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Abstract

For high precision GNSS positioning, the troposphere is one of the most prob-
lematic error sources. Typically, the effect is minimal due to the spatio-temporal
correlation when the baseline length is short enough in the relative positioning sce-
nario. When a strong tropospheric anomaly effect is present, the problem can be
much more complicated and the resultant positioning solution is typically no longer
precise even for a baseline of a few kilometres in length. As the troposphere delay and
height estimates are almost linearly correlated above a 20° elevation angle, the prob-
lem exists of how to de-correlate these two parameters to avoid such ill-conditioned

cases.

To obtain reliable height estimates, and avoid ill-conditioned cases, a new method
is proposed in this dissertation: these two common zenith dependent parameters are
combined into a single parameter plus weighting parameters. Once the parameters
are combined and corresponding weighting parameters are determined, the vertical

component can be retrieved.

The feasibility of the methodology is investigated in a kinematic situation. To
determine the weighting coefficient in this case, the residuals in a least-square esti-
mator are analyzed. As the residuals can be decomposed into two different realms,

either troposphere or ionosphere, the magnitude of the residual contribution of the
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troposphere for each satellite pair in the double difference can be determined. This
value is further used to determine the weighting parameters. Through this new
method, the common zenith-dependent parameters are found to be de-correlated. A
number of data sets are processed and the results are analyzed, especially during

severe inhomogeneous tropospheric conditions and under humid environments.

In summary, in a kinematic scenario, the achievement is shown to be up to 20% (4
cm to 3 cm rms) with processed data. Compared to the conventional approach, the
degradation of the vertical component during an anomalous weather period is almost
eliminated in kinematic scenarios, which is the main goal of the research described
in this dissertation. This means that this new approach is resistant to an anomalous

tropospheric event.
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Chapter 1

Introduction

In this dissertation, a novel and effective algorithm is presented for solving the
problem of mitigating the Global Satellite Navigation System (GNSS) tropospheric
delay. One of the most problematic error sources in GNSS positioning arises from
the non-dispersive medium that exists in the lower atmosphere and in most circum-
stances is not dependent on the GNSS frequency [Oguchi, 1983]. Even if multiple
frequencies of the modernized signals are available, unlike the ionospheric delay, they
are not fully helpful in mitigating the tropospheric delay. The problem is much more
difficult as the tropospheric delay parameters are highly correlated with the height
component which can cause an ill-conditioned case to be created in the normal equa-

tions.

This dissertation presents an approach to solve correlation issue between the two
parameters and to enhance the overall positioning result, especially for the height

component in kinematic scenario.



1.1 Background

The use of GNSS technology is expanding rapidly and is playing an increasingly
important role in many fields. It is estimated that over 99% of all GPS receivers sold
are L1l-only C/A code receivers [van Diggelen, 2009]. The remaining 1% are high
precision users, mostly for engineering or scientific usages, for cm to mm positioning
accuracy. This includes land surveyors, seismologist, atmospheric researchers, mili-
taries, space agencies for low Earth orbiting satellites or space missions, geologists,

astronomers, and so on.

To obtain high precision positioning results from GNSS, the current emerging
positioning method and active research field is based on the precise point position-
ing (PPP) method which uses a single geodetic receiver. The relative positioning
method, which is typically used for a high precision application, uses two or more
receivers. One receiver should be used on a known control point and the other re-
ceiver must be simultaneously recording the GNSS data for RTK or later precision

processing.

Depending on the accuracy and limitation, however, each method has its own
strength and weakness. For dense networks, many surveyors still choose the relative
positioning method because it provides higher accuracy, in general, and faster con-
vergence in the positioning domain. If the baseline length is typically around 10 km,
most of the errors affecting GNSS observables are cancelled out or much reduced due

to the mathematical differencing in relative positioning.

GNSS sensing is one of the most valuable tools in the atmospheric research com-
munity, because GNSS provides relatively accurate atmospheric signal delays under

all weather conditions. This sensing provides more information on the spatial distri-



bution of the water vapour near the receiver. Therefore, more accurate hydrostatic
(called "dry”") and non-hydrostatic (or 'wet’) delays can be retrieved from individual
reference stations, especially when the information is combined with the results from
the most advanced and accurate numerical weather prediction models. However, such
applications also have a need for increasingly accurate, reliable, and timely GNSS
data and products from existing and specialized networks. Modernized GNSS signals
includes many different frequencies. One of the benefits of having more frequencies
is to make a better model of the frequency-dependent refraction component, i.e.,
the ionosphere. Having more signals also allows for improved ambiguity resolution
where many choices of different frequency combination can be made. This can make
the positioning solution stronger because of having higher reliability in the solved

ambiguity.

One of the most problematic error components in high precision GNSS positioning,
however, happens from the non-dispersive medium. For this reason, even if multiple
frequencies are available, they are not very helpful in mitigating the error due to the
non-dispersive characteristics. One of the benefits of having more signals is that all
other frequency-dependent errors, such as the ionosphere, can be removed enabling
an improvement in the modelling of non-dispersive medium, such as the troposphere,
e.g. using 4D tomography. However, in terms of positioning, it may take a long time
to evaluate corrections to a receiver’s estimated position for a whole network with
recorded atmospheric profiles over a limited time period. In terms of the atmospheric
science, Manning et al. [2012] studied GPS tomography to reconstruct spatially and
temporally changing 4D wet refractivity every 5 minutes during an extreme convec-
tive super cell storm in Australia. They concluded that there is strong correlation
between the 4D wet refractivity evolution and the lifecycle of the studied sample,

and implied that the tomography research is beneficial in the early detection and



forecasting severe weather systems. The tomography study and radio occultation
research is currently an active research field for atmospheric science together with
GNSS technology. Recent research includes Jiang et al. [2014] who carried out for a
year worth of data processing and comparisons for tomography research and Rieckh
et al. [2014] who estimated of the tropopause meteorological parameters from radio

occultation techniques.

As described by Mendes et al. [1995], almost 90% of the total delay occurs from
the hydrostatic component in the troposphere which varies slowly with time so that
it can be easily modelled (with the assumption of hydrostatic equilibrium) to an
accuracy at the millimetre level. Unlike the hydrostatic part, the non-hydrostatic
part has strong spatial and temporal variations. This makes the problem much more
complicated. Typically, the effects of the non-hydrostatic delay in the range direc-
tion can reach 10~40 cm depending on the elevation cutoff angle. If the functional
models do not fully account for the non-hydrostatic delay part, the resulting residual
errors in modelling can cause significant errors in high precision GNSS positioning

solutions. Consequently, a misclosure vector can not be sufficiently minimized.

To reduce or minimize these errors (arising from poor modelling of the wet tropo-
sphere), one possibility is to model the tropospheric refraction using a data set of
non-GNSS observations. However, this is not always available at a rover receiver.
The other approach is to estimate by least-squares over a 1~2 hour time window
the tropospheric parameters directly using the available GNSS data , e.g. as used in
Bernese GNSS software. Typically, the highest accuracy can be achieved using least
square to estimate the troposphere parameter over a 1~2 hour time interval with
redundant observations with a batch processing approach, such as in the Bernese

GNSS software. Kalman filtering needs a certain time window to converge to the



correct solution and thus it may be hard to model the dynamic behaviour of the
troposphere. In addition, the solution may unexpectedly be degraded once process
noise is artificially estimated in the Kalman filter. The Kalman filter de-noises un-
wanted signals in a certain time window, and gives very good results only in the
situation that its dynamic behaviour can be well approximated, which is not always
possible. As the troposphere changes rapidly, it is hard to predict the behaviour of
the troposphere, while the filter needs at least a few minutes to converge, depending

on the observables used and the environment.

When there is a strong anomaly effect in the lower atmosphere, the approach to
resolve or to mitigate the error associated with the atmosphere can be much more
complicated and thus the GNSS solution in this situation can no longer be precise
with current estimation methodology, especially in the kinematic case. A network-
based RTK method is useful and provides a reliable spatial solution [Raquet, 1998]
but most of the research is still focused on long baselines. When there is a localized
effect by the atmosphere, the method still faces a similar challenge to the single base-
line case. As the troposphere and resultant height component are highly correlated
(as both parameters are zenith and linearly dependent above a 20° elevation angle),
it may be almost impossible to distinguish between those parameters. Therefore,
the problem often suggested or asked is how to correctly and efficiently de-correlate
those two parameters in order to achieve better and reliable height solutions. Once
a severe tropospheric effect happens over a short time domain, (e.g. typically less
than 30 minutes), the positioning solution is rarely reliable even if the best solution
can be achieved by estimating the troposphere every 1~2 hours, even under a short
baseline. Cases of such an anomaly have often been observed around the world.
Under normal troposphere conditions, the troposphere errors in GNSS can be sub-

stantially minimized in short-baseline situations by the differencing techniques due



to the spatial and temporal correlation characteristics. Even in a short baseline sit-
uation, however, the resultant solution can be highly degraded once there is a strong
anomaly effect due to the troposphere. The problem can be much more difficult as
the troposphere parameters are highly correlated with the height component, thus

one may end up with the ill-conditioned case in the normal equations.

In order to have a better positioning solution of a rover in terms of reliability, one
can either have a better model for the troposphere that can be applied towards the
anomalous cases, or have a different elimination technique for the troposphere. Cur-
rent mitigation techniques for the tropospheric refraction, such as the theoretical or
empirical model, are considered only in the normal troposphere cases. Some studies
have focused on independent observables (e.g., water vapour from a water vapour
radiometer) to retrieve the absolute atmospheric parameters for other stations. Even
if relative GNSS positioning gives better results and faster convergence time com-
pared to those of precise point positioning (PPP), interpretation of parameters can
be limited. For example, to estimate the troposphere delay at the rover site one fixes
the reference site’s troposphere. This allows us to solve, or avoid, the mathemati-
cal correlation between the partial derivatives of the troposphere at two sites, e.g.
levering technique [Rocken et al., 1997]. As with positioning estimates, a wrongly
estimated troposphere delay at the reference site can be propagated into other sites.
Another approach in mitigating the troposphere delay includes a ray-tracer based on
a numerical weather prediction (NWP) model. However, currently, the grid spacing
adopted in NWP is too large to consider creating a locally anomalous atmospheric
condition, as the grid nodes (which need to be integrated) are typically at least 10

km apart.

Due to the high correlation between height and GNSS troposphere parameter,



a suggestion might be the troposphere parameters must be determined whenever
possible. For long sessions, the troposphere parameters are usually estimated every
1~2 hours. However, Rothacher and Beutler [2002] suggested that the estimation
of zenith total delay (ZTD) is problematic when a short sessions is observed as the
decorrelation of the troposphere and height requires a long session (at least one
hour). Within this context, we have also evaluated smaller time intervals than one
hour when estimating the troposphere delay, and confirmed that it worsened the
entire positioning solution. Based on a number of tests, the troposphere delay pa-
rameter estimation is found problematic if kinematic measurement are processed

where the receiver coordinates have to be estimated at every epoch.

Previous research by the author (e.g. Ahn et al. [2007]) investigated the use of
additional tropospheric parameters such as residual zenith tropospheric delay and
horizontal gradient parameters. Although the method was successful in reducing
the tropospheric residuals to some extent and thus resulted in an improvement in
the solution domain, this approach has two main practical limitations. Firstly, the
additional parameters may degrade the entire positioning solution in the estimation
process due to redundancy and inter-correlation of parameters. Secondly, an arbi-
trary choice of the parametric spacing for the residual troposphere or the gradient
estimation is not practical in a kinematic scenario. In a kinematic case with a limited

observation period, introducing more parameters can make the entire solution worse.

Even for a short baseline, imbalanced atmospheric errors are shown to have a
severe impact on rover positioning solutions, resulting in a worsening of the qual-
ity of the positioning solutions. A potential explanation is that under extremely
inhomogeneous conditions in the lower troposphere, a physical interpretation may

be difficult, if not impossible to evaluate, resulting in certain incorrect assumptions



about the parametric model. Therefore, residual analysis of the tropospheric delay
can be carried out, but also, if not, a new approach has to be suggested to solve the
troposphere mitigation in the kinematic situation especially during an anomalous

tropospheric case.

This dissertation thus addresses the issues associated with the troposphere mitiga-
tion in GNSS positioning and tests a number of different methods regarding tropo-
sphere mitigation for positioning application and troposphere estimation for atmo-
spheric research. To overcome the correlation problem, the dissertation proposes a
new approach to decorrelate the height and the troposphere parameter. The asso-
ciated ill-conditioned problem can be solved after combining two zenith dependent
parameters into one common parameter with correct weighting parameters. In order
to estimate those parameters separately in the parameter estimation process, a new
recursive weighting scheme is also introduced to determine proper weighting to de-
correlate the troposphere and the height component which could enable GNSS users

to achieve high precision positioning solutions in the parameter estimation process.

1.2 Statement of the Problem

1.2.1 Objectives

The overall aim of this study is to address a number of different methods regard-
ing the troposphere mitigation, and to develop a method to resolve the correlation
between the troposphere parameter and the height component. A number of tasks

to achieve the goal includes:

e Evaluation of a number of current mitigation methods for the GNSS tropo-
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sphere delay and addressing of potential issues in degradation especially the

troposphere anomaly in kinematic applications,

e Development of a new methodology to resolve the correlation between the
height and troposphere parameters especially under severe troposphere anomaly

cases in the lowest atmosphere,

e Development of a post-processed kinematic platform for validating the method-

ology and evaluating the test results for short baseline processing,

e Performance of the methodology is measured in terms of the reliability of the

positioning solution, especially the height component.

1.2.2 Hypothesis

The hypothesis for this study is that by decorrelating the height and the tropo-
sphere parameters the height accuracy can be significantly improved. Correlated
parameters are difficult to separate unless there are enough satellites available with
a low elevation angle to make the correlated parameters distinguishable. The data
in lower elevation satellites are, in general, prone to have more noisy data due to
larger multipath, uncertainties in the atmospheric model, receiver noise and so on.
In addition, the lower elevation satellites are not always available due to obstacles

blocking the signal path.

If two correlated parameters can be combined into a single parameter and brought
into a least squares estimator, there must exist a value which will minimize the
weighted sum of the squared residuals. Previous experience in the analysis of decor-
relation based on intermediate data sets from a geodetic software platform support
this idea, that height estimates can be dramatically improved once the weight coef-

ficients are properly estimated or found.



1.2.3 Assumption

The main goal of the research is to develop a new methodology which meets the
primary objectives to overcome the decorrelation problem between two parameters
under severe troposphere anomaly situations and evaluation of the proposed method-
ology using a number of different baselines. In order to achieve the ultimate goal,

assumptions were made to help define the scope of this research.

The research is based on the analysis of baseline processing results where the refer-
ence station is assumed to be known and the rover is to be estimated, which is typical
in relative positioning. Instead of estimating both sets of coordinates, the reference
station’s coordinates are assumed to be known to the milimetre level. All of the
baselines tested in this research are short (e.g. around 10 km) and dual frequencies
are available and usable. Further, epoch-wise kinematic software is developed and

validated against other software platforms.

1.3 Significance

The purpose behind this research is to improve the height solution with acceptable
accuracy without the help of external measurements of the tropospheric correction.
Importantly, the data tested herein for evaluating the methodology include espe-
cially anomalous tropospheric conditions. The primary development in this research
is that it enables a recursive weighting scheme to provide a proper weighting on each
parameter after determining the magnitude of the tropospheric contribution from
the residual analysis. The major contributions of this research within the area of

the troposphere mitigation and positioning enhancement can be described as follows:
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e Evaluation of existing methodologies to mitigate troposphere delay and develop

a completely different approach to resolve the correlation issue,

e Development of a methodology to minimize the correlation between the tropo-
sphere and height parameter with a new test-bed software platform. To achieve
this goal, generalized mathematical descriptions for the software platform are

given.

e Development of a method to solve the tropospheric delay on GNSS observables
without external aids. The data tested are solely based on GNSS observables.
This means that the methodology does not use any external tropospheric mea-
surements to help to determine the weighting. Although the lower troposphere
has strong spatial and temporal variation and the test is based on a post-
processed scheme, this methodology may be suitable for use in real time with
a sufficient accuracy compared to using a predicted model value, if controlled.
Based on a series of tests, we have concluded that it is nearly impossible to
achieve a meaningful result under the severe troposphere circumstances using

current model-based predictions.

1.4 Dissertation Outline

Overall, the dissertation has nine chapters. They are classified in two different

categories.

Part I (the first three chapters) presents basic fundamentals relevant to

understanding contents of this dissertation.

e Chapter 1 states the background, overall research objectives, hypothesis, and
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assumptions made. It provides the motivation of the research. It also includes

the contribution of this dissertation.

e Chapter 2 is an overview of GNSS fundamentals. The different error sources

that affect GNSS observations are discussed.

e Chapter 3 provides the principles of GNSS signal delays in the troposphere,
and some of the current fundamental models for mitigating the troposphere er-
rors. It includes the mathematical background of a few important troposphere
mitigation models and precipitable water vapour retrieval based on the tro-
posphere estimates from GNSS observables. It also describes the ray-tracing
method using a numerical weather prediction model as well as radiosonde ob-
servables. Some of the test results are given in this chapter for addressing the

importance of GNSS as a research tool in troposphere research.

Part II describes the new methodology developed to solve the current

issue and problem, which enhances the positioning solution.

e Chapter 4 introduces the proposed new methodology. The proposed new com-
bined zenith dependent parameter to decorrelate the height and troposphere
parameter is described and the weighting method (named combined zenith-
dependent weighting) is discussed in this chapter. It covers the derivation of
the algorithm used in this approach and demonstrates how to realize it with

an actual data set.

e To test the methodology, an epoch-wise post-processed kinematic software plat-
form was developed. In Chapter 5, fundamental mathematical formulations

for relative positioning needed to develop epoch-wise kinematic software are
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described. The developed software is mainly used to test the proposed new

methodology.

e In Chapter 6, the scenarios selected for this research are processed with the
software based on the methodology. To evaluate it, a few short baseline sce-
narios over a few geographical regions are selected for the test which includes
the United States, Canada and the Caribbean. A number of different baselines
are processed to evaluate the results. This includes consecutive days which are
relatively humid compared to other days. The details of these data sets are

also described in this chapter.

e Chapter 7 evaluates important mitigation approaches for the troposphere, eval-
uates the proposed methodology, and discusses a performance analysis for each
scenario defined previously. The temporal behaviour of the errors, in addition
to an analysis of the observation domain, is given. An analysis is carried
out, with an emphasis on the differences in the performance of reduction of
errors. This chapter presents further investigations into the combined zenith-

dependent weighting method.

e Chapter 8 provides discussions and conclusions of this research.

e Finally, Chapter 9 includes recommendation for further research avenues.
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Chapter 2

GNSS Fundamentals

This chapter addresses the measurement equations, and describes error sources in
GNSS, especially clock errors, orbit errors, ionospheric errors, multipath, and system
noise. As this research is dealing with dual frequency GPS, fundamental aspects for
both signals are described here. The tropospheric errors are described in detail in

Chapter 3.

2.1 Observables and Measurement Equations

The pseudorange is a measure of the apparent propagation time from the satellite
to the receiver’s antenna. This apparent propagation time is determined from the
time shift required to align a replica of the GPS code generated in the receiver with
the received GPS code. This time shift is the difference between the time of signal
reception measured in the receiver time frame, and the time of emission measured

in the satellite time frame.

The pseudorange is obtained by multiplying the apparent signal-propagation time
by the speed of light, and differs from the actual range by the amount that the satel-

lite and receiver clocks are offset, by propagation delays, and other errors including
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those in cables, electronics, etc. Since this measurement is not a true range mea-
surement, it is referred to as the pseudorange [Wells et al., 1987]. The carrier phase
refers to an accumulated or integrated measurement, which consists of a fractional
part, plus the integer number of wavelengths since signal lock-on. Since a GPS re-
ceiver cannot distinguish one cycle from another, the carrier phase measurement is

ambiguous.

There is another GPS observable, called the Doppler measurement, which tracks
the line of sight velocity between the satellite and antenna. Since Doppler mea-
surements do not have an integer ambiguity, and are in the range of &+ 5 kHz, this
method is typically used to detect cycle slips in the carrier phase measurement, or

to determine the a receiver’s velocity.

All GPS satellites transmit on the L1 and L2 frequencies. The L1 frequency is
1575.42 MHz, and L2 is 1227.60 MHz. Physically, GPS sends just a very compli-
cated digital code. As the coded signal looks random electrical noise, it is called
Pseudorandom noise code (PRN). Two types of PRN are sent by a satellite; C/A
(Coarse/Acquisition) code which is for civilian users and modulated on L1 carriers
at a rate of 1.023 MHz, the other the P (Precise) code which is for military users

and is modulated on both the L1 and L2 carriers at a rate of 10.23 MHz.

Since the P code is encrypted, which is then called Y code, the measurements are
not directly available to civilian users, unless a special so-called ‘code-less’ technique
is used. For this reason, the signal strength is decreased by 14 to 31 dB, and L2

measurements cannot be made with the same quality as those on the L1 frequency.

Recent advancement includes testing a few modernized signals including L2C (pre-
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operational), L5 (pre-operational), and L1C (which is scheduled for test in 2017)
(http://www.gps.gov /systems/gps/modernization/civilsignals/). The L2C signal is
the 2nd civilian signal and, as of Feb. 5, 2016, 18 satellites are transmitting the
signal. The most beneficial effect of having another civilian signal is that when it is
combined with existing 1.1 C/A signal, it will make position determinations much
more resistant to ionospheric errors. The L5 frequency of 1176.45 MHz also has pre-
operation status. Eleven satellites are transmitting the signal and it will be avail-
able fully operational around 2021. The main advantages that would arise from L5
availability include: robustness via signal redundancy, improved accuracy via iono-
spheric correction, improved interference resistance, higher transmitted power than
L1 C/A or L2C, improved data message quality, and higher chipping rate (which
would improve the multipath performance). The L5 signal is mainly designed for
safety-related transportation as it uses the highly protected Aeronautical Radio Nav-
igation Services (ARNS) radio band. The fourth civil signal scheduled is L1C. The

first satellite for the L1C signal test will be launched in 2017.

There are a few GNSS. These are GPS (USA), GLONASS (Russia), Galileo (Eu-
rope), QZSS (Japan) and Beidou (China). As the individual system broadcasts its
own different signal, there is a demand to have a common signal for civilian user.
Enabling interoperability between GPS and other compatible navigation systems can
dramatically improve many civilian navigation applications in challenging environ-
ments. This is one of the main reasons to develop the common L1C signal. For
carrier-phase-based differential GPS (DGPS) users, over long baselines, this mod-
ernization will further compensate for ionospheric errors, minimize the time required
for ambiguity resolution and reacquisition, maximize the probability of correct am-
biguity resolution over short time spans, etc., and help to achieve centimetre-level

accuracies, or better, in the future.
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The GPS observation equation for phase measurement of either the L1 or L2 fre-
quency, in units of metres between the receiver and satellite, can be written, in a
general form as follows [Rothacher and Beutler, 2002]:

Q) = pi+c-0t,+c- 0ty gys—c- 0t —c- 0t AT —0I1+0pres+0pmu+ ANy +eerr (2.1)

sys

where,
p; : geometrical distance between a satellite and a receiver,
¢ : speed of light in vacuum,
0t, : station clock correction,
0t, sys : delays in receiver and its antenna,
ot* . satellite clock correction due to satellite clock error,
dtg,s + delays in satellite and its antenna,
0T : tropospheric delay,
01 : ionospheric delay,
0prer = relativistic corrections due to special and general relativity,
0P - multipath,
A : wavelength of the GPS signal (L1 or L2),
N7 . integer ambiguity,

Eerr - Other remaining measurement and model errors.

The corresponding observation equation for pseudoranges only differs in two ways.
The ionospheric refraction correction 6/ has the opposite sign for pseudoranges. The
speed of the carrier wave (the “phase velocity”) is actually increased, or “advanced”,
hence the phase refractive index is less than unity. However, the speed of the pseu-
dorange is decreased (the so-called “group velocity”), and therefore the pseudorange

is considered “delayed”, and hence the range (or group) refractive index is greater
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than unity [Hofmann- Wellenhof et al., 2008]. In addition, there is no ambiguity term.

Using Equation 2.1, the geometric distance term, p; can be written as follows

[Rothacher and Beutler, 2002]:

pp =) = ralt)] = |73 (8 = 7)) = R(ty) - 7o ()] (2.2)

where,

73 (%) : satellite position at emission time t5 = t,, — 7. in inertial system,

75(= p2/c) : light travel time,

7.i(tr) : receiver position at reception time ¢, in inertial system,

7r.(tr) © receiver position at time ¢, in Earth-fixed system (e.g., International Earth
Rotation and Reference System Service (IERS) International Terrestrial Reference

Frame (ITRF)) with

i(te) = R(t,) - Fre(ty) (2.3)
which refers to the relation between inertial frame and Earth-fixed frame, and fi(tr)
is the transformation matrix from Earth-fixed to inertial system with

R(t,) = PNUXY. (2.4)

Equation 2.4 contains the Earth rotation parameters such as polar coordinate z,
and y, in X and Y due to the polar motion, UT1-UTC in the sidereal rotation matrix
U and nutation parameter in obliquity Ae and longitude A\ in N. More details of

the transformation matrix can be found in Cappellari et al. [1976] or Leick [2004].
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In an inertial reference frame, the satellite position 7% (¢°) can be written as follows:

=S

r; (ts) = ﬁ,o(ts; Asaty Csat s Z.sata Qsata Wsat s tp;p17p2>p37 e 7pd) + 5r2nt(t5) (25)

where,
i, © position vector at the centre of mass,
ors . antenna phase centre offset and variations,

Qsat, €sats Usats $2sat, Wsat, tp © Six orbital elements,
P1, D2, D3, ,Pa - gravity field coefficients, air drag and radiation pressure param-

eters, etc.

In Equation 2.5, the semi-major axis a is used to define the size of the orbit, and
the eccentricity e defines the shape of this orbit. The inclination angle 7 is the angle
between the z-axis and the angular momentum vector, which is perpendicular to the
orbit plane. If ¢ < 90°, the orbital motion is counterclockwise when viewed from the
north side of the fundamental plane (i.e. direct motion). If i > 90°, the satellite is in
retrograde motion. The longitude of the ascending node {2 is the angle between the
x-axis and a line from the dynamical centre to the point where the satellite crosses
through the fundamental plane, from south to north, measured counterclockwise
from 0° to 360°. If i« = 0°, then the orbit cannot be defined. The argument of the
perigee w is the angle between the line of the ascending node and the line from the
dynamical centre to the perigee. If e = 0,7 = 0°, the argument of perigee cannot be
defined. The time of perigee passage ¢, is normally used to relate position along the
orbit to the elapsed time, by means of the Kepler equations. If e = 0, ¢, cannot be de-

fined [Escobal, 1976; Taff, 1985; Cappellari et al., 1976; Montenbruck and Gill, 2000].

In a similar way, the station position 7. .(t,) can be written in Earth-fixed frame
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as follows:

7?7‘ e(tr) = Fr,e (to) + ﬁr,e (tr - Zfo) + 5Fr,sol + 5FT,pOl + 57?7“,0071 + 6Fr,atm + 5Fr,ant (26)

r.e(to) © coordinates of the station,

U, : velocities of the station,

07501 © solid Earth tides which are caused by the gravitational forces of Sun and
Moon,

0Trpor © pole tides which are caused by the reaction of the elastic Earth to the
change of the rotation axis due to polar motion,

07501 © Ocean loading which is due to the weight of the water on the continental
plate during tides,

OTr.atm © atmospheric loading which is due to the weight of the atmosphere on the
continental plate,

0Tr.ant © antenna phase center offset and variations.

Since all these errors are combined together in the measurement, they should be
modelled for applications requiring sub-centimetre precision in high-accuracy global

reference or high-accuracy geodetic surveys.

Generally, there are two different methods when process GPS data (unless assisted
GPS (A-GPS) is used); one is precise point positioning (PPP) and the other is the
relative positioning method. The general data processing procedure for the relative

positioning method is as follows:

e The pseudorange or carrier phase measurements made simultaneously by two

GPS receivers are combined so that, for any measurement epoch, the observations
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from one receiver to two satellites are subtracted from each other to remove the

receiver’s clock error or common bias.

e The two single-differences are subtracted so as to eliminate the satellite clock
errors, as well as to reduce significantly the effect of unmodelled atmospheric biases

and orbit errors.

e The resulting set of double-differenced observables, which are independent com-
binations of two-satellite-two-receiver combinations, can be processed to solve for
the baseline components, and, in the case of ambiguous carrier phase measurements,

for the integer ambiguity parameters.

Although the PPP method is getting more popular due to its benefit of absolute
positioning and is based on a direct measurement observation equation, many high-
precision positioning techniques still use a form of the double-difference processing
technique. More details on PPP and the relative positioning method are given in

Chapter 4.

2.2 Error Sources

The carrier phase measurements and pseudoranges are affected by the systematic
and random errors. There are many sources of systematic errors, such as: satellite
orbits, clocks, the propagation medium such as through the ionosphere as well as
the troposphere, receiver clocks, relativistic effects, antenna phase centre variations,
multipath, phase wind-up, and other systematic errors, e.g. errors due to cable

noises. Using the double difference technique, most of these systematic errors can
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be eliminated or much reduced. For high-accuracy GPS real-time kinematic (RTK)
positioning, the double difference technique is a common approach as it dramati-
cally reduces the errors in GPS signals. Santerre [1989], as discussed on Beutler et
al. [1988], studied about a few important systematic errors in relative positioning
for different satellite configurations and quantified the effects in a different scenarios
from simulation work. Based on their research, two classes of biases are found when
looking at GPS error sources: those mainly influencing the height (vertical direction),
and those influencing the scale of a baseline or a network, in the horizontal direction.
The effect on baseline length can occur due to a bias in the absolute tropospheric
delay, to neglecting the ionospheric delay, or to incorrect heights of fixed reference

stations, for example.

Figure 2.1: Effect of GPS errors on baseline length

For example, if there is a bias in the absolute tropospheric delay, the baseline
length between the point A and B can be affected by an amount of the same magni-
tude of |e| as shown in Figure 2.1, for the signals transmitted on pseudorandom noise
code (PRN) A and PRN B satellite. Consequently, the estimated baseline length
can be either extended (if e is positive) or contracted (if e is negative in magnitude)

compared to the true position due to this error.
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However, the second class of biases can affect the relative station heights. This can
occur due to a different bias at each endpoint of a baseline. Such cases happen when
there is a bias in the relative tropospheric delay, in the horizontal positions for fixed
reference stations, in the satellite orbit, in the antenna phase centre differences, and

in the multipath, for example.

A PRN B
PRN A 3

Fath 5

Figure 2.2: Effect of GPS errors on station height

Similarly, for example, if there is a bias in the relative tropospheric delay, it can
have an effect of the same magnitude, but in a different direction, on the signals
transmitted on PRN A and PRN B to the point of either A or B. Consequently,
the estimated station height could be higher or lower than the true position due to
the effect, as shown in Figure 2.2. The remainder of section 2.2 briefly describes
error sources apart from errors due to the troposphere which is discussed in detail

in Chapter 3.

2.2.1 Clock Errors

Let ¢-d, = c-0t,+c-0t, 5y in Equation 2.1 so that 6, = dt, 4 90t, 5,s which is the error
of the receiver clock at time t with respect to GPS time. Similarly, §' = §t° + 6t _ is

sys

for the satellite. If so, the signal reception time can be written as ¢t = ¢, — d,, where
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t is the signal reception time and ¢, is the reading of the receiver clock in the signal
reception time. The term, -8, —c- 6" or ¢- 0t +c- 0ty 5ys — ¢+ 6° — ¢ 6t . in Equation

EE]

2.1, can be eliminated by implementing the double difference of the measurements

(see Chapter 4).

However, this does not mean that the receiver clock error 4, is completely elim-
inated in the differencing technique. In order to compute the geometric distance
p,; between the satellite and the receiver at time ¢, we still need to linearize the
measurements, so the receiver clock error ¢, must be known in order to correct the
reading of the receiver clock t,.. Now, the geometric distance p; can be written in a

simpler way, and its derivative can be obtained as follows:

pr(t) = pi(tr —6;)  or  dp)(t) = —p;dé, (2.7)

where p7 can be interpreted as the radial velocity of a GPS satellite with respect to
the receiver. Obviously, this radial velocity can be minimized when the satellite just
passes the zenith direction. However, the velocity can reach up to 900 m/s (~10°

elevation angle) near the horizon.

Hugentobler et al. [2005] mentioned that if |dd,| is smaller than 1us, the error
|dp:(t)| due to | — dd,|, which can be interpreted as the receiver clock synchroniza-

tion error, can be as small as 1 mm.

2.2.2 Orbit Errors

There are four different kinds of GPS orbits: broadcast, ultra-rapid, rapid and
precise orbit. The broadcast orbit is based on pseudoranges, which have uncertain-

ties of approximately 1 m, while the final precise orbit is based on phase observables
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Table 2.1: Four different kinds of GPS orbit !

Type Accuracy Latency | Update fr?tm ple
Orbits ~100 cm
Broadcast Sat. clocks ~b5 ns rms realtime — daily
~2.5 ns std
Ultra-Rapid Orbits ~b cm . 03,09,
(predicted half) | Sat. clocks ~3 18 rms realtime | 15,21 15 m
P ' ~1.5 ns std UTC
. Orbits ~3 cm 03,09,
E)llt):et?e?falf) Sat. clocks ~150 ns rms | 3 ~ 9 h 15,21 15m
' ~50 ps std uTC
Orbits ~2.5 cm 15 m
Rapid Sat. & Sta. | ~75 psrms | 17 ~ 41 h (117.1UTC 5
clocks ~25 ps std ay o
Orbits ~2.5 cm 15 m
: every
Final Sat. & Sta. | ~75 psrms | 12 ~ 18 d Thur Sat.: 30 s
clocks ~20 ps std ' Stn.: 5m

that have currently uncertainties of about 2.5 cm. For the broadcast orbit, there
is no latency which means the orbit can be retrieved in real time. There are three
different types of precise orbit products produced by the International GNSS Ser-
vice (IGS), which are generated based on estimates of orbits at twelve different IGS
analysis centres (ACs), with individual weights used in a sum, to get a weighted com-
bination, resulting in: the ultra-rapid, rapid, and final orbit products. The twelve
different ACs use different software packages, e.g., GIPSY-OASIS, Bernese GNSS

S/W, GAMIT, and apply different strategies, parameterizations, and models.

Table 2.1 represents each of the orbit’s quality. The three precise orbits are based
on phase measurements using the data from a global GNSS network, and the orbit
information is available in the Standard Product #3 ASCII (SP3) format, which is
a geocentric earth-fixed satellite position in ITRF, reported at intervals of every 15

minutes or less.

thttps://www.igs.org/products, accessed March 2016
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Figure 2.3: IGS Tracking Network (from IGS 2016) 3

In addition to GNSS satellite ephemerides, the IGS also provides Earth rotation
parameters (ERPs), global tracking station coordinates and velocities, satellite and
tracking station clock information, global ionosphere maps, and zenith tropospheric
delay estimates. Figure 2.3 illustrates the distribution of the global GNSS network.
The ITRF coordinates are positioned relative to the geo-centre using a variety of
space geodetic techniques, such as Satellite Laser Ranging (SLR), Very Long Baseline
Interferometry (VLBI), and GNSS. Therefore, ITRF is considered to be a more
reliable datum than World Geodetic System 84 (WGS84). The discrepancy between
ITRF2008 and WGS84 is approximately 10 cm.? The most recent realization of
ITRF is ITRF2014 and the details can be found Altamimi et al. [2016].

With respect to the influence of the orbit errors on station coordinates, for different

2More details can be found on: ftp://itrf.ensg.ign.fr/pub/itrf/wgs84.txt
3More details on each station can be found on: http://igs.org/network
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baseline lengths, Bauersima [1983] estimates and quantifies the approximate baseline

errors as a function of orbit errors, as follows:

[(km)

_Ukm) A 2.
25, 000(km) 1A (28)

[
Ar| = = |AR| ~
p

where,
Ar : error of a baseline length [,

AR : orbital errors.

Equation 2.8 means that broadcast orbits may be sufficient to achieve an accuracy
of 0.4 mm in the baseline, for a 10 km baseline length. Due to the high orbit quality
provided by the IGS, orbit errors are usually ignored in the post-processing. How-
ever, this does not mean that this quality is sufficiently good for all applications, such
as PPP and GPS RTK positioning for long baselines, or for use by the atmospheric

community.

Especially in the case of retrieving the integrated precipitable water vapour (IPW),
or slant wet delay of the troposphere, Rocken et al. [1997], Dousa [2001] and Kruse
et al. [1999] address the importance of the orbit quality, since accurate near-real-
time GPS IPW estimation depends on the accuracy of the satellite orbits. Baltink
et al. [2002], Rocken et al. [1997] and Kruse et al. [1999] tested whether orbit relax-
ation, (i.e., the simultaneous adjustment of orbit parameters during the processing
of GPS data), could increase the accuracy of the IPW estimates. They compared
their results by orbit relaxation to the IPW estimates based on the final IGS orbits,
and found an improvement of 20% in the rms error, compared with other methods
which use the quality index to remove bad satellites, or wrongly predicted satel-
lites. However, Baltink et al. [2002] suggested that an orbit improvement procedure,

using an ultra-rapid orbit, would still be necessary for securing better IPW estimates.
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2.2.3 Ionosphere Errors

An electromagnetic wave, especially at GNSS frequencies, is affected by the prop-
agation media. This creates a bending of the signal path, time delays, advancement
of carrier phases, and scintillation [Leick, 2004]. The ionosphere extends from about
60 km to beyond 1000 km and consists of ionized particles associated with (nega-
tively charged) free electrons, which delay the signals coming from space [Klobuchar,
1996]. As the ionosphere is a dispersive medium, which means that the refraction
due to the ionosphere is dependent on the frequency, a combination of different fre-
quencies, (e.g. dual frequency user), can dramatically reduce the effect. With the
help of augmented systems, like WAAS (Wide Area Augmented System), the error
of the ionosphere can be also reduced. In terms of the error budget, the effect of the

ionosphere on GNSS signals still remains a major contributor.

A single electromagnetic wave propagating with wavelength A\ and frequency f
travels in space with the velocity of its phase. This phase velocity, e.g. carrier phase

waves for GNSS, can be written as follows [Hofmann- Wellenhof et al., 2008]:

Vph = Af (2.9)

For a group of waves with slightly different frequencies, the propagation of the
resultant energy is defined by the group velocity, e.g. code measurement for GNSS,

as follows:

Vgr = ——= A2 (2.10)
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Based on the Rayleigh equation [Hofmann-Wellenhof et al., 2008], both phase and

group velocity can be related by the following equation:

dvph

= (2.11)

Vgr = Uph — A

To associate the wave propagation with a medium, the refractive index n must
be introduced. The propagation velocity for the corresponding refractive indices ny,

and ng, can be written, in general, as follows:

Upp, = — or Vgr = (2.12)

These two equations have a very important physical connotation within atmo-
spheric propagation, i.e., the larger the refractive index the smaller the velocity,
therefore resulting in proportional signal-path magnitude changes (with longer lengths
for the group and smaller for the phase signal-path). As d\/\ = —df/f, Equation
2.11 can be rewritten, using the refractive index, as follows:

Nph,

Ngr = Nph + fﬁ (2.13)

The phase refractive index, n,, can be approximated by the series given by Seeber

[1993] with the coefficients cs, 3, ¢4 as follows:

Co C3 Cy
nph:1+F+F+F+'“ (2.14)
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Considering the 2nd order, the phase refractive index and the group refractive

index can be approximated as follows:

Co

nph:1+f2

and Ngr =1—— (2.15)

These coefficients do not depend on frequency but on the quantity N, which rep-
resents the density of the electrons along the propagation path [Hofmann-Wellenhof

et al., 2008]. The coefficient ¢; can be approximated with a value of [Seeber, 1993] :

co[Hz"] = —40.3 - N, (2.16)

Equation 2.16 suggests that ng, > n,, thus, v, < v,,. Therefore, as a consequence
of the different velocities, signal measurements are delayed when represented by code
pseudo-range observables, and are advanced when represented by carrier-phases. The
magnitude of these signal-path changes can be quantitatively obtained by only using

up to the second-order term of Equation 2.14, and by using the ¢, value, i.e.:

40.3N,

7 (2.17)

nphzl—

Based on Fermat's principle [Born and Wolf, 1964], the measured range s along the
signal propagation path through the ionosphere between a satellite and a receiver,

and the corresponding geometric distance s, can be written as follows:

5= /nds and So = /dso (2.18)

path path
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The difference between the measured range s and the geometric distance s, tells

us the effect on the ionosphere path delay. Simply,

51 = /nds— /dso (2.19)

From Equation 2.15 and Equation 2.19, the following phase (61,,) and group (01,,)

ionosphere delay can be obtained if the coefficient ¢, is replaced by —40.3N, :

0L, = —4})—53/]\76(18 and 01, = %/Neds (2.20)
Total Electron Content (TEC) is defined by:
TEC = /Neds (2.21)
and substituting into Equation 2.20, we obtain:
0L, = —Alj(c)—fTEC and 01, = ALJ(C)—‘Q?)TEC (2.22)

TEC is given in TEC units (TECU), where 1 TECU = 10 electrons per m?. Due
to the dispersive nature of the ionosphere, GNSS users with dual-frequency receivers
can mitigate the ionospheric range error (at least the first-order effect) through an

appropriate combination of measurements observed on L1 and L2.

For arbitrary lines of sight, the Equation 2.22 can be rewritten with an elevation

dependent function as follows:
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1 403 1 40.3
oI, = —————TEC and 61, = ————TEC (2.23)

cosz' f? cosz' f?

where, the 2z’ can be defined from the Figure 2.5 as follows:

sinz = —2sin z (2.24)

Rg + hpy,

where,
2, or z' : zenith angle either at observing station or at ionospheric point (IP),
Rg : mean radius of the Earth,

h.,, : mean value for the height of the ionosphere.

Satellite

Figure 2.4: Geometry for the ionospheric path delay assuming a single-layer model
[Hofmann- Wellenhof et al., 2008]

This ionospheric delay can be modelled by estimating TEC in a column of the at-

mosphere, alternatively eliminated as a first order effect, based on its dispersive char-
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acteristic, by using dual frequency measurements. Ionospheric disturbances mainly
show up close to the equator, due to the high TEC there, and over the polar regions,
due to short-term variations. The ionosphere is, however, quiet in mid-latitude re-
gions, except in areas where Traveling lonospheric Disturbances (TIDs) and storm
enhanced density (SED) exist. The ionospheric storms, with enormous variations,
are correlated with solar flares. When the GNSS signal travels high concentration
of irregular plasma during a storm period, the ionosphere creates a rapid change in
the phase and amplitude of the GNSS signal, called ionospheric scintillation. This
scintillation is fast changing phenomena, and is difficult to predict, so that many
receivers experiences a loss of lock, lose accuracy during the period, or even experi-
ence in failure in the positioning service. However, due to the dispersive nature of
the ionosphere, the error caused by ionosphere can be significantly reduced if using

more than one signal frequency in the majority of circumstances.

Figure 2.5: ITonospheric model broadcast by WAAS. It consists of a thin shell at
350 Km altitude which is discretized into a geodetically rectangular grid. A vertical
delay estimate and a confidence bound on that estimate are calculated at each grid
vertex [Hansen et al., 2000]
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There are many ionospheric models which have been proposed over a number of
decades. Having the proper model, a user can mitigate the error in order to achieve
a higher precision positioning solution. One common type for mitigating the error is
based on the augmentation system, e.g. WAAS. The Federal Aviation Administra-
tion (FAA) and the Department of Transportation (DOT) in US developed WAAS
to meet the FAA’s navigation requirement. This includes accuracy, integrity and
availability. WASS consists of a number of ground reference stations which collect
and create a correction message. The uploaded correction message (which includes
satellite orbit, clock drift and signal path delay) are then transmitted over North
America via geostationary satellites. A WAAS enabled receiver can directly correct
the errors on the observables without the help of any other secondary devices. Due
to the benefit of the system, a few countries are trying to develop their own augmen-
tation system which includes MSAS (Japanese Multi-Functional Satellite Augmen-
tation System), EGNOS (European Geostationary Navigation Overlay Service), and
GAGAN (GPS Aided Geo Augmented Navigation by India). Figure 2.5 represents

WAAS with a thin-shell (like a planar fit) approximation.

For a single frequency user, the ionospheric correction model such as the Klobuchar
model can be used [Klobuchar, 1996]. The model coefficients are transmitted as a
part of GPS satellite message. The model is described by a total of eight coefficients.
Using the model, the ionospheric delay at mid latitude can be reduced by 50%.
For a dual frequency user, it is possible to derive the ionospheric-free (IF) linear
combination, which can be used to eliminate the first order ionospheric effects using

the L1 and L2 phase measurements. In this case, the combination looks like:

fia

) £
i - Th

(I)IF (I)Ll -
fiv = It

Dy (2.25)
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where,

®;r : IF observables,
fr1 @ L1 frequency,
fre : L2 frequency,

®; 1, Py - Phase observables for L1 frequency, L2 frequency.

This IF linear combination significantly reduces the ionospheric error, but it cannot
completely remove the errors®, as it neglects the higher-order terms which remain in
the series expansion of the refractive index (see Equation 2.14 and Equation 2.15),
which represent the effect of the geomagnetic field, and the bending effect of the
wave paths. Due to the combination, the ambiguity is no longer an integer property

in Equation 2.1.

Bassiri and Hajj [1993] developed an approximate method to describe the higher
ionospheric effects, for average conditions, and showed that the level of the error of
the second order effects S?"? is in the range of 1 cm, with a maximum of less than

won

3cm, using the IF combination.

3
S2nd (1.377 X 10_6¢T—E> |sin 0, cos eg cos ap — 2 cos B sin €]

L e + hion
I a0 Rion COS Qtpy
M M TE tan EM
where,

4The higher order contribute less than 0.1% but it can be reached up to a few cm level under
the worst conditions [Brunner and Gu, 1991].
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@ : geodetic latitude,

oy - geomagnetic azimuth,

0, : pole distance,

Oy - geomagnetic pole distance,

en - geomagnetic elevation angle,

VTEC : vertical TEC.
Table 2.2 shows the maximum range errors in the vertical direction that can be
expected for the dual frequency observations and IF combination as quantified by

Wiibbena [1991].

Table 2.2: Maximum vertical ionosphere range error (m)

Frequency || 1¥order effect(1/f?) | 2"%order effect(1/f?) | 3"order effect(1/f*) |

Ly 32.5 0.036 0.002
Lo 93.5 0.076 0.007
IF 0.0 0.026 0.006

Although the IF combination eliminates the ionospheric effects to a considerable
degree, this does not mean that this combination can give us the best solution for
all networks. For example, in a small network, even if the combination reduces the
ionopheric errors, the noise of the combination is almost three times higher, resulting
in accuracies that are three times worse for the stations’ coordinates. This is one of
the limitations in using this combination in a small network. Higher accuracy using
fixed ambiguities of L.L1 and L2 could be possible, but it also needs an additional
combination to resolve the individual ambiguities first. For a smaller network or
baseline which is less than 10 km, the best approach to achieve a highest position-
ing precision result might be still from a single L1 phase observables, provided the

integer ambiguities are correctly resolved.
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Except in the case of the IF linear combination, ionospheric refraction represents
the largest of the error sources for all other linear combinations, including: wide-
lane, narrow-lane, geometry-free, and Melbourne-Wiibbena (see Hugentobler et al.
[2005]), as well as for the original L1 and L2 measurements. In differential position-
ing, the ionosphere can cause delays in excess of 20 ppm, in the code measurements,
and also the signals may be advanced by about the same amount, in the phase mea-
surements. Therefore, the code minus phase measurement is a good indicator in

estimating the ionospheric effects.

The ionosphere changes very fast, especially during scintillation at high or low
latitudes, and trough phenomena below the auroral oval, which has 10 ~15 ppm
gradients at 35° ~ 45° latitudes, and storm-enhanced density generated when the
plasma goes into the sub-auroral region, which has up to 75 ppm gradients [Skone,
2003]. In this case, it would be better to estimate these ionospheric effects using
stochastic ionosphere parameters (SIPs). Unlike the deterministic component of the
ionosphere, which may be modelled by mathematical functions, the stochastic part
of the TEC represents the residuals of the modelling that are due to the magnitude
of short term fluctuations in the TEC. Using fixed double difference ambiguities,
these SIPs for the ionosphere can be computed at the double difference level, either
by analyzing the LL1-L2 linear combinations, or by simultaneously analyzing the orig-
inal L1 and L2 measurements [Schaer, 1999]. The main procedure for the stochastic
ionospheric estimation is that, at the beginning, the L1 and L2 observations are
processed simultaneously, and for each satellite and each epoch, one ionosphere pa-
rameter is set up, and then the ionosphere parameters are constrained with a priori
weights, or a process noise in a filter. Stochastic ionosphere modeling and param-

eterization is necessary in many cases, because short-period variations cannot be
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taken into account in global, regional, or even local ionosphere models [Hugentobler
et al., 2005]. In addition, Skone [2008] showed that the temporal stability of the
ionospheric error was degraded under active ionospheric conditions. One of the good
indicators of the storm activity is based on the K, index. If K, values exceeds b,
this means relatively quiet to moderate ionospheric activity. A 3 hour K, index
over three days with actual and predicted values can be found on the following link:

http: //www.swpc.noaa.gov/products/planetary-k-index.

2.2.4 Multipath

Multipath is also considered as one of the major error sources in GNSS. The effect
happens when a transmitted signal arrives at the receiver via multiple paths due to
unwanted reflection and diffraction. Technically, the multipath is similar to a ring
or ghosting effect. When multipath is present and compared to the light-of-sight
signal path, this distortion are always delayed as the wave will take longer paths due
to the reflected surfaces. A satellite itself may also experience multipath during the
signal transmission but the effect of the satellite is minimal on a short baseline in
a single-difference observables [Leick, 2004]. Most prominent multipath happens in
the surroundings of the receiver, e.g. from buildings, streets, waterways, and vehi-
cles. The reflected signal is always weaker because of the attenuation of the reflector
which is dependent on the material itself, incident angle and the polarization of the
reflector. The signal attenuation due to reflection of a wave signal causes trouble
not only on GNSS surveyor but also for a conventional surveyor, especially a reflec-
torless EDM (Electronic Distance Measurement) user. In general, a higher incident
angle tend to generate more multipath interference and therefore a satellite on a
lower elevation angle tends to have more interference. The multipath signature for
consecutive days shows a very similar pattern as the geometry of the satellite and re-

ceiver repeats every sidereal day (see Figure 2.6). In static surveying, this is a useful
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feature of the multipath effect; by experiencing multipath over a number of days at
the same location. This eventually enables a spatial and temporal mitigation model
at the specific location to be created. The receiver receives many different satellite
signals from many direction and the intensity should be all different. By having a
better antenna, e.g. choke ring, (specifically resistant to the multipath effect) or a

better cable, one can mitigate much of the multipath effect.

B: DOY 072; R: DOY 072;

Multipath Signal (cm)

-2

0 200 400 600 800 1000 1200 1400 1600 1800
Epochs (s)

Figure 2.6: Multipath daily repeatability in a short baseline [Hsieha and Wu, 2008]
5

Reflection and scattering of an electro-magnetic (EM) wave from a surface has two
components; specular and diffused. Diffused scattering is irregular, non-coherent and
non-deterministic and occurs on rough surface. Diffraction, however, occurs when
the signal hits the sharp edge or a rounded object. In Figure 2.7, specular reflections
and diffracted paths are depicted. The choke ring antenna especially prevents these
kind of diffracted signals. As the multipath error is affected by correlator spacing
and bandwidth, the use of the narrow correlator can reduce the amount of the mul-

tipath error. Even with the use of narrow-correlator, the error due to the multipath

5The baseline length of the processed data is 23122.72 m collected in 2006. It shows temporal
variations of the double-differenced multipath signal.
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Figure 2.7: Geometry of multiple multipath specular reflections upon a static GNSS
receiver

can have a magnitude of a few metres, and a few centimetres for code and carrier
phase observables, respectively. The effect is more complicated in a moving platform

as the dynamics and reflection condition change continuously.

In brief, the direct and the reflected signals at the antenna phase centre can be

written as follows [Seeber, 1993]:
Ap = Acos®p and AR = apmyAcos(®p + Pr) (2.27)

where,
Ap : amplitude of the direct signal,
Ap : amplitude of the reflected signal,
Q- damping factor (0 < agpy < 1),

0 : no reflection
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1 : reflected signal as strong as direct signal
®p : phase position of the direct signal,

® R : phase shift of the reflected signal with respect to the phase of the direct signal.

The amplitude of the indirect signal is reduced by the damping factor a,,,; which
is dependent on the characteristics of the reflection at the surface. The phase of the
indirect signal ®p, is delayed by the phase shift ® which is a function of the geometry
between a satellite, receiver, and reflector. The superposition of two sinusoidal terms

gives:
Ay = Ap+ Agp = Acos ®p + apmuAcos(Pp + Pr) = fAcos(Pp + O) (2.28)

With Ap e = A and Ag ez = amuA, the equation for the resultant multipath

error in the observed carrier phase can be written as follows:

© = arctan <&> (2.29)

-1
Qo T COs Pp

The signal amplitude is

B =pBA= A\/l + a2, + 20 cos Pp (2.30)

Equations 2.29 and 2.30 tells that as a, — 1, © — 90°. Therefore, the theoretical
maximum effect of multipath on carrier phase measurements would be about 5 ¢m in
the L1 signal (A = 19.05 cm) as & = 90° = 1/4 cycle. In addition, Georgiadou and
Kleusberg [1988] demonstrated that a height error due to the multipath can reach

+15 cm. Depending on a damping factor, carrier phase multipath behaviour reveals
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a completely different signature.

Carrier-Phase Multipath Equation [Georgiadou and Kleusberg, 1988]

E — L1
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Figure 2.8: Example of carrier-phase multipath behavior [Georgiadou and Kleusbery,
1988]

Figure 2.8 is an example plot for varying damping-factor versus phase multipath
error at ®p = 45° (top panel). The lower panel is for varying the phase-delay error

when the damping-factor is set to 0.6.

The multipath effects on code and carrier phases have been thoroughly studied
from early 1980s. These includes detailed physical understanding of the phenomena,
mathematical interpretation, new technological advancement of the receiver and an-
tenna design, and modelling of the surroundings at the receiver. Some of modelling
and simulation results of GPS multipath propagation on a different terrestrial en-
vironment are described on Hannah [2001]. Due to the complexity, much of the
research have been focused on a static scenario. A recent approach, however, is to
deal with kinematic applications, e.g. RTK-based dual antenna system for multipath

error mitigation [Serrano, 2013].
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2.2.5 System noise

There are many different error sources affecting on GNSS observables. Some of the
important error sources are described in earlier section. The errors associated with
the receiving system includes receiver noise, phase delay, oscillator’s stability, phase
centre offset & variations, phase delay variation, interchannel bias, and cables. One
of the common mistakes, however, happens when the user may under-estimate the
impact on the overall system noise effect, for example, by a cable. This is a simpler
example to deal with compared to other system noise effects. The precision of the
code and phase measurement is largely dependent on how much noise accompanies
the signal in the receiver’s tracking loops. The noise may be coming from the receiver

electronics itself or from receiver’s antenna [Langley, 1997].

The antenna noise temperature is one of two components contributing to the overall
system noise performance of a GNSS receiver. The other component is the receiver’s
equivalent noise temperature, which is a combination of cable losses and the noise
internally generated in the receiver. If the source of temperature 7" does not extend
over the entire antenna reception pattern, the detected noise power, and hence tem-
perature, will be less. This detected temperature is called the antenna temperature.
If the antenna is a hypothetical isotropic type, with unit gain in all directions, then
the antenna temperature is given by Langley [1997]:

Qs

To= 3 Toug (2.31)

where,
Q) : solid angular extent of the noise source,

Ty - average noise temperature of the source across the antenna reception pattern.
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The antenna noise temperature, T,, must be corrected for the contribution by the
cable between the antenna and the receiver or antenna preamplifier input. As there
is no perfect cable, a signal traveling through the cable is attenuated. But not only
does the cable component reduce the signal level, it also adds to the noise. If L, is
the total loss in the cable (power in divided by power out; Ly, > 1), then the total
antenna temperature is given by

T, Ls, —1

T, = % 4 20~ 9.32
R (2:32)

where T, is the cable’s ambient temperature. Alternatively, this could be written

as follows:

Tont = an Ty, + (1 - asn)To (233)

where,

agn(=1/Lg,) : fractional attenuation (0 < ay, < 1).

This equation is of the same form as the equation of radiative transfer found in
physics. In fact, the physics of emission and absorption of electromagnetic radiation
by a cloud of matter is similar to the emission and absorption taking place in an
antenna cable [Langley, 1997]. We now have a measure of the noise level that can
contaminate a GPS observation and we can compare it with the power of a GPS sig-
nal. In the absence of any GPS signal, the receiver and its associated antenna and
preamplifier will detect a certain noise power, N. We can use the ratio of the power
of a received signal S, and the noise power N, measured at the same time and place
in a circuit as a measure of signal strength. Obviously, the larger the S/N value,

the stronger the signal. We usually make signal-to-noise measurements of signal at
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baseband (the band occupied by a signal after demodulation). At radio and interme-
diate frequencies (RF and IF), we commonly describe the signal level with respect
to the noise level using the carrier-to-noise-power-density ratio, C'/N,. This is the
ratio of the power level of the signal carrier to the noise power in a 1-Hz bandwidth.
It is a key parameter in analyzing GNSS receiver performance and directly affects

the precision of the receiver’s pseudoranges and carrier phase observations.
To see and test the effect of the different cables, I used the SPIRENT™ STR4760

GNSS simulator was used. All of the cables have often been used for GPS surveys.

For the test, the NovAtel ™ Propak-V3 receiver was used.

Table 2.3: Specification of each cable tested

Recom. nominal
Use attenuation
0.46 dB/m
No.1 | Huber & Suhner | RG303U | 14 m <1 GHz (1 GHz at 25°)
No.2 | Trimble 41300-10 | 10m | N/A N/A

0.57 dB/m
No.3 | Huber & Suhner | RG223U | 5 m <6 GHz (1.5 GHz at 25°)
16.8 dB / 100 m
No.4 | LMR LMR400 | 10 m <16.2 GHz (1.5 GHz at 25°)

No.5 | Trimble 41299 1 m N/A N/A

Manufacturer Model Length

Each simulation test was controlled by SimGEN™ control software with exactly
the same scenario. Each test period was about 30 minutes. After each test was fin-
ished, the data were collected for the further analysis. Table 2.3 shows some details

of each cable which was used for the test. Some specifications could not be found

which are denoted by N/A in the Table.

Figure 2.9 provides an insight of the importance of the cable selection depending

on the engineering survey needs. The figure shows each SNR for a different cable for
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SNR Cable Test (Comparison For Each Cable for PRN5)
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Figure 2.9: Noise test for five different cables using a SPIRENT simulator

the same PRND satellite as an example. As clearly seen from the figure, comparing
for 10m cables, the high-end LMR 10 m thick antenna cable shows much better
performance than the thin 10 m Trimble cable. From the test, we found that the
difference of SNR between cables can reach up to 7 dB. From this test, we could also
confirm that as a satellite sets to the horizon, the tracked signals are prone to be

nosier than a higher elevation angle.

Without considering the antenna cable effect, as a rule of thumb, the observation
resolution for the traditional GPS receiver is about 1% of the signal wavelength
and the modern receiver be even lower. Table 2.4 shows typical GPS range noises

[Hofmann-Wellenhof et al., 2008].
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Table 2.4: Typical GPS range noise figures

’ H wavelength \ noise ‘
C/A-code || A = 300m | 10 ~ 300cm
P-code A~ 30m 10 ~ 30em

Carrier A= 20cm | 0.2 ~5mm

2.3 Summary

In this chapter, the theoretical background of GNSS has been discussed, and the er-
rors affecting GNSS signals have been distinguished into two different groups. Espe-
cially, the orbit errors, ionosphere errors, multipath, and system noise from antenna
cables have been reviewed. In Chapter 3, the error mitigation for the troposphere
will be discussed in detail. This includes the general theory, a few important tro-
pospheric error mitigation strategy based on theoretical and empirical models, the
background of raytracing based on NWP, and radiosondes. Chapter 3 also includes
some experimental results that show the importance of GNSS technology in neutral

atmosphere research.
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Chapter 3

Troposphere Error Mitigation

3.1 Troposphere

The troposphere is part of the neutral atmosphere, ranging from sea level to a
height of about 12 km. The tropopause is a small boundary region between 12
km and 16 km where the temperature remains approximately constant at a level of
—60°C to —80°C [Schuler, 2001]. The upper part above the tropopause is referred
to as the stratosphere, up to an altitude of 40 km with a slow temperature increase.
In GNSS, the “troposphere” generally refers to the neutral atmosphere at altitudes
0 to 40 km [Skone, 1998]. At the GNSS signal frequencies, the troposphere is a
non-dispersive medium (i.e., no frequency dependence in signal transmissions), and
hence it affects the L1 and L2 signals by the same amount, unlike the effect of the

ionosphere.

The tropospheric effect on GNSS signals can be divided into two different com-
ponents: the hydrostatic (or ‘dry’) part, and the non-hydrostatic (or 'wet’) part.
The hydrostatic and non-hydrostatic refractivity of the troposphere cause delays in

the signals. Most of the total delay is due to the hydrostatic component, while the
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non-hydrostatic component is responsible for approximately 10% of the total delay.
Various tropospheric delay models have been developed to estimate these delays, as
a function of the satellite elevation angle, receiver height, and meteorological param-
eters, such as temperature, pressure, and humidity. The range delay in the zenith
direction is approximately 2.5 m which corresponds to about 8ns; however, for an
elevation of 5°, it increases to about 25 m. This dependence on elevation angle is
described by a mapping function, so that the delay near the horizon is three to five
times higher than in the zenith direction. Most of the delay is mitigated in differ-
ential positioning; however the residual tropospheric delay increases as the baseline

length increases.

Unlike the ionospheric errors and orbital errors, which can be reduced to sufficiently
low manageable levels, errors in the tropospheric delay, which mostly contribute to
errors in the height component in the station’s coordinate estimates, are known to
be one of the largest limiting factors for high accuracy GNSS positioning, at the

current time.

3.2 Principles of GNSS Signal Delay

The neutral atmosphere can be divided into the troposphere, the tropopause and
the stratosphere. The tropospheric delay of GNSS signals depends on the index
of refraction n along the signal path. For radio waves up to 15 GHz propagating
through the atmosphere along a path s, the length L. of the signal path can be

calculated by Fermat's principle (similar to Equation 2.18):

L, = /n(s)ds (3.1)



where,

n(s) : index of refraction as function of the distance s

The geometrical distance is different from the actual path due to the difference
between the path delays in the troposphere versus a vacuum, and in reality is given

as follows:

0T = / n(s)ds — / ds = /(n(s) — 1)ds + bending effect (3.2)

path vacuum path

which is also called total or neutral slant path delay.

For elevation angles above 15°, the bending effect is less than 1 cm; however, for
smaller elevations, the effect can be as larger as 2 ~ 3 cm. This total delay can be
divided into a hydrostatic component (dpy,) and a non-hydrostatic component (dp.,)

as follows:

§T = 8T}, + 6T, (3.3)

However, this can be expanded to further distinguish between the azimuthally

symmetric delay and asymmetric parts [Schuler, 2001].

0T = 5Th,sym + (STh,asym + 5Tw,sym + 5Tw,a3ym (34)

where,
0T}, sym : hydrostatic delay term under the assumption of symmetry in azimuth,
0T sym : non-hydrostatic delay term under the assumption of symmetry in az-

imuth,
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0T}, asym : hydrostatic correction term taking asymmetry into account,

0T asym : non-hydrostatic correction term taking asymmetry into account.

Equation 3.4 can be further expanded when the horizontal tropospheric gradient

model is applied to the above asymmetric components as follows:

0T =m(€e)n - ZHD +m(€)y - ZWD 4+ m(€)azi - [Grorth - COS Qazi + Geast - Si agzi] (3.5)

where,
m(e) : mapping function,
ZHD : zenith hydrostatic delay,
ZWD : zenith wet delay,
Grortn  gradient in northward direction,
Geast @ gradient in eastward direction,
(lg,i - azimuth,

h,w : subscript for hydrostatic or non-hydrostatic component.

The tropospheric delay model most widely used is the one without the gradient
components. The zenith delay model as well as the mapping function is further ex-

plained in section 3.3.
In Equation 3.1, the index of the refraction, n (ratio of the speed of the propagation
of electromagnetic wave in vacuum to the speed of the propagation of the medium),

can be expressed in term of the refractivity index N, as follows:

N; =10°(n — 1) (3.6)
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The refractivity of humid air in the frequency band between 100 MHz and 20 GHz
is given by Thayer [1974] as follows:
Pa Cw

-1 Cw 1 —1
Nt - leZd + kQTZw + k3ﬁZ’w (37)

where,
pq : partial pressure of dry air (mbar); ps = p;— e, with p; being the total pressure,
ew : partial pressure of water vapour (mbar),
T : temperature (°K),
k1, ko, k3 : refraction constants (°K/mbar,®> K/mbar,® K/mbar?),
Zd_l, Z 1 : inverse compressibility factors for dry and wet air which are empirical

factors.

Atmospheric refractivity relies on pressure and compressibility of the gases, but
also depends on the electric properties of the molecules. The molecules act like tiny
dipoles and cause a dipole moment affecting the radio wave. In case of Oy or N,
there exists only an induced dipole moment, but there is a permanent dipole moment

in water vapour.

The first term in Equation 3.7 is the hydrostatic component and represents the
effect of the induced dipole moment of the dry component, while the second term is
related to the dipole moment of water vapour and the last term represents the dipole
orientation effects of the permanent dipole moment of water vapour molecules. The
last two terms in Equation 3.7 constitutes to the wet component of the refractivity.
The refraction constants ky, ks, k3 are determined empirically. The inverse compress-
ibility accounts for the difference between ideal gas assumptions and non-ideal gas

behaviour. These values and the pressure of water vapour are found on Schuler
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[2001], Thayer [1974] and Hugentobler et al. [2005] as follows:

0.52 T.
-1 _ —8 —4 c
Z7 =1+ pg (57.97- 1078 (1 + T) —9.4611-1074. ﬁ>

Z =14 1650% (1 001317 T, +1.75-1074 - 772 + 1.44-107° - TC?’) (3:8)

P H,p, e—37.2465+0.213166T—0.000256908T2
w = —

100

where,
T. : temperature (°C),
T : temperature (°K),

H,, : relative humidity (%).

These inverse compressibility factors, i.e. Z; and Z;!, for dry and wet air are
empirical factors and can be modeled as a function of pressure and temperature as

shown in Equation 3.8.

In order to define the zenith delay, it is necessary to express the refractivity in
Equation 3.7 in terms of its hydrostatic and non-hydrostatic components. With the

assumption of the hydrostatic equilibrium, the following relationship can be made:

RiTZ
R R e RN
3.9
_paBe (B ey M, (3:9)
vy U\ My T My

where,
R, : universal gas constant (= 8.31434.J mol™! °K 1),

Ry : specific gas constant for dry air (= 287.054.J mol™' ° K1),
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M, : molar weight of wet air (= 18.0152kg kmol™!),
My : molar weight of dry air (= 28.9644kg kmol™'),
pq : density of dry air (kg m™3), ©

p: : total density for dry and wet air (kg m™2).

Substituting Equation 3.9 into Equation 3.7, the refractivity can be rewritten as

follows:
ptRo 1 My 1
Nt —k1< Zw ) +k2—Z +k3—QZ
My T M, T T (3.10)
ptR Fw 1
=ki—— M + K TZ +k3T2Zw
M,
ko= ks —k 11
2 ( 2 — 1Md> (3.11)
where,

ki = 77.60 +0.09 °K/hPa,

ky =69.4 +2.2 °K/hPa,
ky=22.1422°K/hPa,

ks = (3.701 £ 0.012) 10° °K?/hPa.

Equation 3.10 is useful, as it allows a strict separation between the hydrostatic
and non-hydrostatic components. The hydrostatic component, from Equation 3.10

1S

deo

Ny=k
d 7

(3.12)

and the non-hydrostatic component is

6Standard values can be found on International Standard Atmosphere
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Cw

N, = (k:;? + k;g%Z;l) (3.13)

The zenith hydrostatic delay and the zenith non-hydrostatic (‘wet’) delay can be

defined as follows:

ZHD =107 / Nydh (3.14)
hs

ZWD = 10‘6/Nwdh (3.15)
hs

where,
hs : surface height,

dh : differential increment in height.

Almost 90% of the total delay occurs in the hydrostatic part, which varies slowly
with time. This hydrostatic delay can be easily modelled by the assumption of hy-
drostatic equilibrium with an accuracy at the millimetre level [Mendes et al., 1995].
However, unlike the hydrostatic part, the non-hydrostatic part (which amounts for
approximately 10 ~ 40 cm of range delay) is much more difficult to model than the
hydrostatic part, due to its strong spatial and temporal variations. The assumption
of hydrostatic equilibrium does not hold for this portion of the air and relative errors

of empirical, theoretical models are on the order of 10%.

This uncertainty in the modelling (which leaves large residual errors) can cause

significant errors in high-precision GNSS RTK applications. Since these variations
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can generate relative and absolute tropospheric errors, the error in the estimation
of tropospheric corrections for one station with respect to another in a network can
cause relative tropospheric errors, which mostly results in incorrect estimates of the

station’s height.

To reduce or minimize these errors arising from poor modelling of the wet tropo-
sphere, one possibility is to model the tropospheric refraction without the benefit
of GNSS observations using independent datasets; and the other is to estimate the
tropospheric parameters directly using available GNSS data. Existing theoretical

models are described in the next section.

3.3 Mitigation Models

To model the troposphere hydrostatic delay, many models use information about
the surface pressure, temperature, and relative humidity to derive zenith or slant
delay estimates. However, almost all models require certain conditions in, or make
assumptions about, the atmosphere above the station. Some commonly-used mod-
els for the tropospheric delay are, e.g., Modified Hopfield (from Goad and Good-
man[1974]), Saastamoinen [1972], Hopfield [1969], Essen and Froome [1971], Lanyi
[1984], Davis et al. [1985], Herring [1992] and Niell [1996].

The most commonly used approach uses the Saastamoinen model with the Neill
mapping function and the troposphere model, i.e. UNB3 model which is discussed

in section 3.3.1 and 3.3.3.
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3.3.1 Saastamoinen Model

This model also assumes that the atmosphere is in hydrostatic equilibrium which
follows from the ideal gas law. While the Hopfield model assumes the gravity ac-
celeration is not changed with height, it is treated as a function of height in the
Saastamoinen model. In more detail here, under hydrostatic equilibrium, the lo-
cal pressure, which is assumed to be isotropic, provides the balancing force against
the atmospheric weight per unit area. The equation of the state of the hydrostatic

equilibrium can be written as follows:

dp=—qg-p- dH (3.16)

where,
dp : differential change in pressure (mbar),
g : gravity change with height (m/s?),
p : density (kg/m?),
dH : differential change in height (m).

With the introduction of the weighted mean gravity acceleration g,,, the above

equation can be rewritten as follows:

1 dp
- _ - 1
T (3.17)

Equation 3.12 can be then rewritten using the introduction of the mean gravity

acceleration as follows:

. 1 d
Pille 1 pip— kRt P (3.18)

N, =k
My gm dH
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When the above equation is substituted to the Equation 3.14, we get,

(o] 1 oo
ZHD = 107° / Nydh = =107k Ry— / dp
i, I (3.19)

— 105k, R, 22 = 0.022075 2%

m Im

where,
gm - the weighted mean gravity acceleration,

ps : surface pressure.

gm is defined as the gravity acceleration at the centre of mass of the vertical
atmospheric column directly above the station and can be approximated by the

Saastamoinen equation as follows [Davis et al., 1985]:

Gm = 9.784 (1 — 0.00266 cos 201q; — 0.00028 H )
(3.20)

= 9784 f((Plata tht)

where ¢ and H(km) are the latitude and height of the station, respectively.

Therefore, the ZHD can be written as follows:

0.0022767ps

ZHD =
1 —0.00266 cos 2¢14; — 0.00028 Hpgy

(3.21)

For the ZWD, Saastamoinen [1972] assumed that the water vapour pressure and

temperature decrease with height as follows:
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T Rgoqy
€y = €5 (T) (3.22)

es : water vapour pressure at the surface (mbar),

where,
v : numerical coefficient to be determined from local observations,
oy : temperature lapse rate (°K/km),

T, : temperature at surface (or antenna) height (°K).

The final expression for the zenith wet delay according to Saastamoinen [1972] is:

1255
ZWD = 0.002277( T + 0.05> €s (3.23)

The Saastamoinen ZHD and ZWD model is generally used for the tropospheric
delay model due to its model accuracy. Mendes and Langley [1995] showed that the
root mean squared (rms) error of the ZHD of this model is less than 1 millimetre and
that of the ZWD reaches from 8 to 46 mm with respect to ray-tracing values from

radiosonde data in selected areas. A ray-tracing technique is described in Section

3.4.

3.3.2 Mapping Functions

The tropospheric delay is the shortest in the zenith direction, and becomes larger
with increasing zenith angle. Using a mapping function, the zenith path delay can
be projected onto a slant direction. Similar to the tropospheric models, there are
many mapping functions that have been proposed, such as: cosecant, Hopfield [1969],
Chao [1972], Black [1978], Davis et al. [1985], Baby et al. [1988], Herring [1992],
Niell [1996].
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The mapping functions are approximately equal to the cosecant of elevation angle,
but there are significant deviations from this “cosecant law” due both to the cur-
vature of the earth and the curvature of the path of the GNSS signal propagating
through the atmosphere. The cosecant mapping function is 1/ cos(e) where the € is
the elevation angle . Due to the large deviations for lower elevation angles, however,

this function is limited to use below about 60 degrees elevation.

The Hopfield mapping function is based on the quartic refractivity profiles [Hop-
field, 1969]. While a constant temperature lapse rate is used to derive the Hopfield
mapping function, the Chao [1972] model, which is an expansion of the Marini [1972]
model, uses the elevation angle in his mapping function, and defines the coefficients
as global constants within a fractional expansion truncated to the second order terms.
Despite its simplicity, the Chao mapping function proved to be unexpectedly precise
[Schuler, 2001]. The Black [1978] model depends slightly on the surface temperature
and is based on the quartic profiles by Hopfield [1969]. Davis et al. [1985] requires
surface meteorological data, e.g. temperature, pressure and water vapour pressure.
This mapping function depends on the surface pressure, temperature, temperature
lapse rate, and tropopause height. Herring [1992] calculates the coefficients of his
function based on ray-tracing of radiosonde data for 10 sites in North America from
27°N to 65°N, for elevation angles down to 3°, and these coefficients are dependent

on the surface pressure, site latitude and height above sea level.

Typical accuracies of the existing mapping functions are similar for higher elevation
angles. At about 15° elevation, most of the mapping functions show sub-centimetre
accuracies [Mendes and Langley, 1994]. However, they start to exhibit very impor-

tant differences for lower elevation angles, due to the drastic increase in tropospheric
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model errors as the atmospheric depth increases. Therefore, the user should select
the mapping function very carefully. Even if a mapping function is performing very
well in the polar regions, it should not be used in the same way in the equatorial

regions, or near coastal regions, due to the uncertainties of the model in these regions.

The mapping functions of Arthur Niell, developed using radiosonde data over a
wide range of latitudes, are the most widely used, and are known to be the most
accurate and easily-implemented functions. In detail, Niell [1996] uses the continued

fraction form as follows:

1+

Muenn(€) = Lic (3.24)

sin(e) +

sin(e) + sin(e) + ¢

The coefficients a, b, and ¢ are evaluated by using standard meteorological data
which is dependent on the latitude, and takes seasonal variations into account. To re-
alize the mapping function, those coefficients must be determined. The atmospheric
model chosen affects to the model coefficients, and so different mapping function
result. A typical case is the differences between Neill mapping function and Vienna
mapping function (VMF). They use the same mapping model like Equation 3.24,
but different atmospheric models. The VMF is based on direct raytracing technique
through a numerical weather prediction model. Both Neill and VMF models take

into account the temporal and spatial behaviour. For the hydrostatic part, these
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coefficients are determined based on the height, latitude and day of year (DOY).
However, the wet mapping function only depends on latitude. The coefficients of the

Neill mapping function are calculated by the equation:

(3.25)

t—t
i7t — Uqo i) — Wam 4 2 e
ol 1) = usg(90) — a p<so>cos(w365‘25)

where,
w; : site latitude,

a : mapping function coefficient, separated into average value and amplitude,

t : time (day of year),

tmw : day of year for maximum winter which is set to 28 days for the northern

hemisphere and 211 for the southern hemisphere.

The coefficients of a, b, ¢ in Equation 3.24 for latitude are calculated by linear
interpolation for both the hydrostatic part and non-hydrostatic part; however, the
seasonal variations are subtracted from the average values. The coefficients for the
Neill hydrostatic and non-hydrostatic mapping functions are given in Tables 3.1 and

Table 3.2.

Table 3.1: The coefficients for Neill hydrostatic mapping function

| | 0i=15" | pi=30°" | ¢; =45 | ¢; =60° | ¢; =75
Qavg - 103 || 1.2769934 | 1.2683230 | 1.2465397 | 1.2196049 | 1.2045996
bavg - 10 | 2.9153695 | 2.9152299 | 2.9288445 | 2.9022565 | 2.9024912
Cavg - 10° || 62.610505 | 62.837393 | 63.721774 | 63.824265 | 62.258455
Qamp - 10° 0 1.2709626 | 2.6523662 | 3.4000452 | 4.1202191
Damp - 10° 0 2.1414979 | 3.0160779 | 7.2562722 | 11.723375
Camp - 10° 0 9.0128400 | 4.3497037 | 84.795348 | 170.37206
Qheight 2.53-107°

Dheight 5.49-1073

Cheight 1.14-1073
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Table 3.2: The coefficients for Neill non-hydrostatic mapping function

| | 0i=15° | pi=30" | ;=45 | ¢; =60° | ¢; =75 |
ang - 107 [ 5.8021897 | 5.6794847 | 5.8118019 | 5.9727542 | 6.1641693
bavg - 10° || 1.4275268 | 1.5138625 | 1.4572752 | 1.5007428 | 1.7599082
Cang - 107 || 4.3472961 | 4.6729510 | 4.3908931 | 4.4626982 | 5.4736038

As the numerical weather model represents a better physical condition for the at-
mosphere, it enables to a better and more accurate coefficients to be determined.
The Neill model uses the seasonal fluctuations, and the VMF uses the daily and
sub-daily fluctuations. To validate VMF, Boehm and Schuh [2004] compared it with
the Niell mapping function (NMF') and Isobaric mapping function (IMF). They used
the baseline length repeatability as a measure and found that there is a significant
difference between the models based on different NWP models used, e.g. VMF &
IMF, and NMF, especially for baseline of 4000 km length and over (see Figure 3.1).

McAdam [2013] created a robust operational mapping function service based on
VMF and made an online interface for the product UNB-VMF1 from the link:
http://unb-vmf1.gge.unb.ca based on an independent ray-tracing scheme. This pro-
vides more flexible opportunity to users to choose different mapping functions for

their scientific and geodetic research.

Generally, for low elevations, the errors in the GNSS range observations arise
mainly due to multipath and troposphere delays, and these unmodeled systematic
errors decrease the quality of results. Hugentobler et al. [2005] mentioned that these

effects are marginally reduced by choosing an elevation-dependent weighting scheme.

Most of the global water vapour usually exists near the equatorial or coastal re-

gions. Therefore, even if a mapping function performs very well at polar or mid-
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Figure 3.1: Baseline length repeatabilities for several baselines [Boehm and Schuh,
2004]

latitude regions, it should not be used in a similar manner in the equatorial region
or near coastal regions, since the uncertainties of the model at this region increase.
Skone [2003] suggested that the range delays for the wet delay can be as low as
centimetres near the pole, but up to 40 cm in the tropics. In this case, a ray-tracing
technique may be a promising approach or the use of UNB-VMF1 can be a good

alternative to further reduce the uncertainties of the model.

3.3.3 UNB3 Model

The UNB3 model for neutral atmosphere signal propagation delay was originally
developed by the University of New Brunswick (UNB) to mitigate the error of the
delay especially for WAAS enabled receivers. WAAS/SBAS MOPS model was de-
rived from original UNB3 model. The model is a combination of the Saastamoinen
model and the Neill mapping functions with parameters. The associated parameters
are the five meteorological parameters which were derived in using the temperature
and humidity profiles contained in the 1966 U.S. Standard Atmosphere Supplements.

They are: total pressure p,, temperature Ty, water vapour pressure eg at the surface,
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the temperature lapse rate [ and a parameter that represents the average decrease

of water vapour A;.

There have been a few different UNB tropospheric models, e.g. UNB1, UNB2.
Before the introduction of UNB3, temporal variation of the station had not been
considered. The UNB3 delay model is an improvement gained by introducing a
temporal variation. The Niell mapping functions for a troposphere model represent
the annual variation of the atmosphere as a sinusoidal function of the day-of-year.
Given the proven performance of the Niell mapping functions, it was thought that a
troposphere model derived from the same data would be useful [Collins and Langley,
1996]. The model was validated by comparing it to to the ray-traced radiosonde
measurements of the signal delay obtained from 173 stations in North America be-

tween 1987 and 1996.

The model input parameters are day-of-year, elevation angle, height and latitude.
The UNB3 model provides a look-up table of surface meteorological parameter val-
ues, and models to propagate these surface values to any arbitrary station height.
For each latitude in the 1966 U.S. Standard Atmosphere Supplements, the mean
and the amplitude of the five parameters were calculated from the January and June
profiles. Between latitudes, linear interpolation is applied for a required parameter

¢ at latitude ¢ and time t [Collins and Langley, 1996].

The UNB3 model parameters are tabulated in Table 3.3 and Table 3.4. Each five
parameters can be calculated based on the Equation (3.26), i.e. £ based on Table 3.3
and Table 3.4. The subscripts refer to the nearest latitudes specified in the table to

the required one:
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§(p,t) =Eavg(0i) + [Eavg(Pir1) — Eavg(wi)m]

(1 — (3.26)
= (Eamp(1) + [Samp(it1) = Eamp(i22)) m) co8 (M)

265.25
where,

&(p,t) : five different parameters - ps, T, es, B, As,

m = (¢ = ¢i)/(it1 — @i),

@ : latitude.

For consistency with the Niell functions, day-of year 28 is used for the phase of

the temporal variation.

Table 3.3: Parameters for UNB3 model - £u.,4(¢;)

’ average H Ds ‘ T, ‘ €s ‘ Ié] ‘ As ‘
15° 1013.25 | 299.65 | 26.31 | 6.03 | 2.77
30° 1017.25 | 294.15 | 21.79 | 6.05 | 3.15
45° 1015.75 | 283.15 | 11.66 | 5.58 | 2.57
60° 1011.75 | 272.15 | 6.78 | 5.39 | 1.81
75° 1013.00 | 263.65 | 4.11 | 4.53 | 1.55

Table 3.4: Parameters for UNB3 model - £y (5)

lamp |l ps [ T e [ B[ A |
15° || 0.99 | 0.00 | 0.00 | 0.00 ] 0.00
30° | 3.75 | 7.00 | 8.85 | 0.25 | 0.33
15° |[2.25 | 11.00 | 7.24 | 0.32 | 0.46
60° |[-1.75 | 15.00 | 5.36 | 0.81 | 0.74
75° || 050 | 14.50 | 3.39 | 0.62 | 0.30

For a given latitude and day of year, the zenith delay can be computed from the
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following equation:

go

—6 BB
7HD = 107k Ry 1— BHyge ) T Ds (3.27)
9m T
oy — L0 (Tkiy + ka) Ra ( BHiy i1, 3.25)
 gmA. — PRy T, T, '

where,

T,, ps, €5, 3, As : for a certain latitude and time, each parameter can be calculated
from Equation (3.26),

Hy,ge = orthometric height (m),

Ry : gas constant for dry air,

gm : from Equation (3.20),

go : surface gravity,

T,, : mean temperature of water vapour in °K,

_ R4
T, =T (1 - gm—A) (3.29)

where A, = A\, + 1 (unitless).
The total slant delay then can be calculated by:

ZTD = mg,ZHD + my,,,ZWD (3.30)

where, the mg, and m,, represents the Niell’s hydrostatic and non-hydrostatic

mapping functions, respectively.
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Based on Collins and Langley [1998], the model is able to predict the total zenith
delay with average uncertainties of 5 cm (20) under normal, non-severe tropospheric

conditions.

Occurrences
I
T
1
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Non-hydrostatic estimation error {cm)

Figure 3.2: Non-hydrostatic estimation error between UNB3 and UNB3m [Leandro
et al., 2006]

A modification for UNB3, called UNB3m, has been also developed due to the
following stated limitation. In some cases, computed water vapour pressure values
based on the relative humidity were found to be not realistic. As the water vapour
pressure is affected only by the non-hydrostatic delay component, the UNB3m is a
modification of UNB3 model only in the non-hydrostatic part. To develop a newer
model, Leandro et al. [2006] processed a total of 223 stations through the years from
1990 to 1996. That analysis showed that UNB3 has a consistent bias of 2 cm with

an rms close to 5 cm. Whereas, the bias in the UNB3m is about —0.5 cm.
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Table 3.5: Average and amplitude values for relative humidity used in UNB3m

Relative Humidity (%)
Latitude H Average \ Amplitude
15° 75.0 0.0
30° 80.0 0.0
45° 76.0 -1.0
60° 77.5 -2.5
75° 82.5 2.5

Table 3.5 represents the relative humidity correction in the UNB3 model. UNB3m
models is achieved by the replacement of the columns of the water vapour pressure
es in Table 3.3 by this corrected relative humidity values. Figure 3.2 represents the
histogram for non-hydrostatic delay estimation error for both UNB3 and UNB3m.
The error caused by the different relative humidity values is significantly reduced
in UNB3m. More details about the UNB3m model and parameter conversions can

be found on Leandro et al. [2006] and the Matlab source code is accessible at:

http://www2.unb.ca/gge/Resources/unb3m/unb3m.html.

3.4 Ray-Tracing Technique

Ray-tracing techniques are often used in computer graphics to make more real-
istic 3 dimensional (3D) scenes. From the geometrical point of view, ray-tracing
for the atmosphere gives much more realistic results than the empirical or mathe-
matical models for the troposphere. This is because large vertical and horizontal
gradients exist in the atmosphere, and these are much more significant for the lowest
elevations, due to the irregularity in the water vapour content, or due to other un-
certainties. Ray-tracing is known as one of the most reliable and realistic approaches
for calculating the tropospheric delay [Boehm and Schuh, 2003]. When both GNSS

information and 3D numerical weather fields are made available, the path of a satel-
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lite signal can be calculated by using a ray-tracing technique, which will give more
reliable estimates of the tropospheric delay for low elevation angles. However, in or-
der to maximize its usage, tropospheric delays for all incoming signals from a given
satellite should be respectively calculated in real-time for the given sampling rate.
This would take much more time than using the mathematical models. Therefore,
the direct application of the ray-tracer, using 3D numerical weather fields, to GNSS
real-time applications, has some limitations; but, if the 3D numerical weather fields
are available, then ray-tracing techniques (with a few simplifying approximations)
can be used to directly integrate slant path refractivity profiles and derive slant delay

estimates as well.

3.4.1 Numerical Weather Prediction Model

A numerical weather prediction model incorporates a series of weather data which,
where applied to mathematical models of the atmosphere, can be used to predict
the weather based on previous and current weather conditions. The ultimate goal
of NWP is to find the exact state of the atmosphere so that it enables it to accu-
rately predict the weather at a future time. The system is associated with an initial
value problem: given an estimate of the present state of the atmosphere, the model
forecasts its evolution. Therefore, the primary data source plays a crucial role in

obtaining a reliable result.

One of these ray-tracing techniques in NWP for geodetic usage uses the topocen-
tric coordinates of virtual satellites, in terms of the azimuth and zenith angle to each
satellite, and necessary information regarding the total pressure, temperature, and
partial water vapour pressure or relative humidity [Schuler, 2001]. Another method
is based on Snell’s law [Boehm and Schuh, 2003]. Figure 3.3 illustrates a ray-tracing

technique based on the geometrical viewpoint of the method.
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NWP has an individual level which is denoted by k level. For each k(~ 1000) level,
the hydrostatic and non-hydrostatic refractivity from the bottom level to k level can
be evaluated and calculated. Then the refractivity index can be estimated; these
values are used to determine the (k — 1) refractivity for both the hydrostatic and
non-hydrostatic component, as well as for the refractivity index between the levels.
One of the calculated results is Figure 7.40 and Figure 7.41 in Chapter 6. Using the
relationship between the height of the levels and the distance to the centre of the

Earth, the corresponding distance is calculated:

Ty =T+ hz (331)

where subscript ¢ represents the corresponding level.

e.g. 975 hPa

e.g. 1000 hPa

Earth

_ v
center ° }

Figure 3.3: A ray-tracing scheme

When the initial angle is given, the point P, can be determined by using the rela-
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tion, #; = e;. After this calculation, the second point P, and geocentric coordinates

of P, and P, can be determined by the following equations [Boehm and Schuh, 2003]:

s = —rysinfy + /73 — r?cos? 6,

21 ="
29 = 21 + 51 sine; (3.32)
=0

Y2 = Y1 + S1COS e

The corresponding angles at the centre of the Earth can be determined by the

following;:

m =0

Yo (3.33)
72 = arctan (—)

22

Now, the angles 6, and e at the point P, can be determined based on Snell’s law,

as follows:

0, = arccos (ﬂ cos(by + 172))
n2 (3.34)

62292—772

Thereafter, the same strategies are used to calculate all other shells from 2 to

(k — 1) levels as follows:
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s; = —r;sinb; + \/'r’f+1 —r?cos?0;
Zit1 = % + s;sine;

Yir1 = Yi T S;cose;

ym) (3.35)

Zi+1

741 = arctan (

0,11 = arccos < i cos(0; + (miy1 — Th))

Ni41

Cir1 = Oip1 — Nit1

Finally, one can estimate the slant hydrostatic delay (SHD) and the slant non-

hydrostatic delays (SWD) using the discrete ray-tracing technique as follows:

k-1 k—1
SHD =) "siNy,  and  SWD =) sN,, (3.36)
=1 =1

There are many NWP models available. In Canada, the Canadian Meteorological
Centre (CMC) is a major organization for operation and research in NWP. In the
USA, computer weather forecasts issued by the National Center for Environmen-
tal Prediction (NCEP) in Washington DC, guide forecasts from the US National
Weather Service (NWS). NCEP has operated since 1950s [Kalnay, 2003]. NWP re-
search takes place in several research centres in USA such as National Oceanic and
Atmospheric Administration (NOAA), National Centre for Atmospheric Research
(NCAR), National Aeronautics and Space Administration (NASA), etc. Internation-
ally, a research centre such as the European Centre for Medium Range Weather Fore-
cast (ECMWF) has a major role in global scale NWP research through international
cooperation. Significantly, the GPS-Met Observing Systems Branch (GPS-Met)
within the Forecast Systems Laboratory (FSL) in NOAA had used Rapid Update
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Cycle (RUC) until the next generation of NCEP’s Rapid Refresh (RAP) model was
introduced in May 2012. Currently, the RAP which is a 1 hr cycle system replaced
the operational RUC at NCEP. This is an operational atmospheric prediction system
comprised primarily of a numerical forecast model, and an analysis system to initial-
ize that model. A sample data processing with NWP is based on RUC. RUC covers
the lower 48 states of the USA, and adjacent areas of Canada, Mexico, and oceanic
areas. There are four types of RUC models: RUC60, RUC40, RUC20 and RUC13.
The detailed output contents of the RUC models can be found on the following link

under the Climate Research Facility (ARM): http://www.arm.gov/instruments/ruc.

The key features of RUC model are:

e High-frequency (every 1h) 3-d objective analyses over the contiguous United
States

e High-frequency (every 1h) short-range weather model forecasts (out to 12 h)
in support of aviation and other mesoscale weather forecast users, i.e. in size from
several kilometers to around 100 kilometres.

e Assimilation of data from Commercial aircraft (relayed through ACARS - Air-
craft Communications, Addressing, and Reporting System)

e Wind profilers (404 and boundary-layer 915 MHz)

e Rawinsondes and special dropwinsondes

e Surface reporting stations and buoys

e Radio Acoustic Sounding System (RASS) which is experimental

e Velocity-azimuth display (VAD) winds from National Weather Service (NWS)
WSR-88D radars

e Geostationary Operational Environmental Satellite (GOES) total precipitable
water vapour estimates

e Special Sensor Microwave Imager (SSM/I) total precipitable water vapour esti-
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mates
e GPS total precipitable water vapour estimates

e GOES high-density visible and IR cloud drift winds

In Chapter 6, RUC20 NWP was used to calculate the slant tropospheric delay for
a baseline, CGSJ and DRHS station, as an example for mitigating the tropospheric
delay and for examining the positioning solution. RUC20 has a horizontal grid
of 301 by 225 points, and is based on a 20 km by 20 km grid. Currently, the
raw data of RUC20, which covers the entire RUC domain, are available only from
the ARM archive on request, in GRIB format which can be decoded by such as
the Grid Analysis and Display System (GrADS) or read grib for Matlab. More
detailed information on GrADS and read_grib can be found at the following link:
https: //www.nede.noaa.gov/data-access/model-data/model-datasets

/rapid-update-cycle-ruc.

3.4.2 Radiosonde

A radiosonde is a balloon-borne instrument with radio transmitting capabilities.
Typically, weather offices launch balloons twice each day at the same time to obtain
basic weather information about the atmosphere. The instruments carried by the
balloon measure different weather parameters such as air temperature, humidity and
pressure, typically to altitudes of approximately 30 km, and their data are transmit-
ted immediately to the ground station by a radio transmitter. Radiosonde observa-
tions, also called RAOB, have been the main source of upper air measurements for
over 70 years and still are an important source of data for neutral-atmosphere stud-
ies. RAOB data can still be an option for research and validation studies. Figure
3.4 shows the location of RAOB launch sites (~1500 sites worldwide), whose data

are accessible through the NOAA database
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Figure 3.4: Location of 1500 Integrated Global Radiosonde Archive (IGRA) stations
around the world (from NOAA) 7

Typically, ray-tracing is performed using radiosonde data to generate an absolute
or true value for validating the zenith wet delay. Although radiosonde data provides
a good vertical resolution, they are not typically used due to their poor horizontal
resolution and cost. As described earlier, the radiosonde measurements include air

temperature, humidity and pressure with varying height.

If we know dew point and temperature at a certain elevation, we can get the

relative humidity based on Clausius-Clapeyron equation:

T—-T;=4x107*T-T;- (—logU,) (3.37)

where,

"IGRA stations and details can be found on https://www.ncdc.noaa.gov/data-access/weather-
balloon/integrated-global-radiosonde-archive, accessed May 2016
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T : temperature (°K),
Ty : dew point temperature (°K),

Uy : relative humidity (%).

Based on the Magnus's formula, the saturated water vapour pressure can be cal-
culated as:

—2973.4
log e, = —7 - 4.92831log T' + 23.5470 (3.38)

where,

ew - saturated water vapour pressure.

The humidity ratio can be expressed by mass of water (or by the partial vapour
pressure of the specific moist air). It can be formulated as the ratio between the
actual mass of water vapour present in specific moist air - to the mass of the dry air.
Its unit is kilogram of waster vapour per kilogram of dry air.

mwv

q= (3.39)

Mgq

where,

q : humidity ratio (kguater/kJaryair),
My @ mass of water vapour (kg),
Mge © mass of dry air (kg).

There is another term regarding humidity, called the ‘'mixing ratio’:

m’LU’U

(3.40)

mq

7



where,
r: humidity ratio (kgwater/k9dryair);
My © mass of water vapour (kg),

mg : mass of dry air (kg).

So, based on Equation (3.39) and Equation (3.40), the following ratio ¢ can be

derived.

The partial pressure for dry air and vapour can be expressed as:

PV = MR, T
eV = 1m@RdT
€

where,
Ry : gas constant for dry air,

€ . constant.

Therefore, we can arrive at the following equation.

where P = P; + e.
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Once the air is saturated for the water vapour, Equation (3.43) can be rewritten

by:

€ €y

P—e,

(3.44)

T =

where, superscript w represents water vapour.

Therefore, using Equation 3.43 and Equation 3.44 with U, = e/e,,, the saturated

mixing ratio(r) can be derived:

Uw T

= U,y (3.45)

Ty =
1+

where,
Tw : €-€y/(P—ey),

€ : constant.

Once U, = e/e, is calculated based on Equation (3.38), the mixing ratio r,, can

be determined from Equation (3.45). Finally, Equation (3.41) can be estimated.

Integrated Water Vapour (IWV) gives the total amount of water vapour that a
signal from the zenith direction would encounter. Precipitable Water Vapour (PWV)
is the IWV scaled by the density of water. IWV can be formulated as follows

[Glowacki, 2006]:

H H
IWV :/ Puwdh :/ pqdh (3.46)
0 0
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where,
p . density,
q:r/(L+r1),

r : mixing ratio.
As —dP = pgdh, IWV becomes

1 [PH
WV = p / qdP (3.47)

where,
g : gravitational constant on Earth surface,
P, : pressure at the surface h = 0,

Py ¢ pressure at the surface h = H.

In the discrete case, IWV can be specifically summarized as follows:

N
TWV = 0.0102 ) ~ g APy (3.48)
k=1
where,
G = % AP, = P, — P, (3.49)

Finally, the precipitable water vapour (PW) can be calculated based on the fol-

lowing formula.
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WV
Pw

PW

(3.50)

One of the examples in PW estimation based on radiosonde data and GNSS data

can be found on the following section.

3.5 GNSS-derived Tropospheric Delay

If the ZWD is estimated from such GNSS, the PW (precipitable water vapour) can

be calculated Schuler [2001] from the following relationship:

ZWD 1708.08
=2 = 0.102
Q= S = 010200 + T

(3.51)
T,, = 70.29 + 0.72T,

where,
T,, : mean temperature of the atmosphere (°K),

T, : surface temperature (°K).

As seen in Equation (3.51), the mean temperature is necessary to retrieve the cor-

responding PW.

One example described here is retrieval of PW from GPS and radiosonde during
the passage of a typhoon in Korea peninsula, to see how well both estimates agreed.
The example also uses an actual precipitation record. We used the empirical values
of Brevis et al. [1992] in Equation 3.51 as the mean value for the region was not

available for analysis. Mendes et al. [2000] also evaluated the weighted mean tem-

81



perature for the global application.

Even if the radiosonde has a poor horizontal resolution compared to the water
vapour radiometer (WVR) in a clear sky, it still provides good vertical atmospheric
reference parameters during severe weather conditions. The total amount of the PW
can be defined by integral of p,(z)dz , where p, is the mass density of the water

vapour at altitude z.

To evaluate different tropospheric delays, we analyzed a severe weather event.
Figure 3.5 illustrates a typhoon, RUSA, passing over the South Korea peninsular in
summer 2002. The typhoon was one of the worst in Korean history as it took 184
lives and destroyed 9900 buildings with resulting damage estimated at a value at 6.8
billion Canadian dollars. The image is a GMS infrared satellite image. The data
sets are taken from 18 different permanent GNSS stations in Korea from August 25
to September 02. The processing is based on double differences. To get the best
possible absolute ZTDs, and to decorrelate the zenith delay and height component,

one distant station, TSKB in Japan, is incorporated into the data analysis.

Figure 3.6 illustrates the detailed track of the typhoon and approximate station
coordinates used in this research. The time of the track is referenced to UTC. Green
dots in Figure 3.6 represent the sites for radiosondes which are processed for evalu-

ating the calculated PW validation.

Figure 3.7 represents the reflectivity composite image at 15.00 hrs on August 31,
2002 local time. This image is from a few of radar observatories across Korea penin-
sula. They are: near CHJU (named DWSR90C), near TEGN (named DWSR90),
near JINJ, MKPO (DWSR90C), near SKMA (DWSR -8) and JINJ (DWSR90C).
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Figure 3.5: Infrared image taken by GMS at 18 UTC on 28 August 2002 (Courtesy:
Korea Meteorological Administration)

All of the GPS data sets which was processed are recorded based on Trimble’s SSI

GPS receivers with a data rate of 30 seconds.

Some details about the GPS processing for the retrieval of ZTD are given here.
For processing the GPS data, Bernese GNSS software was used with Bernese Pro-
cessing Engine(BPE). Once all of the station networks to be processed were formed
and cycle slips were correctly detected and repaired, the L1 and L2 ambiguities were
resolved using a stochastic ionosphere approach (namely, the quasi-ionosphere ap-
proach). After all possible ambiguities were resolved, these ambiguities were fixed

to get the final positioning solutions. Subsequently, troposphere parameters were
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Figure 3.6: The track of the typhoon, RUSA, and the GNSS stations

estimated. To evaluate and try to mitigate the imbalanced network error, a gradient
model as Equation (3.5) was set up as an additional parameter in the processing.
During data processing, IGS final SP3 orbit products were used. The tropospheric
estimation described earlier with elevation-dependent weighting was also used in the

processing.

For the processing, the recorded pressure, temperature, and radiosonde data from
the Korea Meteorological Administration (KMA) were used. Figure 3.8 represents

the pressure curves recorded at some of the GNSS stations.
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Figure 3.7: Composite reflectivity (dBZ) at 06:00 hrs on August 31, 2002 UTC
[ Tachikawa et al., 2003]

Based on the above pressure curve, it is evident that the typhoon was crossing the
nation during August 31st and September 1st. From Figure 3.8, it is evident that
the track across Korea was from south to north as illustrated in Figure 3.6. During

the same period of time, torrential rain occurred.

Figure 3.9 shows the estimated PW values for station SKCH over 9 days. This
area had the heaviest rainfall during the day. It can be validated based on the actual
precipitation and the satellite image. The pink bar is the actual precipitation water
amount per hour recorded by the Korea Meteorological Agency (KMA) during that
time. The bottom panel shows the pressure in hPa. As seen in the plots, both

PW and the precipitation show strong correlation with the pressure. The observed
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Figure 3.8: Pressure profiles when the typhoon was crossing the nation

PW in Figure 3.9 is high before and during the passage of the typhoon, and then
decreases rapidly straight after its passage. During the passage of the typhoon, some
of the GPS and radiosonde data were missing and they are indicated by gaps in the
plot. The red dashed line represents when the typhoon was close to the station.

Figure 3.10 to Figure 3.14 illustrates the estimated PW values for all other stations.

As most of the radiosonde stations are not at exactly the same location as the GNSS
station, differences can be seen. Especially, for this JEJU station, the height differ-
ence for radiosonde and GNSS is around 350 m and so the corresponding pressure
and temperature need to be corrected. In this case, an exponential decay function
for pressure and constant lapse rate for temperature for the atmosphere are applied
for minimizing the height differences. After corrected, as is expected, those three

values are generally well agreed as seen from Figure 3.12.
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Figure 3.9: PW from GPS and radiosonde, real precipitation, pressure profile (upper
plot), and horizontal gradients (lower plot) for station SKCH

The atmosphere is extremely inhomogeneous when the typhoon is close. We hourly
estimated the gradient for the period from August 25th to September 2nd during
the GPS processing. Figure 3.15 and Figure 3.16 expresses those estimated total
gradients for stations JEJU and DAEJ. Black dots and red triangles represent the
estimated gradient values. Specifically, the red triangles are the estimated gradients
from August 31 to September 1 during the passage of the typhoon. As is shown, the
red triangles are slightly biased in the south eastern direction which agrees with the
location of the typhoon from the satellite image. As is proven, GNSS is very useful

and powerful tool for atmosphere science and research.
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Figure 3.10: PW from GPS and radiosonde, real precipitation, pressure profile (upper
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Figure 3.11: PW from GPS and radiosonde, real precipitation, pressure profile (upper
plot), and horizontal gradients (lower plot) for station JEJU
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Figure 3.13: PW from GPS and radiosonde, real precipitation, pressure profile (upper
plot), and horizontal gradients (lower plot) for station SKMA
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Figure 3.15: Horizontal gradients estimated for station JEJU
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Figure 3.16: Horizontal gradients estimated for station DAEJ

3.6 Summary

In this chapter, the existing troposphere error mitigation models for GNSS and
a comparison between GPS-derived PW, radiosonde, PW estimates, and real pre-
cipitation, was carried out to show the importance of post-processed GNSS observ-
ables in the atmospheric research. In the next chapter, Chapter 4, the limitation
of the current troposphere mitigation approachs will be discussed and the proposed
new methodology to overcome the limitations will be discussed in detail. This new
methodology will be evaluated later in this dissertation both with post-processed
intermediate data sets from the Bernese GNSS software and with the developed

epoch-wise kinematic software platform.
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Chapter 4

Developed Methodology

This chapter describes the background of the developed combined approach for
decorrelating height and troposphere parameters in the positioning domain. Section
4.1 discusses the motivation of this method while Section 4.2 discusses the corre-
lation between the two parameters. Section 4.4 addresses details of the combined
approach. Especially, this chapter is closely linked to Chapter 5 where the detailed

mathematical background of the developed software is discussed.

4.1 Background of the Combined Approach

Atmospheric effects, including the ionosphere and the troposphere, are one of the
most significant error sources in GNSS RTK positioning and navigation. As dis-
cussed in Chapter 3, almost 90% of the total delay for the troposphere occurs in the
hydrostatic component, which varies slowly with time. This hydrostatic delay can
be easily modeled with the assumption of hydrostatic equilibrium to an accuracy
at the millimetre level [Mendes and Langley, 1995]. Unlike the hydrostatic part,
the non-hydrostatic (or wet) part has strong spatial and temporal variations. The
effects of the wet delay to the range can reach 10~40 cm in the zenith direction.

Large residual errors in modeling can cause significant errors (additional 5 cm and
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more) in high-precision GNSS positioning applications even for a short baseline.

The different parameterizations typically recommended when estimating the tro-

posphere delay include [Rothacher and Beutler, 2002]:

e Estimation of ZTD for each station and time interval, e.g. 1~2 hours,

e Estimation of ZTD as a stochastic parameter, e.g. as a random walk or Guass-
Markov process,

e For small networks with large height differences, representation of the ZTD cor-

rection as a function of station height as a polynomial of low degree.

The above recommended strategy is a typical method for estimating the tropo-
sphere delay for the atmospheric research and static positioning scenario. In a
kinematic scenario, however, the above strategy has many limitations. To reduce
or minimize these errors arising from poor modeling of the wet troposphere, one
possibility is to model the tropospheric refraction using a purely independent data
set without GNSS observations. Most studies on the troposphere have been focused
mainly on tropospheric delay estimation for the atmospheric sciences. These include
the atmosphere tomography for modeling the atmosphere. Meanwhile, the GNSS
positioning community has been concerned about how well the tropospheric delay
can be modeled for high-precision positioning. Some studies have focused on inde-
pendent observables (e.g., water vapour from a water vapour radiometer) to retrieve
the absolute atmospheric parameters for other stations. Another approach in mit-
igating the troposphere delay includes a ray-tracer based on a numerical weather
prediction (NWP) mode (e.g., Rapid Update Cycle 13 km (RUC13) by National
Oceanic and Atmospheric Administration (NOAA) in USA, and Global Environ-

mental Multiscale (GEM) NWP model from the Canadian Meteorological Centre of
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Environment Canada) [Cove et al., 2004; Ahn et al., 2005; Cove, 2005; Santos et al.,
2005]. For sparse areas, it gives an independent measurement of the tropospheric de-
lays. From a practical point of view, however, the ray-tracer has its limitations such
as its latency and real-time data reception. In addition, the grid spacing currently

adopted is too large to consider in a locally anomalous atmospheric condition.

The other approach is to estimate the tropospheric parameters directly using the
available GNSS data. Due to their spatial and temporal correlation characteristics,
these errors can be substantially minimized under short-baseline situations by differ-
ential techniques. However, the main issue when estimating troposphere parameters
includes that estimation of additional parameters in general weaken the solution. In
addition, the troposphere parameters are highly correlated with other parameters
such as station heights (which is discussed in the following section 4.2), receiver and

satellite clocks, and phase ambiguities.

When a strong tropospheric anomaly exists within a network, however, the dif-
ferential errors cannot be reduced to a negligible level even under short-baseline
situations. These errors can adversely affect the rover positioning solution (5 cm or
more additional errors especially on height component) and this can make the en-
tire network solutions unreliable. One of the localized anomalies could be observed
at Stennis Continuously Operating Reference Stations (CORS) in Texas, USA. The
baseline length is about 2.1 km which is short enough to eliminate the correlated
errors in the atmosphere in double difference technique. During the time when there
was a localized troposphere anomaly at 20 hours UTC (see Figure 4.1), the residu-

als reached over a half cycle, thus causing a failure to resolve ambiguities successfully.

Similar weather could be observed near San Marcos CORS stations, CSM1 and
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Figure 4.1: L1 DD residuals on Stennis CORS Stations in Texas on 21st August in
2005. The baseline length is 2.1 km [Lawrence et al., 20006]

TXSM in Texas on 11th October 2005 over a 2.7 km length baseline. During passage
of the localized storm, the GNSS RTK performance were much degraded mainly due
to wrongly fixed ambiguities, resulting in corrupting the positioning performance.
Figure 4.2 shows the L1, 1.2, and wide-lane DD residual for the satellite pair PRN20

and PRN25 as determined by UNB-RTK software.

A very strong localized tropospheric anomaly was also observed in Southern Texas
on August 21, 2005. Over a baseline length of around 7.8 km, the atmospheric effects
should be highly correlated and thus easily eliminated in double-differencing (DD).
However, the DD residuals of the carrier-phase measurements reached over 50 ppm
and most of the carrier-phase ambiguity resolutions on those specific periods failed
even in Bernese GNSS software (even with preprocessed and cleaned data) and cur-
rent conventional RTK platforms. We found that the errors created by mis-modeling
the troposphere are propagated into the vertical component. During this process, we

also introduced the residual zenith tropospheric delay and the horizontal gradient
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Figure 4.2: L1, 1.2, and wide-lane residuals on San Marcos CORS stations, TXSM
and CSM1, in Texas, observed on 11th October 2005. The baseline length is 2.7 km

parameters to estimate the rover position. We concluded that additional parameters
to decorrelate the troposphere and height could be marginally seen, e.g. Ahn et
al. [2007], but this result was from a batch solution. In a kinematic scenario where
position needs to be estimated at each epoch without preprocessing or cleaning data,
estimating more unknown parameters is not helpful in reducing the errors. The data
set for the baseline of 7.8 km with a troposphere anomaly is discussed in more detail

in Chapter 6 and Chapter 7.

The possibility of other error sources combining with the water droplets (e.g. sand
and hydrometeors) has been also examined. For example, to evaluate the sand and
dust effect on GNSS positioning, various sparse network data from a CORS network
in Texas on 24th February 2007 has been reprocessed using Bernese GNSS software

v5.0. A large dense blowing dust storm was observed across the middle of Texas mov-
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ing into southwestern Oklahoma on that day. This phenomenon was also observed
by a Moderate Resolution Imaging Spectroradiometer (MODIS) instrument and an
image was provided by National Aeronautics and Space Administration (NASA).
However, in summary, based on our result, we concluded that the effect of sand and
dust (combined with the water droplets) could only be marginally observed for those
specific GNSS frequencies even for the very strong sand storm. One of the analysis

results for this sand storm effect is included in Figure 4.15 and Figure 4.16.

Depending on weather conditions, use of a stochastic modeling approach or para-
metric estimation approach to decorrelate or mitigate the tropospheric error for
medium length baselines has been possible. However, the case will be substantially
different when a local tropospheric anomaly exists in a network. As the residual
zenith delay of the troposphere and the height component of the positioning solu-
tions are highly dependent on the zenith angle, the problem is very challenging to

solve. In the next section, the correlation between two parameters is discussed.

4.2 Correlation between Height and Troposphere

Under extremely inhomogeneous conditions in the lower troposphere, a physical
interpretation of the troposphere may be difficult, if not impossible to determine,
resulting in certain misassumption about the parametric model. Therefore, not only
was a residual analysis of the tropospheric delay carried out, but also a new approach
to combine the zenith dependent parameters into one common parameter was devel-

oped.
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Figure 4.3 and Figure 4.4 illustrate the dependency on the zenith angle for both the
height component and the residual tropospheric component [Rothacher and Beutler,

2002]. Numerically, these dependencies can be written as:

dU(z) = cos(z) - 0U(0)

4.1
L5700 -y

OT(2) = cos(z)

From Equation (4.1), the correlation between a zenith troposphere parameter and
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station height can be numerically evaluated [Rothacher and Beutler, 2002]. To make
it simple, it is assumed that one parameter for station height and troposphere pa-
rameter and/or station clock parameters for entire session is to be estimated. The

simplified zero-difference observation equation can be written like:

1
cos(z)

v = —cos(z)-6U(0) + -0T(0) — ¢ - 0t — (p— po) (4.2)

where,

v @ residuals,

oU(0) : station height component,

0T(0) : troposphere parameter in zenith direction,

p : geometric distance between satellite and receiver,

Po : a priori value for geometric distance between satellite and receiver.

With n observations in the zenith directions z;(i = 1,...,n), a normal equation

matrix for Equation (4.2) can be written as:

N=H"PH
S cos? z; -1 D.; cosz (4.3)
— -3 SorcosT? z Yeos! z
dorcosz —y o rcosT!z 1

where,
N : normal equation matrix,
H : Jacobi matrix,

P : weight matrix.
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With the assumption of a homogeneous distribution of the satellites in the sky
between a minimal zenith angle z,,;,, and a maximal zenith angle z,,,,, the sum
> can be replaced by integrals in Equation (4.3). In addition, as the number
of observations is less at smaller zenith angles, the diagonal weight matrix P with
P, = sin? 2 is introduced to correct this effect. Therefore, the final (but not yet

simplified) normal equation matrix can be written as:

Z . z . Z. .
™ gin? 2 cos? zdz = sin? zdz [ sin? cos zdz
o z T . z o . _ z T . _
N = — [Pmae* gin? 2dz [imersin® zcos ™2 zdz [T sin® 2 cos ™! zdz
Zmin Zmin Zmin
Z . zZ . _ zZ .
f merein? zcos zdz — [T sin? z cos™ ! zdz f mar gin? zdz

Zmin Zmin Zmin

(4.4)

In Equation (4.4), when the station height is only estimated, the normal equa-
tion matrix is reduced to a 1x1 matrix (Ny;). If both the station height and
the troposphere parameter are to be estimated, it is reduced to a 2x2 matrix
(N11, Ny2, Noy, Nay). For the correlation parameter, we can simply invert the normal
equation matrix to obtain the variance-covariance matrix N=! = Q. Equation (4.4)
can be evaluated easily from z,,;, = 0° to 2,4 = 85°. Let Q be a variance-covariance
matrix for the two parameters for the height and the troposphere parameter. Then
the correlation between the height and the troposphere parameter can be written as:

corr(6H,6T) = o (4.5)

- VOuVQz

Table 4.1 represents the correlation value calculated for an equatorial station and
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polar station based on Equation (4.5).

Table 4.1: Correlation between height and troposphere delay parameter

0° latitude (equatorial stn.) ||| 90° latitude (polar stn.)
Zmin | Zmaz | corr. Zmin | Zmaz || cOTT
0° 60° +0.93 45° | 60° +0.98
0° 65° +0.90 45° | 65° +0.96
0° | 70° +0.85 45° | 70° +0.92
0° | 75° +0.78 45° | 75° +0.86
0° 80° +0.67 45° | 80° +0.75
0° 85° -+0.50 45° | 85° +0.57

For equatorial stations, a homogenous satellite distribution from the horizon to the
zenith was assumed. For the polar station, satellites may only be observed below
about z,,;, = 45° because of the inclination of 55° of GPS satellites. As seen from
Table 4.1, a strong correlation between the station height and troposphere parame-
ter is evident. When the elevation mask angle is decreased, significant decorrelation
occurs which can lead to an improved solution. However, increased multipath effect
may occur and additionally larger phase centre variations may occur that can cor-
rupt the positioning solution. Once the receiver clock parameters are included in the

estimates, the correlation gets worse.

Regarding the troposphere on GNSS, as described in chapter 1, the troposphere pa-
rameters must be determined whenever possible, and for long observation sessions,
the troposphere parameters are usually estimated every 1~2 hours [Hugentobler,
2005]. To achieve reliable troposphere delay estimates, a continuous piece-wise lin-

ear function (CPLF) has been typically used.
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4.3 Piece-Wise Linear Parameters for the Tropo-
sphere Delay

For the troposphere delay estimation, a continuous piece-wise linear function
(CPLF) which represents a polygon in time is typically used, e.g. Bernese GNSS
software [Hugentobler et al., 2005]. This parameterization is also used in other geode-
tic software including OCCAM, VieVS (Vienna VLBI software) [Boehm and Schuh,
2004; Titov et al., 2004; Teke, 2011].

A piece-wise linear parameter z is modelled in each particular interval [tq, 5] by a

linear function. Figure 4.5 represents modelling of time dependent CPLF.
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Figure 4.5: Modelling of the time-dependent CPLF

Any parameter offset with the CPLF can be formulated as:

t— 11
to — 11

T =z + (xg — 1) (4.6)
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where x; and x5 are offsets estimated in integer hour or fractions of integer hours.

The tropospheric delay estimates are based on the offset function as:

t—1

) = my(t
(1) = mo () |2+ -

(r9 — 1) (4.7)

where,
7(t) : zenith wet delay,

my(t) : wet mapping function at epoch ¢ which is between epoch t; and t,.

The partial derivatives of Equation (4.7) with respect to z; and x2 (zenith wet

delay) are:

o7 (t)

0xq
o7 (t) — (t—t1 )

(5%2

Equation (4.8) provides the optimal solution in estimating the troposphere delay
only if sufficient time intervals such as at least 1~2 hours are given. Parameters such
as the Earth Orientation Parameters, clock offsets etc. can be also estimated using
this CPLF in a similar way. The troposphere estimates from GPS data illustrated
in Figure 3.9 to Figure 3.16 are based on this CPLF.

For this research, smaller time interval than one hour have also evaluated when es-
timating the troposphere delay with the CPLF in Bernese GNSS software, and that
confirmed that it has worsened the entire positioning solution. Based on a number

of tests, the troposphere delay parameter estimation was found to be problematic
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if kinematic measurements are processed where the receiver coordinates have to be
estimated at every epoch. Some experimental results with different intervals are
discussed in Section 7.1.1. Different parameterizations can be found from Figure 7.1

to Figure 7.6.

Previous research (e.g. Ahn et al. [2007]) also investigated the use of additional
tropospheric parameters such as residual zenith tropospheric delay and horizontal
gradient parameters. Although the method was successful in reducing the tropo-
spheric residuals to some extent, and thus resulted in an improvement in the solu-
tion domain, this approach has two main limitations for practical aspects. First, the
additional parameters may degrade the entire positioning solution in the estimation
process due to redundancy and inter-correlation of parameters. Second, an arbi-
trary choice of the parametric spacing for the residual troposphere or the gradient
estimation is not practical in a kinematic scenario. In a kinematic case with lim-
ited observation periods, introducing more parameters may make the entire solution

worse.

As stated earlier, even for a short baseline, imbalanced atmospheric errors are
shown to have a severe impact on rover positioning solutions, resulting in a worsen-
ing of the quality of the positioning solutions (5 cm and more coordinate fluctuation
on the height component). A potential explanation is that under extremely inho-
mogeneous conditions in the lower troposphere, a physical interpretation may be
difficult, if not impossible to evaluate, resulting in certain mis-assumption about the
parametric model. Therefore, not only was a residual analysis of the tropospheric
delay carried out, but also, a new approach has to be established to solve the tro-
posphere mitigation in the kinematic situation. This is discussed in detail in next

Section 4.4 which is a new approach to combine zenith dependent parameters into
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one cominon parameter .

In order to introduce our new weighting approach, the general mathematical back-
ground is discussed in next section. Under short baselines, the residual effects of
the ionosphere and troposphere are typically insignificant. As we are dealing with a
strong anomaly effect in the lower troposphere, only the residual tropospheric term
(without the assumption of atmospheric azimuthal asymmetry and use of gradient
estimation) is included. To evaluate the proposed combined method, the epoch-
wise kinematic software was developed for testing different baseline datasets and the

details of the test-bed software are discussed in Chapter 5.

4.4 Combined De-Correlation Approach

As described in Section 4.2, the troposphere parameter and height are highly cor-
related. To try to de-correlate those two parameters, the combined de-correlation
approach is introduced. Kim and Langley [2008] also described this approach and
performed the feasibility test in their RTK platform in terms of compatibility, con-
trollability, singularity, and redundancy with real data and simulated data sets. The

methodology is described here.

To make the problem simpler, let assume that the GNSS signals is experiencing
the effect of the troposphere only. Then, the single difference (SD) observables in
relative positioning which is fully described in Equation (5.6), can be written like:

1 Ji

where,

Ar1: L1 wavelength (metres),
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¢ : SD phase observables (cycles): superscripts p stands for the satellite, and
subscripts m and k for the receivers,

N7 - SD integer carrier phase ambiguities (cycles),

Prm: SD geometric range (metres),

0T¢ : SD slant tropospheric delay (meters).

Once the geometric term is expanded,

P = Prmo
X))~ X(t) 5 YO = YiolD) oy 200 — Zuo(t) 5, (4.10)
pﬁlO " pﬁlo m pﬁzo m
P = Pho
L XP(t) — Xyo() AX, — YP(t) — Yko(t)AYk -z - Zko(t)AZk (4.11)
Pro Pro b
where,

P+ geometrical distance between satellite(p) and a receiver(k),

XPYP ZP: satellite (p) positions in Earth-centered Earth-fixed (ECEF) coordinate
system (metres),

Xko,Yr0,Zk0: approximate receiver (k) positions in ECEF coordinate system (me-
tres),

AXy,AYy,AZy: receiver (k) position increments (metres).

Therefore, the SD geometric range can be written as:
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(4.12)

If the base station coordinates are known precisely, AX,, = AY,, = AZ,, = 0,

then
P — P =
+ Pro = Pmo (4.13)
LX) = Xo®) o YP) = Vielt) 200 = Zaolt)
Pro Pro Pro

Therefore, Equation (4.9) can be written as follows:

)\ngplI;m(w - /\Lllem + )‘Llffl(stkm<t) - pﬁO - pan - 6T5ry,km(t) =

LX) = Xiot) o YP() = Yaolt) o Z°(1) = Ziolt)
+ mimTkm (t)
(4.14)

where,

0T () = 0T o (8) + 1101, Thm (8),
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oy

dry km (1) SD slant hydrostatic delay,

Tem (t) © SD wet zenith delay.
Assuming that the carrier phase ambiguities are correctly resolved and accurate

meteorological data are available at a reference station and a rover, we will have a

reduced DD carrier-phase observation model for short-baseline applications as:

A1 (8) = ALt Nig = P — 0155,

dry,km
_ thAXk + hquYVk + h}Z)qAZk + miq(t)Tkm@) + 5§%@,er7«
(4.15)
where,
X0~ X1y X700~ X,
: o) 70
Y(t) =Yy, | YP(t) =Y,
hPe — — 0 4 0 4.16
y Py (1) Pro (1) (10
—_— _Zq(t) — T N ZP(t) — Z,
: O] Pro (1)
where,

Ar1: L1 wavelength (metres),

ov? : DD phase observables (cycles): superscripts p and ¢ stands for the satellites,
and subscripts m and k for the receivers,

NP7 . DD integer carrier phase ambiguities (cycles),

phl - DD geometric range (metres),

6T, km: DD slant hydrostatic (or dry) delay (meters),

XY 7% satellite positions in Earth-centered Earth-fixed (ECEF) coordinate

system (metres),

Xk0,Yk0,Zr0: approximate receiver positions in ECEF coordinate system (metres),
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AXy,AYy,AZy: receiver position increments (metres),
m%? . DD non-hydrostatic (or wet) mapping coefficient at the receiver & (unitless),
Tkm: relative wet zenith delay (metres),

eht : residual errors (e.g., receiver system noise).

mk,err *

Under short baselines, the residual effects of the ionosphere and troposphere are
typically insignificant. As we are dealing with a strong anomaly effect in the lower
troposphere, the residual tropspheric term (without the assumption of atmospheric
azimuthal asymmetry and use of gradient estimation) is included in order to have a

more representative equation. Equation (4.15) can be expressed as follows:

L=Hx+mr+e e=N(0,Qr) (4.17)

H=1hy hy h] (4.18)

v =[AX, AY, AZ)"

Note that e is a normally distributed random vector with expected value of 0 and

variance-covariance (Jr,.

In order to analyze the common zenith dependent parameters (that is, the vertical
component of the receiver’s position and the wet zenith delay), the local geodetic
coordinate system is introduced. The axes n and e span the local geodetic horizon
which is perpendicular to the ellipsoidal normal through the surface of point P as

illustrated in Figure 4.6. In Figure 4.6, n and e point north and east, and u coincides
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with the ellipsoidal normal with the positive end upward of the ellipsoid [Leick, 2004].

z n
A ]
CTP
e
K P(@pAu)
¥
g R
g ellipsoidal meridian
5 through P
NP

X

Figure 4.6: Local geodetic coordinate system

The relationship between the local geodetic coordinate system and the geocentric

system is as follows:

xr=R!n

—singpcos A —sinpsin A cosp
R = — sin A cos A 0 (4.19)

COSQCOSA  cospsinA  singp

n=I[An Ae Au]"

where R is the rotation matrix and n is a vector of the position component incre-
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ments in local geodetic system. Given the latitude and longitude of the receiver, the
geocentric coordinate system can be easily transformed to the local geodetic system
based on Equation (4.19). Equation (4.17) can be now rewritten as a sub-matrix

forms as follows:

L=Gn+mt+e

o] [P ][] o

T

G=HR"

Equation (4.20) gives a straightforward interpretation of the vertical increment Au
and the wet zenith delay 7. Figure 4.7 shows the relationship between the vertical
component of the design matrix g, and the Niell’s wet mapping function coefficient
m for each satellite. As illustrated in Figure 4.7, they are correlated with each other,
especially at high elevation angles. For comparison purpose, we used negative Niell’
wet mapping coefficients at the right-side y-axis in Figure 4.7. The functional re-
lationship between the two coefficients is illustrated in Figure 4.8. As implied in
Figure 4.8, the two parameters (the vertical increment and the wet zenith delay) will
have strong correlation at high elevation angles. On the other hand, their correlation

becomes weaker at lower elevation angles.

The challenge to be overcome in this dissertation is to break-up the correlation
between the two parameters (the vertical increment and the wet zenith delay). Even
if they have a functional relationship with each other, the two parameters cannot be
easily combined into one single parameter and it is probably impossible to have a

linearized form. Therefore, we follow a numerical approach to solve the correlation

111



Directional cosine for Up companent AND Niell wet mapping coeﬂ

%"“’7 A""‘"‘ f' "3

l)/ 0
N ‘*
%/‘M

0.

o

0.

o

wet mapping coeff.

Transformed Up component

(negative) Neill

0.

=

Y //,, ;

0.5 1 1 5 2 2.5
Elapsed Time (sec.)

+w

% 10

Figure 4.7: Relationship between the vertical component g, and the Niell's wet
mapping coefficient m

problem. By introducing the new parameters, o and ¢ as illustrated in Figure 4.9,

the two parameters can be combined as follows:

guAu+mT = [ag, + (1 —a)m]( (4.21)
where,
Au
= = 4.
Aot o (= (Au+T) (4.22)

The parameter « represents the ratio between the vertical component increment

and (. Typically, o has the value 0 < o < 1 if controlled. By changing the value of
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Figure 4.8: Functional relationship between the vertical component g, and the Niell’s
wet mapping coefficient m

a, we can adjust the weight of the two parameters. By changing the o from 0 to 1
with a step size of 0.01, we can find the best positioning solution among 100 different
solutions, for example. In Figure 4.10, there is a point which minimizes the weighted
sum of the squared residuals. Choosing a different a will give a different solution
(e.g. much worse or much better) as they weigh differently the vertical component

of the design matrix g, and the Niell's wet mapping function coefficient m.

From background research in case of a static scenario, once «, the weighting pa-
rameter, is properly selected, the positioning is dramatically enhanced. A different «
represents that it is giving a different solution as the vertical component of the design
matrix g, and the Niell's wet mapping function coefficient m are weighted differently.
One difficult issue to be solved, however, is how to determine the weighing parame-

ter, a, in a real practical way in a kinematic situation. The height estimates Au, can
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e
approximate
height estimate

Figure 4.9: Geometric representation for ( = Au + 7

be initially estimated in a normal cartesian coordinate system with a certain preci-
sion. Once the cartesian position estimates are determined and transformed to local
coordinate system, then Awu can be assumed to be known with a certain precision.
Thereafter, with a recursive algorithm, subsequent but better Au can be determined
using the proposed weighting scheme when the troposphere is problematic. The level
of the contribution for the troposphere A7 in the weighting parameter can be sub-

sequently identified in the solution domain.

4.5 Residual Analysis

DD residuals can be separated from non-dispersive and dispersive medium and their

corresponding magnitudes can be determined. Once the integer or float ambiguities
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Figure 4.10: Weighted sum of the squared residual corresponding to « from 0 to 1
with a step size of 0.01. This is a single epoch example

are determined, the residuals for L.1 or .2 can be generated by the following equations

originally proposed by Lawrence et al. [2006]:

Pq

5TV — 5T M2 TP
’ykmx =

— (017 — 61%) N, + ki (4.23)

)\kmk >\km>\

— P4
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— Me

kmy
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7 o
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)\kmA
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)\km)\
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where,

A a frequency either L1 or L2,

N ,im : the double-difference cycle ambiguity for satellite ¢ and frequency k relative
to the reference satellite r for baseline k£ and m,

Vi, - the double-difference phase residual between satellites p and g,

go};m . the single-difference carrier-phase measurement for satellite ¢ on frequency
A (in units of cycles),

Akm,, @ the wavelength of frequency A,

Ar : the differential distance to the satellite,

OT" : the differential troposphere delay for satellite i,

81 N, ¢ the differential ionosphere group delay at frequency k,

Mi

im. . the differential carrier multipath error for satellite ¢ and frequency k,
A

Wi, © the differential receiver noise error for satellite i and frequency k.

Equation (4.23) shows that there is a fixed ratio between the contribution of the

troposphere to the 74

T, a0d 7t residuals. Also, there is a fixed ratio between the

contributions of the ionosphere to those residuals. When we choose 7}7  as the y-
axis and ;! as the x-axis, then the troposphere contribution is given by the slope
of A\1/Aa. Also, in a similar way, the ionosphere can be given by Ay/A;. The DD
residuals for both L1 and L2 which can separate the contribution of DD troposphere
into the DD ionosphere delay. An example can be seen from Figure 4.16. The only
assumption behind this identification method is that the slope of A;/\y purely fol-
lows the troposphere signature which may not be true under all actual environments
due to many other effects, such as multipath, and phase centre offset variations.

Figure 4.11 represents the geometry of the residuals of L1 and L2.

Once the DD residual is determined at each epoch, it can be either within the
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identification boundary for the troposphere, 5 —7° < P < 05+7° and m+ (6, —7°) <

P < 7+ (05 + 7°) or outside the boundary limit.

_ pPq I An =X
Y = Vim, a )

(cyeles) . 0 ,/,/

L

X= Vo

(eycles)

S
NN

Figure 4.11: Identification of the contribution

The magnitude and the angle can be calculated based on the DD residual from

the following relationships:

Ponag =/ (125,,)" + (322,.)?

Op = arctan (120, /477 )

(4.24)

4.5.1 Troposphere Error Signature from Residual Analysis

Figure 4.12 represents the identification and magnitude of a pair of satellites, PRN

19-27, during the tropospheric anomaly based on the residual analysis, as an exam-
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ple. Actual troposphere error signature plots for both L1 and L2 frequency such as
an identification plot similar to Figure 4.11 can be found in Figure 4.16 or in Chapter

7 from a few baselines evaluated.
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Figure 4.12: Identification of the contribution and magnitude in terms of ppm (in
y-axis) for an example pair, PRN19-27

The magnitude of residuals in Equation (4.24) can be transformed in terms of
ppm (part per million) of the baseline length. Figure 4.12 represents a transformed
magnitude of a tropospheric anomaly as an example. The top panel in Figure 4.12
represents the magnitude of actual residuals of L1 in terms of ppm versus elapsed
time in seconds, and the middle panel represents the troposphere signature based on
the L1 and L2 residual analysis described above. The lower panel is the ionosphere
signature. Some of the missing points are not within the boundary limit (as described
in Figure 4.11) which is not from either the troposphere or from the ionosphere. It

clearly shows that most of the residuals follow by the tropospheric contribution line
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in this case and the magnitude in the slant range reached almost up to 100 ppm levels.

As is expected, the residuals agree well with the DD tropospheric signature. Dur-
ing the anomaly, almost all other satellite pairs also showed similar patterns. At
every epoch, the residual analysis can be performed to determine the magnitude of
the troposphere. Once the magnitude over the 20 ppm level is found in the slant
range and retrieved into the zenith direction, its value has been applied to deter-
mine the weighting parameter. The benefit of using this methodology is that, as
each satellite pair is examined to determine the weighting parameter in a different

direction, it already contains the tropospheric gradient information.

4.5.2 Ionosphere Error Signature from Residual Analysis

In high-accuracy geodetic applications of GNSS, time variable tropospheric prop-
agation delay limits the performance of positioning. Previous research on the tropo-
sphere focused mainly on the mitigation of tropospheric delay under long baseline
situations. However, a local tropospheric anomaly can also severely degrade the per-
formance of kinematic positioning even under short-baseline situations; this can be

a potential major issue for local surveyors.

The propagation of electromagnetic waves were found by Oguchi [1983] to be po-
tentially affected by rain drop and dust (the amount getting a function of their size)
in terms of attenuation, de-polarization and noise, including (but may not be limited
to) millimetre waves. Many researchers have tried to identify the effect on a scope
of applications mostly from the ideal experimental situation such as Comparetto
[1993]. To quantify the impact on a GNSS survey associated with signal attenua-

tion through dust, foliage, rain, cable, and other materials in many situation is a
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challenging task. One example shown in this section is the verification of the error

signature identification method based on the method described in section 4.5.

hisisa9goqravhicalreferenceE . T EEEESSEN . MODIS RGB=CH(14.3) 02/24/2007 17:40 UT

OKLAHOMA

NEW MEXICO

Figure 4.13: MODIS RGB satellite image (Courtesy: NOAA/NASA)

To evaluate the identification method of the residual contribution either tropo-
sphere or ionosphere as described in Equation (4.23), data during a sand storm were
processed as well. During the sand storm, typically the air is known to become
dry and therefore the signature of the troposphere can be more easily differentiated
from any other effects. The dust storm data in Texas, USA on Feb. 24, 2007 were
processed to investigate this. Figure 4.13 shows the MODIS RGB satellite image. It
shows a large dense blowing dust cloud across the middle of Texas and moving into
southwestern Oklahoma. The yellow arrows near the bottom right in Figure 4.13
show the area of dust coverage, revealing that the sand storm has covered nearly

half of the State of Texas.

Figure 4.14 represents the stations used to obtain the required data. To identify

the residual signature, the data were processed with Bernese GNSS software. The
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Figure 4.14: Network diagram during sand storm

station IDs are TXAB, TXBS and TXCH. The distance between TXAB and TXCH
was 354 km. For the processing, the quasi-ionosphere was chosen as a methodology
[Hugentobler et al., 2005]. After pre-processing the data and solving for the ambigu-
ities, the final post-processed kinematic position (PPK) results shown in Figure 4.15
were obtained. As the baseline length was over 300 km, the PPK positioning result

obtained was cm level accuracy which is very reasonable.

The corresponding residuals in both L1 and L2 for the baseline TXAB-TXBS was
calculated and is illustrated in Figure 4.16. From Figure 4.16, one can clearly see the
signature of the troposphere and ionosphere from DD residual analysis. As expected,
the residuals are mainly followed by the ionosphere signature line (or any other ef-

fect rather than the troposphere signature line) during the sand storm. Compared
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Figure 4.15: PPK solution with Quasi ionospheric-free combination during sand

storm
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Figure 4.16: Residual plots for L1 and L2 during a sand storm
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to the ionosphere line, this strongly suggests that the troposphere model applied to
the correction on the data processing were found relatively more precise than other
prominent error sources including the ionosphere errors or any other frequency de-

pendent component.

Although it is known that microwave wave bands affects to levels of signal atten-
uation (e.g. Musa and Bashir [2013]), I could not prove here if this specific sand
storm largely affected on GNSS signals or not, and could not quantify the amount
of the effect. It needs to be further investigated. However, based on this test and
results, in order to improve the solution, it is clear that the elaborated ionosphere
model or a different ionosphere model or the frequency dependent effects must be
employed rather than using a different troposphere model in this specific case. As
the baseline length is extended, the de-correlated errors due to the atmosphere are
more difficult to resolve. Figure 4.16 was the best solution for the data that could be

obtained from processing using many different options in the Bernese GNSS software.

4.6 Summary

The correlation between the height and the troposphere has been discussed in
this chapter. To overcome, the limitation of the current troposphere mitigation
approach during the troposphere anomaly even for a short baseline, a new developed
methodology has been derived and described in detail in Chapter 4. To evaluate
the methodology in a kinematic scenario, a test-bed relative positioning software
has been developed. Chapter 5 will discuss the mathematical background of the

developed epoch-wise relative positioning software.
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Chapter 5

Test-Bed Relative Positioning

Software

In order to test the developed combined approach that is described in Chapter 4,
a relative positioning software was developed. This chapter describes some details
of the software regarding the functional model and epoch-wise least square approach
and error handling for the developed positioning system. The combined approach

described in Chapter 4 in several baselines is tested with this software platform.

5.1 Observational Equation

As described in Chapter 2, there are two fundamental GNSS observables. One
is the pseudorange (or code) and the other is the phase. The phase observables of
either L1 or L2 frequency are based on the difference between the received satellite
phase and the receiver’s internal phase replica by an oscillator. The only observables

in this case are the accumulated phase differences.

In a conventional survey, we use the distance measurement unit (EDM) or total

station (TS) unit to determine the mm-level distances between the unit and targets
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on nearby control points. It uses the same fundamental principle in a satellite survey-
ing. The observables from the conventional survey units are, however, unambiguous
as the EDM it transmits at a number of different wavelengths to the target(s). With
this unique method, the EDM or TS can identify the number of integer cycles (or

ambiguities) to the object and thus it can accurately determine the total distance.

In a satellite surveying, it is unlikely because the distance between the receiver
and the satellite is too large to use numerous signals like the conventional surveying
EDM or TS instrument. Therefore, unlike code observables, the phase observables

are alway ambiguous, although it is 100 times more precise than the code observables.

The phase equation in Equation (2.1) in the case of L1, in terms of cycles, and

code observables, can be rewritten as:

Proaa(t)
Spi,m(t)s = %Pﬁ,m(t) —Jn [1 — kLTl] Oty + fr10t?
a? f
VL 1 (1) k2 () = 01 1, (1) + 20T (1) (5:1)

+ (&k,syS(t) + 5pmul + 5tls)ys (t) + 867’7‘)

PP(t) = pp(t) — {1 — @] Oty + cot?

+ 0L (t) 4+ 6T (t) + (0tg,sys(t) + 0pmur + 015, (t) + crr)

where,

¢r.z1(t) © phase observables between satellite(p) and receiver(k) for L1,

8This equation includes all possible error sources that can be considered; similar to Leick [2004]
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Pr.r1(t) © geometrical distance between satellite(p) and a receiver(k) for L1,
¢ : speed of light in vacuum,

0ty @ station clock correction,

Otk sys - delays in receiver and its antenna,

otP : satellite clock correction due to satellite clock error,

ot o+ delays in satellite and its antenna,

0T : tropospheric delay,

01 : ionospheric delay,

dprer - relativistic corrections due to special and general relativity,

0P - multipath,

fr1 : frequency of the GPS signal (L1),

N} : integer ambiguity,

aP: satellite frequency offset,

Pr.r1(t): topocentric range rate,

L1, k,p: subscript (L1, k) and superscript (p) denote frequency IDs, receiver 1D

and satellite 1D,

Eerr - Other remaining measurement errors.

As the ionosphere is a dispersive medium (which means that it acts differently at

different GNSS frequencies), the following relationship can be made:

c
5]£,C/A,m(t) = _5]£,L1,m(t) = _f_‘;]lf,m,c(t)
21 (5.3)
5I£,P2,m(t) = —5]£,L2,m(t) = _Edlg,mﬁ(t)

where the subscript m and ¢ represents in the units of metres or cycles. C/A de-

notes coarse/acquisition code which is transmitted on the L1 carrier frequency. P2
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means precision code transmitted on the L2 carrier.

The relationship in Equation (5.3) leads to:

g opam(®) _ Iia 01} 11,.(t) _ Ji2 (5.4)
5I£,P2,m <t> 1211 ’ 5I£,L2,c(t) le
Therefore, Equation (5.1) for the L2 frequency can be written as:
Pr2(t)
Prra(t) = %Pﬁ,m(t) — fr2 {1 - ij ] Oty + fr20t?

a” fi f

N o (D) - Paalt) = S5m0l (0) + 2 20T (5)
c cfiy c

+ (0tk,sys(t) + 0Pmu + 5t€ys(t) + €err)

The phase and code equation in Equation (5.1), Equation (5.2) and Equation (5.5)

are the basic functional models for each observables.

There have been many different positioning algorithms developed over decades
that can generally be divided in two main categories. One is relative positioning and

the other is precise point positioning.

In relative positioning, there are the single difference (SD), the double difference
(DD) and triple difference (TD) observables that can be formulated from baseline
stations. If two receivers k and m receive the observables from a satellite p, one can

write the difference between two observables for the same satellite p as follows [ Leick,

2004]:
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¢ ¢ (5.6)
+ = [P (0)6tk — ph, ()0t ] — [0tk — 0tyn) + N, (1)

f

C

+oI7

km,cp(t> + 5Tkpm(t> + 6tkm,5y3a%0(t) + 6pgm,mul,go(t) + 52771,67“7’,(,0

where,

Niwm(1) = N (1) = NE(1),
0L o (8) = 01, (8) — 017, (1),
0Ty (1) = 0T (t) — 0T (1),
Othm,sys.p(t) = Otk sys.o(t) — Otm sys o (t),

5p£m,mul,<p(t) = 6pll:,mul,ga(t) - 5pfn,mul,<p(t)7

p __ P P
gk’m,err‘,cp - gk,err,go 5m,err,<p?

w: the subscript represents that it is dependent on the frequency used.

O (1) = P () — @ (1)

= L1020 - o1 - L1t - )
£ 100 — (]~ 00) — (1) (57)
Lo — 05t — L 100, — 80151,

f

+ N (1) + 015, (8) + 7T (8) + 000 st (8) + S errg

Figure 5.1 illustrates the details of each differencing technique. For the single
difference, reference station m and rover station k is the received signals from the

satellite 5 at time ¢;. For the double difference, reference station m and rover sta-
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Figure 5.1: Differencing scheme in relative positioning

tion k receives signals from satellites j and k. Two individual single differences are
subtracted from each other to obtain the double difference observables as in Equa-
tion (5.7). Based on this method, the most problematic common receiver errors are

additionally eliminated (or at least minimized), but there is still the double difference

ambiguity to consider.

In Equation (5.7),

Nim(1) = Nign (1) = N (1),
0L o (8) = 0L, o (8) — 01, (1),
0Ty (1) = 0T, (8) — 0T, (1),

5p£(7]n,mul,<p (t) = 5pzm,mul,go(t) - 5p2m,mul,ﬁp(t)’

pq __ P _ 9
km,err,po — “km,err,p km,err,p

The triple difference is an ambiguity free observables. This observable is espe-
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cially useful for determining an initial position estimate or evaluating the cycle slip.
Two DD observables at different time at ¢; and ¢5 can be subtracted to obtain TD

observables. TD observable looks like:

Phm (t2, 11) = @i, (t2) — @i, (1)
= [Phm (t2) = Pl (t2)] = [k (1) — P (B1)]
= [Phm(t2) = P (0] = [Pk (F2) — P (B1)] (5-8)
= lei(t2) — @l (t2)] = [k (1) — ¢l (1)

— [pi(ta) — i (t2)] — [pi(t1) — i ()]

There are many linear combinations available between the observables. More sig-
nals from GNSS modernization means more possibility to make different combina-
tions, but each has their own strength and weakness. As discussed in Chapter 2,
the first order ionosphere can usually be eliminated using ionosphere-free linear com-
bination. Assuming the ambiguity for both the L1 and L2 frequency are correctly
solved for two corresponding epochs, when subtracted from each other, there is no
ambiguity term. This geometry-free combination provides an excellent tool to detect
cycle slips, especially if the Melbourne-Wiibbena linear combination is used. The

dual frequency linear combination, in general, can be written like:

Ony Z e+ (5.9)

Then, Equation (5.1) and Equation (5.5) can be written like:
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1 Prra(?)
o (t) = S Prpi(t) — |1 —— ety + cot? + 6T (1)

0y ¢
+ )\i(étk,sys,Ll( ) + 5pmul 1+ 5tsys Ll( ) + 687‘7‘,L1)
1
)\’y (5tk sys, L2( ) + 5pmul,LQ + 5t§ys7L2 (t) + 667‘7‘,L2)
" (5.10)
+C)\Tma”p§,m( ) + )\%QGPPP L2( )
B 5_—7 (7]sz +7fL1)
c frifre
+nNp1 +vNpo
where,
AL1AL2 )
P )= —=— 5.11
#na () (U/\L2 + AL ( )
Table 5.1: Linear combination (LC) of phase measurements
Iono. Error Amp. | Error
LC | n |~y V\Zavelength delay (by L1) (cm)
L1 110 — ~19cm 1.0 1 0.3
L1
2 |01 f_ ~24.4cm I 16 1 0.3
L2
WL |1 ]-1 € ~86.2cm f“ NP 1.7
fL1 fro fL2
NL |11 _C o qo7em | 2 5] m 1.7
7 fri+ fro fro
IF |1 —f—” 10.7cm 0 1.27 0.9
L1

Table 5.1 represents a number of linear combination which are typically used for
resolving the carrier phase integer ambiguity (e.g. WL) and for eliminating the first

order ionosphere effect (e.g. IF). The ambiguity resolution is described in section 5.4.
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5.2 Linear Least-Squares Approach

All the various parameter types contained in the observation equation in Equa-
tion (5.10) can be determined from GNSS (code or phase) using the method of least

squares. In a least squares adjustment,

I
S

(#)
o (5.12)

L
U(z,)+ Hzx

where,

U : Model function (mathematical relationship between observations and param-
eters; observation equation),

[ : Column matrix of adjusted observations,

L : Column matrix of observations,

2 : Estimated parameters,

T, : A priori values of parameters,

x : Improvements to the a priori parameter values,

v : residuals,

H : Jacobi matrix of partial derivatives.

Therefore,

v=Hr— (L—¥(z,)) (5.13)

=Hx -1
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with

(5.14)

where,

[ : Column matrix of ‘observed-computed’ (O-C),

The Jacobian matrix A is defined by

H = (a\p(@)) (5.15)

The stochastic model of the observation is given by the covariance matrix

K =02Q,=o’P! (5.16)

where,
o2 : A priori variance of the observations,
Q; : cofactor matrix,

P . weight matrix of the observations.

The solution of the linear system of equations in Equation (5.13) follows from the

least square condition:

v Pv = min. (5.17)
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and we obtain the followings,

v=(HTPH) " HTPl=Qpb (5.18)

where,

Q'=N=H"'PH

xT

(5.19)
b=H"PI

where,
(). : cofactor matrix of the parameters,

N : normal equations matrix.

The a posteriori rms m, is computed by,

. \/ (WTPv) _ \/(ZTPZ — 27b) (5.20)

n—u n—u
where,
n : number of observations,

u : number of unknown parameters.

The covariance matrix of the parameter will be

K, = m.Q, (5.21)
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5.3 Cycle Slips

Cycle slips occur when the receiver experiences a sudden loss-of-lock in the carrier
tracking loop. This could be due to a number of reasons; especially due to obstruction
from trees, cars, buildings, or because of a low signal-to-noise ratio. This will result
in discontinuities and jumps of the integer of the measured cycles. There are many
different ways to detect and repair cycle slips. As the cycle slips are integer jumps,
the identification and repair can be performed either from only a single receiver’s
data only or a pair of receivers (which is typically achieved by checking residuals
from a triple differencing (TD) solution). Even though the software designed here
is relative positioning software, the methodology to detect and repair cycle slips is
primarily based on a single receiver’s data. After successfully fixing the cycle slips,
the continuity of the observation data is checked again with the geometry-free ob-

servables to confirm whether the software repaired the cycle slips well or not.

The mathematical background behind the cycle slip detection and repair is based
on the methodology proposed by Blewitt [1990]. The methodology was tested and
discussed in a few papers, e.g. Witchayangkoon [2000]. This method is based on

wide-lane combination and the observables can be written as:

, » JiaPppy + fraly
Orwr = Newr —
’ ’ (fr1+ fr2)dwe

(5.22)

where,
gp%w ;, © wide-lane observables for receiver k and satellite p,
Ny ¢ wide-lane ambiguities,

Aw : wide-lane wavelength.
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The wide-lane ambiguities are evaluated in a sequential recursive algorithm in each
epoch with a priori rms of half a cycle of the wide-lane cycle. The mean value of

wide-lane ambiguities and the corresponding standard deviation are given as:

(5.23)

where,

P P
Niwr : mean of Ny r,

t; and t;_q : current and previous epoch.

Equation (5.23) is evaluated at t; and, at the following epoch, N}y (ti11) must
be within 40(t;) of the mean Nf y,; (;). If the condition is not met, then a cycle slip

is assumed to have occurred on the epoch.

The ionosphere-free observables have to be evaluated as well in case both L1 and
L2 have equal jumps. Equation (2.25) describes the ionosphere-free observables. If

Equation (2.25) is rewritten to include the wide-lane observables, then we get:

2
(I)Z,IF = (;ﬁl - 1> II?,C’A + )‘Llle,WL - /\IFNIS,LQ (5.24)
L2

where,
I} ¢4+ the ionosphere delay on CA code,
Arr : wavelength of the ionosphere-free combination (Ar; — Arz).

Assuming that AN,?M and AN,’;L2 are the cycle slips for L1 and L2, then the
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wide-lane slips can be written as:

Ale,WL = Asz,m - ANII;,LQ (5-25)

When the cycle slips are detected, a polynomial fit employed ranging from the
previous epochs of the slip to the epochs of the slip and extrapolated to the next

epoch which is denoted by @7 ;p.

As éﬁ ;r and @7 - can be calculated, these two values can be evaluated at the

cycle slip epoch as:

A(I)i,IF = <1>§,1F - (i)i,lp
(5.26)
- )\LIANIS,WL - )\[FAN,?LQ

ANy, can be obtained from the wide-lane slip detection and then ANy, can
be determined from Equation (5.26). Consequently, AN}; ;1 can be retrieved from

Equation (5.25). The determined values are fixed to all subsequent data points.

5.4 Ambiguity Resolution

Let us assume in Equation (5.7) that we are free for ionosphere, troposphere delay
but has marginal errors only. This may be valid for examine the ambiguity resolution

for very short baseline. In addition, the following four observables are available as:
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Plfgz7L1<t) = pi(fn(t) + &

km,err,L1

Plfrqn,LQ (t) = pggn&) + gzgn,err,LQ

(5.27)
(I)Zgn,Ll (t) - pggn(t> + )\Lllezz,Ll (t) + 6g(rln,err,Ll
‘Pi‘fn,m(t) = P (1) + )‘L2N;:;]n,L2(t) + gggn,err,L2
Pkpg%,Ll (t> 1 0 0 q gzgn,err,Ll
PP (8 1 0 0 V) v
m Ekm,err
N O] Il N e
q)z?n,Ll <t> 1 /\Ll 0 gign,err,Ll
- o] |
_(I)km,LQ <t>_ _1 0 >\L2_ _gkm,err,LQ_

The typical approach for resolving ambiguities is that at initially, the ambiguities
are estimated with real values with other unknown parameters. Once real-valued
ambiguities are obtained, they, together with statistical information (which includes
variance-covariance matrix for the estimated ambiguities), are fed to a search algo-
rithm, e.g. LAMBDA method [Teunissen, 1993] or MLAMBDA [Chang et al., 2005],
to determine the integer ambiguities. Once they are estimated, the ambiguities are

introduced as known values to obtain final ambiguity fixed solution.

Expanding Equation (5.13) with the ambiguity terms, it can be written like:

Hyxy + Hoxog = (L — ¥(29,23)) (= 1) + v v~ N(0,Q)) (5.29)

where,

x1, 25 : column vector with all non-ambiguity parameters and column vector with
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the a priori values of these parameters,

T9, x5 : column vector with all ambiguity parameters and column vector with the
a priori values of these parameters,

H,, H, : first design matrix of the parameters x; and x5 involving partial deriva-
tives,

U(z9,23) : computed observables,

L—U(x9,25) =1 : observed minus computed (O-C) double difference observables,

v @ residuals,

L : observables.

Once the geometric distances are linearized in Equation (5.28) around a priori

information, the linearized system with real-valued ambiguities can be written like:

[Hl HQ} (L= (S, 2D) = v (5.30)

X2

The estimated parameters, £; and 5 can be determined from the following:

T T
|:H1 H2} Ql_l |:H1 Hz} = |:H1 Hz} Ql_l (L — W¥(z7,25)) (5.31)
where Q;" is weight matrix. Or, Equation (5.31) can be written like:

HIQ'H, HTQ 'H,| |z HTQ
1 l 1 1 l 2 1 _ 1 l (5.32>
HIQ'H, HIQ'H,| |2, HIQ M
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Therefore,

1 HTQ'H, HTQ;'H, HTQ

_ (5.33)
B2 |HIQU'Hy HyQ'Hp| |HYQ'
Assuming,
HTQ;'H, HTQ;'H, _ Ny Nig (5.34)
HQTQlel HgTQleQ Nor Ny
then,
1 ~ R
Nii Nig B Nii' 4 N 'NigNop—1Ny Nt — Nip'Nio N3, (5.35)
Ny Nao — Ny N1 N 7! Ny,
where, Nog = (Nag — Noy Nij' Nya) 2.
Therefore, the parameters ; and &5 in Equation (5.33) can be solved like:
B = (N;f + Nﬁ1N12Ni1N21Nﬁ1> (NioNop' Hy — H{') QM (5.36)
5.36

9 = Ny (N N HY — HY) Q711

The variance-covariance matrix for £; and Z5 can be given as the followings:
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Qs Qi HTQ'H, HIQ;'H
o N (5.37)

Qirey  Qa, HIQ 'Hy H]Q;'H,

Integer ambiguities can be determined by minimizing the following objective func-

tion which is achieved by least squares estimation.

min ||Zo — x2||éj1 with xo € Z" (5.38)
i) Zo

The advantage of the LAMBDA method is that it efficiently finds the integer vec-
tors by minimizing the rms in Equation (5.38). At each epoch, integer ambiguities are
solved and fixed by searching around float ambiguities for the vector minimizing the
rms error in Equation (5.38). Once the functional model is set like Equation (5.31),
the float ambiguities have to be determined first from least square estimation. In-
teger ambiguities are then determined by, e.g. the LAMBDA method. With these
fixed ambiguities, all desired unknown parameters can be re-estimated to obtain an

improved solution.

5.5 Summary

This chapter has provided by the author, the mathematical details of the relative
positioning software which has been developed to test the new methodology to over-
come the correlation issue between the height and the troposphere. Chapter 6 will
discuss several example baseline data sets which will be processed by the developed

software, and then evaluated, to test the developed methodology. The data sets to be
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tested include a troposphere anomaly at certain time epochs. There will also be a dis-
cussion about the separation of the residual signatures into the frequency-dependent

and frequency-independent components.
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Chapter 6

Data Description

This chapter describes the criteria used when choosing baseline data to test the
proposed methodology; the data are from various places. Detailed descriptions of
various baselines are given in Section 6.1; in each of these, a rover is selected. When
using a single reference station for GPS RTK, the baseline length is typically lim-
ited to less than ten kilometres to reliably determine ambiguities as integers, and to
tens of kilometres for ionospheric-free float or fixed processing to eliminate the most
prominent error source; the ionosphere. Fixing ambiguities allows one to obtain the

most accurate and reliable GPS positioning solutions.

A major objective of this dissertation is to demonstrate how correlated height and
tropospheric errors can be effectively reduced when combined with the proposed com-
bined approach for height and troposphere, especially during a tropospheric anomaly
or a humid region. Since the ionosphere is one of the most prominent the error sources
in GNSS, the data should be carefully selected, as any improvements in accuracy due
to the use of the developed combined model (which is described in Chapter 4) would
be masked by the much larger effects, especially if there is an ionosphere storm.

Since the latter changes substantially from day to day, especially when there are
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severe ionospheric storm events, for example, general indicators which reflect iono-
spheric activity are very helpful in the selection of data sets. Two main indices for the

ionosphere, Kp and Dst, are good indicators of the global geomagnetic activity levels.

In a relative positioning, the differential errors increase if the baseline length is
getting larger. This is because the spatial errors are typically decorrelated. Once
the decorrelated errors are mixed together, the problem to mitigate each error is
more complicated. As we try to investigate the troposphere anomaly, the ideal sit-
uation is that the reference stations should be located at short enough intervals to
resolve the spatial frequency of the errors. Consequently, the proposed approach
can perform very efficiently only when the distance to the reference station is short
enough to measure the spatial variation of the differential atmospheric errors which
is, in this case, the troposphere. Therefore, to meet these constraints, the baseline
used in this dissertation is limited to a short range of about 10 km. The following

section describes each of the chosen scenarios, with these requirements in mind.

Typically, in longer baseline, it is more difficult to deal with many errors. The
data specifically chosen for this research are mainly from wet regions to test the

methodology.

6.1 Field Data During the Anomaly

An inhomogeneous atmospheric phenomenon has been frequently observed in many
different networks around the world. These include severe sand, dust storms, volcanic
eruptions, ionospheric scintillation effects, and localized or regional tropospheric

anomaly effects [Comparetto, 1993]. Occasionally, these phenomena are observed
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when a strong tropospheric anomaly exists within a network. As stated, even for
a short baseline, imbalanced atmospheric errors have been shown to have a severe
impact on rover positioning solutions, resulting in a worsening of the quality of the
positioning solutions [Ahn et al., 2006; Lawrence et al., 2006; Zhang and Bartone,
2006; Huang and Graas, 2006; Kim and Langley, 2007].

Strong localized tropospheric anomalies have been often observed by communities
around the world. One such anomaly where they were operating GNSS receivers
was in Southern Texas on August 21, 2005. In summary, over a baseline length of
around 7.8 km, from the theoretical point of view, the atmospheric effects should be
highly correlated and thus most of the errors are known to be easily eliminated in
double-differencing (DD) technique. However, the processing result reveals that it is

much different from our expectation.

IR Satellite Radar Map Analysis for 14307 11 OCT 05

Intensities (Dbz): 20

Figure 6.1: Satellite infrared image and radar map (Courtesy: UNISYS)

Figure 6.1 illustrates the infrared image taken by satellite and radar during the
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local anomaly in Southern Texas areas (denoted by red arrow). One can clearly
see that one could experience a strong atmospheric effect within those regions. The
GNSS data sets were recorded and collected by Novariant, Inc., using the NovAtel
OEM4 receiver with a data rate of 1 Hz. The observation time was around 7 hours.
The observation area is near a desert region in Texas, where there are no buildings or
trees that can usually cause multipath, cycle slips, etc. Therefore, we can presume
that there are no significant contributions in the data sets from multipath or any

other effects rather than the tropospheric effect.

| 26°42'

L | 26°36'

26°30'

RX1B

S NS, S - G T W — — 26°24' *—©
252" 254" 256" 258" 260" 262" '264° 266" 268" 270
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26°12' : [‘ :

26°06'

26°00" ~A
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Figure 6.2: Network diagram for RX1B and RX2B ?

This data has a very strong localized tropospheric anomaly and were tested with
UNB-RTK software to see whether this software could obtain a reliable position-

ing result during the anomaly or not. The software was originally designed for a

9The figure is generated with Generic Mapping Tools; see http://gmt.soest.hawaii.edu
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real-time gantry crane auto-steering application but had been enhanced for long-
baseline applications as well. The software is based on the ambiguity search engine
OMEGA (Optimal Method for Estimating GNSS Ambiguities), and quality control
algorithms [Kim and Langley, 2003; Kim and Langley, 2005]. The software uses
an optimal inter-frequency carrier-phase linear combination of the L1 and L2 mea-
surements and a receiver system noise estimation routine. The software carries out
independent ambiguity resolution for WL, L1 and L2 observations to improve RTK

positioning reliability.

The tested baseline with UNB-RTK was RX1B to RX2B and is of around 7.8 km
in length and the geographic location is illustrated in Figure 6.2. As the baseline
is short, we expected that the atmospheric effects should be highly correlated and
thus most of the errors were expected to be eliminated or significantly reduced in the
DD process in relative positioning. However, it was found that the DD residuals of
the carrier-phase measurements reached around 100 ppm in the slant range in kine-
matic processing without any pre-processed parameters based on the whole data set.
It was found that most of the carrier-phase ambiguity resolutions on those specific
periods failed to fix in the UNB-RTK software. As expected, the errors created by
mis-modeling the troposphere in the least square adjustment are propagated into the
vertical component. Some of the processing results for the Bernese GNSS software

can be found in Chapter 7.

Figure 6.3 represents the positioning performance using the UNB-RTK software
platform using L1 frequency with fixed ambiguities. As clearly seen from the figure,
the anomaly peaked at around 24800 (GPS Time) which is highlighted. Due to the
quality control of the software, almost 600 epochs of the data collected during the

anomaly were rejected to improve the coordinate estimation.
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Figure 6.3: Kinematic Positioning Solution by UNB-RTK in a real-time scenario

One of the localized anomalies could also be observed at Stennis Continuously Op-
erating Reference Stations (CORS) in Texas, USA in 2005. The baseline length is
about 2.1 km which is short enough to essentially eliminate the correlated errors in
the atmosphere. During the time when there was a localized troposphere anomaly,
the residuals reached over a half cycle, thus causing a failure to resolve ambiguities
successfully. The L1 DD residual result can be seen in Figure 4.1. Similar weather
could be observed near San Marcos CORS stations, CSM1 and TXSM in Texas on
11th October 2005 over a 2.7 km baseline length. During the passage of the localized
storm, the GNSS RTK performance was much degraded mainly due to wrongly fixed
ambiguities, resulting in corrupting the positioning performance as well. The L1, L2

and WL residuals for the processing result can be found in Figure 4.2.
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This kind of anomaly phenomenon is not often seen, but can not be ignored due to
possible impact on the GNSS community. Due to several reasons mentioned earlier,
the data set for baseline RX1B to RX2B is chosen for testing the proposed method-
ology. This real data set contains not only delays due to the troposphere, but also
has errors from many other residual effects. Therefore, if there is any way that the
data sets could have only delays from the tropospheric effect, or that the anomaly

can be simulated, then it will help in the analysis of the tropospheric effect.

6.2 Field Data in Caribbean

The second data sets tested for this research are from Continuously Operating
Caribbean GPS Observational Network (COCONet). The COCONet project is de-
veloping large-scale geodetic and atmospheric infrastructure in the Caribbean region
that supports the atmospheric research community and geoscience community. It is
comprised of a network of over 100 continuous Global Positioning System (cGPS)
and meteorology stations in the Caribbean. Figure 6.4 represents the current CO-

CONet stations distributed in Caribbean.

COCONet provides raw GPS data, GPS-PWYV, surface meteorology measure-
ments, time series of daily positions, as well as a station velocity field to support a
broad range of geoscience investigations. All the new and refurbished stations have
sub-daily data latency. Atmospheric data products are distributed to researchers
using both the Unidata Local Data Manager (LDM) and other web Internet dis-
tribution systems. Geodetic data products are available from the UNAVCO public
data archive and potential regional data partners in the Caribbean. All of the par-

ticipants in the project have committed to a free and open data policy.
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Figure 6.4: COCONet Stations. The 45 red dots represent stations delivering data
to COCONet archive. The 32 yellow dots represent stations not yet delivering data
to COCONet archive (Courtesy: COCONet)

Some of the reference stations in COCONet distribute high rate 1 Hz data based
on UNAVCO's data archive interface. The stations chosen for this research are Sil-
ver Hills (NWBL), Geralds Yard (GERD) and Olveston (OLVN) on the island of
Montserrat. Figure 6.5 shows the location of stations. It is expected that the data
collected from this network will experience more tropospheric delays than inland
data sets such as the ferry data sets described in Section 6.3. There is no online
interface to check PW at each station in COCONet, unlike the interactive real-time
water vapor data interface of NOAA/FSL. However, one can clearly see, as an ex-
ample, for the station CRO1, the overall time series of atmospheric moisture and a

yearly signature over a few years (see Figure 6.6).

Table 6.1 represents the each station’s coordinate in latitude, longitude and height.
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Figure 6.5: Stations location for NWBL, OLVN, and GERD

As is seen, the height difference between stations are over 100 m which is good for

investigating the troposphere mitigation.

Table 6.1: Coordinate of NWBL, OLVN, GERD

’ H Lat. \ Long. \ height (m) ‘
NWBL || 16.82041 | -62.20271 147
GERD || 16.79482 | -62.19430 126
OLVN || 16.75040 | -62.22773 041
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Figure 6.6: Time series of GPS derived amtmospheric moisture (or precipitable wa-
ter, PW, in blue) and sea surface temperatures (or SST, in red) from St. Croix. The
strong coupling of SST and PW is evident (Courtesy: COCONet)

6.3 Field Data with Moving Platform

The University of New Brunswick (UNB) and the University of Southern Missis-
sippi (USM) have collaborated to devise and carry out a long-term experiment in
precise GPS positioning over long distances in a marine environment. Pair of GPS
reference stations on either side of the Bay of Fundy, Saint John (CGSJ) and Digby
(DRHS), and on the ferry, as a part of the Princess of Acadia project, in Eastern
Canada, have been deployed with NovAtel’s DL-4 geodetic receivers and GPS-600
antennas (see Figure 6.7). Kinematic GPS data from all three GPS receivers, mete-
orological stations and tide gauges were collected from November 2003 to December
2004. The ferry travels the same 76 km ferry route two to four times per day, de-
pending upon the season. The Bay of Fundy is located in a temperate climate with
significant seasonal tropospheric variations (e.g., temperatures between —30°C and

+ 30°0).
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The primary goal of the study is to advance the science of modeling microwave
tropospheric delay over marine areas and to investigate these advances to obtain
higher accuracy (centimetre-level) positions [Santos and Cove, 2002]. Kim et al.
[2004], Santos et al. [2005], Nievinski et al. [2005], Cove et al. [2004] and Cove

[2005] demonstrated to advance positioning results with an improved differential
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Figure 6.7: Geographic location of the Princess of Acadia project

tropospheric modeling in this region.

The Bay of Fundy experiences the highest tides in the world, providing additional
vertical dynamics to the project. Figure 6.8 represents a typical single baseline GPS
trajectory for 24 hours on 13 August 2004 with the ionosphere-free (IF) float solu-
tion. Green dots represents the ferry’s trajectory estimated from the IF float where

the reference station, CGSJ, was held fixed with ITRF00 coordinates, while red dots
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represents the same ferry’s trajectory with DRHS held fixed.
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Figure 6.8: An example of the ferry’s trajectory (longitude and latitude component)

As the ferry approaches one of the stations, two solutions from either a long base-
line or a short baseline can be estimated. These estimates did not normally agree
well mainly due to the increased uncertainties of the long baseline solution as well as
mis-modelling of certain parameters in the estimation process. Comparing the two
solutions can give an indication of the level of the long baseline unmodelled error as
the short baseline solution typically expects better estimates due to correlation of
the errors. Figure 6.9 represents the height component during the day which varies

about 6~7 m for the day.

The ferry travels shore to shore so that the collected data of the ferry may expe-
rience more tropospheric delays than that of inland. Using the interactive real-time

water vapor data interface of NOAA /FSL, it was possible to estimate when the tro-
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Figure 6.9: An example of the ferry’s trajectory (height component)

pospheric effects were relatively prominent. Dates are selected based on weather pa-
rameters, such as pressure, temperature, integrated precipitable water vapor (IPW),
relative humidity, total delay, and wet delay, to find relatively humid days. Fig-
ure 6.10 shows the IPW estimate near the Bay of Fundy, from 3 Aug. to 23 Aug.
2004. IPW reaches about 50 to 60 mm for 13~14 August, which indicates very hu-
mid weather. The blue cross represents EPRT station at Eastport, Maine, USA; the
red, Caribou, Maine, USA. Also, hourly data report from local meteorological centre
at CGSJ in Canada revealed that it was very humid during the time. As recorded,
the time of greatest humidity was from 8:00a.m. to 12:00p.m. on 14 August at CGSJ
location. Therefore, this data set can be also an ideal set to test the method for the

purpose.

The ionosphere also plays a prominent role in terms of the error sources in GPS.
Therefore, the date was carefully selected, as any improvements in accuracy would

be masked by the much larger effects of the ionosphere. For the ionosphere, the Kp
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Figure 6.10: IPW values from 3 Aug. 2004 to 23 Aug. 2004 (Courtesy: NOAA)

index is a good indicator of the global geomagnetic activity where the values span
an allowed range from 0 to 9. In this research, periods where the Kp index is less
than 3 are selected as shown on Figure 6.11, which represents relatively quiet iono-
spheric activity. Although local values of Kp should be investigated, we can expect

non-ionospheric effects for the day.
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Figure 6.11: Kp index from 13 Aug. 2004 to 16 Aug. 2004 (Courtesy: NOAA)
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After carefully analyzing all the parameters mentioned above, data from 8:00a.m.
to 09:00a.m. on 14 August 2004 was selected for this research. All of the data were

collected by NovAtel DL-4 receiver with GP600 antenna with 1 Hz data rate.
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Figure 6.12: Network configuration to estimate the reference coordinates for CGSJ
and DRHS

In relative positioning, the fixed coordinates play an important role. If they are
wrongly determined then the estimated coordinates may adversely affect other esti-
mated coordinates. Therefore, especially the data from this project were reprocessed
to determine the precise reference coordinates. At first, to accurately estimate the
coordinates for CGSJ and DRHS, data of 7 days were collected and processed with
the Bernese GNSS software. Three permanent IGS stations (UNB1, EPRT, and
HLFX) were used for constraining the solution. UNBI was used until 16 August
2006, and the new site name UNBJ has been used with DOME number 40146M002.

UNBJ/UNB1' is located in Fredericton, New Brunswick; EPRT in Eastport, Maine,

0The details on UNBJ and UNBl1 can be found on the following link:
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USA, run by NOAA, HLFX in Halifax, is managed by Natural Resources Canada.
Figure 6.12 represents the network diagram for the purpose. During the processing
with the Bernese software, IGS final SP3 orbit products were used and all three
permanent station coordinates were held fixed to their ITRFO0 (epoch 97) coordi-
nates to estimate the coordinates of CGSJ and DRHS. The processing sequence of the
Bernese software for this purpose included the estimation of receiver clock errors and
cycle-slip screening using ionosphere-free linear combination (IF) double-difference
phase residuals. After this pre-processing, both the L1 and L2 ambiguities were
resolved with stochastic ionospheric modeling. Once resolved the ambiguity these
were introduced to create the IF linear combination to fix the ambiguities which
gives a more reliable solution than the float solution. Finally, the final coordinates
and full covariance matrix are calculated. The Saastamoinen model [Saastamoinen,
1972] described in Chapter 3 was used for the tropospheric estimation with elevation-
dependent weighting to decorrelate the troposphere on the solution. Antenna phase
centre variations were also applied. Final combined estimates of the coordinates for

CGSJ and DRHS are summarized in Table 6.2.

Table 6.2: Combined normal equation solutions of the reference coordinates for CGSJ
and DRHS for 7 days

’ H \ Coordinates determined ‘

CGSJ 1824256.0285
-4109494.8757
4508639.6075
1866975.2314
-4146408.1898
4457455.0129

DRHS

N = | <] N =G| >4

http://www2.unb.ca/gge/Resources/UNBJE&UNBI.html
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6.4 Summary

This chapter has been provided the details of the data sets to show that why these
data sets are especially useful in testing the developed methodology. In Chapter
7, the results of the methodology from the intermediate data sets from Bernese
GNSS software and from UNB-RTK software for a 8 km Texas Storm data will be
discussed in detail. It will provide the detailed analysis of both static and kinematic
scenario case. Further, several other data described in Chapter 6 will be processed
with Bernese GNSS software and an open-source RTKLib platform as well as the
developed software to see whether the methodology is resistant to the troposphere

and therefore it enhances the height solution or not.
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Chapter 7

Results

This chapter describes evaluation of the methodology with the data sets described
in Chapter 6. Typically, a single reference station GPS relative positioning is limited
to less than 10 km for fixing the ambiguities as integers, and to tens of kilometres
for ionospheric-free float processing. Since fixing ambiguities allows one to obtain
one of the most accurate and reliable GPS positioning solutions, fixing of the am-
biguities reduces noticeably the number of unknown parameters and increases the
degree of freedom without any other changes; in addition, the a posteriori rms of the
observations for the fixed solution is always smaller than that of the float solution.

Therefore, the fixed solutions are mainly discussed herein.

7.1 Troposphere Error Mitigation in Kinematic
Scenario

Before describing the results, a few different test results are generated. One of
them is to evaluate the positioning results with a troposphere estimation in the pa-

rameter estimation stage. The other is to evaluate the positioning results based on
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the independent result, such as ray-tracing with a NWP model.

7.1.1 Troposphere Delay Estimation during Kinematic Po-
sitioning

Even if the tropospheric delay is significant during the day, the DD tropospheric
residuals are already at the sub-cm level and the numerical improvement is typically
small enough to resolve the ambiguities. As mentioned earlier, however, a kinematic
case can be significantly different from a static one. If high dynamics are involved and
there are weather fronts, temperature inversions, or other dynamic coastal weather
phenomena then the solution may be adversely impacted. As described in Section
4.1, one of the localized anomalies could be observed at Stennis CORS network in
Texas, USA. The baseline length is about 2.1 km which is short enough to eliminate
the correlated errors in the atmosphere in double difference technique. During the
time when there was a localized troposphere anomaly at 20 hours UTC (see Fig-
ure 4.1), the residuals reached over a half cycle, thus causing a failure to resolve
ambiguities successfully. Using the Bernese GNSS software, the data were repro-

cessed.

Figure 7.1 shows the epoch-by-epoch kinematic positioning solutions in latitude,
longitude and height with 5 min. residual tropospheric delay with non-gradient
parameters. The Saastamoinen model with Niell mapping function described in
Chapter 3 as an a priori tropospheric delay mitigation was applied. The y-axis in
each panel represents the positioning differences. During the tropospheric anomaly
around 9:30 (local time), the longitude component deviated by up to 10 cm even for
a very short baseline. The height errors varied significantly and were biased by a few

cm. Since the geometry of the satellite was not good and number of satellite was
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reduced, there was a gap indicating no solution around 10:10 in this plot.
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Figure 7.1: Post-processed kinematic (PPK) positioning with every 5 min. tropo-
spheric estimation for rover station CSM1 from the reference station TXSM. Zero
(“0”) in y-axis represents the differences between the known coordinates of CSM1
and the PPK positioning results.

Figure 7.2 shows the positioning results when the residual tropspheric delay is
estimated every 5 minutes, and the gradients are estimated every hour. There is a

significant difference when compared with the previous results as shown in Figure 7.1.

Increasing the estimation time for the troposphere delay can dramatically increase
the precision of the position solution. Figure 7.3 represents the positioning results
with residual tropospheric estimation every 60 min. and it shows better results than
the earlier setups shown in Figure 7.1 and Figure 7.2. The best position estimates
can be achieved when the residual tropospheric estimation for every 60 min. with

4hr gradient estimation as shown in Figure 7.4.
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PPK Coordinate Diff. in LLH (m) [CSM1,11 OCT 2005]
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Figure 7.2: Post-processed kinematic positioning with every 5 min. tropospheric
estimation with 1hr gradient estimation for the rover station CSM1
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Figure 7.3: Post-processed kinematic positioning with every 60 min. tropospheric
estimation for the rover station CSM1
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PPK Coordinate Diff. in LLH (m) [CSM1,11 OCT 2005]
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Figure 7.4: Post-processed kinematic positioning with every 60 min. tropospheric
estimation with 4hr gradient estimation for CSM1

The static case has enough time to resolve troposphere delay and, in most of the
static cases, the dramatic improvement can be seen when including gradient parame-
ters if sufficient time which is typically around 3 hours is given. Table 7.1 represents
coordinate results of a few static scenarios from Bernese GNSS software. The base-
line is short enough to resolve troposphere parameters, but, due to the uncertainties
in the tropospheric model and the difficulty in setting additional parameter esti-
mation in the kinematic scenario, the coordinate estimation result is much worse,

especially when compared with the batch estimation.

Another test was performed during the strong typhoon passage as shown in Fig-
ure 3.6. Figure 7.5 shows the corresponding epoch wise positioning results when
there is no estimation for the residual tropospheric delay. The Sasstamoinen model

with the Niell mapping function was used as the a priori mitigation model for the
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Table 7.1: Troposphere estimation with Saastamoinen with Niell mapping function

Trop. Est. Interval | Gradient | Lon.(m) | Lat.(m) | Hgt.(m)
5 min. N/A 0.027 0.024 0.120
5 min. 1 hour 0.028 0.035 0.160
5 min. 4 hour 0.025 0.025 0.106
30 min. N/A 0.026 0.023 0.106
30 min. 1 hour 0.025 0.031 0.124
30 min. 4 hour 0.024 0.026 0.087
60 min. N/A 0.026 0.023 0.097
60 min. 1 hour 0.024 0.025 0.077
60 min. 4 hour 0.024 0.014 0.070

troposphere. Figure 7.6 shows the results from the same data when estimating resid-

ual troposphere delay every 5 min.. As is shown in a few figures, in the kinematic

situation, the estimation of the newer parameters may worsen the entire positioning

estimates.
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Figure 7.5: Post-processed kinematic positioning with tropospheric mitigation for
DAEJ-SKCH-during a passage of typhoon
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PPK Coordinate Diff. in LLH (m) [SKCH,31 AUG 2002]
Std.'=0.037 ‘ ‘ ‘ ‘

dLon.(m)

dlLat.(m)

0.2

Méan = -0/049 Std.'=0.117

dHgt.(m)

02 i i I i i f
540000 543600 547200 550800 554400 558000 561600 565200 568800
15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00

GPS Time (sec) / Local Time (h)

Figure 7.6: Post-processed kinematic positioning with every 5 min. tropospheric
estimation for DAEJ-SKCH-during a passage of typhoon

7.2 Results from the Combined Approach

7.2.1 Texas Data

To evaluate the potential improvement of positioning performance by combining
the common zenith dependent parameter of the vertical component and the residual
tropospheric delay parameter, we analyzed data sets from a severe weather event
which is RX1B and RX2B baseline as depicted in Figure 6.2. These data were
recorded in Southern Texas on August 21, 2005 by Novariant Inc.. The baseline
length was of around 7.8 km. All of the data sets were recorded using the NovAtel
OEMA4 receiver with a data rate of 1 Hz. The observation time is almost 8 hours and

the processing is based on double differences.

Figure 7.7 represents the corresponding kinematic positioning solutions by Bernese
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GNSS software version 5.0 in the post processed kinematic (PPK) mode. Again, the
zero (“0”) in y-axis represents the differences between the known rover coordinates
of RX2B and the corresponding PPK positioning results. The Bernese software
pre-examines the whole epochs to determine the cycle slips and ambiguities, and
also pre-determine stochastic parameters, such as ionosphere. These pre-detemined
stochastic parameters and ambiguities can be further used to determine the cleaned
results. Even if the whole data span was used in Bernese software, we can still see
that the solution is getting worse after 13:00 (local time), especially in the vertical

component and reached the worst around 15:00 local time.
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Figure 7.7: Kinematic positioning solutions by Bernese software v5.0 using pre-
processed screened results. Zero (“0”) in y-axis represents the difference between
the known rover position and the corresponding PPK solutions.

During the processing RX1B is used as a reference, and RX2B is selected as a rover.
In this case in Bernese software, we introduced the dry Niell mapping function with

the Saastamoinen model and estimated 15 minute residual tropospheric delay pa-
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rameters. In order to try to obtain a better solution, we tested a few other processing
strategies in Bernese software. These strategies included the ionosphere-free linear
combination to eliminate the first order ionosphere effect even if the noise level is
almost three times higher than that of L1 frequency. Because of this, this processing
strategy is not usually favourable on a short baseline processing. We also processed
the data using L1 frequency without residual tropospheric estimation, longer esti-
mation periods in CPLF and L2 or wide-lane combination etc. However, the best
stable positioning solution which can be achieved is based on the L1 with 15 minutes

troposphere estimation in this case.
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Figure 7.8: Residuals by Bernese GNSS software using pre-processed screened results.
Only interested satellite pairs are coloured

As is shown in Figure 7.8, the residuals are still reached up to 100 ppm in a slant
direction (or line of sight) during the anomaly period. As is illustrated, the prob-
lematic satellites are PRN 24 and PRN 19 which are lower elevation angles, and we

found that the corresponding elevation angles are between 15 and 30 degrees.
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Figure 7.9: L1 and L2 double difference residual comparison by Bernese PPK scenario

Figure 7.9 represents the L1 and L2 double differenced residuals processed by
Bernese software as an example. Based on the residual analysis, we can identify
whether the residual of the satellite pair is from the ionosphere or from the tropo-
sphere. This residual identification can be further used for the weighting scheme.
As is shown in Figure 7.9, some of the residuals do not strictly follow the frequency-
dependent and non frequency-dependent components, making them somewhat bal-

anced although the reasons are not fully known.

The residual zenith delay of the troposphere and the height component of the
positioning solutions are highly dependent on the zenith angle. Due to their correla-
tion, most of the position estimation errors induced by the troposphere are amplified

mainly in the vertical component. Depending on weather conditions, a stochastic
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modelling approach or parametric estimation has been implemented to mitigate the
tropospheric error. In order to solve the issue stated above, we investigate the com-
bined approach which can eliminate inter-correlation among zenith angle-dependent

parameters and thus, improve horizontal positioning solutions.

7.2.1.1 Evaluation of the Combined Approach from Bernese Data

To test and evaluate the main methodology, the desired parameters for further
analysis were extracted from Bernese GNSS software. Figure 7.10 represents the
overall processing scheme for the purpose. Once the baseline was formed, cycle slips
were correctly detected and repaired. Then, L1 (and L2) ambiguities were resolved
using an ambiguity search process. After all possible ambiguities were resolved, these
ambiguities were introduced to obtain the final positioning solutions. At the same
time, the residual troposphere parameters at 15 minutes intervals with CPLF were
estimated in this case. In order to analyze our methodology, several parameters at
single difference level were extracted; Jacobians, reduced observables, ambiguities,
satellite positions, elevation and azimuth of the satellites, tropospheric parameters,
normal matrices, geometric ranges, receiver clock, etc. Selected parameters are used
as input parameters for the algorithm test. The primary reason for choosing this
methodology is to minimize uncertainties in the data analysis and maximize the per-
formance analysis in using geodetic software. After reforming the double differences,
100 different values of the parameter o were tested for every epoch. Once the value of
the parameter « is selected using a selection criteria, the determined « is used again

to obtain the final positioning solution and the residual troposphere delay parameter.

As is in Equation (4.22), if o and ¢ are determined, new tropospheric estimates

can be retrieved based on the relation: ( = (Au + «). During data processing with
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Bernese GNSS software, IGS final SP3 orbit products were used to mitigate possible

residual orbit errors in order to achieve the highest possible precision in the solution.
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Figure 7.10: Overall processing strategy of the developed methodology using inter-
mediate data from Bernese output

To evaluate the correlation effect between the unknown parameters, the condition
number is also examined as is seen from Figure 7.11. The condition number is the
ratio of maximal and minimal eigenvalue of a normal matrix. This also represents
the degree of the correlation between the parameters. The condition number also
increases from 13:00 (local time) which means that the correlation between the un-
known parameters is getting higher, resulting in a degraded solution. Typically,
introducing a lower satellite can assist in decorrelating the parameters. We can see
the solution getting worse after about 13:00 (local time), especially in the vertical

component.

Figure 7.12 is a test result of a kinematic positioning solution for a typical esti-
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Condition Numbers with Corresponding Parameter Estimation
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Figure 7.11: Condition numbers from the anomaly troposphere data from Bernese
software

mation process where there are four unknown parameters; northing, easting, up as
well as residual tropospheric delay. Although CPLF was not used for estimating
the troposphere delay in this case, similar positioning result as that from Bernese
software in Figure 7.7 can be achieved. However, the reprocessed result shows the

high fluctuation of the solution when there is the troposphere anomaly.
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Figure 7.12: The coordinate differences of northing, easting, and up component.
This result is from the conventional way for estimating the unknown parameters,
without any combination between the parameters

7.2.1.2 Positioning Improvement from the Combined Approach using

Optimal Weighting Parameters

Figure 7.14 is a test result from our combined methodology when all of the nec-
essary parameters used are reprocessed. The three parameters that were estimated
are northing, easting, and (. Once ¢ was determined based on the selected «, the
vertical component was retrieved. The choice of a coefficient is somewhat arbitrary,
and there is no strict numerical way to determine the « coefficient. For a test, we
chose a when the norm of the coordinate solutions is at minimum value. For a static
scenario where the reference coordinates are precisely known, it is relatively easy to
achieve the optimal o compared to that in the kinematic scenario. To make it clear,
this static test setup may not be suitable for a direct application for GNSS posi-
tioning, but is mainly trying to represent that there must be a certain value which

can efficiently decorrelate those two common zenith-dependent parameters. As is
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Figure 7.13: An example of the evaluation of the weighting parameter «

shown in Figure 7.14, when « is properly chosen, we can see that the corresponding
coordinate solution can dramatically change and converge to the known positioning
solution. The rms in the height solution is 0.8 cm in this case. Compared to the
earlier plot in Figure 7.12, this shows the reduction of rms in the height compo-
nent from 4.5 cm to 0.8 cm, over 80% improvement. Kim and Langley [2008] also
showed that the height component is significantly improved when the weighting pa-
rameter is chosen well, resulting an unbiased solution. In addition, they found that
no significant change could be found on the horizontal solution, similar to here. Li
et al. [2010] uses a geometry-specified troposphere decorrelation strategy based on
a similar idea in order to solve these ill-posed conditions. Using his regularization
methodology, he also found that the coordinate solution improves from centimetres

to sub-centimetres level for long baseline, especially for the height component.
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Coordinate Diff. in NEU {m) [RX2B,11 OCT 2005]
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Figure 7.14: The coordinate differences of northing, easting, and up component from
the combined case
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Figure 7.15: Estimated tropospheric parameters from the combined case
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Figure 7.15 represents the two estimated tropospheric parameters both from the
typical estimation process (red line) and from the combined methodology (blue line).
Once ¢ was determined based on the selected «, the tropospheric delay parameters
can be also retrieved. These values are coloured blue in the figure. As a comparison,
the tropospheric delay parameters are also estimated. As is shown in Figure 7.15,
there are big differences between the estimated tropospheric delay parameters. By
using a different tropospheric weighting scheme based upon «, the estimator seems
to enable us to efficiently distinguish the tropospheric delay parameters from the

height component if the weighting parameters are chosen well.

From the feasibility test, the developed combined approach could result in the
successful de-correlation of both the vertical component and the troposphere delay
parameter. Many different coefficients are evaluated and chosen when the norm of
the coordinate solutions is at minimum value as there is no strict numerical way to de-
termine the weighting coefficient. While the arbitrary choice of weighting coefficient
is somewhat unrealistic, the approach was successful in evaluating our methodol-
ogy. This could reduce the tropospheric residuals and thus resulted in a dramatic
improvement in the solution domain. In post-processed batch solution, this new
methodology can thus provide a new analysis method of the data. As this new
methodology confirms that it works well under the optimal choice of weighting pa-
rameters, the method is further tested in a kinematic scenario when the coordinates

of a rover must be estimated at every epoch.
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7.2.1.3 Height Comparison from the Combined Approach in a Kinematic

Scenario

The second goal of the dissertation has been towards the improvement of kine-
matic solution during the anomaly period. Although the positioning result could be
greatly improved as shown in Figure 7.14, in a practical point of view, the above
mentioned way has a limitation to use in a kinematic situation. Instead of using ar-
bitrary choice of the coefficient, the method described in Equation (4.24) is used for
the following test herein. Once the double differences were reformulated, different o
values for each satellite pairs were applied for every epoch on the weighting scheme.
Once the value of « is selected using the selection criteria described in Chapter 4,
the determined « is used again to get the final positioning solution. The solution for

the vertical component is discussed here.
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Figure 7.16: Original vertical component determined by UNB-RTK software during
the anomaly period
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As described in Equation (4.24), if « is determined based on the selection criteria
and the actual magnitude of the wet delay to the zenith direction for each satellite
pair, new combined parameter, ( are estimated. Again, the determined weighting

can be multiplied to  in order to get the final vertical component of the baseline.

1.001

0.999 ‘ ‘ ‘
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0.997 -

0.996 -

Weigthing Parameter (alpha)

0.995-

0.994 - o

0.993 1 1 1 1 1
245 246 247 248 2.49 25 251

GPS Time (sec) _

Figure 7.17: Weighting parameters, lower values represent the higher tropospheric
contribution

Figure 7.16 represents a test result of a kinematic positioning solution for a typ-
ical estimation process for vertical component. Due to the quality control criteria,
positioning solution over 600 epochs during the anomaly can not be determined.
The vertical component in differences between the known and estimated coordinates
is getting worse than -20 cm (but is up to -28 c¢m) at local time around 15:10 in
Figure 7.16. They are probably due to the wrongly fixed cycle slips or wrongly fixed

ambiguities due to the anomaly.

Figure 7.18 illustrates the result of the vertical component when the new weighting
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Figure 7.18: Vertical component determined by the proposed weighting scheme dur-
ing the anomaly period

scheme is applied. Although we could not get a dramatic vertical enhancement in
the scenario, some improvement of around 20% in the vertical component can be
achieved in our test scenario. More interesting thing is that the anomaly which can
reach up to over -20 cm in Figure 7.16 does not exist in our processing result any
more. Compared the anomaly area around 15:10 local time between Figure 7.16 and
Figure 7.18, we can clearly see some improvement. Our results imply that our weight-
ing scheme based on the residual analysis can be a good alternative for mitigating
the unmodeled tropospheric delay. Even if most of the unmodeled tropospheric delay
can be eliminated by combined approach with proper weighting, some epochs does
not show any improvement. One of the ways of having the best weighting parameter
may be from the criteria when the coordinate norm is minimal again. Reversely, we
can further compare the best set of weighting parameter from the criteria to the one
applied herein to determine the optimal way of determining parameter weighting

in different scenarios. Figure 7.17 presents the determined weighting parameter for
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this case. Lower values means that the degree of the contribution of the troposphere.

7.2.2 Designed Post-Processed Kinematic Platform

The post-processed kinematic platform has been developed for further tests. Fig-
ure 7.19 shows a overall block diagram for the overall software package. The quality
control routine is employed to detect cycle slips and to repair them. It also calculates
the approximate station’s coordinate from code observables. Then, it forms double
differences, and corresponding design matrix with elevation dependent weighting.
Double differenced troposphere mapping coefficients are formed. The ambiguity is
solved with LAMBDA method. For the test purposes, ambiguity resolution of round-
ing method is introduced to assist with the software development. After successfully

resolving the ambiguities, the positions are calculated at every epoch.

The estimated position from the developed platform is validated with a few soft-
ware platforms. This includes RTKLib software which is an open source program
package for GNSS positioning (see http://www.rtklib.com) and Bernese GNSS soft-
ware. Results confirm that the developed software shows very similar performance
to that of RTKLib and Bernese. The Bernese GNSS software is written in Fortran
and and most of the software parts are highly sophisticated and somewhat encrypted
so that the user can not easily extract any value. Typically, one can achieve the best
solution based on batch processing using the Bernese GNSS software. However, the
kinematic positioning solution in Bernese software is quite challenging. Meanwhile,
the RTKLib software is open-source, written in the C language, and it processes
GNSS data with Kalman filtering. Here, the designed software platform is based on
both Matlab and C and is designed towards epoch-wise kinematic processing with

a least square adjustment. The detailed mathematical formulation for the software
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design is described in Chapter 5.

Data Input

Data Screening

Quality Control - |
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Figure 7.19: Overall processing scheme for the developed software
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7.2.3 COCONet Data Result using the Developed Platform

Selected baseline data in the COCONet network in the Caribbean has been pro-
cessed. Figure 7.20 is the northing, easting and up position result from the developed
test-bed software for NWBL-OLVN (around 8 km in length) which is nearly the same
distance between RX1B and RX2B in the Texas data. In the software, NWBL is
treated as the reference station and OLVN is the rover station. The zero on each
panel in Figure 7.20 is the published coordinates from the COCONet. The location
of stations, NWBL and OLVN, can be found in Figure 6.5. The data rate is 1 Hz
from the Trimble R9 receiver. Figure 7.21 shows GDOP values and the number of
satellites. In the developed test-bed software, there are some gaps around 13:42 in
the coordinate solutions. This is mainly due to the failure of a statistical test to

resolve ambiguities.
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Figure 7.20: L1 positioning solution for NWBL-OLVN from test-bed software

Figure 7.22 and Figure 7.23 is the northing, easting and up position result by
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Figure 7.21: L1 positioning solution with DOP and number of satellites for NWBL-
OLVN

RTKLib platform and Bernese GNSS software. The results can be compared with
the result shown in Figure 7.20 to confirm each software’s performance. Note that
the coordinate differences from the Bernese software are from the final estimated
coordinates. Therefore, it gives a different result on the mean value. The processing
of Bernese software is based on the best estimates for all necessary parameters for
all epochs. There is a numbers of different options that can be applied, as with
many geodetic software process. Comparing statistics of the position results from
the software, we can confirm that the developed test-bed software can generate the
very comparable result. After the confirmation, the combined approach as seen in
Figure 7.19 was employed to further test the approach with the developed software

platform.

Figure 7.24 and Figure 7.25 are corresponding L1 and L2 residuals for the posi-

tion solution. Figure 7.26 are L1 and L2 contribution signatures from the test-bed

183



Position Differences in NEU Components (L1)
T T T T T T T
: : mean=0.001, std: 0.016 |

0.2F
01 B
OMMW“WWM

dN (m)

02 :
0L . mean:-0.030, std::0.012 i

dE (m)

0.2+ : mean:b.OSQ, std: 6.035 7
01 [P R .

oL A
-01 ‘ : B
-0.2r : : B

i I i I i i I i
400241 403841 407441 411041 414641 418241 421841 425441 4238041
10:11 1111 1211 13:11 1411 15:11 16:11 17:11 18:11

GPS Time (sec) / Local Time (h)

du (m)

Figure 7.22: L1 positioning solution for NWBL-OLVN from RTKLib
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Figure 7.23: L1 positioning solution for NWBL-OLVN from Bernese software
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software. As is shown in Figure 7.26, most of the residuals follow well either to the
frequency-dependent and non frequency-dependent components, but it seems that
some of the residuals are not strictly separable. In this situation, the identification
is assumed to have failed and the combined approach is not applicable to the corre-
sponding epochs. Once the troposphere residuals from the residual signature plot in
L1 and L2 reaches over 20 ppm in baseline length, the weighting parameters, a based
on the residual signatures, is determined. Then, the combined method is applied and

recalculates the position solution again to achieve the final solution.
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Figure 7.24: L1 residuals for NWBL-OLVN

The Caribbean is generally humid, it may be typical that both stations see almost
same troposphere delay. Therefore, we can not see any big improvement in the height
coordinate, but in general, the overall performance is better and reduces some biases

in the result. This can be seen in Figure 7.27.
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Figure 7.25: L2 residuals for NWBL-OLVN
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Figure 7.26: L1 and L2 residual signature for NWBL-OLVN
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Height Comparison (Combined Approach vs Standard)
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Figure 7.27: Height comparison between the standard (red dot) and combined
method (blue dot) for NWBL-OLVN

Figure 7.27 represents the height difference between the standard method and com-
bined approach. The standard method represents when there is no transformation
between the cartesian coordinate and local geodetic coordinate, while the coordi-
nates resulting from the combined approach are transformed in Equation (4.20).
Figure 7.27 represents the difference between the standard LS which is coloured in
red dot and the combined method which is in blue dot. The biggest differences
between both methodologies happen in-between 14:12 and 16:12 in local time. As
shown in Figure 7.28, the height results from the approach during those epochs show

a bigger difference than any other epochs.

Figure 7.29 is the northing, easting and up position resulting from the test-bed
software for NWBL-GERD (around 3 km in length). In the software, NWBL is
treated as the reference station and GERD is the rover station. The data is also 1

Hz with Trimble R9 receiver. Similarly, the DOP and the number of satellites are
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Height Comparison (Diff Combined Approach)

Figure 7.28: Height difference between standard and combined approach for NWBL-

OLVN

shown in Figure 7.30 while Figure 7.31 shows the L1 and L2 contribution signature

graphs.

Again, Figure 7.32 is the northing, easting and up position results by the RTKLib
platform and Figure 7.33 represents the height comparison between the combined

approach and standard approach. As can be seen from Figure 7.33, the combined
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approach reduces overall rms from 4 cm to 3 cm.

Figure 7.34 represents the height difference between the standard and combined

approach.
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Figure 7.29: L1 positioning solution for NWBL-GERD
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Figure 7.30: L1 positioning solution with DOP and number of satellites for NWBL-
GERD
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DD Residuals Signature (L1 vs L2)
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Figure 7.31: L1 and L2 residual signature for NWBL-GERD
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Figure 7.32: L1 positioning solution for NWBL-GERD from RTKLib
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Figure 7.33: Height comparison between standard and combined approach for
NWBL-OLVN
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Figure 7.34: Height difference between standard and combined approach for NWBL-
GERD
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7.2.4 Ferry Data Result using the Developed Software Plat-

form

As discussed in Chapter 6, ferry data is also processed to evaluate the performance
of the combined approach. Although the baseline length is short, the determination
of the position at cm level for a moving platform is a challenging subject. As the

receiver was situated on top of the ferry, most of the error comes through cycle slips.

As the Bernese software can not reliably determine positions of a moving platform
at the cm level, and there is no reference trajectory for the vessel, only the position-
ing result from the RTKLib software was compared with the developed combined
approach without detailed statistics. The detailed trajectory for the ferry can be

seen from Figure 6.8.
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Figure 7.35: Northing, easting and up trajectory for CGSJ-BOAT from the developed
test-bed software
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Figure 7.35 represents the trajectory of the vessel from the developed software.
The data is processed with the test-bed software with the combined approach and
the data is 1 Hz from a NovAtel OEM4 receiver. The data were processed when
the ferry approached the port and leaves. The longest baseline in this case is less
than 5 km from the reference site which is CGSJ. In Figure 7.35, the blue coloured
line represents the height component; the green colour the northing, and the red the
easting component. The shortest baseline when the ferry stops is around 1.87 km.
As there is no reference trajectory for the ferry trajectory, each coordinate solution
represents the relative position from the reference station only. The improvement of
the height component is the concern of this research through the development of the

combined approach.

When the height result is magnified from Figure 7.35, we can see the details of the
height changes. This is illustrated by Figure 7.36. The red dot in Figure 7.36 repre-
sents the positioning results from RTKLib software when applying the Saastamonen
model with the Niell mapping function as the a priori troposphere mitigation. The
blue dot represents the result from the developed test-bed software using the com-
bined approach. Quality control routine has worked fine as most of the cycle slips
could be detected and fixed in the developed platform and the ambiguity parameters
have been determined so that the result of the height component shows overall better

performance than RTKLib software.

Figure 7.37 illustrates the height comparison for the ferry from the developed
test-bed software and RTKLib software. As illustrated in Figure 7.37, the position
difference is due to the wrongly determined height position due to the failure of fixing

ambiguities from RTKLib software.
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Boat UP Position Performance Comparison btw. RTKLib and Developed Testbed Software
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Figure 7.36: Height result for CGSJ-BOAT from the developed test-bed and RTKLib
software
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Figure 7.37: Height comparison for a ferry from the developed test-bed and RTKLib
software
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DD Residuals Signature (L1 vs L2)
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Figure 7.38: Residuals for a ferry from the developed test-bed software

Figure 7.38 illustrates the residuals. Most of the residuals are within 0.5 cycle and
hence the combined approach is not employed to many epochs. Therefore an overall
improvement for the combined approach can not be easily seen in this case. The
reason might be because the distance between them is only a few km and the data
may experience nearly the same tropospheric condition where no anomaly is present.
In this case, the combined approach does not significantly affect the solution domain,

but just has a marginal impact. Some of the results on the plot can be seen.

Figure 7.39 represents the potential height improvement during the moving plat-
form for the ferry. As the residual’s signatures shown in Figure 7.38 has only a
few spikes for the troposphere contribution line, only a few comparisons are possi-
ble. The red dots represent the height solution from the combined approach due to
the higher troposphere contribution in the residuals. The result from the standard

LS approach is shown in blue. Assuming the attitude of the moving ferry was not
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abruptly changed, the height solution from the developed combined approach is con-

sidered to show a more accurate result.
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Figure 7.39: Potential height improvement from the combined approach with a mov-
ing platform

7.3 Potential Usage of NWP for Long Baseline for
Troposphere Error Mitigation

As discussed in earlier sections, the developed combined approach can be a good
methodology for a short baseline, especially during the severe troposphere anomaly.
For the troposphere mitigation, there are many different approaches as discussed in
Chapter 3. One of them is based on a ray-tracing with NWPs. One NWP model
was tested in the bay of Fundy to evaluate the PPK performance for the troposphere

mitigation for a long baseline case. Test tesults and details of the approach are in-
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cluded herein.

RUC20 raw data used in the processing has a horizontal grid of 301 by 225 points,
and is based on a 20x20 km grid. It has 37 isobaric levels (with an additional ground
surface level) as a three-dimensional gridded field from 1000 hPa to 100 hPa, at in-
tervals of 25 hPa. It also has 92 variables which contain necessary information for
calculating refractivity, e.g. geopotential height, relative humidity, pressure, temper-

ature, etc.

The refractivity N from Equation (3.1) at a given distance s along the path
is obtained by interpolating the weather parameters at the corresponding three-
dimensional position in the NWP gridded fields. N is sampled at as many points as
needed to fulfill the tolerance of 1 mm. A typical curve of refractivity versus distance
from the receiver in the direction of the satellite (with 1 mm tolerance) is shown on
Figure 7.40. This figure shows an example of the refractivity versus slant distance in
the zenith direction and at 45 degree elevation angle for CGSJ station at 8:00a.m. on
a 14 Aug. 2004 integrated using the RUC20 NWP model. The refractivity reached

about 2.6 m in the zenith direction and 3.6 m at 45° elevation angle.

To perform the integration, the coordinates are transformed from the integration
space (s) to the interpolation space (z, y, H), where z,y represent horizontal coor-
dinates in the Lambert conformal conic projection for RUC20 and H¢ is geopotential
height. The transformation to the vertical component H is based on following equa-

tion.

G H - Gratio

7.1
H+ R, 1)
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Figure 7.40: Refractivity (mm/km) versus slant distance (m) in the zenith direction
and at a 45° elevation angle for CGSJ at 8:00a.m. on 14 Aug. 2004 based on RUC20
NWP. Black dots represent points at which refractivity was sampled [Ahn et al.,
2005]

where,
H : orthometric height,
Gratio © the gravity ratio (g - R./9.80665),
R, : radius of the Earth at latitude ¢, 6371200 m.

The gravity ¢ used in the calculation is a function of latitude ¢ as follows:

g =9.80616 (1 — 0.002637 cos(2¢) + 0.0000059 cos*(2¢)) (7.2)

Figure 7.41 illustrates an example of the refractivity profile calculated for each

layer from RUC20 raw data. Fach level contains refractivity index and isobaric
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height covering the whole of the USA, southern Canada, and the northern Mexico
region. Node spacing is 20 km apart and each node has detailed meteorological pa-
rameters, which can be used for the delay calculations for a specific GPS satellite in

view.

Refractivity and Height on Isobaric Levels
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Figure 7.41: Refractivity calculated for each layer from RUC20 raw data

To evaluate Equation (7.1), the hydrostatic delay for UNB1, an IGS station located
at UNB, was calculated. For this purpose, pressure values from either meteorological
data or NWP were extracted. The pressure values agreed well with a bias of about

—0.01 cm and an rms of 0.27 cm, those are consistent with the values observed by
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other researchers, e.g. Schuler [2001]. Transformations between geopotential heights
and orthometric heights and details of the delay calculations can be found Santos
et al. [2005] or Nievinski et al. [2005]. As the RUC20 NWP model only goes up to
approximately 16 km in the vertical direction, the COSPAR International Reference
Atmosphere (CIRA-86) model [Fleming et al., 1988] was also used as it has values

up to 50 km from the maximum vertical direction of the NWP model.

Ambiguity Fixed Positioning Solutions [CGSJ-DRHS,14 AUG 2004:543046.0]
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Figure 7.42: Positioning result calculated by the IF fixed solution using UNB3 model
as a tropospheric delay model

We evaluated the two tropospheric delays; one is based on UNB3 troposphere mit-
igation model and the other is a ray-tracing by RUC20 NWP. Static data sets for
CGSJ and DRHS (in Figure 6.12) were used and processed epoch by epoch (no need
to wait for convergence) for this evaluation. CGSJ was held fixed with the ITRFO00
coordinates described in Table 6.2, and DRHS’s coordinates were then estimated for

each epoch and compared with a final (combined) coordinate estimate for DRHS in
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Table 6.2. Figure 7.42 represents the positioning result using the UNB3 model. The
x-axis is the elapsed time in seconds and the y-axis represents the position errors
in metres. Note that all the plots herein do not show the combined IF float/fixed
solution, but the IF fixed solution only. Figure 7.43 illustrates the result by ray-
tracing using the NWP model. As is shown in both Figure 7.42 and Figure 7.43 the

improvement using ray-tracing can be seen.

Ambiguity Fixed Positioning Solutions [CGSJ-DRHS,14 AUG 2004:543047.0]
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Figure 7.43: Positioning result calculated by the IF fixed solution using ray-tracing
as a tropospheric delay model

Table 7.2: Kinematic positioning solutions with troposphere mitigation by a ray-
tracing with RUC NWP

Ray-tracing

mean(m) | std(m)
X | 0.0027 0.0206

DRHS | Y | -0.0001 0.0422
Z | -0.0218 0.0471

The positioning results are based on IF fixed solution, not float solution. A static
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test (but kinematically reprocessed) was performed to evaluate the ray-tracing. Ta-
ble 7.2 gives a summary of the positioning domain results of ray-tracing for the
static test. Compared to those two plots (Figure 7.42 and Figure 7.43), the level
of improvement with respect to the results by the UNB3 model can be clearly seen.
Some wrongly fixed solutions by the UNB3 model are found in Figure 7.42 and the
corresponding epochs were rejected. Therefore, instead of giving inconsistent results,

only the solution by ray-tracing is shown in the table to verify the performance level.

DD Troposphere Estimates [PRN13/4,CGSJ-DRHS,14 AUG 2004:543046.0]
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Figure 7.44: Double differenced tropospheric estimates by UNB3

Figure 7.44 and Figure 7.45 show the DD tropospheric estimates and residuals for
varying elevation angle using both the UNB3 model and NWP. The red line in the
first subplot in Figure 7.44, the elevation angle, represents the reference satellite,
i.e. PRN4, and blue line represents the involved satellite, i.e. PRN13. The second

subplot represents the double differenced tropospheric delay observables, the red line
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represents values predicted by the UNB3 model, while the blue line represents the
double differenced tropospheric observables (described in Ahn et al. [2005]) gener-
ated using kinematic positioning followed by least-square adjustment. As the satellite
goes down to horizon, the differences between UNB3 model and the tropospheric ob-
servables become significant. One reason is that since the UNB3 tropospheric model
provides essentially a constant prediction value of hydrostatic and wet zenith delay
for each day-of-year, the effectiveness of the UNB3 model as similar to other ex-
isting model-based approaches will be degraded to some extent by weather fronts,
temperature inversions, and other dynamic coastal weather phenomena. Figure 7.45
represents the result from ray-tracing and the residuals are smaller than those for

UNB3.

DD Troposphere Estimates [PRN13/4,CGSJ-DRHS,14 AUG 2004:543047.0]
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Figure 7.45: Double differenced tropospheric estimates by ray-tracing by RUC20
NWP

The ray-tracing method is beneficial in terms of reducing the tropospheric errors
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as an independent source of mitigation method. On the practical side for GNSS data
processing, however, ray-tracing has limitations in its use since it is computationally
quite demanding. In addition, the current resolution of NWP is more than 10 km
which is probably not feasible to use to achieve the goal of this research. However,
the NWP provide a great tool to investigate the atmospheric phenomena with a

purely mathematical form.

Overall performance of the two tropospheric models shows similar patterns for the
processed data sets. For most of the cases in this test, the performance of ray-tracing
was more beneficial than UNB3 model in reducing the tropospheric delays and decor-
relating the height component. Although the mean values are reduced significantly,
the dispersions do not change a lot. One possible reason for the reduction is that the
effectiveness of the UNB3 model as well as other model-based mitigation approaches
may be degraded to some extent by weather fronts, temperature inversions, and other
dynamic coastal weather phenomena. Range difference tests revealed that there are
still biases and uncertainties in the solution which may be due to the other effects

such as multipath etc.

7.4 Summary

This chapter evaluated the proposed methodology from a few baseline data. Data
from a severe troposphere anomaly to typical humid data have been reprocessed to
confirm the methodology. Although the height estimate is approximately 1.5 ~ 3
times worse than the horizontal one due to non-satellite data below the horizon,
the solution of this combined approach shows an improvement esp. for the height

component, similar to that reported by Kim and Langley [2008] and Li et al. [2010].
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In a static case, the proposed methodology with “optimal” weighting parameter
provides a dramatic improvement in the height estimate where the height uncertain-
ties of 4 cm go down to 0.8 cm level with ideal weighting parameters. Significantly,
the period of the anomaly has been nearly solved with the height estimates using
the proposed methodology with the post-analysis method as well as an epoch-wise

kinematic solution.

High-precision kinematic positioning is often challenging. The proposed method-
ology is further tested on a few of data sets to confirm whether helps in kinematic
situation or not. Although the test is based on the post-processed platform, the

developed software was tested with the Caribbean data as well as a moving vessel.

In summary, the new methodology showed a significant improvement in a static
case with proper weighting parameters where the overall rms of 4 cm reduced to 0.8
cm (nearly a 82% improvement) with certain conditions. This means that there must
be a certain value at each epoch which can efficiently decorrelate the two common
zenith-dependent parameters. In a kinematic scenario, the weighting parameter has
been determined using the residual analysis. Overall, the performance on the height

component could be seen to have improved by up to 20% (4 cm to 3 cm).

In addition, the potential application using NWP for a long baseline to mitigate

the troposphere error is also evaluated.
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Chapter 8

Conclusions

The main goal of this research has been to resolve the height position uncertain-
ties during a severe troposphere anomaly. The combined approach proposed in this
dissertation (which is not dependent on any external input such as meteorological
data) is based on the combination of the common correlated parameters; the height

and the troposphere delay parameter.

As the tropospheric delay and the resultant height component are both zenith
dependent above 20° elevation angle, that may cause an ill-conditioned case in the
normal equations. Those two parameters need to be correctly distinguishable in
order to achieve better coordinate solutions. The method is to de-correlate those
parameters using different weighting parameters either on the tropospheric delay

parameter or on the height component.

The assumption behind the combined method is that the observables are made
available in both L1 and L2 (from a dual frequency receiver). To examine the
feasibility of this method, anomalous data collected in Southern Texas, USA and

COCONet data in Carribean Network as well as data from a moving platform over
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a baseline length of less than 10 km were reprocessed.

In order to perform the test, an epoch-wise relative positioning software package
has been developed to further analyze the methodology. Consequently, the position-
ing solution from the new proposed parameter is tested, evaluated, and compared
with that from the conventional estimation method. The feasibility of the proposed
method has been examined to see whether it is resistant to the anomalous tropo-
spheric case or not. As proposed, new a and ( coefficients were introduced for
combining and decorrelating the cross dependent parameters. If the coefficient is
properly selected, the combined zenith-dependent parameter improves the position-

ing solution especially during a local tropospheric anomaly effect.

In a static case, the analysis shows that the coordinate solution in the severe tropo-
sphere anomaly example in Texas can be dramatically improved when the weighting
parameter is determined well. The overall rms of the height estimates in this case
was reduced from 4 c¢m to 0.8 ¢cm, which corresponds to around 80% improvement.
Therefore, the hypothesis in this dissertation was supported by the results. This also
implies that there must be a certain optimal value which can decorrelate the two
common zenith-dependent parameters to achieve better solution. This methodology
may be especially useful in further analysis of static data to identify the decorrela-
tion parameter in other important applications. In summary, when the weighting
parameter has been determined well, a sample static result has revealed that the
corresponding coordinate solution can be changed a great deal and converge to the

known positioning solution.

There are many different ways to determine the weighting coefficients. In a kine-

matic scenario, the weighting parameters has been determined based on the residual
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analysis. The residuals have been decomposed into two different components to de-
termine the weighting parameter: frequency-dependent and frequency-independent
components. The troposphere is of the frequency-independent domain in GNSS
signals, and this characteristic is further used as a weighting scheme through the
residual analysis. All data were reprocessed to obtain epoch-by-epoch kinematic po-
sitioning to test the methodology. Once the frequency-independent component in
the residual analysis reaches over 20 ppm, it was assumed that the troposphere is

dominant effect and the developed combined approach was employed.

For the severe tropospheric anomaly data in Texas, the overall result in a kine-
matic scenario showed that the improvement was not as much as the static case,
however, the improvement could be still seen especially during a humid period. The
improvement of up to 20% could be seen (rms: 4 ¢cm to 3 cm) from the combined
approach. The northing and easting components using the proposed method are

marginally improved.

For the COCONet Caribbean data, the overall precision based on the combined
approach showed that the rms of 5.6 cm was reduced to 4.9 cm for the baseline
NWBL-OLVN. For the baseline NWBL-GERD, the overall rms was reduced from

4.0 cm to 3.2 cm.

Data from a moving platform were also reprocessed using the developed software
platform. The coordinate results from the developed software and from the RTKLib
software are compared. This confirms the performance of the developed software.
The ferry data were processed when the ferry closely approached the port, and when
it left port. CGSJ was fixed as a reference site. Compared to the RTKLib software,

the overall coordinate solutions of the developed software platform in this research
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showed better performance in the moving platform of the ferry. Most of the residuals
for the processed data were within 0.5 cycles or less, however, an overall improvement
for the combined approach could not be seen in this case. Only a few epochs in the
trajectory data were affected by the combined approach. Assuming the attitude of
the moving ferry was not abruptly changed, the height solution from the developed

combined approach is considered to show a more accurate result.

In summary, the developed combined approach is an effective means of minimizing
the correlation problem between the height and the tropospheric delay parameters.
The overall improvement in the positioning domain shows that the bias and stan-
dard deviation of the height component are reduced. By introducing the method-
ology with the new weighting scheme to de-correlate the height and tropospheric
parameters for the purpose of mitigating the mis-modeled tropospheric delay, height
positioning improvement of up to 20% can be achieved, even in a kinematic situation.
In addition, degradation of the height component during the troposphere anomaly
in the conventional approach mostly disappears which was the original motivation

of this research.
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Chapter 9

Further Direction

The methodology proposed in this dissertation provides a number of different as-
pect in the analysis of GNSS data sets in terms of position estimation. Especially, the
vertical component and the troposphere parameter can be combined together and
they can be controlled by a weighting parameter, or simply a scale factor. Once the
weighting parameter is determined well, it reveals that the vertical position shows a
dramatic improvement. In a kinematic scenario, it still shows improvement but not
as much as the static case with the optimally determined weighting parameters. It
means that the precision of the coordinate solutions by the combined approach are
strongly dependent on the determination of the weighting parameter. In a kinematic

scenario, to solve for the parameter, the residual analysis must have been conducted.

Overall, the methodology reveals that the decorrelation between the height and the
troposphere parameter is successful especially during a severe troposphere anomaly
at one of the GNSS receivers. However, even if most of the unmodeled tropospheric
delay can be eliminated by the combined approach with proper weighting, most
epochs do not show much of an improvement in the positioning solution unlike the

static scenario which can allow us to determine the optimal weighting parameters.
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This issue may be from the partial failure of determining the proper weighting pa-

rameter to decorrelate those two parameters.

While the developed combined approach and analysis of the data presented in this
dissertation can cover a range of topics, there are further research avenues that must

be pursued. Some of these include:

e Testing and derivation of the best set of weighting parameters based on the
amount of tropospheric anomaly data. The Texas storm data was the only
data set for the severe troposphere event examined in this research. With
more data sets with severe weather conditions with a number of independent
clues, the choice of the weighting parameters can be made more precise and

can be generalized. Areas to examine are:

— Calculation of the weighting parameters based on different DOPs, correla-
tion coefficients, or posteriori variances, residual troposphere observables,

and so on,

— Determination of the weighting parameters based on the external weather

data, especially NWPs or radiosondes,

— A more comprehensive study to make the best functional form of the
weighting parameters which can be generally applied for under a variety

of conditions in the data sets,

— A more comprehensive study to separate the frequency-independent com-
ponent in the positioning residuals, in a static and also in a moving plat-

form environment.

e Comprehensive analysis and evaluation. The analysis of the combined ap-
proach in this dissertation was mainly based on the position domain only.

Areas to thoroughly examine are:
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— Test and analysis of the improvement in the measurement domain,
— Analysis of the impact on the ambiguity resolution and success rate,

— Development of the combined approach with multiple frequencies and

PPP.

e Analysis using a wide range of simulation data, e.g. from a hardware simulator.
The troposphere anomaly happens from time to time but collecting the relevant
data sets to examine is quite challenging. To further study the area, the best
way might be to simulate the relevant data sets. As the research is towards
cm to mm level accuracy, the simulation has to be fine-tuned from the error-
free setting and must apply the relevant but known tropospheric delay in the

simulator.

e Analysis of a variety of moving platforms. The analysis presented in this
dissertation is based on the post processed kinematic processing. Once the best
set or the definitive functional form of the weighting parameters are determined,
the effectiveness of the methodology might be checked with a moving platform

in real time.

A number of important recommendations given above are indicating that this dis-
sertation is the starting point of the combined approach to the determination of
the optimal weighting parameters which may be based on methodologies presented
above. Overall, the results from the combined approach presented in this disser-
tation reveal improvements especially under a severe troposphere anomaly, as well
as a humid environment. Therefore, the recommendations described above must be

sound, further research topics.
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