk = hk−1 + 0.5(vuk + vuk−1 )∆t
0.5(vnk + vnk−1 )
∆t
RM + hk
0.5(vek + vek−1 )
λk = λk−1 +
)∆t
(RN + hk ) cos ϕk

ϕk = ϕk−1 +

(3.12)
(3.13)
(3.14)
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RISS Advantages and Limitations

The use of RISS has several advantages over full IMU and other reduced INS systems
as summarized in the list below.
• The elimination of two gyroscopes reduces the overall cost compared to the full
IMU.
• The reduction of INS sensors reduces the computational complexity and power
consumption of the system.
• Using the odometer removes one mathematical integration step required when
only accelerometers are used, which eliminates the error growth in the velocity.
• Using the odometer with the horizontal accelerometers allows the calculation of
the pitch and roll angles using (3.6) and (3.7).
• Using the odometer speed as a control input rather than an update eliminates
the need to apply algorithms such as Zero-velocity Update (ZUPT) and Nonholonomic Constraints (NHC).
• The calculated pitch and roll angles are used in RISS to estimate the off-plane
vehicle motion.
• Calculating pitch and roll angles from the accelerometers rather than the gyros
includes no mathematical integration, which means no drift or error growth [72].
On the other hand, one limitation of RISS is that the calculated pitch and roll
are noisy because they are directly calculated from the sensor measurements. Furthermore, as with all other reduced INS, the solution degrades if the land vehicle
constraints are not fulfilled (e.g., large pitch or roll angles, and vertical motion).
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GNSS/INS Integration

Although GNSS positioning is generally more accurate than INS in the long term,
GNSS signals are prone to interference, jamming, and multipath effects. Moreover,
GNSS fails in areas without sufficient coverage from satellites, and hence cannot be
relied upon to give a continuous solution. In PPP, this problem is more challenging
because of the re-convergence time needed whenever a cycle slip occurs. Furthermore,
the standard GNSS receiver with a single antenna does not give attitude information
[64].
On the other hand, INS is self-contained, not affected by interference or jamming,
and provides a high output rate. However, because the INS depends on integrating the sensor measurements, its accuracy is limited to the short term due to error
accumulation. Moreover, high-grade INS is expensive and bulky.
The characteristics of GNSS and INS seem to be complementary, and this has led
to the trend of integrating both to have a more reliable, continuous, and accurate
solution. GNSS measurements prevent the inertial solution from drifting, while the
INS smooths the GNSS solution and provides continuity in case of GNSS signal
outages. Table 3.1 compares the characteristics of both GNSS and INS to demonstrate
their complementary nature.

3.3.1

Modes of Integration

There are several ways in the literature to classify the GNSS/INS integration approaches; however, they can be generally categorized into three basic modes: looselycoupled (LC), tightly-coupled (TC), and ultra-tight (UT) integration modes.
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Table 3.1: Comparison between GNSS and INS characteristics
GNSS

Advantages

• Errors are bounded
• Long term accuracy
• Relatively low cost

• Low data rate
• Susceptible to jamming and
interference
Disadvantages • Fails if no sufficient
coverage
• No attitude information for
standard receivers

INS
• High data rate
• Self-contained and
independent of jamming
• Gives attitude information
• Short term accuracy

• Errors grow with time
• Higher cost for higher
quality

LC Integration: In the LC integration, the INS and GNSS operate independently
and provide completely separate navigation solutions, and then both solutions are
combined through an integration filter. The LC approach is simple, and the separate
solutions prevent a fault in one of them from affecting the other. However, it needs the
final GNSS output and hence at least four visible GNSS satellites. Because the GNSS
solution is usually obtained through a navigation filter, the LC integration suffers
from the correlated measurements of the cascaded GNSS and integration filters [64].

TC Integration: In the TC approach, the integration is performed on the measurement level (code and phase), which can significantly improve the performance
through using one filter, especially when less than four satellites are visible, or the
satellite geometry is degraded [73]. The drawback of this mode is that there is no
inherent GNSS stand-alone solution, but it may be maintained in parallel if required.
Also, the GNSS tracking loops do not benefit from the INS information, and this has

3.3. GNSS/INS INTEGRATION

54

been the motivation for the third type, the UT integration.

UT Integration: The term ultra-tight, or sometimes called deep integration, reflects
how the output of the integration filter is not just used to correct the INS output as
in the previous types; but it is fed back as aiding information for the GNSS receiver
tracking loops to help in the signal acquisition and tracking. Because the tracking
loops operate on the errors of the aiding information and receiver clock instead of
the absolute values, most of the received signal dynamics are removed, which in turn
helps to reduce the tracking loop bandwidth [73]. With a narrower bandwidth, the
noise and jamming rejection of the receiver increases, allowing the acquisition and
tracking of weaker signals.
The disadvantage of UT integration is the complexity because it requires access to
GNSS receiver tracking loops, which is still not possible for the majority of commercial
GNSS receivers, and hence most of the research is based on the receiver simulators [74].

3.3.2

Integration Filters

For the fusion of GNSS measurements with the INS solution, an optimum integration
filter is required to obtain the most benefit from both systems. Two main types of
filters can be used in the integration process: the Kalman filter, and sampling-based
filters.

3.3.2.1

Kalman f ilter

The Kalman filter (KF) [75], is a recursive algorithm to estimate the states of a
system with the aid of some measurements from the system observables. KF uses
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the system model for prediction combined with the measurements as real-time updates to generate the optimum solution. This combination depends on the covariance
matrices of the prediction and measurement models that represent the uncertainty
about each one of them. The KF results are the estimated system states accompanied by statistical information about these estimates. The benefit of KF, compared
to other techniques such as least squares (LS), is the use of all available information about the deterministic and statistical properties of the system parameters and
measurements [64].
In GNSS/INS integration, the INS is used for prediction, while the GNSS is used
for measurement updates. The problem with the standard KF is that it is optimal for
linear systems and assumes a white Gaussian noise (WGN) probability density function (PDF) of the system states, which is not the case with GNSS and INS systems.
Another version of KF, called the extended Kalman f ilter (EKF), is used to overcome
the non-linearity limitation. The EKF works on the errors of the system states rather
than the absolute values. These errors are assumed to be much smaller than the states
itself, enabling linear system and measurement models to be applied. Moreover, a
closed-loop correction model can help to maintain the linearity approximation.
The limitations of EKF are the assumption of a WGN PDF and the manner in
which EKF ignores the higher order error terms in the linearization process, which
can affect the reliability of the solution [74]. Despite these limitations, the EKF is
still considered the primary technique for GNSS/INS integration.

3.3. GNSS/INS INTEGRATION

3.3.2.2

56

Particle f ilter

To overcome the limitations of KF and EKF, sampling-based methods have been proposed. An example of these methods is the particle f ilter (PF). The PF is a recursive
implementation of the Monte Carlo method for signal estimation. It approximates
the optimal solution to the real system rather than applying an optimum filter to
an approximate system model which is the case with KF. PFs use randomly-chosen,
weighted samples of Bayesian posterior PDF called particles. The convergence to the
actual PDF requires a sufficiently large number of particles.
Unlike EKF, no linearization is required, and there is no limitation on the type of
noise for a PF. However, the major drawback of the PF is that it requires a significant
computational effort due to the process of random sample generation and the use of
a large number of particles [76]. Although this computational burden introduces
difficulties in real-time solutions, many attempts and modifications are still made to
reduce this burden and obtain the benefit from the PF advantages [74] [77] [78].

Chapter 4
Single-frequency PPP/INS Integration for
Real-time Low-cost Land Vehicle
Navigation
For some applications that require real-time positioning, low cost and fast solution
convergence are priorities while decimeter or sub-meter accuracy level is sufficient.
Examples of these applications are portable devices, low-precision farming, buoys,
and some automotive applications. SF-PPP has faster convergence than DF-PPP
and also comes with a lower cost because it is based on SF measurements, which
can be obtained from low-cost GNSS receivers. These features of SF-PPP have made
it a suitable candidate for dynamic positioning applications with rapidly changing
environment [63].
Because SF-PPP alone cannot provide a continuous navigation solution for land
vehicles, it must be integrated with other sensors such as INS. However, to retain the
low-cost advantage, low-cost inertial sensors must also be used. The problem with
low-cost sensors, which are typically MEMS sensors, is the error excessive growth
57
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with time. An uncompensated bias in one of the accelerometers leads to an error in
the position over a time interval ∆t that is proportional to (∆t)2 , while for gyroscopes
it is proportional to (∆t)3 [41].
The work in this chapter aims to develop an integrated real-time PPP/INS system
utilizing low-cost GNSS receiver and IMU that can provide a continuous and reliable
positioning solution for land vehicle navigation. The initial results of the developed
PPP/INS system were presented at the ION GNSS+ 2018 conference, Miami, Florida,
USA [79]. This chapter starts by describing the related work in the next section. The
implemented SF-PPP model is presented in Section 4.2. A comparison of the available
precise real-time corrections for SF-PPP is provided in Section 4.3. Finally, Section
4.4 discusses the developed PPP/INS system components and its testing results.

4.1

Related Work

Over the last decade, many research papers have investigated PPP/INS integration
models, benefits, and performance. That research, however, utilized DF-PPP which
requires high-cost GNSS receivers.
In [80], DF-PPP using four-GNSS was integrated with INS and an odometer. The
odometer was used as a measurement update to reduce the IMU drifts. The results
showed that the integration with INS did enhance the positioning performance. The
accuracy was further improved using the odometer update which also contributed
to shortening the solution re-convergence time. The rms position errors of the final
system were at the decimeter level of accuracy for a GPS/GLONASS combination.
Nevertheless, the testing environment was relatively open-sky, and hence simulated
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GNSS outages were required to test the integration performance. Moreover, Sensonor’s STIM300 [81] was utilized and classified as a low-cost IMU, but it is more
appropriately considered as a high-performance MEMS unit due to its cost of approximately US$ 80001,2 .
Reference [82] presents a tightly-integrated DF-PPP/INS system where SD between satellites was applied. The results showed decimeter-level accuracy during
simulated GNSS outages with 10 s and 30 s durations. The authors mentioned that
they used IMU-CPT from NovAtel as a low-cost MEMS IMU; nevertheless, the IMUCPT [83] has fiber optic gyros (FOGs) and MEMS accelerometers and is classified as
a tactical-grade IMU.
One study for the integration of SF-PPP with a low-cost INS was discussed in [84].
The authors presented a SF-PPP model augmented with slant ionospheric delay and
receiver DCB constraints. Virtual observation functions for both the slant ionospheric
delay and receiver DCBs were added to the measurement model. The GNSS data
was collected using Trimble NetR9 multi-GNSS receiver (high-cost receiver), and
the IMU data using a MEMS IMU (POS1100, manufactured by Wuhan MP Space
Time Technology Company) with 10◦ /hr gyro instability. The rms position errors
of the integrated solution were in the decimeter-level. The test was performed in an
open-sky environment; therefore, seven simulated GNSS outages were used to test
the integration performance. With seven 30 s GNSS outages and using three-GNSS
(GPS, BeiDou, and GLONASS), the rms position errors were below half a meter.
In the research work mentioned above, the satellite position and clock corrections
1

https://damien.douxchamps.net/research/imu [Accessed: May 1, 2019]
https://www.codico.com/shop/en/stim300-400xyz-10g-gyro-modul.html [Accessed: May
1, 2019]
2
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were obtained from the final IGS products, which are available for post-mission analysis not real-time. The performance when utilizing very low-cost consumer-grade
MEMS sensors (in the range of USD 5) with a low-cost GNSS receiver for real-time
SF-PPP/INS integration has not been investigated in the literature so far. Furthermore, testing in real challenging environments has not been well explored.

4.2

Real-time Single-Frequency PPP

In this section, the general SF-PPP model, described in section 2.2.4, is customized to
illustrate the implemented SF-PPP. To increase the satellite visibility in challenging
environments, both GPS and GLONASS measurements are adopted. The L1-band
frequencies were chosen for both constellations due to their availability in most of the
low-cost receivers in the market, especially the C1 code for GPS.
Assuming that the correction models have been applied to correct the Sagnac
effect, relativistic effects, phase wind-up, receiver antenna phase centers, and solid
Earth tides, the SF observations for GPS and GLONASS can be written as

s,G
G
G
C1G = ρ0G + c(dtr − dts,G
PIF ) − BPIF −C1 + T + I1 + C1

(4.1)

0G
G
G
G
+ c(dtr − dts,G
ΦG
1 = ρ
PIF ) + T − I1 + λ1 N1 + Φ1

(4.2)

s,R
R
R
P1R = ρ0R + c(dtr − dts,R
PIF ) + ISBG−R − BPIF −P1 + T + I1 + P1

(4.3)

s,R
0R
r
R
R
R
ΦR
1 = ρ + c(dt − dtPIF ) + ISBG−R + T − I1 + λ1 N1 + Φ1

(4.4)

where the superscripts G and R refer to GPS and GLONASS respectively.
The satellite orbit and clock errors, the ionospheric delays, and the code biases are
corrected using precise real-time products obtained from the CNES analysis center.
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These products are received in real-time from the Internet through NTRIP protocol.
The chosen CLK91 stream from CNES transmits orbit, clock, and code biases corrections for GPS and GLONASS every 5 s, and transmit ionospheric corrections every
60 s. CNES is the only IGS analysis center transmitting ionospheric correction so far.
One of the features in the implemented SF-PPP is the use of Satellite-Based Augmentation Systems (SBAS) corrections in case of an outage of the CLK91 corrections.
More details about the real-time corrections are provided in the next section.
The total tropospheric delay is modeled a priori using Saastamoinen’s model [16].
Since both CLK91 and SBAS corrections are referred to the satellite APC, no corrections for satellite APC are required. After applying all the necessary corrections,
the corrected SF-observations are given by

C1Gcorr = ρ + B r + G
C1

(4.5)

r
G
G
ΦG
1corr = ρ + B + λ1 N1 + Φ1

(4.6)

P1Rcorr = ρ + B r + ISBG−R + R
P1

(4.7)

r
R
R
ΦR
1corr = ρ + B + ISBG−R + λ1 N1 + Φ1

(4.8)

where B r = c(dtr ) is the receiver clock bias in meters. The unknowns in the previous
equations are the three position parameters, the receiver clock bias, the ISB between
GLONASS and GPS, and the float ambiguities (one per each satellite). These unknowns are estimated through an EKF.
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Real-time PPP Corrections

The demand has increased recently for real-time PPP in many applications which
created the need for precise real-time corrections. IGS officially launched its realtime service (IGS RTS) on April 1, 2013 [11]. Currently, several open-access IGS RTS
products are available from different agencies [85] in addition to other commercial
products such as TerraStar3 and Trimble RTX [86]. All these real-time products
provide satellite orbit and clock corrections and can also provide information about
the code and phase biases and the ionospheric delays. In this section, our discussion is
focused on the open-access IGS RTS products. The two main free sources of real-time
corrections that can be used with SF-PPP are IGS RTS and SBAS. Both corrections
are compared in terms of providers, the type of corrections provided, how to apply
them, benefits and limitations, and positioning results with SF-PPP.

4.3.1

IGS RTS Corrections

RTS products are generated by IGS analysis centers based on data from a network of
stations all over the globe. The real-time corrections are sent to the users as real-time
streams over the Internet through protocols such as NTRIP [87].
IGS officially has some combined correction products such as IGS01, IGS02, and
IGS03. Nevertheless, some of IGS analysis centers have their own individual RTS
products that follow the same protocols and formats of IGS products. For example,
CNES broadcasts streams such as CLK90, CLK91, and CLK93. All RTS products
provide corrections for the orbit and clock errors of GPS satellites. The differences
between products can be, for example, in the update rate, orbit reference point, or
3

http://www.terrastar.net/about-terrastar.html
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extra information provided such as other constellations, code and phase biases, and
ionospheric corrections.
RTS messages are represented by RTCM state space representation (SSR) format.
To reduce the transmission bandwidth, the transmitted SSR parameters are relative
corrections to the values calculated by the user from the broadcast ephemeris [11].
The satellite position corrections transmitted in SSR messages are represented in the
satellite orbital frame (radial δOr , along-track δOa , and cross-track δOc components).
Each component has also a correction (δ Ȯ) for the satellite velocity. The satellite
position correction vector can be calculated as follows


 

δOr
δ Ȯr

 

δO = δOa  + δ Ȯa  ∆t
δOc
δ Ȯc

(4.9)

where ∆t is the difference between the current epoch time and the reference time of
the correction message.
Then, these corrections must be rotated from the satellite orbital frame to the
ECEF frame using the rotation matrix Rse . This matrix is formed using the unity
vectors of the satellite orbital frame (radial ur , along-track ua , and cross-track uc )

ua =

rs × rs˙b
rs˙b
, uc = b
, ur = ua × uc
|rs˙b |
|rsb × rs˙b |

(4.10)

h
i
Rse = ur ua uc

(4.11)

δrs = Rse δO

(4.12)

where rsb and rs˙b are the satellite position and velocity vectors calculated from the
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broadcast ephemeris and δrs denotes the satellite position correction vector in the
ECEF frame.
The precise satellite position vector in the ECEF frame rs can now be calculated
as
rs = rsb − δrs

(4.13)

Finally, the precise satellite clock error of the IF P1/P2 combination dtsPIF , in
seconds, is determined using the value from the broadcast ephemeris dtsb and the
correction coefficients C0 , C1 , C2 obtained from the SSR message using
dtsPIF = dtsb +

C0 + C1 ∆t + C2 (∆t)2
c

(4.14)

In RTCM SSR stage 2 standardization plan, standard messages for the ionospheric
vertical total electron content (VTEC) are to be added to support real-time SFPPP [88]. Currently, CNES starts to transmit RTCM SSR messages that contain
VTEC information in the form of spherical harmonic expansions in both CLK91 and
CLK93 products every 1 min. These corrections are used to calculate the slant delays
at the user side based on the elevation angle of GNSS satellites [89].
An advantage of IGS RTS corrections is the worldwide availability as long as there
is a connection to the NTRIP caster. Also, some IGS RTS products have corrections
for multi-GNSS. However, so far, there is no integrity information transmitted with
the corrections which imposes some limitations on the applications that can use the
IGS RTS.
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SBAS Corrections

An SBAS system consists of a network of local reference stations, central master stations, and geostationary Earth orbit (GEO) satellites [90]. The reference stations send
their measurements to the master stations which process all the data and calculate
the corrections and their corresponding confidence bounds. This information is sent
to the GEO satellites which retransmit them to the GPS users within their footprints.
Several countries have implemented their own SBAS system. For example, the
Wide Area Augmentation System (WAAS) developed by the US, the European Geostationary Navigation Overlay Service (EGNOS), the Japanese Multi-functional Satellite Augmentation System (MSAS), the Indian GPS and GEO Augmented Navigation (GAGAN), and the Russian System for Differential Correction and Monitoring
(SDCM).
SBAS corrections include ephemeris corrections, for the satellite orbit and clock,
in addition to information about the vertical ionospheric delays in the local area
covered by the system. The ephemeris corrections have two components: fast and
long-term corrections. The fast corrections are for the satellite clock error and are
sent every 6 s for up to 13 satellites [90]. These corrections should be directly added
to the measured pseudoranges.
The long-term corrections, approximately every 2 min, include corrections for the
satellite position and velocity and the slow variations of the satellite clock error. These
corrections are used to correct the values calculated from the broadcast ephemeris in
a similar way to RTS SSR messages. However, the orbit corrections are directly given
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in the ECEF frame and are added with a positive sign as follows [91]
   
δx
δ ẋ
   
+ δy  + δ ẏ  ∆t
δz
δ ż

(4.15)

dtsPIF = dtsb + δaf 0 + δaf 1 ∆t

(4.16)

rs = rsb

where [δx δy δz]T and [δ ẋ δ ẏ δ ż]T are the satellite position and velocity correction
vectors respectively. δaf 0 and δaf 1 denote the clock offset and drift errors obtained
from the SBAS message. The satellite clock reference for SBAS is C1/P 20 combination where P 20 = C1 + (P 2 − P 1) [51]. When utilizing C1 measurements, it can
be shown that the DCB term will only include the PIF − P1 bias. Since SBAS does
not transmit corrections for the DCB, it can be obtained either from the TGD value
in the broadcast ephemeris or more accurately from the values provided by CODE
analysis center.
The SBAS ionospheric corrections are vertical delays estimated at specified ionospheric grid points (IGPs). Each ionospheric correction message has corrections for
up to 15 grid points. More details about this grid model and how the slant ionospheric
delays are calculated for a specific user location can be found in [91].
One benefit of using SBAS corrections is that no Internet connection is needed.
More importantly, SBAS systems transmit integrity information about the confidence
of the corrections and that is the reason it has applications in some safety-critical
applications such as aviation. Furthermore, some SBAS systems, such as WAAS,
provide ranging information to its GEO satellites which increases the number of
visible satellites. On the other hand, SBAS currently provides corrections only for
GPS satellites at L1 frequency. Besides, SBAS corrections will not be received unless
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the corresponding GEO satellites are visible to the receiver. It is also important to
keep in mind that the utilization of corrections from a certain SBAS limits the PPP
accuracy to its region only.

4.3.3

Comparison of IGS RTS and SBAS Corrections for
Real-time SF-PPP

Table 4.1 summarizes the main differences between the IGS RTS and SBAS corrections which were described in the previous section. Nevertheless, it is important to
compare the effect of using each of these two corrections on the positioning performance of SF-PPP. Such a comparison has not been performed before in the literature,
and hence both corrections are compared in this section based on their positioning
results. Since SBAS does not provide corrections for GNSS constellations rather than
GPS, only GPS observations were used in this comparison.
All the tests are carried out in North America such that WAAS is used to evaluate
the performance of SBAS corrections. For IGS RTS, as mentioned earlier, corrections
from CLK91 stream from CNES are applied. Although both SBAS and IGS RTS
corrections have different geodetic reference frames, this difference should not exceed
few centimeters and can be neglected in the case of SF-PPP [92]. Both WAAS and
CLK91 use the antenna phase center as their orbit reference point. Moreover, the
code biases have been accounted for according to [92].
The comparison was carried out on data from both static and kinematic tests.
The static test utilized static observations from multiple IGS stations. The benefit
of using IGS stations data is that these stations have relatively high-quality receivers
and antennas. Besides, these stations are set up in an open-sky environment which
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Table 4.1: Summary of the differences between IGS RTS and SBAS corrections
IGS RTS Corrections

SBAS Corrections

Providers

IGS and its real-time analysis
centers

Several SBAS systems: WAAS,
EGNOS, MSAS, GAGAN, etc.

Types of
corrections

• Satellite orbit and clock
corrections
• Code and phase biases
• Ionospheric corrections

• Satellite orbit and clock
corrections
• Ionospheric corrections

• Global coverage
• Availability trough the
Internet
• Multi-GNSS

• Provides integrity
information
• Provides ranging information
(e.g. WAAS)
• Can be received by most
GNSS receivers / No need for
internet

Advantages

Limitations

• No integrity information
• Internet connection problems

• Wide-area coverage not
global
• Currently, only GPS
corrections for L1 are
provided
• Requires the visibility of at
least one GEO satellite

contributes to making the positioning results truly represent the quality of the corrections. The kinematic test is used to provide an example of the performance in a
real-time dynamic SF-PPP scenario including the use of a low-cost GNSS receiver,
obtaining the corrections in real-time, and changing test environment. In both tests,
the availability of the corrections is confirmed to be 100% which means it does not
affect the comparison.
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Figure 4.1: Locations of the ten IGS stations in North America used for comparison.
4.3.3.1

Static positioning comparison

Ten IGS stations in North America were chosen for this part of the analysis. The
locations of these stations are shown in Fig. 4.1. The stations can be grouped into
three categories: high-latitude, mid-latitude, and low-latitude. There are three highlatitude stations which are located above 60 deg: FAIR in Alaska, USA, YELL,
and KELY stations in Canada. One low-latitude station, KOKB in Hawaii, USA, is
selected with latitude less than 30 deg. The other six stations are all mid-latitude
located in Canada and the US. The aim of this categorization is to investigate if the
ionospheric errors will affect the accuracy based on the GNSS receiver location.
The GNSS observations are 24 h of 1 Hz static data collected on March 3, 2018.
Nevertheless, the solution estimation process is performed in a kinematic mode. Although the processing was done in post-mission, it only used data which were available
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at the time of the observation to mimic the real-time performance. A total of approximately 850, 000 solution epochs were used to generate the comparison statistics.
CLK91 corrections were collected using the BKG NTRIP Client (BNC) software [93]
while the WAAS corrections were obtained through the CNES Navigation and Time
Monitoring Facility (NTMF)4 .
Because there are no transmitted corrections for the tropospheric delays, these
delays were modeled before the estimation process. There are several well-known
models for tropospheric errors such as Saastamoinen model [16], and the MOPS model
adopted by SBAS standards [91]. A quick analysis was made using the available test
data, with fixing all other parameters, to compare both Saastamoinen and MOPS
models. The results showed that the performance of the two models is very close. A
difference in the millimeter level was observed for east and north rms errors. In the
up direction, the MOPS model was better by only 2 cm. Therefore, for the rest of
this comparison, the use of the MOPS tropospheric model is fixed to allow comparing
the other parameters.
Table 4.2 summarizes the statistics of the total positioning errors when both
CLK91 corrections and WAAS corrections were applied to the ten selected IGS stations. These statistics include the total rms errors, the standard deviation (STD), and
the mean of the positioning errors. The total performance statistics are calculated by
combining all the epochs from all stations into one vector, not by simple averaging.
The rms error results show that, for both cases, the achieved accuracy was in the
decimeter-level for the east direction and sub-meter level for both north and up directions. However, on average, utilizing corrections from CLK91 stream outperforms
the case with WAAS corrections by about 10 cm in the east direction and 20 cm in
4

https://ntmf.cnes.fr [Accessed: May 8, 2019]
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Table 4.2: Summary of the comparison statistics of the static test in meters
Error Statistic

Applied Corrections
CLK91

WAAS

RMS

East
North
Up

0.240
0.519
0.714

0.332
0.733
0.890

STD

East
North
Up

0.240
0.497
0.714

0.322
0.663
0.885

Mean

East
North
Up

-0.009
0.150
-0.001

-0.079
0.313
-0.086

both the north and up directions.
Fig. 4.2 shows the RMS errors of each IGS station in addition to the total RMS
performance for each one of the applied corrections. Looking at the results of the
individual stations in both cases, the CLK91 results in Fig. 4.2a are better than WAAS
results in Fig. 4.2b for all the stations except GODE. The three first stations from
the left are the high-latitude stations followed by the six mid-latitude stations and
then the low-latitude station KOKB. The performance of the high-latitude stations
is comparable to the mid-latitude ones. On the other hand, the low-latitude station
has the worst accuracy level.
Fig. 4.3 shows the position errors and error statistics with CLK91 and WAAS
corrections for YELL station as an example of a high-latitude station while Fig. 4.4
shows the same results for QUIN station which is one of the mid-latitude stations.
The error statistics of both stations are within the same level of accuracy for the
two correction sources which means that the location has no strong effect on the
performance for these stations.
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Figure 4.2: SF-PPP position rms errors of the 10 IGS stations, (a) with CLK91 corrections,
(b) with WAAS corrections.
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Figure 4.3: SF-PPP position errors for YELL IGS station as an example of high-latitude
stations, (a) with CLK91 corrections, (b) with WAAS corrections.

(a)

(b)

Figure 4.4: SF-PPP position errors for QUIN IGS station as an example of mid-latitude
stations, (a) with CLK91 corrections, (b) with WAAS corrections.
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Figure 4.5: SF-PPP position errors for KOKB IGS station, the low-latitude station, (a)
with CLK91 corrections, (b) with WAAS corrections.

The errors of the low-latitude station KOKB, in Fig. 4.5, are much higher than
QUIN and YELL stations with maximum variation around 0 h. Since the Hawaii time
zone in March is UTC−10, the error peak is around 2 pm local time, which is the
peak of the ionospheric errors during the day [13]. This strongly indicates that the
large errors are because of the large ionospheric errors close to the equator. It should
also be noted that these high errors in KOKB station affected the total statistics to
be relatively higher than the normal case with static observations.

4.3.3.2

Kinematic positioning comparison

A real-time kinematic road test, which lasted 26 min, was carried out in Calgary,
Canada on April 12, 2018. The test trajectory is shown in Fig. 4.6. The trajectory
started with open-sky conditions around Calgary Airport, followed by a highway
portion, and ended in a suburban area. Both the measurements and SBAS corrections
are collected using the low-cost u-blox M8T receiver while the RTS corrections are
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Figure 4.6: SF-PPP kinematic test trajectory, Calgary, Canada, April 12, 2018.
received in real-time through the Internet.
The reference solution was obtained from a differential GNSS solution where the
real-time reference rover data is collected using NovAtel SPAN on ProPak6 unit.
The IGS UCAL station is used as the reference station with a maximum baseline
length of 12 km. Furthermore, the reference solution is post-processed using NovAtel Waypoint Inertial Explorer software and a 100% ambiguity-fixed reference was
generated. Two real-time systems were used to calculate the SF-PPP solution when
CLK91 and WAAS corrections are applied. Moreover, one shared antenna was used
with an antenna splitter to unify the effect of multipath errors.
Fig. 4.7a shows the position errors versus time when applying CLK91 corrections
while Fig. 4.7b shows the same results in the case of WAAS corrections. The initial
convergence period before the sub-meter level accuracy, in both cases, is mainly due
to the time needed to obtain the ionospheric corrections. The SF-PPP solution with
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Figure 4.7: SF-PPP kinematic test position errors, (a) with CLK91 corrections, (b) with
WAAS corrections.

WAAS corrections took around 4 min to receive all the IGPs required to correct for the
ionospheric delays. Typically, it can take up to 5 min to obtain the necessary SBAS
ionospheric corrections [90]. On the other hand, the solution with CLK91 corrections
needed around one min to converge which is the update rate of the CLK91 ionospheric
corrections.
The kinematic test statistics in Table 4.3 match the static analysis results as it
shows that both corrections can achieve sub-meter positioning accuracy in case of
open-sky and suburban areas. In this test, the performance with CLK91 was better
than WAAS in the north and up directions while WAAS was better in the east
direction.
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Table 4.3: Summary of the comparison statistics of the kinematic test in meters
Error Statistic

4.3.4

Applied corrections
CLK91

WAAS

RMS

East
North
Up

0.271
0.336
0.663

0.161
0.444
0.988

STD

East
North
Up

0.098
0.131
0.309

0.137
0.234
0.715

Mean

East
North
Up

0.253
0.309
0.587

-0.085
0.377
0.682

Utilizing SBAS Corrections to Bridge IGS RTS Corrections Outages

One of the critical challenges to both SF-PPP and DF-PPP is the availability of
precise corrections. The IGS RTS products are received through the Internet; therefore, any disruption in the link to the network results in a correction outage that
can last from several minutes to several hours. Without precise corrections, the PPP
solution quality degrades and eventually returns to the SPP mode with meter-level
accuracy. Some studies suggested solving this problem by predicting the corrections
during the outage interval. Nevertheless, the attempts to predict the satellite orbit
corrections were only successful in the short term (e.g., less than 10 min for GPS
in [11]). For long-term accuracy, the current trend is to use the predicted half of the
IGS ultra-rapid (IGU) products to replace the real-time orbit products. In [94], the
predicted half of IGU was shown to be compatible with the IGC01 (one of the IGS
RTS combined products) within ±7 cm when referenced to IGS final orbits. This
approach assumes that the user can download the latest IGU update before the IGS

4.3. REAL-TIME PPP CORRECTIONS

78

RTS interruption occurs.
For the satellite clock corrections, several models have been utilized to predict the
satellite clock corrections up to several hours [95] [94]. However, these models need
time and memory to estimate the prediction model coefficients, and this estimation
should be performed continuously or even periodically to account for the changes in
the clock corrections. In [94], 1-1.5 h of data was needed to build the model, and the
process was repeated every 10 min.
All the research studies mentioned earlier regarding corrections outages were
mainly focusing on the DF-PPP. One difference between SF-PPP and DF-PPP when
dealing with corrections outages is the need for the ionospheric corrections if the IF
SF combination is not used as in our case. Another factor to consider with SF-PPP is
to maintain the low-cost advantage which means to keep the computational load and
the required memory as minimum as possible. A straightforward approach is to keep
the use of the last received real-time corrections. However, this will be a short-term
solution and will degrade with the increase of the aging of corrections.
The comparisons performed in Section 4.3.3 showed that the performance of SFPPP with IGS RTS is, in general, better SBAS-based SF-PPP. However, the difference
is within a few decimeters of uncertainty. Both corrections achieved decimeter to submeter accuracy based on the rms errors of both the static and kinematic scenarios.
This means that SBAS corrections may be used to bridge the outages of the IGS RTS
corrections. The advantages of using SBAS corrections can be summarized as
• No need for satellite clock prediction models
• SBAS provides an instant replacement for the ionospheric corrections
• Most of the GNSS receivers support SBAS
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• The satellite orbit and clock corrections are from the same source
• This solution can work with long corrections outages (no upper limit) as long
as SBAS corrections are available.
The experimental work is performed on the same static data used in Section 4.3.3.1.
The static data were used to allow introducing a long correction outage. The test
simulates a natural Internet outage which was randomly chosen to start at noon for
two hours as an example of a relatively long outage. CLK91 corrections were applied
before and after the outage. During the corrections outage period, two approaches
are compared, the first approach is to keep the use of the last received IGS RTS corrections while the second approach is to switch to SBAS corrections once the outage
starts.
One crucial factor to consider when switching to a different correction source is
the clock reference which affects the value of the applied DCB. Since the SBAS clock
reference is different from IGS RTS, the DCB value is adjusted as mentioned earlier
in Sections 4.3.1 and 4.3.2.
The analysis is performed on the observations from QUIN and YELL stations.
Fig. 4.8 shows the positioning errors versus time and corresponding rms, mean, and
STD of these errors for both stations. All the error statistics are calculated during
the corrections outage period which is from 12:00 to 14:00 UTC; nevertheless, one
hour before and after the outage period is shown to observe the performance change
at the start and the end of the outage period. Fig. 4.8a shows the performance if
no corrections outage occurred; however, the error statistics are also calculated for
the two outage hours for the sake of comparison. The results in Fig. 4.8b show the
performance if the last received CLK91 corrections were used during the outage. With
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this approach, the performance is still at the sub-meter level for around 20 minutes
and then starts to degrade rapidly with time due to the aging of the corrections.
These results suggest that the last received corrections can be used with SF-PPP for
short-term IGS RTS corrections outages but cannot be used with long outages as the
solution accuracy declines quickly. The degradation was the most in the up direction
in both stations, and all the three position errors became in the meter-level accuracy
by the end of the outage time.
On the other hand, when switching to SBAS corrections, as shown in Fig. 4.8c,
the SF-PPP accuracy was preserved during the two hours. The accuracy based on
the rms errors during the outage is in the decimeter to half-meter level. This accuracy
is different by only a few decimeters compared to the no corrections outage case and
even better in some cases. The reason is that the solution during the outage period
depends on the quality of the SBAS solution at this period which can be worse
or sometimes better than IGS RTS solution. More importantly, the solution will
preserve the SF-PPP accuracy level, and the errors will not grow with time whatever
the corrections outage length is. This solution is better than using any prediction
technique where the quality of the prediction degrades with time. While the only
concern of this approach is the availability of SBAS corrections, these corrections can
be reached if just one of the SBAS GEO satellites is visible to the GNSS receiver.
Many applications have easy access to SBAS corrections such as low-cost precision
farming and open-sky and sub-urban vehicle navigation.
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(a) Using CLK91 with no outage

(b) Keep using last received corrections during the two hours outage

(c) Switching to SBAS corrections during the two hours outage

Figure 4.8: Comparison of using last IGS RTS corrections versus switching to SBAS corrections in case of two hours corrections outage.

4.4. DEVELOPED LC SF-PPP/INS INTEGRATION

4.4

82

Developed LC SF-PPP/INS Integration

The first step in PPP/INS integration is the selection of the integration mode. In
the developed system, the loosely-coupled (LC) integration was chosen. The LC
integration is the simplest integration method which integrates the final PPP solution
with the INS solution. The LC integration can be useful with low-cost GNSS receivers
that do not provide raw measurements.
The three factors which affect the LC GNSS/INS integration performance are the
quality of the INS measurements, the accuracy of the GNSS solution, and the fusion
algorithm. High-end IMUs may be used to maximize the quality of the INS, but it will
contribute to a cost overhead. Therefore, to keep the cost feasible by using MEMS
IMUs, the other two factors need to be enhanced. First, PPP is utilized for a higher
quality GNSS solution. Furthermore, a robust fusion algorithm is developed which is
based on the EKF. Fig. 4.9 shows the block diagram of the developed PPP/INS integrated system. A closed-loop configuration is used such that the estimated navigation
parameters and sensor errors are fed back to the mechanization module. The rest of
this section describes the system and measurement models, experimental setup, and
the testing results. The details of the EKF algorithm can be found in [96].

4.4.1

System Model

The basic idea behind the EKF is that the errors in the system states can be assumed
to be linear where the absolute states cannot [64]. The system error model consists
of 15 error states that can be grouped into five 3 × 1 column vectors: position errors
δrl , velocity errors δvl , attitude errors δψ l , accelerometers biases ba , and gyroscope
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Figure 4.9: Block diagram of the developed SF-PPP/INS integrated system.
biases bg . The state vector δX can be described as follows
h
iT
δX15×1 = δrl δvl δψ l ba bg

(4.17)

The system model can be described in the continuous-time domain using

˙ = F δX + W
δx

(4.18)

where F is the system dynamic coefficient matrix, and W is the process noise vector
with covariance matrix Q.
For better long-term performance, the implemented system model considered the
INS error terms with small values in the F matrix. The derivation and components of
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the dynamic coefficient matrix F can be found in [65]. The errors of the accelerometers and gyroscopes were modeled using the first-order Gauss-Markov process.
In the discrete implementation of the EKF, the prediction is based on the state
transition matrix φ which can be related to F using the formula

φ ≈ I + F ∆t

(4.19)

where I is the identity matrix and ∆t is the time interval between current and previous
IMU measurement epochs.
The discrete EKF equations are used to predict the current states and its a priori
covariance Pk− at epoch k based on their values from the previous epoch. The EKF is
implemented in the closed-loop configuration; hence, the error states are reset every
epoch. The EKF prediction equations in closed-loop configuration can be written as
ˆ−
δx
k = 0
+
Pk− = φk−1 Pk−1
φTk−1 + Qk−1

(4.20)
(4.21)

+
where Pk−1
is the posterior state covariance matrix of the previous epoch.

4.4.2

Measurement Model

The measurement model is described by

δZ = HδX + η

(4.22)
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where δZ is the measurement error vector, H is the measurement design matrix and
η is the measurement noise with covariance matrix R.
The measurement design matrix R can be directly taken from the covariance of
the PPP solution. However, in the implemented algorithm, the covariance of the PPP
solution is passed to a multi-level scaling module based on the other PPP statistics
such as the dilution of precision (DOP), and the number of visible satellites. This
scaling has contributed to a better performance in challenging GNSS environments.
The measurement error vector δZ represents the difference between the values
calculated from the INS system model and the update observations. When taking
the update from the PPP solution, this difference can be calculated using
"

δZP P P

rl S − rlP P P
= IN
l
l
vIN
S − vP P P

#
(4.23)

where rlP P P and vPl P P are the position and velocity vectors obtained from the PPP
solution and represented in the LLF. The design matrix is given by
i
h
HP P P = I6×6 06×9

(4.24)

In the case of a GNSS signal blockage, the update from PPP is not available. Using
only the INS solution, especially with low-cost sensors, will lead to a large solution
drift. For land vehicles, some constraints can aid the INS during GNSS outages. Two
examples of these constraints, which are applied in this work, are the zero-velocity
update (ZUPT) and the nonholonomic constraints (NHC).
In ZUPT, when the vehicle is detected to be static, all the velocities should be
zero. This fact is used to reset the velocity errors and limit the position error growth.
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The measurement error vector and design matrix when using ZUPT are
h
i
l
δZZU P T = vIN
−
0
3×1
S
h
i
HZU P T = 03×3 I3×3 03×9

(4.25)
(4.26)

The ZUPT detection module is designed to compare the variance of the forward
acceleration against a threshold value. The threshold starts with a predefined value,
and then goes through an online detection algorithm to refine this value ongoing.
The NHC in land vehicles are based on the fact that the vehicle does not slip or
fly, which means that the vehicle velocity in the lateral and up directions is close to
zero. Thus, the measurement vector of the NHC update is represented using the INS
velocity in the body frame
"

δZN HC

#
b
vIN
−
0
S,lateral
=
b
vIN
S,up − 0

(4.27)

In [97], the error in the velocity in the body-frame was related to the velocity error
in the LLF and the attitude errors by the formula

δvb = Rlb δvl − Rlb (vl ×)δψ l

(4.28)

where (vl ×) is the skew-symmetric form of the velocity error vector in the LLF.
Following the ENU directions order and assuming the forward motion is in the ydirection of the body frame, the design matrix of the NHC update can be written
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as
"

HN HC

#
01×3 R11 R21 R31 −vu R21 + vn R31 vu R11 − ve R31 −vn R11 + ve R21
=
01×3 R31 R32 R33 −vu R32 + vn R33 vu R31 − ve R33 −vn R13 + ve R32
(4.29)

where Rij is the element at row i and column j of the matrix Rbl defined in (3.5).
The EKF update equations are used to update the system states at epoch k and
its posterior covariance matrix Pk+ as follows
Kk = Pk− HkT {Hk Pk− HkT + Rk }−1

(4.30)

ˆ−
ˆ−
ˆ+
δx
k = δxk + Kk (δZk − Hk δxk )

(4.31)

Pk+ = (I − Kk Hk )Pk−

(4.32)

where Kk is the Kalman gain.

4.4.3

Experimental Setup

Both GPS and GLONASS measurements were collected in real-time using u-blox
EVK-M8T receiver which is a low-cost SF GNSS receiver. These measurements were
used with precise real-time corrections from CNES to provide the SF-PPP solution.
The CNES real-time corrections were received through the Internet while the SBAS
messages were logged using the u-blox receiver to be used in case of an Internet
outage. The INS utilized LSM6DSL, a low-cost 6-axis MEMS IMU [98].
The SF-PPP/INS integration algorithm is developed using C/C++ language to
be suitable for real-time applications. The algorithm utilized an existing INS library
from Profound Positioning Inc. (PPI) in Calgary, Alberta, Canada. Besides, PPI’s
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SF-PPP code was updated to work with both IGS RTS and SBAS corrections. Then,
the two libraries of INS and SF-PPP were linked to the SF-PPP/INS integration code
developed in this research.
The system was tested in real-time through two road tests to explore its performance in both open-sky and challenging conditions. The results were compared to
u-blox EVK-M8U untethered dead reckoning (UDR) solution, which was a benchmark
in the navigation market for low-cost applications at the time these tests were performed. The u-blox receiver was configured to use SBAS corrections to get the best
integrated solution for comparison. The reference was obtained from a DGNSS/INS
integrated solution where the real-time rover data was collected using the NovAtel
SPAN on ProPak6 system with IMU-KVH as a tactical-grade IMU. The IGS UCAL
station was used as a reference station with a maximum baseline length of 12 km. Furthermore, the reference data were post-processed using NovAtel’s Waypoint Inertial
Explorer software.

4.4.4

Results and Discussion

In this section, the results from two road test trajectories are discussed. The first
trajectory examines the open-sky and suburban performance while the second trajectory includes challenging conditions such as high dynamics, overpass bridges, and a
complete GNSS outage.

4.4.4.1

Road test trajectory 1

The first trajectory is a road test in Calgary, Alberta, Canada which lasted approximately 35 minutes. The trajectory, as shown in Fig. 4.10 on a Google map, started
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Figure 4.10: The first test trajectory of SF-PPP/INS integration, Calgary, Alberta,
Canada.

from an open-sky condition at the University of Calgary and near the Alberta Children’s Hospital, and then the car moved towards a residential area. The residential
area was a typical suburban environment with community houses and trees on the
sides of the road. Finally, the car moved back toward the university.
Fig 4.11 shows the vehicle speed during the first trajectory and the ZUPT flag
which is true whenever the vehicle is detected to be static. The car forward speed,
measured by a car odometer, was less than 60 km/h with frequent stops or speed
reductions which is typical for a suburban area. The ZUPT flag shows the success
of the ZUPT detection module with zero false alarms. A few misdetections occurred
which are mainly due to very short stops. Nevertheless, as mentioned earlier, the
ZUPT update is not used if there is a reliable PPP velocity update. Fig. 4.12 shows
the number of satellites used in the PPP solution versus time.
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Figure 4.11: Vehicle speed and ZUPT flag of the first trajectory of SF-PPP/INS integration.
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Figure 4.12: Number of satellites used in the PPP solution of the first trajectory of SFPPP/INS integration.

Fig. 4.13 shows the 3D position errors for the SF-PPP, the integrated SF-PPP/INS,
and the u-blox UDR solutions. Due to the relatively good GNSS conditions, it can be
seen that the integrated solution is relatively following the PPP solution. However,
the integrated solution smoothed many of the spikes that were in the PPP solution
due to the low number of satellites. Only two spikes became worse with the integrated
solution.
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Table 4.4: The rms and maximum position errors after 5 min, in meters, of the first trajectory of SF-PPP/INS integration.

Proposed SF-PPP/INS

u-blox UDR

RMS error

MAX error

RMS error

MAX error

Horizontal

0.6

5.4

1.0

4.8

Vertical

1.1

3.4

1.9

3.7

Another thing to notice in Fig. 4.13 is that both SF-PPP and SF-PPP/INS solutions seem to have a convergence period in the first 5 min that does not exist in the
u-blox UDR solution. When this issue was explored further, it was found that, on the
day of this test, CNES has recently changed the format of its real-time ionospheric
corrections, so it became incompatible with the developed code. Since there were no
ionospheric corrections from CNES, the code automatically shifted to use the SBAS
ionospheric corrections instead which needed around 5 min to be obtained in realtime. The u-blox UDR solution have fewer error spikes than the developed PPP/INS;
nevertheless, the u-blox errors have relatively a wider error range compared to the
proposed PPP/INS solution after the first 5 min.
Table 4.4 compares the rms and maximum errors of both u-blox UDR and the
developed PPP/INS solutions after the first 5 minutes to avoid the intial convergence
time without ionospheric corrections. The developed PPP/INS system achieved submeter rms horizontal accuracy, and the results were better than the u-blox UDR
solution. The sub-meter horizontal rms error indicates that the integrated solution has
benefited from the SF-PPP precise solution in the case of benign GNSS environments.
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Figure 4.13: The first trajectory position errors versus time of (a) SF-PPP, (b) SFPPP/INS, and (c) u-blox UDR.
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Table 4.5: The rms and maximum position errors, in meters, for the whole of the second
trajectory of SF-PPP/INS integration

Proposed SF-PPP/INS

u-blox UDR

RMS error

MAX error

RMS error

MAX error

Horizontal

1.5

12.5

8.8

60.8

Vertical

1.5

8.5

3.3

11.9

4.4.4.2

Road test trajectory 2

The second road test was carried out in Calgary, Alberta, Canada for approximately
1 hour. Fig. 4.14 shows the trajectory where the car started in a suburban area and
moved north to make a few loops in an open-sky environment in the top left part of
the trajectory, then moved back south on a highway with an 80 km/h speed limit
passing under several overpasses. The last part of the trajectory included underground
parking for 3 minutes, and the test ended in a suburban area. Fig. 4.15 shows the
number of satellites used in the PPP solution. The epochs at which the number of
satellites dropped to five or less before the 50th min correspond mainly to the times
when the car moves under an overpass. The long period of zero satellites after the
50th min corresponds to the time when the car went down the underground parking.
Table 4.5 compares the rms and maximum position errors of the whole trajectory
for both u-blox UDR and the developed PPP/INS solutions. The maximum errors
mainly occurred in the underground parking where no PPP solution was available.
These results show that the proposed solution has lower errors compared to the u-blox
UDR solution in this test.
Fig. 4.16 shows the 3D position errors within ±6 m for the SF-PPP, the integrated
SF-PPP/INS, and the u-blox UDR solutions. Fig. 4.16a shows the PPP solution
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Figure 4.14: The second test trajectory for SF-PPP/INS integration, Calgary, Alberta,
Canada.
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Figure 4.15: Number of satellites used in the PPP solution of the second trajectory of
SF-PPP/INS integration.
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Table 4.6: The rms and maximum position errors, in meters, before entering the underground parking in the second trajectory of SF-PPP/INS integration

Proposed SF-PPP/INS

u-blox UDR

RMS error

MAX error

RMS error

MAX error

Horizontal

0.7

2.6

2.6

21.1

Vertical

1.4

4.6

2.8

5.3

errors where it can be seen that there are many times where the errors are large or
typically have a status of no fix when the number of satellites is low. In Fig. 4.16b, the
developed PPP/INS could bridge all the momentary GNSS outages due to overpasses
with a sub-meter rms horizontal error and provide a continuous solution even in the
underground parking. The fast convergence of the SF-PPP solution after outages
has contributed to a more stable and reliable integrated solution. The u-blox UDR
position errors, in Fig. 4.16c, are worse than the developed PPP/INS system in most
of the trajectory, which indicates the benefit of using SF-PPP compared to SPP with
SBAS that is adopted by u-blox UDR.
For further analysis, the test results are divided into two parts; the first part
ends before entering the parking lot and includes the open-sky and highway driving
with several overpass bridges. The second part includes driving through underground
parking for three minutes. Table 4.6 shows the position accuracy comparison for the
first part of the trajectory. The results show that the PPP/INS solution preserved
the sub-meter horizontal accuracy according to the rms errors compared to a few
meters accuracy for u-blox UDR.
In the second part of the trajectory, Fig. 4.17 shows on a Google map how the
PPP/INS solution outperforms the u-blox UDR solution in the complete GNSS outage

4.4. DEVELOPED LC SF-PPP/INS INTEGRATION

96

PPP Position Errors

6

Up
North
East

4

Error (m)

2
0
-2
-4
-6
0

10

20

30

40

50

60

70

Time (min)

(a)
PPP/INS Position Errors

6

Up
North
East

4

Error (m)

2
0
-2
-4
-6
0

10

20

30

40

50

60

70

Time (min)

(b)
u-blox UDR Position Errors

6

Up
North
East

4

Error (m)

2
0
-2
-4
-6
0

10

20

30

40

50

60

70

Time (min)

(c)

Figure 4.16: The second trajectory position errors versus time of, (a) SF-PPP, (b) SFPPP/INS, and (c) u-blox UDR.
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Figure 4.17: Navigation performance comparison between developed SF-PPP/INS and ublox UDR in underground parking for 3 min.

in the underground parking. The good performance during the GNSS outage is an
indication of the well-estimated IMU biases before the outage which is due to both
the PPP accuracy and the reliable estimation approach applied.

Chapter 5
Dual-frequency PPP/RISS Integration for
Lane-Level Car Navigation
The emerging applications in the automotive industry such as autonomous driving and
advanced driver assistance systems (ADAS) require navigation systems with higher
accuracy, reliability, and integrity [10]. Safety features such as lane-departure warning
cannot be achieved without lane-level positioning accuracy. A common approach for
lane-level positioning is to calculate the vehicle position in the ECEF frame and then
match this location to a digital map [10] [99]. Hence, the accuracy of both the ECEF
position and the road map have an impact on the final solution [99]. The focus of
this work is to enhance the estimated vehicle position in the ECEF frame.
GNSS positioning is a vital component of all car navigation systems. However,
for lane-level positioning, the SPP with meter-level accuracy is no longer sufficient.
An average lane width can be approximately 3 m, for example, the lane widths guide
of the city of Toronto in June 2017 [100] has recommended lane widths between 3
and 4.3 m for the main driving lanes. If the lane width is 3 m and the car width is
assumed to be 2 m, as shown in Fig. 5.1, positioning accuracy of half the lane width
98

99

Figure 5.1: Schematic diagram for the lane and car widths.
might be enough to match the car to a specific lane; however, for safety applications,
accuracy less than 50 cm is required.
Centimeter-level GNSS accuracy can be obtained using DGNSS or DF-PPP. The
developed solution is based on DF-PPP since it requires less infrastructure than
DGNSS and provides a globally-consistent solution. Still, GNSS positioning cannot
be used alone for vehicle navigation as previously discussed in section 3.3. For applications such as autonomous driving, multi-sensor fusion is typically the case where
sensors such as INS, odometer, LiDAR, and cameras can be employed. Each sensor
has its pros and cons. Cameras, for example, are useful in detecting the road features
but they cannot work in bad weather conditions such as rain and snow. On the other
hand, the GNSS/INS solution is weather independent but suffers from the effects of
multipath and obstacles on GNSS signals and the error drift of the INS. This chapter
focuses on an efficient GNSS/INS fusion which when integrated with other sensors,
will contribute to enhancing the overall system performance.
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Although the integration of DF-PPP with high-end inertial sensors can provide
the required high-performance navigation solution, the high cost of such a system
is a significant challenge. To tackle the cost problem, this chapter investigates the
use of RISS, introduced in section 3.2, instead of the traditional full-IMU INS. RISS
uses only one gyro and two accelerometers. Eliminating two gyroscopes and one
accelerometer reduces the INS cost by half to two-thirds. Even if MEMS sensors are
used, a fewer number of sensors means lower cost at the mass production level. The
objective of this chapter is to develop a PPP/RISS integrated system that can meet
the requirements of lane-level vehicle positioning.

5.1

Related Work

Since the advent of PPP, many research studies have investigated the performance of
PPP/INS integration for land vehicle navigation, e.g., in [101], [82], and [102]. The
authors in [101] showed the benefit of TC compared to LC PPP/INS integration using
a tactical-grade IMU. The land vehicle test included four periods where the number
of satellites dropped below four satellites. The TC solution error remained within ±1
m in contrast to ±5 m for the LC solution.
A DF-PPP/INS tightly integrated system is presented in [82] where SD between
satellites was applied. The results showed decimeter-level accuracy with simulated
GNSS outages of 10 s duration. However, the figures of the position errors with
simulated GNSS outages in [82] have shown instant solution convergence after the
outages. An instant convergence of DF-PPP after a simulated GNSS outage is an
indication that the ambiguities and its covariance were kept being updated during
the outage which does not happen in a real GNSS outage.
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The research in [102] investigated the performance of TC integration of ambiguityfixed PPP and INS. The EKF was used to fuse GPS/GLONASS measurements with
a tactical grade IMU data. Two car-borne tests were made; one in a small square
and the other in a suburban environment. The presented system has demonstrated
centimeter-level accuracy in open-sky environments after the initial convergence. Furthermore, two simulated 10 s GNSS outages were introduced in the first test, and
the results showed how the PPP/INS integration contributed to reducing the reconvergence time after these outages significantly. The initial convergence time was
not affected by the integration due to the large uncertainty in the initial INS position.
Regarding lane-level positioning, early studies have used DGPS to obtain a precise
GNSS solution [103] [104]. In [103], DGPS data was fused with a FOG and a wheel
sensor before the solution is matched to a map. A test was performed on one lane
on a highway with 4 to 7 visible satellites. There was no reference, and the authors
focused on showing the results after the map matching with no details about the
performance of DGPS or its integration with the dead reckoning (DR) sensors. In
[104], an integrated DGPS/INS system was used to assist vision systems for lanekeeping. The results showed potential in using high-precision GNSS/INS solution to
add smoothness and robustness to the vision solution. The problem with DGNSS
is the need for reference stations which means added infrastructure, radio links for
communication, and a local positioning solution.
In [105], GPS augmented with EGNOS corrections were fused with DR sensors
and enhanced maps using a particle filter. GPS/EGNOS achieved a mean horizontal
error of 0.345 m and a maximum error of 2.467 m due to multipath effects. The
GNSS/DR solution with a simulated GNSS outage of 110 s had a mean of 2.13 m
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which is not suitable for lane-level positioning; nevertheless, the fusion with maps
reduced this value to 0.57 m.
Employing PPP for lane-level positioning was investigated in [106] and [107].
In [106], the focus was on designing a real-time PPP framework. A road test was
performed on an urban road, and the PPP achieved an average of 50 cm accuracy
away from downtown and a few meters accuracy in challenging environments. This
research did not investigate the GNSS outages. On the other hand, in [107], the
test included two underpasses which caused solution unavailability and degradation.
The authors in this research discussed the problem of the re-convergence time and
suggested the integration with DR sensors, but with no implementation or results.
From all the studies mentioned above, the implementation of PPP/INS for lanelevel positioning has not still been well covered, especially in driving scenarios with
real GNSS outages. The rest of this chapter describes the implementation details
of the developed PPP/RISS system with a focus on how it performs to maintain
lane-level accuracy on highways.

5.2

DF-PPP Implementation

This section describes the utilized model for DF-PPP, and how it can be used in
static and kinematic positioning.

5.2.1

DF-PPP model

In this work, the standard model of DF-PPP is utilized. Measurements from both
GPS and GLONASS were employed to increase the number of visible satellites. The
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various PPP errors are handled as described in sections 2.1 and 2.2.2. Hence, starting
from equations (2.37) and (2.38), the corrected PPP measurements for GPS and
GLONASS can be written as

G
PIF
= ρ + cdtrPIF + Mw Zw + G
PIF

(5.1)

r
G
G
ΦG
IF = ρ + cdtPIF + Mw Zw + λIF AIF + ΦIF

(5.2)

R
PIF
= ρ + cdtrPIF + ISBG−R + Mw Zw + R
PIF

(5.3)

r
R
R
ΦR
IF = ρ + cdtPIF + ISBG−R + Mw Zw + λIF AIF + ΦIF

(5.4)

The subscript “corr” was dropped here for simplicity. GLONASS observations have
an extra unknown, which is the ISB between GLONASS and GPS, in meters. Besides,
the IF wavelength for GLONASS is not only different from GPS, but it is different
for each satellite due to the employment of FDMA technique in GLONASS legacy
signals.
Another GNSS useful observation is the Doppler measurement. Doppler measurements can be used to calculate the GNSS receiver velocity. Furthermore, in
GNSS/INS integration, it can provide an update to the vehicle velocity, which can
contribute to a faster estimation of the INS attitude and IMU errors [64]. The Doppler
measurements DHz provided by GNSS receivers represent the Doppler shift in Hz.
The measured pseudorange rate D in m/s is obtained by multiplying the Doppler
shift by its corresponding wavelength with a negative sign

D = −λ × DHz

(5.5)

The pseudorange rate represents the derivative of the carrier phase observation;
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therefore, it can be written as
˙ r − dt
˙ s ) + Ṫ − I˙i + D
D = Φ̇i = ρ̇ + c(dt
i

(5.6)

where the subscript i denotes the frequency index. The IF Doppler observation is
formed similar to the pseudorange and carrier phase. The change in the troposphere
˙ s can be
is very slow and can be neglected. The rate of the IF satellite clock error dt
IF
calculated as the change in the precise satellite clock error for a small period such as
1 ms, and then subtracted from the IF Doppler observations. Finally, the corrected
IF Doppler observation is given by
˙ r + D
DIF = ρ̇ + cdt
i

(5.7)

It should be noted that the above equation can be used for both GPS and GLONASS
since the change of the receiver clock is common for both constellations as they use
the same oscillator.

5.2.2

Static DF-PPP

A typical step in the testing of GNSS positioning algorithms is static positioning.
Static tests are usually performed on data from IGS stations. Daily GNSS observations for IGS stations and their reference position are available through the FTP
servers of IGS and some of its analysis centers.
In the implemented DF-PPP algorithm, the solution is estimated using an EKF
where the measurements are the pseudorange and carrier phase observations. The
measurements STD was assumed to be inversely proportional to the squared sine of
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the satellite elevation angle. Besides, an elevation mask of 7◦ was applied to reject
low-elevation satellites. The carrier phase STD was scaled to be 100 times less than
the code observations because of its high precision. Due to the differences in the
signal-to-noise ratio and the signal structure between GPS and GLONASS, the STD
of GLONASS code observations was scaled by a factor of 3 and the phase observations
by a factor of 1.5 compared to the corresponding GPS observations, according to the
study performed in [108].
Since there is no deterministic system model in the case of PPP-only positioning,
the stochastic characteristics of the states are used instead to describe the uncertainty
in the system model (Q matrix). The three position parameters were modeled as
random constants. The receiver clock bias was modeled as white noise while the ISB
between GLONASS and GPS and also the zenith wet delay were modeled as random
walk processes. Finally, the float ambiguities were modeled as random constants.
The initial parameters can be obtained from a LS SPP solution.
As an example of static positioning for the implemented DF-PPP, Fig. 5.2 shows
the 3D position errors for NRC1 station, located in Ottawa, Canada, for 24 hours on
April 21, 2017. The number of visible GPS/GLONASS satellites varied between 14
and 22 during that day. The satellite orbit and clock corrections were obtained from
IGS MGEX project FTP server. Fig. 5.2a shows the 3D position errors versus time
and the error statistics, in meters, calculated after 20 min to avoid the effect of the
initial convergence. The rms results show that the solution achieved centimeter-level
accuracy in all three directions. Fig. 5.2b zooms on the first 10 hours between ±0.3
m error, where it can be seen that the errors converged to less than 10 cm accuracy
after 0.175 h = 10.5 min.
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Figure 5.2: Example of static DF-PPP positioning using data from NRC1 station, (a)
the whole day results with its corresponding statistics, (b) the first 10 hours
zoomed to show the solution convergence.
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Kinematic DF-PPP

The kinematic PPP positioning is similar to static positioning except that the information that the receiver position is constant is not valid anymore. The receiver
position changes every epoch depending on the motion dynamics; therefore, the uncertainty in the position must be changed accordingly. The position of land vehicles
√
can be modeled as a random walk process with large uncertainty such as (100 m/ s).
Also, the position can be initialized every epoch from a LS SPP solution.
To show the difference between static and kinematic positioning, the same data
form NRC1 station is processed in a kinematic mode, i.e., ignoring the fact that the
receiver is static. The position errors in Fig. 5.3a are not as smooth as the static
case. Furthermore, the rms errors are in the range of a few centimeters. It can also
be noticed that the solution deteriorated at the end of the test since the interpolation
of the precise satellite corrections is performed using the edge points, and hence the
interpolation point is not centered anymore. This is the reason that the error statistics
did not include the last hour in the day. The interpolation at the edge points did not
have the same effect on the static case because of the assumption that the receiver
location is constant which did not allow the position solution to have abrupt changes.
In Fig. 5.3b, the horizontal errors needed around 0.5583 h = 33.5 min to be less
than 10 cm. On the other hand, the height component had some fluctuations and
became less than 10 cm consistently after approximately four hours.
In real kinematic scenarios where the receiver is moving, other factors can contribute to the solution accuracy and convergence such as the changing multipath
effects and the dynamics of the receiver motion. Kinematic PPP results from road
tests will be discussed in Section 5.3.5.
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Figure 5.3: Example of kinematic DF-PPP positioning using data from NRC1 station, (a)
the whole day results with its corresponding statistics, (b) the first 10 hours
zoomed to show the solution convergence.
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DF-PPP/RISS Integration

This section presents the developed DF-PPP/RISS system in terms of its system
model, measurement model, experimental setup, and at the end, the results and discussion. For the best integration performance, the TC integration mode is chosen
such that the INS can contribute to estimating the PPP parameters and hence reduce the solution re-convergence time after GNSS outages. Furthermore, the TC
integration is performed on the measurement level which means that the final PPP
solution is not necessary and any available measurements can be used to update the
navigation filter.
The block diagram of the developed PPP/RISS system is shown in Fig. 5.4. The
raw pseudoranges (P ), carrier phase (Φ), and Doppler (D) measurements are taken
from the GNSS receiver and corrected using the PPP network corrections and error models. On the other hand, the RISS mechanization output is converted to
measurement-like values. Then, the measurement errors, which are the differences
between the predicted measurements and the real GNSS measurements, are fed to
the EKF filter. The filter fuses the measurement errors with the corresponding ones
from the system error model and generates the final estimated position, velocity, and
attitude errors.
Fig. 5.4 also shows the closed-loop structure of the system. The estimated navigation parameters are fed back after each epoch to the RISS mechanization module.
Moreover, the estimated sensor biases are corrected using the estimated values of
their errors. This feedback resets the error states every epoch and assures that the
linearity assumption of the EKF is maintained.
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Figure 5.4: Block diagram of the developed TC PPP/RISS integrated system.

5.3.1

System Model

The system error model consists of the INS error states augmented with error states
related to PPP. The number of error states in the system model is 13 + M error states
where M is the number of satellites used in the solution. The state vector δX can be
written as
h
iT
r
r
δX = δrl δvl δAz δaod δBz δB r δdBG−R
δd δZw δAIF

(5.8)

where rl and vl are the vehicle position and velocity vectors in the LLF as defined
in (3.1) and (3.2) respectively. The error in the azimuth angle is denoted δAz while
δaod represents the error in the odometer acceleration. δBz is the error in the vertical
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gyroscope bias. The term B r is the GNSS receiver clock bias in meters which is
r

˙ is the GNSS receiver clock drift in
equal to cdtrPIF . Similarly, the term dr = cdt
r
m/s. The ISB between GPS and GLONASS is denoted dBG−R
. The error in ZWD

is represented by δZw while the errors in the M float ambiguities are represented by
the vector δAIF .
The system dynamic coefficient matrix F defines the relation between the system
states and its time derivatives as described in (4.18). Since the system states are error
states, the elements of the F matrix can be obtained from the total derivative linear
approximation of the time rate of change of the system states. For example, the time
rate of change of the latitude is calculated by
vn
Rm + h

(5.9)

vn
1
δvn −
δh
Rm + h
(Rm + h)2

(5.10)

ϕ̇ =

Applying the total derivative leads to

δ ϕ̇ =

which indicates that δ ϕ̇ depends on the changes in both vn and h. Although values
vn
like
are very small, they were included in the developed system model to
(Rm + h)2
reduce the error accumulation and achieve the best performance on the long term.
The derivation of the other INS error states when using RISS is beyond the scope of
this discussion and can be found in [109].
The error in the change rate of the receiver clock bias is related to the error in
the clock drift using
δ Ḃ r = δdr

(5.11)
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On the other hand, the states that have no deterministic formulas must be modeled
using proper stochastic models. In the developed system, the vertical gyro bias and
odometer acceleration errors were modeled using the first order Gauss-Markov process
with correlation times βBz and γaod respectively. The ZWD and ISB error terms were
modeled as random walk processes since they have slow variations overtime. Finally,
the float ambiguities were considered as random constants.
The F matrix can now be written as



F1
F2
03×3 03×3 03×1 03×M


F4
F5
03×3 03×1 03×M 
 F3


 F6

F
F
0
0
0
7
8
3×3
3×1
3×M

F =
0
F9
03×1 03×M 
 3×3 03×3 03×3



0
01×M 
 01×3 01×3 01×3 01×3
0M ×3 0M ×3 0M ×3 0M ×3 0M ×1 0M ×M

(5.12)

where the sub-matrices F1 to F9 are give by

−vn

(RM + h)2 


−ve
v
tan
ϕ


e
F1 = 
0

2
 (RN + h) cos ϕ
(RN + h) cos ϕ 
0
0
0


0



0

0


1
F2 = 
 (RN + h) cos ϕ
0


1
0
RM + h 

0
0

0

(5.14)

1

 −v tan ϕ  
ve sec2 ϕ 
e
0 vn
2
 vn ωe cos ϕ + RN + h

(R
N + h)





2


v
sec
ϕ
−v
tan
ϕ
e
e
F3 = 

−v
ω
cos
ϕ
+
0
−v
e
e
e

RN + h
(RN + h)2 
0
0
0


(5.13)



(5.15)
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vn tan ϕ
−ωz + we sin ϕ +

RN + h

F4 = ω − w sin ϕ − 2ve tan ϕ
0
e
 z
RN + h
0
0

aod cos Az cos p sin Az cos p

F5 =  −aod sin Az cos p cos Az cos p
0
sin p


ve tan ϕ 
0
RN + h 

0


(5.16)

0

vn

−ve 
0

(5.17)



ve sec2 ϕ
−ve tan ϕ
ω cos ϕ +
0
 e
RN + h
(RN + h)2 


F6 = 

0
0
0
0
0
0

(5.18)

tan ϕ
 RN + h
F7 = 
 0
0

0
0

F8 = 0 −γaod
0
0

0 0

F9 = 0 0
0 0


0 0





0 0
0 0

1

0 
−βBz

1

0
0

(5.19)

(5.20)

(5.21)

After calculating F , the equations from (4.19) to (4.21) are used to predict the
error states and its a priori covariance.
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Measurement Model

The measurement error vector represents the difference between the predicted values
calculated from RISS and the corrected PPP observations



PRISS − PP P P


δZ =  ΦRISS − ΦP P P 
DRISS − DP P P

(5.22)

The design matrix H relates the system error states to the measurement error
vector as given by (4.22). For the developed TC PPP/RISS, H can be formulated as



Hp 0M ×3 0M ×3 1M ×1
hb
0M ×1 mw
0M ×M


H =  Hp 0M ×3 0M ×3 1M ×1
hb
0M ×1 mw λIF IM ×M 
0M ×3 Hv 0M ×3 0M ×1 0M ×1 1M ×1 0M ×1
0M ×M

(5.23)

The matrix Hp with size M × 3 is given by

(−u1r )T
 (−u2 )T 


r


Hp = 
.
L




.
M T
(−ur )


(5.24)

where uir represents the 3 × 1 unit vector from the receiver to the ith satellite in the
ECEF frame, L is a 3 × 3 transformation matrix that maps the position errors from
the geodetic coordinates (δϕ, δλ, δh) to the rectangular coordinates (δx, δy, δz) [41]
and is given by



−(RN + h) sin ϕ cos λ −(RN + h) cos ϕ sin λ cos ϕ cos λ


L =  −(RN + h) sin ϕ sin λ
(RN + h) cos ϕ cos λ cos ϕ sin λ 
(RN (1 − e2 ) + h) cos ϕ
0
sin ϕ

(5.25)
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where e is the Earth’s eccentricity.
The matrix Hv is the same as Hp with replacing the matrix L by the 3 × 3 rotation
matrix Rle in (2.12) which rotates the velocity errors from the LLF frame (δve , δvn , δvu )
to the ECEF frame (δvx , δvy , δvz ). The vector mw maps the tropospheric ZWD to its
corresponding slant delay based on the elevation angle as described in section 2.1.2.
r
Finally, the vector hb contains the coefficients for the δdBG−R
term which means its

elements equal one for GLONASS satellites and zero for GPS satellites. Assuming
that MG is the number of GPS satellites, MR is the number of GLONASS satellites, and the observation vectors are ordered to have GPS satellites first and then
GLONASS satellites, hb can be written as
"

0MG ×1
hb =
1MR ×1

#
(5.26)

After calculating H, the equations from (4.30) to (4.32) are used in the update
phase of the EKF.

5.3.3

Practical Considerations

Although the description of the system and measurement models in addition to the
EKF algorithm seems to be sufficient for implementing the integration algorithm,
other practical considerations should be taken into account for an efficient implementation of the system. In this section, three examples of these practical considerations
are briefly discussed.
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Dynamic satellite visibility

Due to the use of carrier phase observations, the system model has an ambiguity
state for each satellite. The total number of system states in the developed TC
PPP/RISS model is 13 + M ; nevertheless, the visible satellites vary with time due
to the change in the satellite geometry and the signal blockage. Thus, care must
be taken between different processing epochs for the appearance or disappearance of
satellites, especially when updating the covariance of the float ambiguities in the P
matrix.
A straightforward solution to this issue is to assume that all the satellites exist
and design the system matrices based on the maximum possible number of satellites.
However, using these matrices in the EKF equations leads to high computational
cost and requires dealing with matrices with many zero entries and might result in
singularity issues. In the developed algorithm, the system is designed for a maximum
number of satellites = 32 GPS + 26 GLONASS = 58, and hence, the total number of
states is 58+13 = 71. However, for every epoch, before applying the EKF equations,
a sub-matrix P 0 is taken from the original P matrix such that it contains only the
covariance information for the 13 + M states in this epoch. After applying the EKF,
the new estimated covariance values are carefully updated in the big P matrix.

5.3.3.2

Cycle slip detection

The major challenge of using carrier phase observations is the problem of cycle slips.
A cycle slip means a loss of carrier tracking which can happen due to a signal blockage
or weak signal-to-noise ratio. When a cycle slip occurs, the phase ambiguity changes
by a number of cycles; therefore, the estimated ambiguity must change, and the
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assumption that it is constant is not valid anymore. If the cycle slips are not detected
and based on their size, the solution deteriorates, and the PPP precision may be
lost. After a cycle slip is detected, there are two ways to deal with it. The first
approach is to try repairing it; nevertheless, an incorrect reparation will affect all
the following observations. The second approach is to reset the ambiguity parameter
in the navigation filter to estimate the new ambiguity which is a safer method [26]
despite the required re-convergence time.
In the literature, there are several cycle slip detection methods; however, none of
them can achieve 100% detection success. Each method has advantages and limitations. In the developed algorithm, the cycle slip detection module uses two methods
to detect the cycle slips. A cycle slip flag is raised if any of the two methods detected
a cycle slip. The two methods, introduced in [110], are using the MW combination
and using GF phase combination.
The MW function can detect large cycle slips, but might not detect the small cycle
slips and cycle slips that occur equally on the two GNSS frequencies used to form
the MW combination. Besides, the MW function is affected by the noise in the NL
code observation. On the other hand, the GF phase has low noise and can be used
to detect small cycle slips, and equal cycle slips on both frequencies. However, the
GF phase cannot detect some combinations of cycle slips, and large changes in the
ionospheric delay between the consecutive epochs can affect the detection success.

5.3.3.3

Outlier detection

Measurement outliers may seriously deteriorate the system performance if not handled properly. For INS, the measurement outliers can result from sensor failures,
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large sensor noise, or unexpected environment disruption. In the implemented RISS,
the IMU measurements are down-sampled by averaging from 100 Hz or 200 Hz to
1 Hz which contributes to smoothing the measurements and reduce the effect of the
outliers.
GNSS outliers can arise from multipath effects and non-LOS signals. The phase
cycle slips if passed the cycle slip detection module will also look like an outlier. In the
implemented algorithm, two steps of outlier detection were applied in a coarse-to-fine
approach. The first step is done before applying the EKF where the measurement
error vector δZ is tested against a relatively large threshold, e.g., 20 m for the code
observations. The threshold value can be tuned based on the available data sets and
can also be different for each type of GNSS observations.
The second step is based on testing the measurement residuals after applying the
EKF. Both the corrected PPP measurements and the predicted RISS measurements
are re-calculated based on the new estimated parameters, and a new measurement
error vector δY is formed which represents the solution residuals. The normalized
¯ k,j for the j th measurement is calculated by dividing the residual value by
residual δY
its posterior standard deviation

Ck = Hk Pk+ HkT + Rk
¯ k,j = pδYk,j
δY
Ck,(j,j)

(5.27)
(5.28)

where Ck is the posterior measurement covariance matrix at epoch k. Ck comprises
the estimated covariance of the state transformed into the measurement domain and
the measurement noise covariance.
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Finally, the normalized residual is compared to a threshold to decide if the measurement is an outlier. A threshold of 3 was chosen in the implemented algorithm,
which means that the residual value exceeded three standard deviations. If a code
outlier is detected, its corresponding phase and Doppler measurements must also be
rejected, but not vice versa [64].

5.3.4

Experimental Equipment and Setup

The developed DF-PPP/RISS system was tested using data collected from road tests.
Three trajectories have been performed, one in Kingston, Ontario, and the other two
in Calgary, Alberta. The following is a description of the equipment and software
used in these tests.

5.3.4.1

Rover GNSS receivers

The GNSS data were logged at a 1 Hz rate. Two GNSS receivers were used in these
tests:
• NovAtel SPAN OEMV Receiver: a DF-GNSS receiver installed inside the NovAtel SPAN-SE unit1 . This receiver was used as the rover receiver in Kingston
trajectory.
• NovAtel SPAN OEM6 Receiver: a DF-GNSS receiver installed inside the
NovAtel SPAN on ProPak6 unit2 . This receiver was used as the rover receiver
in Calgary trajectories.
1

https://www.novatel.com/products/span-gnss-inertial-systems/span-receivers/
span-enclosures/span-se [accessed April 30, 2019]
2
https://www.novatel.com/products/span-gnss-inertial-systems/span-receivers/
span-enclosures/span-on-propak6 [accessed April 30, 2019]
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IMUs

Two IMUs were used in these tests:
• IMU-CPT: a tactical-grade IMU with 20◦ gyro bias offset, 1◦ /hr gyro bias
stability, and 100 Hz output rate [83]. IMU-CPT has fiber optic gyros and
MEMS accelerometers, and it was used in the Kingston trajectory.
• IMU-KVH1750: a tactical-grade IMU with 2◦ gyro bias offset, 0.05◦ /hr gyro
bias stability, and 200 Hz output rate [111]. IMU-KVH1750 has fiber optic
gyros and MEMS accelerometers, and it was used in Calgary trajectories.

5.3.4.3

Reference system

An accurate and precise reference solution is vital in the evaluation of high-precision
systems. The NovAtel SPAN unit measurements were used to generate the reference
solution. However, to obtain the most accurate reference, the SPAN data were used
with data from a base station to generate a TC DGNSS/INS solution. The reference solution is generated in post-mission mode using NovAtel’s Waypoint Inertial
Explorer Software.
In the Kingston trajectory, the base station data was collected using NovAtel
OEM4 ProPakG2plus DF-GNSS receiver, and the antenna was mounted on the roof
of one of the buildings of the Royal Military College. Two-day static observations
were collected and post-processed to estimate the base station accurate position. For
the Calgary trajectories, the UCAL IGS station was used as the base station. UCAL
observations and reference position are available through IGS services.
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Software

The TC DF-PPP/RISS algorithm is developed using MATLAB R2017a. The development includes processing the input data and the corrections data.

5.3.4.5

Correction products

The PPP corrections used in this chapter are the final IGS corrections. However,
since GLONASS measurements were also employed, the corrections from the IGS
MGEX project were used. The CNES corrections were chosen with precise satellite
orbits every 5 min, and precise satellite clock corrections every 30 s. The satellite
APC corrections were obtained from the IGS ANTEX file.

5.3.4.6

Equipment setup

In order to collect the test data, all the equipment except the base station receiver is
carried in the testing vehicle. The equipment was mounted firmly on a flat platform.
This platform itself was strongly attached to the vehicle such that the IMU body frame
is the same as the vehicle frame as far as possible. The GNSS antennas were mounted
on the car roof. The car forward speed (odometer data) was collected from the car
built-in sensors through the On-Board Diagnostics version II (OBD II) interface.
Fig. 5.5 shows the equipment setup in the back of the testing van in Kingston.

5.3.5

Results and Discussion

The developed DF-PPP/RISS system is tested via three road test trajectories. The
first trajectory is fully open-sky to investigate the performance with no GNSS outages. Then, two simulated 10 s GNSS outages were introduced. The second and third
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Figure 5.5: Typical equipment setup on a van ready for road data collection
trajectories imply driving on highways and moving under overpasses to present examples of driving scenarios with real GNSS outages. Although the developed system
generates the 3D position solution, the focus of the presented results will be on the
horizontal position because it is the component that matters in lane-level positioning.

5.3.5.1

Road test trajectory 1

The first trajectory was carried out in the parking lot of Fort Henry, Kingston, Ontario, Canada. To guarantee continuous open-sky environment, the car was kept
moving in loops for around 40 min as shown in Fig. 5.6. For the reference solution,
the baseline length was less than 1 km in this trajectory. The IMU-CPT was employed as a tactical-grade IMU. The number of GPS/GLONASS visible satellites was
at least 13 during the whole trajectory as shown in Fig. 5.7. The speed profile, in
Fig. 5.8, indicates that the test started with ≈ 4 min static, then, the car started to
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Figure 5.6: The first trajectory of DF-PPP/RISS integration, Kingston, Ontario, Canada.
18
16

Number of satellites

14
12
10
8
6
4
2
0
0

5

10

15

20

25

30

35

40

Time (min)

Figure 5.7: Number of visible satellites in the first trajectory of DF-PPP/RISS integration.
move with an average speed around 15 km/h with a quick stop in the middle.
Fig. 5.9 shows a comparison between the DF-PPP solution and the integrated DFPPP/RISS solution based on the horizontal position error. The error trend of both
solutions indicates that the integrated solution benefited from the PPP precision in
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Figure 5.8: Speed profile in the first trajectory of DF-PPP/RISS integration.
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Figure 5.9: Horizontal position error comparison in the first trajectory of DF-PPP/RISS
integration.

a pure open-sky environment. Both solutions achieved accuracy of less than 50 cm
in less than two minutes, and the errors went below 20 cm in 10 min. The horizontal
position rms error, calculated after the first 10 min, was 9.8 cm for DF-PPP/RISS
compared to 11.5 cm in the case of DF-PPP alone.
To explore the real benefit of the integration with RISS, two 10 s simulated GNSS
outages were introduced after 20 and 28.5 min from the beginning of the trajectory.
Fig. 5.10 shows the horizontal error comparison after applying these two outages.
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Figure 5.10: Horizontal position error comparison in the first trajectory with two simulated
10 s GNSS outages introduced after 20 and 28.5 minutes.

The selected outages represent two different examples of the performance during
GNSS outages. The integrated DF-PPP/RISS solution did not exhibit significant
drift during the first GNSS outage, and hence continued after the outage with an
error less than 20 cm and gradually started to approach the PPP solution. The DFPPP solution was worse than the integrated solution right after the GNSS outage by
several centimeters, and within 5 min it went below the 20 cm level again.
On the other hand, during the second GNSS outage, the integrated solution drifted
to a maximum error of 40.5 cm. The amount of drift during the GNSS outage
depends mainly on the accuracy of the estimated vertical gyro bias and the other
INS navigation error states, and also the dynamics of the vehicle before and during
the outage. Despite the drift, the integrated solution was better than the DF-PPP
solution after the GNSS outage. The integrated solution converged to the 20 cm error
level approximately 4 min before the DF-PPP solution. The horizontal position rms
error with the simulated outages, calculated after the first 10 min, was 14.1 cm for
the integrated DF-PPP/RISS solution and 19.8 cm for the DF-PPP solution.
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As seen from this test, the integrated DF-PPP/RISS can contribute to reducing
the re-convergence time based on the GNSS outage conditions. Moreover, a significant
benefit of the integrated solution is continuity. The integrated DF-PPP/RISS solution
continued to provide a navigation solution with a horizontal error less than 50 cm
during the two 10 s GNSS outages while the DF-PPP alone had no solution at all
during these periods.

5.3.5.2

Road test trajectory 2

The second trajectory was meant to test the developed system in a real highway
driving scenario which lasted 74 minutes. The test trajectory, shown in Fig. 5.11,
started on Highway 1 (Trans-Canada highway), then the car moved through three
rectangular loops on several highways, next to Calgary, in open-sky conditions. In
the last loop, the car moved far south and then back through highway 201 north
passing under two overpasses before the test ends in a suburban area. The IMUKVH was utilized as a tactical-grade IMU in this test. The baseline length with
respect to the UCAL reference station was less than 20 km.
Fig. 5.12 shows the number of visible GPS/GLONASS satellites during the test.
At least ten satellites were visible most of the test time with a one-time drop to 5
satellites during the open-sky driving. The car passed under the first overpass (under
Highway 1) at the end of the 65th minute. The number of satellites became zero for
two seconds, and then four for one second before going back to the regular visibility.
The second overpass was at the 70th minute, and the number of satellites became five
for one second followed by two seconds with zero visible satellites.
Fig. 5.13 shows the speed of the vehicle during the test. The car was static for
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Figure 5.11: The second trajectory of DF-PPP/RISS integration, Calgary, Alberta,
Canada.
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Figure 5.12: Number of visible satellites in the second trajectory of DF-PPP/RISS integration.
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Figure 5.13: Speed profile in the second trajectory of DF-PPP/RISS integration.
only 42 s before it started to move. The speed was more than 60 km/h for 66% of
the time; however, there were several stops at the intersections. The 5-min stop that
occurred after 15.5 min was due to a railway crossing.
The horizontal position error comparison is displayed in Fig. 5.14. Both solutions
reached 20-cm level accuracy within 3 min. This fast convergence may be due to the
large number of visible satellites and the low horizontal DOP value which was 0.6 at
the beginning of the test. Another factor is that the car started to move after 42 s
which resulted in different measurements every epoch that could contribute to the
faster estimation of the EKF error states. When the number of satellites dropped to 5
in the 32nd minute, the PPP solution had an error spike of 23 cm while the integrated
DF-PPP/RISS solution was not affected by this drop and provided a smooth solution.
Fig. 5.15 zooms on the part when the car moved under the two overpasses at the
end of the trajectory; the PPP solution had four seconds with no output solution
for each overpass followed by a high position error in the epoch right after the GNSS
outage. The position error was 48.5 cm after the first overpass, and 121.5 cm after the
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Figure 5.14: Horizontal position error comparison in the second trajectory of DFPPP/RISS integration.
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Figure 5.15: Zoomed horizontal position error comparison in the second trajectory of DFPPP/RISS integration with a focus on the part where the car moved under
the two overpasses.

second overpass. On the other hand, the integrated solution provided a continuous
solution with an error of 26.5 cm after the first GNSS outage and 50.5 cm after the
second GNSS outage.

5.3. DF-PPP/RISS INTEGRATION

130

Table 5.1: Comparison of the rms and maximum horizontal position errors in the second
trajectory of DF-PPP/RISS integration
DF-PPP

DF-PPP/RISS

RMS error (cm)

16.4

16.1

MAX error (cm)

121

50.5

Table 5.1 compares the rms and maximum errors of the DF-PPP and the DFPPP/RISS solutions after 10 min of starting the test. The first 10 minutes were
excluded to avoid the initial convergence time and to keep consistency with the previous test. The rms errors are almost the same for the two solutions which is expected
since the two outages are short, and the re-convergence time of both solutions was
close. The PPP solution had relatively fast convergence time during this test, and
hence, there was no benefit from the integration in this regard. However, the main
benefit of the integration is smoothing the solution and removing the error spikes as
seen from the maximum error comparison in addition to the continuity advantage.
The DF-PPP/RISS solution was able to maintain the horizontal position error within
50 cm during this test.

5.3.5.3

Road test trajectory 3

The third trajectory lasted 66 min and was designed to have more challenging highway
driving scenario. Fig. 5.16 shows the test trajectory which started outside Calgary on
Highway 1A. The car moved west to the city of Cochrane where there was a suburban
environment, and then moved south on Highway 22, and east on Highway 1 towards
Calgary. In Calgary, the car moved on Highway 201 passing under several consecutive
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Figure 5.16: The third trajectory of DF-PPP/RISS integration, Calgary, Alberta, Canada.
overpasses, and finally, the test ended in a suburban area. The IMU-KVH was utilized
as a tactical-grade IMU in this test. The baseline length with respect to the UCAL
reference station was less than 30 km.
The number of visible GPS/GLONASS satellites in the third trajectory is shown
in Fig. 5.17. More than eight satellites were visible in the first 40 minutes of the
test. After that, on Highway 201, the car passed under ten consecutive road and
pedestrian overpasses. The number of satellites dropped to zero (full outage) eight
times, and was less than five satellites two times (partial outages). The significant
challenge in this trajectory is that the duration between outages was between 0.5 to
2.5 min, which is a short period for the PPP solution to converge. The GNSS outage
duration ranged from two to four seconds.
The vehicle speed profile during the third trajectory is shown in Fig. 5.18. The
car started to move after 5 min with high speed before the speed goes down in the
suburban area in Cochrane city. At the 22nd min, the car pulled over on the road
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Figure 5.17: Number of visible satellites in the third trajectory of DF-PPP/RISS integration.
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Figure 5.18: Speed profile in the third trajectory of DF-PPP/RISS integration.
shoulder for 3 min before continuing to move with high speed. At the end of the test,
the car moved in a suburban area with low speed. The speed was above 60 km/h for
64% of the time and more than 80 km/h for 46% of the time.
Fig. 5.19 shows the horizontal position error of the DF-PPP and DF-PPP/INS
solutions versus time. Both solutions converged to 20-cm error level after 5.3 min.
In the first 40 min where the environment was mostly open-sky, the two solutions

Error (m)
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Figure 5.19: Horizontal position error comparison in the third trajectory of DF-PPP/RISS
integration.

have a comparable performance. However, once the car started to move under the
overpasses, the DF-PPP solution suffered from momentary GNSS outages, large error
spikes up to 3.6 m, and relatively long re-convergence periods. On the other hand, the
integrated DF-PPP/RISS solution maintained the required accuracy with maximum
errors around 40 cm.
Fig. 5.20 zooms on the position errors in the last 30 minutes. While the PPP
solution struggled between outages to re-converge, the integrated DF-PPP/RISS solution provided a continuous solution less than 20 cm most of the time with no or
shorter convergence time after outages. The amount of re-convergence time reduction
is mainly affected by the propagated INS accuracy at the end of the outage. This
is why the integration with INS can contribute to reducing the re-convergence time
in short GNSS outages better than long ones. The INS drift during the GNSS outages in this trajectory was relatively small which indicates that the INS states were
well estimated before the GNSS outages especially the azimuth angle and the vertical
gyro bias. For example, the error in the estimated azimuth angle with respect to
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Figure 5.20: Zoomed horizontal position error comparison in the third trajectory of DFPPP/RISS integration with a focus on the last 30 min that includes ten
consecutive partial and full GNSS outages.

the reference solution was around 0.5◦ at the time the vehicle was moving under the
overpasses. Besides, the use of a high-end INS with low bias instability was also a
main factor in limiting the error drift.
Table 5.2 compares the rms and maximum errors of the DF-PPP and the DFPPP/RISS solutions after 10 min of starting the third trajectory. The integrated
DF-PPP/RISS solution has better performance in terms of both rms and maximum
error results. The improvement in the rms errors of the integrated solution resulted
from better performance during the re-convergence periods. The horizontal position
errors of the developed DF-PPP/RISS was less than 50 cm, not only in the rms sense
but also in the maximum errors. The consideration of the maximum error is crucial
for safety applications.
Fig. 5.21 shows, on Google Earth, an example of one of the GNSS outages in
this test. The car passed under Highway 1A bridge, and there was no PPP solution
for four seconds. The integrated solution (in red, which is just underneath the green
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Table 5.2: Comparison of the rms and maximum horizontal position errors in the third
trajectory of DF-PPP/RISS integration
DF-PPP

DF-PPP/RISS

RMS error (cm)

22.4

11.8

MAX error (cm)

355

40.6

Figure 5.21: Example of the developed DF-PPP/RISS system performance under an overpass using Google Earth. The green color is for the reference, the black for
DF-PPP, and the red for DF-PPP/RISS solution.

trace) continued to provide a high-precision solution that is very close to the reference
(in green) within the lane-level.
It is worth mentioning that the position errors after the real GNSS outages in the
second and third trajectories are higher than the errors after the simulated GNSS
outages in the first trajectory. The real outages lasted two to four seconds whereas
the simulated outages were introduced for ten seconds. In simulated GNSS outages,
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the GNSS observations are removed during the outage; however, the quality of the
observations before and after the outages are kept intact. On the other hand, when
a real GNSS outage occurs, the GNSS signal cannot go back to its nominal strength
in no time. Based on the surrounding environment, the GNSS signal may gradually
degrade before the outage, and typically it retrieves its strength after the outage
gradually. This explains why PPP position errors are more significant in real GNSS
outages compared to simulated GNSS outages.

Chapter 6
Conclusions and Future Work

6.1

Summary

The research in this thesis aimed at developing a reliable integrated PPP/INS navigation system for precise land vehicle navigation. The implementation of this integration
is not unique and can vary based on accuracy and cost requirements. Different PPP
models, different IMU sensor grades, and different estimation filters can be used for
this purpose. In this work, two PPP/INS systems are proposed that can be utilized
in land vehicle navigation.
The first proposed system aims at providing a precise real-time low-cost navigation solution for land vehicles with sub-meter accuracy. To fulfill the low-cost
requirements, SF-PPP was adopted because it can employ measurements from lowcost SF GNSS receivers in the market. Moreover, low-cost consumer-grade MEMS
sensors were utilized for the INS part. The real-time implementation of SF-PPP
opened the way to another contribution of the thesis which is the comparison of the
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currently available open-access real-time PPP corrections. Precise real-time corrections for SF-PPP can be obtained either from IGS RTS or SBAS. A comparison
between IGS RTS and SBAS was made based on the positioning results of static and
kinematic tests. The results showed that the corrections from both sources could be
used with SF-PPP, even though IGS RTS corrections were relatively more accurate.
Furthermore, a study was made to investigate the use of SBAS corrections to bridge
the IGS RTS corrections outages.
The EKF was selected as the integration filter in the developed SF-PPP/INS
system. The corresponding system and measurement models were developed and
described in the thesis. To enhance the performance in the case of GNSS outages,
NHC and ZUPT updates were used to limit the error drifts caused by the IMU sensor
errors. The system was tested through two road tests, and the performance was compared with the SPP-SBAS solution provided by u-blox UDR technology. The results
showed that the proposed SF-PPP/INS system could provide sub-meter accuracy
during open-sky, suburban, and momentary GNSS outage conditions. Furthermore,
the SF-PPP/INS solution was better than the u-blox UDR solution in a long GNSS
outage.
The second system developed in this research is an integration of DF-PPP with
RISS. This system aims at providing lane-level positioning accuracy for car navigation. Lane-level accuracy requires a high-precision navigation solution, and this was
the reason to choose DF-PPP that can reach centimeter-level accuracy. Because DFPPP cannot provide a continuous driving solution for car navigation, the integration
with tactical-grade INS was proposed. However, to save more than half the cost of
the high-end INS, RISS was employed instead of the traditional INS. The system and
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measurement models of the DF-PPP/RISS integration, using an EKF, were described
in detail accompanied by a description of some practical implementation considerations such as cycle slip and outlier detection. The system was tested through three
road tests that included different vehicle dynamics and highway driving conditions.
Furthermore, the system performance with simulated and real GNSS outages was
investigated. The test results showed that the proposed DF-PPP/RISS could achieve
rms horizontal accuracy less than 20 cm and maximum errors less than 50 cm.

6.2

Conclusions

The conclusions of each contribution of this work are described based on the results
of the experimental work performed.
Comparison of IGS RTS and SBAS corrections for real-time SF-PPP:

Both SBAS and IGS RTS were compared in terms of correction providers, type of
corrections, application methods, and advantages and disadvantages. Afterward, the
comparison in positioning domain with both static and kinematic data was investigated. For SF-PPP with static observations from ten IGS stations, the rms errors
indicated that utilizing IGS RTS has an overall better performance over SBAS by one
to two decimeters. Results from a kinematic test showed that both corrections have
comparable performance, but the IGS RTS was better in the vertical direction by
a few decimeters. Finally, these results showed that both corrections could be used
with SF-PPP if decimeter to sub-meter level accuracy is required for applications in
open-sky or suburban conditions.
Based on the comparison results, another test was done to investigate the use of
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SBAS corrections to bridge the IGS RTS corrections outages. An IGS RTS corrections
outage was introduced for two hours while processing the observations from two IGS
stations. The results showed that using SBAS corrections once an IGS RTS outage
starts can preserve the SF-PPP accuracy with no error growth provided that the
proper DCB is applied. The use of SBAS corrections provides a long-term, low-cost
solution to the problem of corrections outages with real-time SF-PPP with no need
for prediction models that can work only for limited corrections outage durations.
SF-PPP/INS integration for real-time low-cost land vehicle navigation:

The performance of the proposed SF-PPP/INS was investigated using data from two
road tests. The testing data included suburban environments, short GNSS outages,
and a 3-min GNSS outage in underground parking. Despite using low-cost IMU and
GNSS receivers, the developed PPP/INS system maintained sub-meter level accuracy
in suburban areas and during short GNSS outages. Moreover, the system provided
a reliable long-term navigation solution in GNSS-denied environments compared to
the SPP/SBAS solution provided by u-blox UDR technology. The PPP/INS integrated solution benefited from integrating the INS and PPP efficiently. The SF-PPP
solution assisted in keeping the positioning solution accuracy to the sub-meter level
in suburban environments. Furthermore, fast re-convergence was achieved after the
GNSS outages. The INS solution smoothed the PPP output and was utilized to bridge
the momentary and long GNSS outages reliably. The developed PPP/INS system is
anticipated to play an important role in low-cost automotive applications. It can be
utilized in providing sub-meter level of accuracy for navigation along highways that
is presently desirable by car manufacturers.
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DF-PPP/RISS integration for lane-level car navigation:

Lane-level positioning is crucial for safe driving applications such as lane-keeping and
lane-departure warning. For such applications, it is not only the rms errors that
matter, but also the maximum errors. The developed DF-PPP/RISS system was
tested in three road tests. The first road test was performed at low speed and opensky environments. The results showed that the DF-PPP dominates the performance
in open-sky conditions. The benefit of the integration with RISS was shown by
introducing two 10-s simulated GNSS outages. The integrated system maintained
the continuity of the positioning solution with a horizontal position rms error of 10
cm and with a maximum error less than 50 cm. Because real GNSS outages are
different and more significant than the simulated outages, the second and third tests
were performed at high speed by driving on highways and passing under several
bridges and overpasses. The DF-PPP/RISS system could maintain rms errors less
than 20 cm in these tests and maximum errors less than 50 cm. The integration
with RISS contributed to providing a continuous solution and also to reducing the
re-convergence time in most of the outages compared to the solution with DF-PPP
alone. The use of RISS rather than traditional INS allows the use of high-end systems
with more than half the cost reduction. Besides, RISS also contributes to reducing
the computational cost and power consumption. The developed DF-PPP/RISS has
the potential to be a part of new emerging applications such as autonomous driving
and ADAS that requires decimeter-level accuracy targeting lane-level operation.
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Proposed Future Work

This section outlines some proposed future work to extend the contributions made in
this thesis.
Comparison of IGS RTS and SBAS corrections for real-time SF-PPP:

• The comparison performed in this thesis was based on the positioning performance when using both corrections with SF-PPP. Another approach for the
comparison is to make it on the corrections level. The satellite orbit and clock
corrections from both sources can be compared to a reference such as the final
IGS ephemeris. Comparing the ionospheric corrections is more challenging because IGS RTS uses spherical harmonic expansions while SBAS uses a grid
model. Nevertheless, both corrections can be compared to the global ionospheric maps provided by IGS and its analysis centers.
• The SBAS corrections were utilized in this work to bridge an outage in the IGS
RTS corrections. However, investigating the fusion of both corrections may
lead to better performance and contribute to enhancing both the accuracy and
availability of the solution.
SF-PPP/INS integration for real-time low-cost land vehicle navigation:

• The proposed SF-PPP/INS system was tested in suburban and GNSS-denied
environments. Still, more testing and analysis can be done to investigate the
system performance in more challenging GNSS environments such as downtown areas where the multipath errors have a significant impact on the system
performance.
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• Loosely-coupled integration was used to integrate the SF-PPP with INS in this
work. Nevertheless, investigating tightly-coupled integration, even though it is
more complex and more computationally expensive, can lead to a better system
performance especially in challenging GNSS environments.
DF-PPP/RISS integration for lane-level car navigation:

The DF-PPP/RISS system performance was investigated using final IGS corrections
and high-end inertial sensors. Because the test results at this stage were promising,
some proposed future steps are listed below.
• Investigate the performance if ambiguity-fixed PPP is used instead of standard
PPP, and how it can affect the solution accuracy and convergence time.
• Study the use of real-time PPP corrections and see how much the effect will be
on system accuracy.
• Investigate more cost reduction by replacing the two accelerometers by MEMS
ones, or using all MEMS sensors.
• Analyze system performance in the case of more challenging environments and
longer GNSS outages.
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