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Precision is a quest on which travelers journey halfway to their destination, and then
halfway again and again and again, never reaching finality.
ZENO

from: Ken Alder, The measure of all things
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Preface

It was in the beginning of the nineties that the first major steps for solving the problem
of GPS integer ambiguity resolution were made. Ten years later part of the problem
could be considered solved, as efficient algorithms were available for the estimation of
the integer ambiguities with the highest possible success rate. However, as a geodesist
one cannot be content with this result, since parameter resolution means estimation and
validation. The latter problem turned out to be very complex due to the non-standard
distributions of the parameters involved.

Prof. Peter Teunissen has made a major contribution to the solution of the integer
estimation problem with the introduction of the LAMBDA method in 1993. He made
me aware of the open problem with respect to integer validation, and - as | started to
work on this problem - has given me indispensable theoretical input.

This thesis starts with a description of the GNSS observation models, and then outlines
the theory on integer estimation and validation as it was available when | started to
work on this topic. This part does contain some relatively new results on the parameter
distributions, and some important comments on the validation procedures as proposed in
the past and used in practice. The remaining chapters are all devoted to 'new’ estimation
and validation algorithms.

In this place | would of course like to thank all of my (former) colleagues at MGP for
their support and contribution to a good research environment. A special thanks goes to
the following people: my promotor Peter Teunissen for the supervision, input, feedback,
comments and discussions; Kees de Jong, my supervisor in the first two years; Dennis
Odijk for proofreading this thesis; Peter Joosten for the computer support; Ria Scholtes
for the administrative support; the members of the examination committee for their
critical reviews and useful comments.

Finally, I would like to thank René for his help with the layout and graphics and of course
his overall support.






Summary

The GNSS integer ambiguities: estimation and validation

Fast and high precision relative positioning with a Global Navigations Satellite System
(GNSS) is only possible by using the very precise carrier phase measurements. However,
these carrier phases are ambiguous by an unknown number of cycles. The knowledge
that the ambiguities are integer-valued has been exploited in the past 15 years for the
development of integer ambiguity resolution algorithms. Once the ambiguities are fixed
to their integer values, the carrier phase measurements start to act as if they were very
precise pseudorange measurements.

The estimation process consists then of three steps. First a standard least-squares
adjustment is applied in order to arrive at the so-called float solution. All unknown
parameters are estimated as real-valued. In the second step, the integer constraint on
the ambiguities is considered. This means that the float ambiguities are mapped to
integer values. Different choices of the map are possible. The float ambiguities can
simply be rounded to the nearest integer values, or conditionally rounded so that the
correlation between the ambiguities is taken into account. The optimal choice is to use
the integer least-squares estimator, which maximizes the probability of correct integer
estimation. Finally, after fixing the ambiguities to their integer values, the remaining
unknown parameters are adjusted by virtue of their correlation with the ambiguities.

Nowadays, the non-trivial problem of integer ambiguity estimation can be considered
solved. However, a parameter estimation theory is not complete without the appropriate
measures to validate the solution. So, fixing the ambiguities should only be applied if
there is enough confidence in their correctness. The probability of correct integer esti-
mation can be computed a priori — without the need for actual observations — and is
called the success rate. Only if this success rate is very close to one, the estimated fixed
ambiguities may be considered deterministic. In that case it is possible to define test
statistics in order to validate the fixed solution. If the success rate is not close to one,
in practice a user has to choose between two undesirable situations:

e Integer validation is based on wrong assumptions, since the randomness of the
fixed ambiguities is incorrectly ignored,;
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e No attempt is made to fix the ambiguities because of the low success rate, although
there is still a probability that the ambiguities can be fixed correctly.

Examples of integer validation tests proposed in literature, are the ratio test, the projector
test, and the difference test. Some of these integer validation tests are defined such that
the invalid assumption of deterministic fixed ambiguities is avoided. However, these
tests lack a sound theoretical foundation. Moreover, often fixed critical values are used
based on experience. But that implies that in many situations the tests will either be
too conservative or too optimistic.

Obviously, validation of the integer ambiguity solution is still an open problem. In order
to avoid the above two situations, two approaches are investigated here.

The first method uses a new ambiguity estimator, which is in some sense always superior
to its float and fixed counterparts. This estimator is the Best Integer Equivariant (BIE)
estimator. It is best in the sense that it minimizes the mean squared errors of the
estimators. This is a weaker performance criterion than that of the integer least-squares
estimator, the maximization of the success rate. This might be an advantage if the
success rate is not high, since then a user would not use the fixed solution, but stick
to the float solution. The BIE ambiguity estimator is equal to a weighted sum over all
integer vectors, and the weights depend on the probability density function of the float
ambiguities. Therefore, the BIE estimator can be considered as a compromise between
the float and fixed solution; those are approximated in the extreme cases of very bad
or very good precisions, respectively. The disadvantages of BIE estimation are that an
exact probabilistic evaluation of the solution is still not possible, and the procedure is
computationally complex. Moreover, it was shown that the BIE estimator significantly
outperforms the float or fixed solution only in a limited number of cases.

Therefore, another new class of integer estimators is investigated: the class of Integer
Aperture (1A) estimators. A estimation is an overall approach of integer estimation and
validation. This is the case because three a priori probabilities are distinguished: the
success rate, the fail rate, and the undecided rate. Around each integer an identically
shaped acceptance region, referred to as the aperture pull-in region, is defined, with
the size determined by the choice of a maximum allowed fail rate. With respect to the
shape of the regions different choices are possible. Examples are ellipsoids and scaled
versions of the integer bootstrapping or integer least-squares pull-in regions. It is also
shown that the acceptance regions corresponding to the ratio tests, the projector test
and the difference test are examples of aperture pull-in regions. Finally, the optimal 1A
estimator is defined such that the success rate is maximized for a fixed fail rate.

IA estimation has several important advantages. The first is that it is an overall approach
to the integer estimation and validation problem, which makes exact probabilistic evalu-
ation of the final solution possible. Furthermore, the acceptance region is determined by
the choice of the maximum allowed fail rate, which is exactly what a user wants. This
means that the region depends on the model at hand, and thus on the precision. With
the traditional approaches this is not the case, so that in general the tests are either too
conservative or too optimistic. In the first case this leads to a unnecessarily long time
to first fix, in the second case the fail rate will be unacceptably high.
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Finally, it is shown that the popular ratio test and the difference test perform almost
as good as the optimal IA estimator if the fixed fail rate approach is used. So, a
theoretical justification is given for these tests, such that an appropriate choice of the
critical values is possible. Also the |A least-squares estimator, based on using down-
scaled integer least-squares pull-in regions, performs well. This estimator is identical to
the integer least-squares estimator combined with integer hypothesis testing, but with
the advantage that the acceptance region is determined by the choice of the fail rate
and not by the false alarm rate.
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Samenvatting (in Dutch)

De GNSS geheeltallige meerduidigheden: schatting en validatie

Hoge precisie relatieve plaatsbepaling met behulp van een Global Navigation Satellite
System (GNSS) is alleen mogelijk als de zeer precieze fasewaarnemingen van de draaggolf
gebruikt worden. Helaas zijn deze fasewaarnemingen meerduidig, omdat niet gemeten
kan worden hoeveel cycli er aan de waarneming zijn voorafgegaan. Wel is bekend dat de
meerduidigheden geheeltallig zijn, en deze kennis is uitgebuit voor de ontwikkeling van
algoritmes voor geheeltallige meerduidigheidsbepaling. Als de meerduidigheden eenmaal
geschat zijn, kunnen de fasewaarnemingen beschouwd worden als zeer precieze pseudo-
afstandsmetingen.

De schattingsprocedure bestaat dan uit drie stappen. Allereerst wordt er een standaard
kleinstekwadratenvereffening uitgevoerd, resulterend in de zogenaamde float oplossing.
Alle onbekende parameters worden in dit geval geschat als reéelwaardig. In de tweede
stap wordt er gebruik gemaakt van de voorwaarde dat de meerduidigheden geheeltallig
moeten zijn. Daarvoor kunnen verschillende schatters gebruikt worden. Het simpelst is
om de float meerduidigheden af te ronden naar de dichtstbijzijnde geheeltallige waarden
(integer rounding). Een andere mogelijkheid is om de meerduidigheden conditioneel af
te ronden, zodat de correlatie van de meerduidigheden betracht wordt (integer boot-
strapping). De optimale keuze is echter om de integer kleinstekwadraten schatter te ge-
bruiken, omdat deze de kans op correcte geheeltallige schatting maximaliseert. Tenslotte,
nadat de meerduidigheden bepaald zijn, worden de resterende parameters gecorrigeerd
op basis van hun correlatie met de meerduidigheden. De uiteindelijke oplossing wordt
de fixed oplossing genoemd.

Het niet-triviale probleem van geheeltallige meerduidigheidsschatting kan op dit moment
als opgelost beschouwd worden. Echter, zonder geschikte maten om de schatting te
valideren, is de oplossing nog niet compleet. De fixed meerduidigheidsoplossing mag
alleen gebruikt worden als er genoeg vertrouwen is in de correctheid ervan. De kans op
het correct schatten van de geheeltallige meerduidigheden kan a priori, dat wil zeggen
zonder dat waarnemingen nodig zijn, berekend worden. Deze kans wordt de success rate
genoemd. Alleen als de success rate zeer dichtbij één ligt, mogen de geschatte fixed
meerduidigheden als deterministisch beschouwd worden. In dat geval is het mogelijk om
toetsgrootheden te definiéren die validatie van de fixed oplossing mogelijk maken. Maar
als de success rate te laag is, zal een gebruiker in de praktijk een keuze moeten maken
tussen twee onwenselijke situaties:
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e Validatie van de geheeltallige oplossing gebaseerd op foute aannames, doordat de
fixed meerduidigheden onterecht als deterministisch beschouwd worden;

e Er wordt geen poging gedaan de meerduidigheden te bepalen omdat de success
rate te laag is, terwijl er toch een kans bestaat dat de juiste geheeltallige oplossing
gevonden zou worden.

Voorbeelden van integer validatietoetsen die in de literatuur zijn voorgesteld zijn de
ratio-toets, de projectortoets en de verschiltoets. Sommige van deze integer validatie
toetsen zijn zodanig gedefinieerd dat de foutieve aanname van deterministische fixed
meerduidigheden wordt vermeden. Deze toetsen ontberen echter een goede theoretische
basis. Bovendien worden vaak vaste kritieke waarden gebruikt die gebaseerd zijn op
ervaring. Maar dat betekent dat in veel situaties de toetsen ofwel te conservatief ofwel
te optimistisch zullen zijn.

In dit proefschrift is het onderzoek beschreven naar twee methodes om het geschetste
probleem op te lossen.

De eerste methode betreft het gebruik van een nieuwe schatter, de zogenaamde best
integer equivariant (BIE) schatter. Deze schatter maakt wel gebruik van de voorwaarde
van geheeltallige meerduidigheden, maar niet op de optimale manier. De schatter is
'best’ in de zin dat de mean-squared error (MSE) geminimaliseerd wordt. De BIE meer-
duidigheidsschatter is gelijk aan een gewogen som over alle integer vectoren, waarbij de
gewichten afhankelijk zijn van de kansdichtheidsfunctie van de float meerduidigheden.
De BIE schatter kan daarom beschouwd worden als een compromis tussen de float en
fixed oplossing; deze worden benaderd in de extreme gevallen van respectievelijk oneindig
slechte of oneindig goede precisie. Nadelen van BIE schatting zijn dat een exacte prob-
abilistische evaluatie van de oplossing nog steeds niet mogelijk is, en dat de procedure
nogal complex is en veel rekentijd vergt. Bovendien is aangetoond dat de BIE schatter
slechts in een beperkt aantal gevallen tot duidelijk betere resultaten leidt dan de float
of de fixed oplossing.

Daarom is ook onderzoek gedaan naar een andere nieuwe klasse van schatters: de klasse
van integer aperture (IA) schatters. Hierbij zijn schatting en validatie geintegreerd, door-
dat a priori drie kansen worden onderscheiden: de kans op correct fixen (success rate), de
kans op foutief fixen (fail rate), en de kans op niet fixen (undecided rate). Rondom elke
integer wordt een gelijkvormig acceptatiegebied (aperture pull-in region) gedefinieerd,
waarbij de grootte bepaald wordt door de keuze van een maximaal toelaatbare fail rate.
Met betrekking tot de vorm zijn verschillende keuzes mogelijk. Voorbeelden zijn el-
lipsoides en geschaalde pull-in regions (bootstrapping of integer least-squares). Verder
is aangetoond dat ook de acceptatiegebieden behorend bij de ratio-toetsen, de projec-
tortoets en de verschiltoets voorbeelden zijn van aperture pull-in regions. Tot slot is de
optimale |A schatter gedefinieerd zodanig dat voor een vaste fail rate de success rate
wordt gemaximaliseerd.

IA schatting heeft belangrijke voordelen. Ten eerste is het een overall aanpak voor het
integer schattings- en validatieprobleem, die tevens een exacte probabilistische evaluatie
van de uiteindelijke oplossing mogelijk maakt. Verder wordt het acceptatiegebied vast-
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gelegd door de keuze van de maximaal toelaatbare fail rate, precies wat een gebruiker
wil. Dit betekent dat het acceptatiegebied afhangt van het model, en dus de precisie,
waarmee op dat moment gewerkt wordt. Met de traditionele methodes is dat meestal
niet het geval en zijn de toetsen ofwel te conservatief of te optimistisch. In het eerste
geval leidt dat tot onnodig lange 'times to first fix’, in het tweede geval zal de fail rate
onacceptabel hoog zijn.

Tot slot is aangetoond dat de populaire ratio toets en de verschiltoets bijna net zo
goed presteren als de optimale |A schatter indien de kritieke waarde wordt bepaald
door de maximaal toelaatbare fail rate. Er is nu dus een theoretische basis beschikbaar
voor het gebruik van deze toetsen, zodanig dat ook een correcte keuze van de kritieke
waarde mogelijk is. Ook de IA kleinstekwadraten schatter, gebaseerd op het gebruik van
geschaalde integer least-squares pull-in regions, presteert goed. Deze schatter is identiek
aan de integer least-squares schatter in combinatie met de integer hypothese toetsing
zoals hiervoor beschreven, maar met als voordeel dat het acceptatiegebied bepaald wordt
door de keuze van de fail rate en niet van de kans op vals alarm.
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Notation and symbols

Mathematical notation and matrices

1,

p

Signals

> 0

identity matrix of order p
p-vector with ones
vector or matrix with zeros

determinant of matrix @

squared norm, with positive definite Q: ||z[|3, = 2" Q 'z
x is rounded to the nearest integer

ellipsoidal region centered at z and with radius €

velocity of light in vacuum: ¢ = 299792458 m s~—!

frequency
wavelength: A =c¢/f

GNSS observation model

DS
0,

U,
m
f

k

X
tS

t

-

e, €
dt, ot

refers to satellite s
refers to receiver r
refers to frequency j
number of satellites
number of frequencies
number of epochs

code and phase observation respectively

transmission time from satellite s

reception time at receiver r

signal travel time

code and phase noise respectively

clock error of code and phase observations respectively
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d,d instrumental delay for code and phase observations respectively

da,da atmospheric delay for code and phase observations respectively
T tropospheric delay

1 ionospheric delay

14 =N\

dm,dm multipath effect for code and phase observations respectively
M real-valued carrier phase ambiguity parameter

N integer-valued carrier phase ambiguity parameter

P satellite-receiver range

r position vector

u unit line-of-sight vector

P mapping function for tropospheric delays

P,® vector with code and phase observation respectively

P vector with satellite-receiver ranges

T vector with tropospheric delays

T vector with ionospheric delays

dt vector with lumped instrumental delays and clock errors

a vector with carrier phase ambiguities

A diagonal matrix with wavelengths as diagonal elements

G matrix with line-of-sight vectors

v vector with mapping functions for tropospheric delays

D double difference operator

0p, 0o standard deviation of code and phase observation respectively
or standard deviation of ionospheric pseudo-observation
Estimation

E{} expectation operator

D{} dispersion operator

Y m-vector of observations

a n-vector with ambiguity parameters

b p-vector with real-valued parameters: baseline, atmospheric delays, etc.
e € noise parameters

AB design matrices: F{y} = Aa+ Bb+e

Qz variance-covariance matrix of x

Qv conditional variance-covariance matrix: Qgj, = Qz — Qe Q71 Qo
o variance factor

G cofactor matrix of z: Q, = 062G,

xr
Q=LDL" LDLT-decomposition of Q with lower triangular matrix L,
diagonal matrix D
oir conditional standard deviation of ith entry of a parameter vector
conditioned on the I =1,...,7 — 1 entries
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Parameter distributions

fa(z)
fz1o(x|v)
&~ N(z,Q.)

T~ x*(n, )

probability density function of random variable &

conditional probability density function of random variable &
random variable % is normally distributed with mean x and
variance-covariance matrix Q)

random variable & has x2-distribution with n degrees of freedom
and non-centrality parameter A

random variable & has F-distribution with m and n degrees of
freedom and non-centrality parameter A

probability that & will be equal to the mean x

© = v) probability that Z will be equal to the mean x conditioned on & = v

false alarm rate or level of significance
detection power

Ambiguity resolution

B 8 N B

Psa Pf7 Pu
P, s, Py s
S.

sz(x)

float estimate of © (= least-squares estimate)

fixed estimate of x

ambiguity residuals @ — @

best integer equivariant estimate of x

integer aperture estimate of z

probability of success, failure, and undecided respectively
integer least-squares success and fail rate respectively
pull-in region centered at the integer z

indicator function:

s:(z) =1 x €8, s;(x) =0 otherwise

squared norm of residuals of float solution:

Q= éTnglé
float estimate of variance factor:
6’2 — Q
m—n—p
squared norm of residuals of fixed solution:
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Introduction

1.1 Background

In the past decade the Global Positioning System (GPS) has found widespread use
in different fields such as surveying, navigation and geophysics. The requirements on
precision, reliability and availability of the navigation system for these applications have
become higher and higher. Moreover, the positioning information often needs to be
obtained in (near) real-time. Without the development of integer ambiguity resolution
algorithms, it would never have been possible to meet these requirements with GPS.

Fast and high precision relative positioning with a Global Navigations Satellite System
(GNSS) is namely only possible by using the very precise carrier phase measurements.
However, these carrier phases are ambiguous by an unknown number of cycles. The
ambiguities are known to be integer-valued, and this knowledge has been exploited for
the development of integer ambiguity resolution algorithms. Once the ambiguities are
fixed on their integer values, the carrier phase measurements start to act as if they were
very precise pseudorange measurements.

The estimation process consists then of three steps. First a standard least-squares
adjustment is applied in order to arrive at the so-called float solution. All unknown
parameters are estimated as real-valued. In the second step, the integer constraint on
the ambiguities is considered. This means that the float ambiguities are mapped to
integer values. Different choices of the map are possible. The float ambiguities can
simply be rounded to the nearest integer values, or conditionally rounded so that the
correlation between the ambiguities is taken into account. The optimal choice is to use
the integer least-squares estimator, which maximizes the probability of correct integer
estimation. Finally, after fixing the ambiguities to their integer values, the remaining
unknown parameters are adjusted by virtue of their correlation with the ambiguities.

Nowadays, the non-trivial problem of integer ambiguity estimation can be considered
solved. However, a parameter estimation theory is not complete without the appropriate
measures to validate the solution. So, fixing the ambiguities should only be applied
if there is enough confidence in their correctness. The probability of correct integer
estimation can be computed a priori — without the need for actual observations — and is
called the success rate. Only if this success rate is very close to one, the fixed ambiguity
estimator may be considered deterministic. In that case it is possible to define test
statistics in order to validate the fixed solution. If the success rate is not close to one,



in practice, a user has to choose between two undesirable situations:

e Integer validation is based on wrong assumptions, since the randomness of the
fixed ambiguities is incorrectly ignored,;

e No attempt is made to fix the ambiguities because of the low success rate, although
there is still a probability that the ambiguities can be fixed correctly.

Some integer validations tests are defined such that the invalid assumption of a determin-
istic fixed ambiguity estimator is avoided. However, these tests lack a sound theoretical
foundation. Moreover, often fixed critical values are used based on experience. But that
implies that in many situations the tests will either be too conservative or too optimistic.

1.2 Objectives and contribution of this work

Obviously, validation of the integer ambiguity solution is still an open problem. In order
to deal with the above two situations, two approaches are investigated:

e A new class of ambiguity estimators is used, which results in estimators that in
some sense are always superior to their float and fixed counterparts.
This estimator is the Best Integer Equivariant (BIE) estimator. It is best in the
sense that it minimizes the mean squared errors of the estimators. This can be
considered a weaker performance criterion than that of the integer least-squares
estimator, the maximization of the success rate. This might be an advantage
if the success rate is not high, since then a user will generally not have enough
confidence in the fixed solution, and stick to the float solution. It is investigated
how BIE estimation can be implemented. The performance of this estimator is
then compared with the fixed and float estimators.

o A new ambiguity estimator is used by defining an a priori acceptance region, or
aperture space.
This new ambiguity resolution method is the so-called integer aperture estimation.
The problem of ambiguity validation is incorporated in the estimation procedure
with this approach. Instead of distinguishing only the probability of success and
of failure, also the probability of not fixing (undecided rate) is considered a pri-
ori. An integer acceptance region is then defined by putting constraints on the
three probabilities; only if the float ambiguities fall in the acceptance region, the
ambiguities will be fixed using one of the well-known integer estimators.

The theoretical aspects of all approaches are considered, as well as implementation
aspects. Thereby it is avoided to go into too much detail with respect to proofs and
derivations; these are only included if they contribute to the understanding of the theory.
The methods are implemented in Matlab(®.

Furthermore, it is investigated how the various methods will perform. For that purpose,
Monte-Carlo simulations are used, since then the 'true’ situation is known and it is
possible to compare the performance of different estimators and validators.
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The contribution of this thesis is that a clear overview of the traditional and the new
ambiguity resolution methods will be given, and it will be investigated why and when
a certain approach is to be preferred — from a theoretical point of view as well as by
comparing the performance of the methods. Furthermore, the implementation aspects
will be discussed, as well as the open issues in that respect.

1.3 Outline

The outline of this thesis is as follows. In chapter 2 a brief introduction to GNSS
positioning is given. The observations models are presented, as well as the general
theory of quality control for GNSS applications.

Chapter 3 is devoted to the problem of ambiguity resolution. Three integer estima-
tors are described: integer rounding, integer bootstrapping, and integer least-squares.
Furthermore, the probabilistic properties of the float and fixed estimators are analyzed.
Finally, the existing methods for integer validation are described and evaluated. The
pitfalls of these methods, both theoretical and practical, will be discussed.

Integer least-squares estimation is generally accepted as the method to be used for integer
ambiguity estimation. A disadvantage is, however, that it is not guaranteed that the
resulting baseline estimator is closer to the true but unknown baseline than the original
least-squares (float) estimator. Therefore, it is investigated in chapter 4 how the best
integer equivariant estimator performs, which is defined such that the resulting baseline
estimator always outperforms the least-squares solution in a certain sense.

The conclusions on the existing integer validation methods reveal the need for an integer
testing method, which is based on a sound theoretical criterion. For that purpose, an al-
ternative ambiguity resolution method, namely integer aperture estimation, is developed
in chapter 5. It is shown that integer estimation in combination with the well-known
ambiguity validation tests result in estimators, which belong to the class of integer
aperture estimators. Furthermore, some alternative integer aperture estimators are pre-
sented, among them the optimal integer aperture estimator. It is defined such that the
maximum success rate is obtained given a fixed fail rate.

Finally, the conclusions and recommendations are given in chapter 6.

QOutline 3






GNSS observation model and quality control

In this chapter the GNSS observation model is presented. An observation model consists
of the functional model, which describes the relation between the observations and
the unknown parameters of interest, and of the stochastic model, which describes the
stochastic properties of the observations. A great variety of GNSS models exists, which
are used in applications like surveying, navigation and geophysics. An overview of these
models can be found in textbooks like (Hofmann-Wellenhof et al. 2001; Leick 2003;
Parkinson and Spilker 1996; Strang and Borre 1997; Teunissen and Kleusberg 1998).

Here, first a brief overview of the current and future Global Navigation Satellite Systems
is given. In section 2.2 the GNSS observation equations are presented. Also, a description
of the different error sources is given. With this information it is then possible to set up
the functional model. Different types of models can be distinguished. Firstly, positioning
and non-positioning models. Secondly, depending on the differencing technique that is
applied.

The stochastic models corresponding to the different functional models, are presented
in section 2.4. Finally, section 2.5 presents the general quality control theory applicable
to GNSS models.

2.1 Global Navigation Satellite Systems

In the last decade the Global Positioning System (GPS) has found widespread use in all
kind of applications. It is the first Global Navigation Satellite System (GNSS) offering
the accuracy nowadays needed for e.g. surveying, navigation, and geophysics. More
or less synchronously to GPS, the former Soviet Union has been developing a similar
system under the name GLONASS. A third Global Navigation Satellite System is still
under development and should be operational in 2010. It is the European Galileo system.

2.1.1 Global Positioning System

Currently, the nominal GPS constellation consists of 24 satellites, divided over six orbital
planes, but more satellites are available at this moment (on average 28). The orbital
inclination is 55° and the orbital radius is 26,500 km.



Table 2.1: Signal and frequency plan for modernized GPS.

frequency band  frequency [MHz]  civil  precise  military
L1 1575.42 C/A P M
L2 1227.60 C/A P M
L5 1176.45 I+ Q

The principle of GPS is measuring distances between the GPS satellites and a receiver
antenna. The ranging signals are transmitted on two carriers centered at the L1 and
L2 frequency bands. Two types of Pseudo Random Noise (PRN) codes are modulated
on these carriers. Only the C/A code on the L1 band is freely available for civil users.
The P-codes are much more precise but are only available for military users; civil users
can just access the encrypted P-codes, referred to as P(Y)-codes. The encryption of the
P-codes is called Anti-Spoofing.

In the future a third frequency will be added, namely the L5 frequency. The codes
modulated on the L5 carrier will be freely available. Furthermore, a civil code on L2 will
become available, and military M-codes will be transmitted on L1 and L2. Table 2.1
gives an overview of the available signals.

2.1.2 GLONASS

The Russian equivalent to GPS is the GLObal NAvigation Satellite System (GLONASS).
Like GPS, the nominal constellation consists of 24 satellites but with an orbital inclination
of 64.8° and an orbital radius of 25,500 km. GLONASS also transmits on the L1 and
L2 frequency bands, but each satellite transmits its signals with a different frequency
offset.

The complete GLONASS constellation of 24 operational satellites has only been available
for a short time in 1996. Since then the number of satellites decreased and not enough
replacements were launched. It is planned that GLONASS should become completely
operational with a complete constellation in the period 2007-2022, and it is planned to
transmit on a third frequency as well in the band 1190-1212 MHz, including integrity
information.

2.1.3 Galileo

The Galileo satellite constellation will consist of 30 satellites, including three active
spares. The satellites are divided over three orbital planes using the Walker 27/3/1
constellation plus the spares. The inclination will be 56° and the orbital radius 29,600
km (Salgado et al. 2001; Zandbergen et al. 2004).

Galileo will transmit on four frequency bands. Table 2.2 gives an overview of the signals
and the services for which they are available (Erhard 2002).
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Table 2.2: Signal and frequency plan for Galileo. +: with integrity message; ++: with
commercial data.

frequency band  frequency [MHz] OS SOL CS PRS
E2-L1-E1 1575.42 [/NAV  I/NAV + I/NAV ++  G/NAV
E6 1278.75 C/NAV ++  G/NAV
E5b 1207.14 [/NAV  I/NAV + |/NAV

E5 (E5a+E5b)  1191.795

E5a 1176.45 F/NAV  F/NAV F/NAV

The open service (OS) provides basic navigation and timing functions, using freely ac-
cessible signals and data, which are the Open Access Navigation Signals (F/NAV) on
E5a, and the Integrity Navigation Signals (I/NAV) on E5b and E2-L1-E1 (also simply
referred to as L1), but without the commercial data or integrity messages.

The Safety-of-Life Service (SOL) provides access to the same signals as OS users, but
additionally SOL users have access to the |/NAV including the integrity messages trans-
mitted on the E5b and E2-L1-E1 bands.

The Commercial Service (CS) is also available at the same signals as the OS, but users
will have additional access to commercial data (for which they have to pay) transmitted
on the Integrity Navigation Signals on E5b and E2-L1-E1, and to the Controlled Access
Navigation Signals (C/NAV) on E6.

Finally, the Public Regulated Service (PRS) will include navigation and timing functions
through Restricted Access Navigation Signals (G/NAV) on E6 and E2-L1-E1.

2.2 GNSS observation equations

Processing of the GNSS signals results in two basic observations: code and phase. The
first is also referred to as pseudorange. The geometric distances between satellites and
receivers can, however, not be derived from these observations directly. First, several
bias terms have to be taken into account, as will be outlined in this section. Observation
equations, which are parameterized in terms of geometric ranges, will be referred to as
geometry-free observations equations. However, most users will not be interested in
these distances, but in the (relative) receiver positions. Therefore, it will also be shown
how the geometry-free observation equations must be linearized in order to arrive at
geometry-based observation equations.

2.2.1 Code observations

The code or pseudorange observation is a coarse measure of the receiver-satellite dis-
tance. It is derived from the time difference between signal reception at receiver r and
signal transmission at satellite s. The time of signal transmission is equal to the time
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of reception diminished with the signal travel time. This gives the following basic code
observation equation:

Py () = cltr(t) = t°(t = 77)] + €7 (1) (21)
with:

Drj : code observation at receiver r from satellite s on frequency j [m]

t . time of observation in GPS time [s]

c . velocity of light in vacuum [m/s]

t, : reception time at receiver r [s]

t* . transmission time from satellite s [s]

T : signal travel time [s]

e : code measurement error

Both the receiver clock time and satellite clock time are not exactly equal to GPS time.
Therefore, the respective clock errors dt,. and dt® need to be taken into account:

t.(t) =t + dt,.(t) (2.2)
tt—71)=t—71;+dt>(t - 1)) (2.3)

Inserting equations (2.2) and (2.3) in (2.1) yields
py(t) = el + cldt,(t) — dt*(t — 77)] + €] ;(t) (2.4)

In order to determine the geometric distance between the satellite and the receiver, the
signal travel time 7.7, needs to be corrected for instrumental delays at the satellite and
the receiver, and also for atmospheric effects and multipath:

T = 0T +drj +dj (2.5)
1
ot = - [pf + day ; + dmid] (2.6)
with:
oT : signal travel time from satellite antenna to receiver antenna [s]
d, . instrumental code delay in receiver [s]
ds . instrumental code delay in satellite [s]
p : geometric distance between satellite and receiver [m]
da : atmospheric code error [m]
dm : code multipath error [m]

Insertion of equations (2.5) and (2.6) into (2.4) gives the following code observation
equation:

() =pi(t,t —7) + daj () + dms (t)

g (8) - | o 2.7)
+ ¢ [dtyp(t) — dt*(t — 77) + dpj (t) + d%(t — 7)) + €5 (t)
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2.2.2 Phase observations

The phase observation is a very precise but ambiguous measure of the geometric distance
between a satellite and the receiver. The phase measurement equals the difference
between the phase of the receiver-generated carrier signal at reception time, and the
phase of the carrier signal generated in the satellite at transmission time. An integer
number of full cycles is unknown since only the fractional phase is measured. This integer
number is the so-called carrier phase ambiguity. The basic carrier phase observation
equation is given by:

@ri () = rj(t) — %t —77) + N7+ €7 5(1) (2.8)
with:

® . carrier phase observation [cycles]

N . integer carrier phase ambiguity

€ : phase measurement error

The phases on the right hand side are equal to:
orj(t) = fite(t) + or;(to) = fi(t + dir(t)) + or;(to) (2.9)
e(t) = fit°(t—77) +¢l(to) = fi(t =77 +dt*(t — 7)) + ¢ (to)  (2.10)
with:

f : nominal carrier frequency [s7!]
or(to)  : initial phase in receiver at zero time [cycles]
©*(tp)  : initial phase in satellite at zero time [cycles]

The carrier phase observation equation becomes:

@25 (t) = fy [r + dt,(8) = dt*(t = 72)] + [rs(to) — 75 (t0)] + N3 + €55(0)
(2.11)

This equation must be transformed to obtain units of meters and is therefore multiplied
with the nominal wavelength of the carrier signal:

qu = )\j(pj, with /\j = e

fi

The carrier signal travel time is expanded similarly as in equations (2.5) and (2.6). This
results in the following observation equation:

558 =p3(tt = 73) + 8a 5 () + 0m3 4 (1)
+c [dty(t) — dt* (t = 77) + 6,5(t) + 0% (t — 7] (2.12)
+ [¢rj(to) + 6% (to)] + NN, + €5 4(t)

Note that the atmospheric delays, the multipath error, and the instrumental delays are
different for code and phase measurements. Hence the different notation used in (2.12)
(6 instead of d). Also note that the phase measurement error is multiplied with the
wavelength, but the same notation ¢ is still used.
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2.2.3 Signal travel time

In the preceding two sections the signal travel time 72 in equations (2.7) and (2.12) has
been assumed equal for code and phase measurements, as well as for measurements on
different frequencies. In reality, this is not true since the signal travel time of the code
actually is the group travel time. Moreover, the instrumental delays and atmospheric
effects are different for the code and phase observations and for different frequencies.
The difference between the travel times of different observation types and frequencies is,
however, less than 10~7 s corresponding to sub-millimeter satellite position differences
(Teunissen and Kleusberg 1998). Therefore, the travel times of all observation types are
considered equal here.

2.2.4 Instrumental delays and clock errors

The receiver and satellite clock errors are independent of the observation type. On the
other hand, the instrumental delays are different for code and phase measurements and
for different frequencies. Still, the instrumental delays and clock errors will be lumped
together because it is not possible to separate the effects in a least-squares adjustment.
Hence:

dty;(t) = dir(t) +dp (1)
diy(t) = di(t—7) —dy(t - )
Str(t) = dt,(t)+0,,(t) (2.13)
§t5(t) = dtS(t —77) = 6%(t - 7)

2.2.5 Atmospheric delays

GNSS signals have to travel through the earth’s atmosphere on their way from satellite
to receiver. In the atmosphere neutral atoms and molecules, and charged particles
are present that interact with the signals. This causes a propagation delay and signal
absorption. The latter effect is not considered here. The propagation delay is caused
by a deviation of the propagation speed from the velocity of light in vacuum, and an
indirect delay due to signal bending. The delay is indicated with da and da in equations
(2.7) and (2.12) respectively.

The atmosphere can be divided in different "layers” with different characteristics. For
GNSS especially the propagation characteristics are important, which means that the
atmosphere needs to be divided into two "layers”: the troposphere and the ionosphere.

Tropospheric delays

The troposphere is the lower part of the earth’s atmosphere and ranges from the surface
to a height of approximately 9 km at the poles and to 16 km at the equator. In the
troposphere neutral atoms and molecules are present, which cause a signal delay. The
troposphere is a non-dispersive medium at the GNSS frequencies, which means that
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the propagation delay does not depend on the frequency of the signal. Moreover, the
tropospheric delays are equal for carrier phase and code observations.

Usually a distinction is made between a wet delay caused by water vapor, and a hydro-
static delay caused by a mixture of dry air and water vapor that is considered to be in a
hydrostatic equilibrium. The wet delay can be 0-40 cm in the zenith direction, and can
only be determined with an accuracy of 2-5 cm based on semi-empirical models. The
hydrostatic delay is much larger, 2.2-2.4 m in the zenith direction. However, it can be
predicted with high accuracy based on surface pressure observations.

The tropospheric delay parameter will be denoted as 7,°. A priori models can be used
to correct for the tropospheric delays, see (Hopfield 1969; Saastamoinen 1973). It is
necessary to estimate the tropospheric delay parameters if it is expected that one cannot
fully rely on these models, see (Kleijer 2004).

lonospheric delays

The ionized part of the atmosphere ranges approximately from 80 to 1000 km altitude.
This atmospheric layer contains both uncharged and charged particles. The charged
particles are created when neutral gas molecules are heated and electrons are liberated
from them. This effect is called ionization. The rate of ionization depends on the density
of the gas molecules and the intensity of the radiation. Because of the varying intensity
of solar radiation, the free electron density is very variable in space and time.

The free electrons in the ionosphere affect the code and phase measurements differently.
That is because the phase velocity is advanced, whereas the group velocity is delayed.
So, the ionospheric effects on code and phase observations have opposite signs. Further-
more, the ionosphere is a dispersive medium, which means that the ionospheric effect is
dependent on the frequency of the signal. The effects are inversely proportional to the
square of the frequency of the signal. This allows for estimating the first order iono-
spheric effects by collecting measurements on different frequencies. Under worst-case
conditions the first order term may be tens of meters. According to Odijk (2002) the
higher order effects may be neglected in the case of relative positioning (see section
2.3.2) with inter-receiver distances up to 400 km.

The ionospheric effects on code and phase observations, respectively, are given by:

ALy, = I3,

. . (2.14)
6Ir,j = _MjIr7
with
ff_x
The atmospheric effects in equations (2.7) and (2.12) can now be written as:
da; ; = T7 + p; 17
y Hi (2.16)

§ai’j =17 — pu;l;
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2.2.6 Multipath

Ideally, a GNSS signal should arrive at the receiver antenna only via the direct path from
satellite to receiver. In practice, however, the signal often arrives at the antenna via
two or more paths because the signal is reflected on nearby constructions or the ground.
This effect is called multipath. It affects the phase and code measurements differently.
The resulting measurement error depends on the strength of the direct and the reflected
signals, and on the delay of the reflected signal.

Typically, the error induced by multipath on the code measurements varies between 1
and 5 meters. The effect on the phase measurements is 1-5 cm, and it will never be
more than a quarter of a cycle provided that the amplitude of the direct signal is larger
than the amplitude of the reflected signal.

Multipath is a systematic error and is very difficult to model. Although it is acknowledged
that it is one of the most important issues in the field of high precision GNSS positioning,
the multipath effect will be ignored here, i.e.

dmy ;= dmy ;=0 (2.17)

2.2.7 Random errors or noise

The GNSS code and phase observations are of a stochastic nature, so that random
errors or observation noise must be taken into account in the observation equations.
In equations (2.7) and (2.12) the noise was denoted as e and & for code and phase
respectively. The random errors are assumed to be zero-mean:

E{e:;(H)} =0
B{es ()} =0

]

(2.18)

2.2.8 The geometry-free observation equations

The observation equations (2.7) and (2.12) are parameterized in terms of the satellite-
receiver ranges p; and are therefore referred to as non-positioning or geometry-free
observation equations. The final non-positioning observation equations are obtained by
inserting equations (2.13), (2.16), (2.17) into equations (2.7) and (2.12):

Pri() = pp(t) + T7(8) + py L7 (2) + cdty,j(t) — cdt’s(2) + e7,5(t)
25 = p(t) + T3 () — I3 () + ety j(t) — eSt5(t) + N M + 5 (¢)

g

(2.19)

For notational convenience the receiver-satellite range is denoted as p3(t) instead of
pi(t,t — 7). Furthermore, the initial phases of the signal are lumped with the integer
phase ambiguity, since these parameters are not separable. The resulting parameters in
M are real-valued, i.e. non-integer:

M ;= érj(to) + &% (to) + N, (2.20)

Here, they will still be referred to as ambiguities.
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2.2.9 The geometry-based observation equations

The geometry-based observation equations are obtained after linearization of equations
(2.19) with respect to the receiver position. The satellite-receiver range can be expressed
as function of the satellite and receiver positions as follows:

pr ="~ x| (221)

where || - || indicates the length of a vector, r* = [2° y* 2°]  the satellite position

T . iy
vector, and r, = [z, ¥, 2] the receiver position vector.

In order to linearize the observation equations, approximate values of all parameters are
needed. These approximate parameters will be denoted with a superscript ©. It will be
assumed that the approximate values of all parameters are zero, except for the satellite-
receiver range, so that the observed-minus-computed code and phase observations are
given by:

AP 5(6) = p3 (1) = p°(1)

. (2.22)
Agy (1) = o7 ;(t) — p°(t)

The linearization of the increment Ap? is possible with the approximate satellite and
receiver positions r*° and r?:

Apt = —(u)TAr, + (u)T Ar (2.23)
with
rs,O _ r0
s T T 2.24
T (2:24)

the unit line-of-sight (LOS) vector from receiver to satellite.

This gives the following linearized observation equations:
Apy () = —(ud)T Ar, + ()" Ar® + T3(8) + I3 (1)
+ cdt j(t) — cdt®;(t) + ;. ;(t)
AGy (1) = —(u})T Ar, + ()T AY + T3 (1) — i 15 (1)
+ c6ty j(t) — 6t (t) + Nj M + 7 ;(t)

(2.25)

2.2.10 Satellite orbits

In order to compute approximate satellite-receiver ranges, approximate values of the
satellite positions are required. Several sources are available in order to obtain these
approximate values. Firstly, the information from the broadcast ephemerides can be
used, which is available in real-time. Secondly, more precise information is made available
by the International GPS Service (IGS). Finally, Yuma almanacs are freely available, e.g.
from the website of the United States Coast Guard. These almanacs are especially
interesting for design computations, but are not used for positioning. Table 2.3 gives an
overview of the availability and accuracy of the different orbit products.
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Table 2.3: Availability and accuracy of GPS satellite positions, after (Neilan et al. 2000).

Orbits Availability Accuracy
Yuma almanacs Real-time or earlier 77
Broadcast Real-time 5m
IGS Ultra-rapid Near real-time 20 cm
IGS Rapid 17 hours 10 cm
IGS Final 10 days 5cm

2.3 GNSS functional model

In this section different GNSS functional models will be presented. Both the non-
positioning or geometry-free models and the positioning or geometry-based models are
presented.

Different GNSS models can also be distinguished based on the differencing that is ap-
plied. Differencing means taking the differences between observations from e.g. different
receivers and/or different satellites. It is often applied in order to eliminate some of the
parameters from the observation equations.

2.3.1 General mathematical model

The functional model describes the relationship between the observations and the un-
known parameters. The m observation equations can be collected in the system y =
Az + e, where y and e are random, e is the discrepancy between y and Az. It is as-
sumed that the mean E{e} is zero, since e models the random nature of the variability
in the measurements, and this variability will be zero 'on the average'. This gives for
the expectation of y:

E{y} = Az (2.26)

The probability density function of y describes the variability in the outcomes of the
measurements. For normally distributed data, it is completely captured by the dispersion:

Dy} = E{ec”} = Q, (2.27)

This is referred to as the stochastic model, with Q,, the variance-covariance (vc-) matrix
of the observations. This matrix describes the precision of the observations and it
is needed in order to properly weigh the observations in the adjustment process, see
section 2.5. In section 2.4, the stochastic models corresponding to the functional models
described in this section will be given.

The functional and stochastic model of (2.26) and (2.27) together are referred to as
Gauss-Markov model.
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2.3.2 Single difference models

If observations from m satellites are observed simultaneously at two receivers it is possible
to take the differences of these observations. In this way, some parameters will be
eliminated from the model. Here, only the model for a single epoch will be derived and
the index t will be left out for notational convenience. The set of single difference (SD)
observation equations for a single satellite, a single frequency, and two receivers ¢ and r
is then given by:

Parj = Prj —Paj = Par + Top + pjlg, + cdtyrj + €5,
g = Ori — o = Por + Ty — pily, + oty + XMy, ; + €5,
with (')qr =()r— (')q-

Note that the lumped instrumental delays and clock errors of the satellite are eliminated.
Furthermore, the initial carrier phase parameters of the satellite, which were contained in
M; and M, are cancelled out, so that Mg, only contains the differenced carrier phase
ambiguity and the difference between the initial phases in the two receivers.

(2.28)

The observations of m satellites and two receivers observing on f frequencies will now
be collected in the geometry-free functional model. The vector of observations becomes:

y:<P>:<[(pér,1 o pga) o (Pgry pﬂf)]i) (2.29)

® [(bgra - Dgra) - (Pany 0 Dirg)]

The parameter vectors are defined as:

p=(ph - oi)" (2.30)

T= (1, - 1) (2.31)

T=(18, - Im" (2:32)
dtgrr -+ digrs]”

dt,, — . [ [dar anf 2.33

a ¢ ([6tq7‘71 ttt 5tq7’,f] T> ( )

a=([Myy o Mpi] o Mgy M) (234)

For notational convenience the Kronecker product is used, see appendix A.1, to arrive
at the geometry-free model:

E{y} = (e2y @ Im) p+ (€27 @ Iy,) T + ({_MJ ® Im) 1 (2.35)

+ (I25 ® em) dtgr + (R] ®Im) a
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with e, a p-vector with ones, I,, an identity matrix of order p, and:

A

p=(m - wp), A= (2.36)
Af

In the same way the geometry-based model is obtained, but the observations collected in
the vector y are now the observed-minus-computed observations from equation (2.22).
The model is given by:

E{y} = (eay ® G) Argr + (€27 ® I,y) T + ({ “IJ ® Im) 7

0 (2.37)
+ (I2f @ ey) dty, + ([A} ® Im> a
with
G=[-u, - fug}]T (2.38)
and

(—(uf.)TAr,. + (uf.)TArs) — (—(uZ)TArq + (uZ)TArS)
)' Ary, — (uZT)TArq + (us, )" Ar® (2.39)

u qr

S
_( qr
~ T
~ —(u},)" Ar,,,
since the orbital uncertainty Ar® can be ignored if the baseline length ||r,.|| is small
compared to the satellite altitude (Teunissen and Kleusberg 1998). The term with the
receiver position error Ar, is zero when the position of receiver ¢ is assumed known. The
parameters in Ar,, are referred to as the baseline increments; if the receiver position r,
is known, the unknown receiver position r, can be determined from the estimated Ary,.

Both single difference models (2.35) and (2.37) are rank deficient. The rank deficiencies
can be resolved by lumping some of the parameters and then estimate these lumped
parameters instead of the original ones. The parameters are lumped by performing
a parameter transformation, which corresponds to the so-called S-basis technique as
developed by Baarda (1973) and Teunissen (1984).

A first rank deficiency is caused by the inclusion of the tropospheric parameters. This
can be solved for the geometry-free model by lumping the tropospheric parameters with
the ranges:

T

In the geometry-based case, the tropospheric delay parameter is first reparameterized
in a dry and wet component. The dry component is responsible for about 90% of the
tropospheric delay and can be reasonably well corrected for by using a priori tropospheric
models, e.g. (Saastamoinen 1973). The much smaller wet component is quite variable
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and difficult to predict. Therefore, the wet delays are commonly mapped to zenith
tropospheric delay (ZTD) parameters and these are then estimated. An overview of
available mapping functions can be found in Kleijer (2004).

For short time spans this ZTD parameter can be considered constant. The parameter
vector T' consists then of the ZTD parameter of one receiver. The mapping function is
denoted as ;. This gives for the partial design matrix related to the ZTD parameter:

e @ [l o ]  =ey; 00 (2.41)

Note that the a priori tropospheric corrections and the ZTD of the reference station ¢
are added to the approximate observation equations in (2.22).

the ZTD is not estimated if it is assumed that the a priori model can be fully relied on.
This is referred to as the troposphere-fixed approach. If, on the other hand, the ZTD is
estimated, this is referred to as the troposphere-float approach.

The rank deficiency caused by the phase receiver clocks d¢? and the ambiguities is solved
by the following transformations:

dt,, — [Cdtqu + Aqulr,l s cdtgrp + )‘qulr,f]; (2-42)
! (Bt + MMLy o+ eOtgrp+ A ML ]
a=([Ng2y - Nyl (N2 o NgmD)' (243)

Due to this reparameterization, the single difference ambiguities are transformed to
double difference ambiguities from which it is known that they are of integer nature
since the initial phases in receiver and satellite are cancelled out: M,s ;= N/° .. Note
that the code receiver clock parameters are not transformed.

Finally, a rank deficiency is present due to the inclusion of the ionospheric parameters.
In Odijk (2002) it is described how to set up the so-called ionosphere-weighted model.
The approach is to include a vector of ionospheric pseudo-observations, consisting of a
priori estimates, to the vector of observations:

P
y=|® (2.44)
A

If the a priori information is considered exact, the a priori estimates can simply be sub-
tracted from the observations and there are no ionospheric parameters to be estimated.
This is referred to as the ionosphere-fixed model. If the baseline is shorter than 10 km,
it can be assumed that the ionospheric delay on the signal of one satellite to the two
receivers is identical, i.e. 17 = I7. Also then the ionospheric parameters can be removed
from the single difference model. If, on the other hand, the ionospheric behavior must
be considered completely unknown, e.g. when the baseline is very long, the weight of
the ionospheric pseudo-observations is set equal to zero, which is equivalent to setting
the standard deviation of the pseudo-observations to infinity. This is referred to as the
ionosphere-float model.
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The single difference models can now be presented as follows. The full-rank geometry-
free model is given by:

w
E{y}=([egf}®fm)p+ | @I, | T
1

0
(2 @en )dty+ [ Al ], Y |]a
0 0 Im—l

(2.45)

The observation vector is given by (2.44), the range vector p by (2.40), and the parameter
vectors Z, dt,,, and a by equations (2.32), (2.42) and (2.43) respectively.

The ionosphere-weighted, troposphere-float, geometry-based model is obtained as:

E{g}z({eéf}®G>Arqr+({e(§f}®‘I’)T+ TN @In | T

0
(12 @en )dty+ [ Al o], Y |]a
0 ol 7 U

(2.46)

2.3.3 Double difference models

The number of parameters in the observation equations can be even further reduced
by also taking differences between observations of different satellites. In this double
difference (DD) approach, one reference satellite ¢ is chosen and the single difference
observations of this satellite are subtracted from the corresponding single difference
observations of all other satellites. For one satellite-pair the geometry-free observation
equations become then:

pfﬁ«,j =Dgrj — pf]r,j = Pf{; + Tgﬁ + :“jjéi + €gr;

ts __ IS8 _ ot __ ts ts _ ,, . 1ts CNts ts
qr,j = Yaqr.g ¢qm = Pqr + TqT MJIqT + )‘Jqu + Eqr,j

(2.47)

The instrumental delays and clock errors of the receivers have now also cancelled from
the observation equations, as well as the initial phases in the receivers. This leaves only
the integer carrier phase ambiguity as extra parameter in the phase observations. Only
if this ambiguity is resolved, the phase observations can be considered as very precise
pseudorange measurements, so that high precision positioning solutions can be obtained.
Therefore, the integer nature of the ambiguities must be exploited. Integer parameter
resolution is, however, a non-trivial problem, which will be the topic of the remaining
chapters.

If the first satellite is chosen as the reference satellite, the following transformation matrix
can be used to arrive at the double difference geometry-free model:

D" = (—em-1 Ip-1) (2.48)
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The double difference observation vector and parameter vectors are now derived from
the single difference vectors (denoted with superscript sd) of equations (2.29)-(2.34) as
follows:

y= (It ® D7) y™ (2.49)
p=D"p* (2.50)
T =D'T* (2.51)
7 =DT7 (2.52)
a= (Iy® D7) a* (2.53)

This gives the ionosphere-weighted double difference geometry-free model:

N 0
E{y}=<[e(2)f]®1m1)p+ —p| @Iy | T+ [ [A| @ L1 | o (2.54)
1 0

with p the lumped tropospheric and range parameters.

Similarly, the geometry-based model is obtained as:

E{y}z([eéf}®G>Arqr+<{e(§f}®\ﬂ)T+ —Mu @Iy | T

1

. (2.55)

=+ A ®Im,1 a
0

with G = DTG, and T contains the ZTD.

The double difference approach offers the advantage of less (or even no) rank deficiencies
in the mathematical model. However, rank deficiencies can also be resolved in other ways
as explained in the preceding section.

A disadvantage is that users will be interested in the undifferenced parameters, and
therefore one has to be careful with the interpretation of the results.

As double differencing eliminates the satellite and receiver clock errors, it is not possible
to estimate them explicitly. This implies that it is not possible to model their behavior
in time. But these parameters are rarely needed, so in many practical situations this will
not be considered as a problem.

An important disadvantage of the double difference approach is that all receivers must
track the same satellites. In practice this is not always the case, especially with long
baselines. But also when the receivers are located quite close to each other, one of the
receivers may not track some of the satellites tracked by the other receiver(s), e.g. due
to blocking of signals by local obstacles. In such cases using the double difference model
results in loss of information, as observations from a satellite only tracked by one of the
receivers cannot be used.

GNSS functional model 19



The single difference approach can be seen as a kind of compromise. The amount of
observations is reduced with respect to the undifferenced approach, but not as much as
with the double difference approach. The same holds for the unknown parameters. An
advantage of the single difference approach is that in the case of a single baseline model
(two receivers) no correlation between the observations is introduced, see section 2.4.

As explained before, for high-precision applications it is important that the carrier phase
ambiguities are resolved as integers. It has been shown that the parameterization of
the unknown ambiguities is such that these parameters are known to be integers in the
single difference and double difference approach.

2.4 GNSS stochastic model

The stochastic model describes the precision of the observations. As a starting point
the following assumptions are made:

Ee; j(t)er ; (1)} = no satellite dependent weighting
E{e’ (t) e i)} = O no frequency dependent correlation (2.56)
E{e;, ( 1)ey (ta)} = no time correlation

Often, the code standard deviation is chosen identical for all frequencies, 0, ; = o, V.
The same assumptions are made for the undifferenced phase observations, with the phase
standard deviation denoted as 0.

The vc-matrix of the undifferenced observations of one satellite and one receiver becomes
then:

Cpy = diag(o? Tppsee ,0'12),f, 0(22571, ... 70;,1“’ o?) (2.57)

where o2 is the variance of the ionospheric pseudo-observation, which has to be included
if the ionosphere-weighted model is considered.

For the single differenced observations, the vc-matrices of the observations of both
receivers must be added according to the propagation law of variances, see appendix
A.2.1:

Cp¢ = Cpgg + Cpo,r (2.58)

If the standard deviations are assumed equal for both receivers, all variances must simply
be multiplied by 2.

The single difference vc-matrix corresponding to the functional models in equations
(2.45) and (2.46) becomes:

The vc-matrix of the double difference models in equations (2.54) and (2.55) is obtained
again with the propagation law of variances and the properties of the Kronecker product
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(appendix A.1):
Qy,=Cyy@D'D (2.60)

with the transformation matrix DT as defined in (2.48).

2.4.1 Variance component estimation

The stochastic model as specified by the vc-matrix of the observations can be given as:
Qy = 0°G, (2.61)

with o2 the variance factor of unit weight, and G the cofactor matrix. If the variance
factor is assumed to be unknown, it can be estimated a posteriori. For that purpose
equation (2.61) can be generalized into:

Qy =) 0aGa (2.62)

Hence, the stochastic model is written as a linear combination of unknown factors and
known cofactor matrices, (Tiberius and Kenselaar 2000). The factors o2 can represent
variances as well as covariances, for example variance factors for the code and phase
data, a variance for each satellite-receiver pair, and the covariance between code and
phase data. The problem of estimating the unknown (co-)variance factors is referred to

as variance component estimation.

2.4.2 Elevation dependency

Until now the standard deviations of a certain observation type were chosen equal for
all satellites, although it might be more realistic to assign weights to the observations of
different satellites depending on their elevation. That is because increased signal attenu-
ation due to the atmosphere and multipath effects will result in less precise observations
from satellites at low elevations. Therefore, Euler and Goad (1991) have suggested to
use elevation-dependent weighting:

oy = (7)o (2.63)

with o, the standard deviation of code observations to satellites in the zenith, and
—&;
q = 1+a-exp{5—7}, (2.64)
0

where a is an amplification factor, € the elevation angle, and € a reference elevation
angle. The values of a and g depend on the receiver that is used, and on the observation
type — the function g in equation (2.64) may be different for code and phase observations
as well as for observations on different frequencies.

Experimental results have shown that an improved stochastic model can be obtained if
elevation dependent weighting is applied, see e.g. (Liu 2002).

GNSS stochastic model 21



2.4.3 Cross-correlation and time correlation

In equation (2.56) the assumption was made that there is no frequency dependent
correlation. Several studies have shown, however, that this assumption may not be
realistic, see e.g. (Bona 2000; Bona and Tiberius 2001; Liu 2002). It was shown that
the stochastic model can be refined by performing receiver tests or variance component
estimation, in order to determine the cross-correlation.

It was also assumed that no time correlation is present, although the observations col-
lected at different epochs may be correlated when the sampling frequency is high. In
Borre and Tiberius (2000) significant time correlation was found for 5 Hz data. If, on
the other hand, the sampling interval is larger than 30 s, according to Bona (2000) time
correlation can be neglected. So, time correlation does not play a role for instantaneous
applications.

2.5 Least-squares estimation and quality control

In sections 2.3 and s:stochastic, the GNSS functional models and stochastic models
were presented. In order to solve the observation model, a least-squares adjustment is
generally used, since it is simple to apply and, by definition, it has important optimality
properties. For a model written as equation (2.26) the least-squares estimator is defined
as:

@:argmian—AxHéy (2.65)

and its solution is given by:

(ATQJIA)flATQJIQ

|83
Il

(2.66)
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The GNSS observations are generally considered to be normally distributed, and then
least-squares estimation is equivalent to maximum-likelihood estimation, and to best
linear unbiased estimation if the model is linear, (Teunissen 2000a).

The estimator Z is a random vector since it is functionally related to the random vector
y. Because of the linear relationship between the two vectors, £ will also have a normal
distribution like y. Therefore the distribution of the estimator can be characterized by
its mean and dispersion, which are given as:

Bli} =2 (2.67)
D{i} = Qs = (ATQ, A~ (2.68)
This shows that the estimator is unbiased, i.e. that the expectation of the estimator
equals the unknown and sought for parameter vector x. The vc-matrix describes the

precision of the estimator, which is independent of the observations, so that the precision
is known without the need for actual measurements.
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The quality of the solution can then be measured by the precision of the estimators.
However, the precision does not give information on the validity of the model, so that
the unbiasedness of the estimators cannot be guaranteed. It is therefore important to
use statistical tests in order to get information on the validity of the model.

2.5.1 Model testing

Statistical testing is possible if there is a null hypothesis, Hy, that can be tested against
an alternative hypothesis, H,. These hypotheses can be defined as:

Hy: E{y} = Ax; D{y} =@,

(2.69)
H,: E{y} = Az + COV; D{y} =Qy

where C' is a known m X g-matrix that specifies the type of model error, and V an
unknown g-vector. It is assumed that y is normally distributed, see appendix A.2.

Hj can be tested against H, using the following test statistic:

=—q

1.7 _ _ -1 1

T = aQTQy el (CTQy lQéQy 10) CTQy e (2.70)
The test statistic ', has a central F-distribution with ¢ and co degrees of freedom under
Hy, and a non-central F-distribution under H,:

Ho:T,~ F(q,00,0); Hy:T,~ F(q,00,) (2.71)
with non-centrality parameter \:

A=V'CTQ,'Q:Q,'CV (2.72)
The test is then given by:

reject Ho if 1T, > Fi(q,00,0), (2.73)

where « is a chosen value of the level of significance, also referred to as the false alarm
rate since it equals the probability of rejecting Hy when in fact it is true. F,(gq,00,0) is
the critical value such that:

a= / fr(Flg,00,0)dF (2.74)
Fo(gq,00,0)

where fr(F'|g, 00, 0) is the probability density function of F'(g, 00, 0), see appendix A.2.3.

The value of A = \g can be computed once reference values are known for the level
of significance av = 4, and the detection power v = 79, which is the probability of
rejecting Hy when indeed H,, is true:

v / Fo(Flg, 00, \)AF (2.75)

Fo(g,00,0)
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So, Ao = A(eyg,7v0,q). From this value one can then compute the corresponding model
error C'V from equation (2.72).

The vector Vy = C'V describes the internal reliability of hypothesis Hy with respect to
H,. The internal reliability is thus a measure of the model error that can be detected
with a probability v = 7o by test (2.73). This measure can be computed by considering
certain types of model errors, as specified by the matrix C. In GNSS applications
common error types are for example carrier cycle slips and code outliers. In those cases,
q =1, so that C reduces to a vector ¢, and V to a scalar. From equation (2.72) follows
then that:

V| = W/—CTQ;Q&Q;% (2.76)

|V| is called the minimal detectable bias (MDB). With |V| known, it is possible to
determine the corresponding impact of the model error on the estimates of the unknown
parameters, referred to as the external reliability. This impact can be computed as:

Vi = (ATQ, AT ATQ, vy (277)
by using Vy = ¢|V|. Vi is referred to as the minimal detectable effect (MDE).

Note that the measures of the internal reliability and the external reliability can both be
computed without the need for actual observations, and hence can be used for planning
purposes before the measurements are carried out.

2.5.2 Detection, ldentification and Adaptation

Once the observations are collected there will be several alternative hypotheses that need
to be tested against the null hypothesis. The DIA-procedure (detection, identification,
adaptation) can be used in order to have a structured testing procedure (Teunissen

1990).

The first step in DIA is detection, for which an overall model test is performed to diagnose
whether an unspecified model error has occurred. In this step the null hypothesis is tested
against the most relaxed alternative hypothesis:

H,: E{y} € R™ (2.78)
The appropriate test statistic for detection is then:
AT —1a
é é
T = —Qi (2.79)
m—n

The null hypothesis will be rejected if ', _, > Fy,, _,
next step will be the identification of the model error.

(m —n,00,0). In that case, the

The most likely alternative hypothesis is the one for which
T

Lqi (2.80)
F(xqi (%7 0, O)
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is maximum. The degrees of freedom ¢; may be different, and the level of significance
oy, depends on A(ayg;,,7,¢:), which is chosen as:

)\(Oéq“ v lh) = /\(am—nv Y, — n) (281)

This means that the non-centrality parameters and detection powers are chosen equal
for both the detection and the identification test, implying that a certain model error
can be found with the same probability by both tests. This approach is the B-method
of testing, (Baarda 1968).

In practice the identification step is started with the so-called data snooping, (Baarda
1968), which means that each individual observation is screened for the presence of an
outlier. In that case ¢ = 1 and the matrix C reduces to a vector, denoted as ¢. The test
statistic of equation (2.70) becomes:

I, = (M)2
cTQ;l
\/TQy ' QeQy e

The test statistic w has a standard normal distribution N (0, 1) under Hy. An observation
j is suspected to be biased if:

>

w:

(2.82)

lwj| = [w| Vi and  [w;| > N1,(0,1) (2.83)

The final step in the DIA-procedure is adaptation, in which the model is corrected for one
or more of the most likely model errors identified in the previous step. This may involve
replacement of the erroneous data, e.g. by re-measurement, or a new null hypothesis is
set up which takes into account the identified model errors. After this step, one has to
make sure that the new situation will lead to acceptance of the null hypothesis, meaning
that the DIA-procedure needs to be applied iteratively.

2.5.3 GNSS quality control

In this section a general testing procedure was described that can be applied in the case
of linear estimation with normally distributed data, so that the parameter distribution
is completely captured by the vc-matrix of the estimators. Unfortunately, this approach
cannot be applied when integer parameters are involved in the estimation process, since
these parameters do not have a Gaussian distribution, and therefore the parameter dis-
tribution itself is needed to obtain appropriate test statistics in order to validate the
integer solution. This problem is the subject of section 3.5 and chapter 5.
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Integer ambiguity resolution

The problem of integer ambiguity resolution has drawn a lot of attention in the past
decades. Many ambiguity resolution algorithms have been published. Not all of these
algorithms will be discussed here; only a brief overview will be given. The first step
of ambiguity resolution is integer estimation. Therefore, section 3.1 starts with the
definition of admissible integer estimators. For the quality description and validation of
the estimators, their distribution functions are required. The distributional properties of
the float and fixed ambiguity will be given in section 3.2, where it is also shown how the
probability of correct integer estimation, the success rate, can be approximated. For the
purpose of validation, the parameter distribution of the ambiguity residuals is required.
This distribution function and its properties will be given in section 3.3. In section 3.4
it is shown how the quality of the fixed baseline estimator can be expressed. Section 3.5
gives an overview of currently available methods for the validation of the fixed ambiguity
solution and their shortcomings. Finally, in section 3.6 a completely different approach
of ambiguity resolution is described, namely the Bayesian approach.

3.1 Integer estimation

Any GNSS observation model can be parameterized in integers and non-integers. This
gives the following system of linear(ized) observation equations:

y = A a + B b + e (3.1)

mxl ~mxXnnxloomXxppxl g

where y is the GPS observation vector of order m, a and b are the unknown parameter
vectors of dimension n and p respectively, and e is the noise vector. The data vector
y usually consists of the observed-minus-computed DD phase and/or code observations
on one, two or three frequencies and accumulated over all observation epochs. The
entries of the parameter vector a will then consist of the unknown integer carrier phase
ambiguities, which are expressed in units of cycles rather than in units of range. It is
known that the entries are integers, so that a € Z". The remaining unknown parame-
ters form the entries of the vector b. These parameters may be the unknown baseline
increments and for instance atmospheric (ionospheric, tropospheric) delays, which are
all real-valued, i.e. b € RP. These real-valued parameters are referred to as the baseline
parameters, although the vector b may thus contain other parameters than only the
baseline components.
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Figure 3.1: An ambiguity pull-in region of z = a.

The classical linear estimation theory can be applied to models that contain real-valued
parameters. However, if the integerness of the ambiguity parameters is taken into ac-
count, a different approach must be followed which includes a separate step for ambiguity
resolution. The complete estimation process will then consist of three steps (Teunissen
1993). In the first step, the integerness of the vector a is discarded and the so-called
float solution is computed with a standard least-squares adjustment. This results in
real-valued estimates for @ and b and their vc-matrix:

(Z> ! (g;;, %},B) (3.2)

In the second step the integer ambiguity estimate is computed from the float ambiguity
estimate a:

a=5(a) (3.3)

where S : R™ +— Z™ is the mapping from the n-dimensional space of real numbers to the
n-dimensional space of integers. The final step is to use the integer ambiguity estimates
to correct the float estimate of b with

b=b(a) = b— Q;, Q" (4 — a) (3.4)

This solution is referred to as the fixed baseline solution. Equations (3.3) and (3.4)
depend on the choice of the integer estimator. Different integer estimators are obtained
for different choices of the map S : R™® — Z". This implies that also the probability
distribution of the estimators depends on the choice of the map.

In order to arrive at a class of integer estimators, first the map S : R" — Z™ will
be considered. The space of integers, Z", is of a discrete nature, which implies that
the map must be a many-to-one map, and not one-to-one. In other words, different
real-valued ambiguity vectors a will be mapped to the same integer vector. Therefore,
a subset S, C R™ can be assigned to each integer vector z € Z™:

S,={zeR"| z=85)}, z€Z" (3.5)

This subset .S, contains all real-valued float ambiguity vectors that will be mapped to the
same integer vector z, and it is called the pull-in region of z (Jonkman 1998; Teunissen
1998c), see figure 3.1. This implies that @ = z < a € S,. The integer ambiguity
estimator can be expressed as':

a= zs.(a) (3.6)

LFrom this point forward random variables are no longer underlined
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Figure 3.2: Left: Pull-in regions that cover R? without gaps and overlap. Right: An
example of integer translational invariant pull-in regions that cover R? without gaps and
overlap.

with the indicator function s, (z):

o (a) = {1 ifzes, (37)

0 otherwise

The integer estimator is completely defined by the pull-in region S, so that it is possi-
ble to define a class of integer estimators by imposing constraints on the pull-in regions.
This means that not all integer estimators are allowed, but only estimators that belong
to the class of admissible integer estimators. This class is defined as follows.

Definition 3.1.1 Admissible integer estimators

An integer estimator, @ = Y. zs.(a), is said to be admissible when its pull-in region,
zEL™
S, ={zxeR"|z=95(x)}, z € Z", satisfies:

zEZ™
(i3)  Int(Sy) NInt(S,) =0, Yu,z€Z" u#z

(#it) S, =z+ S, VzeZ"
where 'Int’ denotes the interior of the subset.

The motivation for this definition is illustrated in figure 3.2 and was given in Teunissen
(1999a). The first condition states that the collection of all pull-in regions should cover
the complete space R", so that indeed all real-valued vectors will be mapped to an
integer vector. The second condition states that the pull-in regions must be disjunct,
i.e. that there should be no overlap between the pull-in regions, so that the float
solution is mapped to just one integer vector. Finally, the third condition is that of
translational invariance, which means that if the float solution is perturbed by z € Z",
the corresponding integer solution is perturbed by the same amount: S(a+z) = S(a)+z.
This allows one to apply the integer remove-restore technique: S(a — z) + z = S(a).
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Figure 3.3: Two-dimensional pull-in regions in the case of rounding.

Examples of integer estimators that belong to the class of admissible integer estimators
are integer rounding (R), integer bootstrapping (B), and integer least-squares (ILS).
Each of these estimators will be described briefly in the following sections.

3.1.1 Integer rounding

The simplest way to obtain an integer vector from the real-valued float solution is to
round each entry of a to its nearest integer. The corresponding integer estimator, ag,
reads then:

ar = . (3.8)

where [-] denotes rounding to the nearest integer. It can be easily shown that this
estimator is admissible, see Teunissen (1999a).

Since each component of the real-valued ambiguity vector is rounded to the nearest
integer, the absolute value of the maximum difference between the float and fixed ambi-
guities is % The pull-in region S, g that corresponds to this integer estimator is therefore
given as:

1
S.r= ﬂ {sc ER™| oy —zi] < 5}, VzeZ" (3.9)

So, the pull-in regions are the n-dimensional unit cubes centered at z € Z™. For the
two-dimensional case this is visualized in figure 3.3.
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Figure 3.4: Two-dimensional pull-in regions in the case of bootstrapping.

3.1.2 Integer bootstrapping

A generalization of the integer rounding method is the sequential integer rounding
method, also referred to as the integer bootstrapping method, see e.g (Blewitt 1989;
Dong and Bock 1989). In contrast to integer rounding, the integer bootstrapping es-
timator takes the correlation between the ambiguities into account. It follows from
a sequential conditional least-squares adjustment with a conditioning on the integer
ambiguity values from the previous steps (Teunissen 1993; Teunissen 1998b). The com-
ponents of the bootstrapped estimator are given as:

ai B = [al]
azg = [agp1] = [a2 — 0a2a10512(&1 —a1,8)]
(3.10)
n—1
ang = [anN] = |@n — Zaanamaéi (@)1 — aig)
i=1

where ;7 stands for the ith ambiguity obtained through a conditioning on the previous
I ={1,...,(: = 1)} sequentially rounded ambiguities. Since, the first entry is simply
rounded to the nearest integer, one should start with the most precise float ambiguity.
The real-valued sequential least-squares solution can be obtained by means of the trian-
gular decomposition of the vc-matrix of the ambiguities: Qs = LDLT, where L denotes
a unit lower triangular matrix with entries

lii = 0a,a,,05. (3.11)

i1

and D a diagonal matrix with the conditional variances Uéll as its entries. Since by

definition |a;; — [a;7]] < % the pull-in region S g that belongs to the bootstrapped
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estimator is given by:

n

S.e=({oer | FL ) <

V2 e Z”} (3.12)
=1

1
2
with ¢; the canonical vector having a one as its ith entry. Note that the bootstrapped

and rounded solution become identical if the ambiguity vc-matrix, Q3, is diagonal.

The shape of the pull-in region in the two-dimensional case is a parallelogram, see figure
3.4. For more dimensions it will be the multivariate version of a parallelogram.

3.1.3 Integer least-squares

Optimizing on the integer nature of the ambiguity parameters, cf.(Teunissen 1999a),
involves solving a non-standard least-squares problem, referred to as integer least-squares
(ILS) in Teunissen (1993). The solution is obtained by solving the following minimization
problem:

rni<n||yfAsz§||2Qy, 2€Z", (ERP (3.13)

The following orthogonal decomposition can be used:

ly — Az = BCllg, = lléllg, + la— =I5, + 1b(=) = ¢lig, . (3.14)
~—— N — —
(3:2) (3:3) (3.4)

with the rgsiduaIsAof the float solution é = y — Aa — BIA), and the conditional baseline
estimator b(z) = b — Q;,Q; ' (a — z).

a

It follows from equation (3.14) that the solution of the minimization problem in equation
(3.13) is solved using the three step procedure described in section 3.1. The first term
on the right-hand side follows from the float solution (3.2). Taking into account the
integer nature of the ambiguities means that the second term on the right-hand side of
equation (3.14) needs to be minimized, conditioned on z € Z™. This corresponds to
the ambiguity resolution step in (3.3), so that z = a. Finally, solving for the last term
corresponds to fixing the baseline as in equation (3.4). Then the last term in equation
(3.14) becomes equal to zero, so that indeed the minimization problem is solved.

The integer least-squares problem focuses on the second step and can now be defined
as:

aus = arg min [l — (|5, (3.15)

where a1 s € Z" is the fixed ILS ambiguity solution. This solution cannot be 'computed’
as with integer rounding and integer bootstrapping. Instead an integer search is required
to obtain the solution.

The ILS pull-in region S, s is defined as the collection of all x € R™ that are closer
to z than to any other integer grid point in R™, where the distance is measured in the
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Figure 3.5: Two-dimensional pull-in regions in the case of integer least-squares.

metric of the vc-matrix Q5. The pull-in region that belongs to the integer z follows as:
S.is={zeR"| ||z - zHéa < ||z - u||2Q, Vu e Z"} (3.16)

A similar representation as for the bootstrapped pull-in region can be obtained by using:
_ 1
lz = 2l13, < llz—ullg), == (u—2)TQ; (z —2) < sllu—2lg,, vu ez

With this result, it follows that

_ 1 "
Seus= ) {az ER"| |TQ (@ —2)| < 5clléd}\fz €z (3.17)
CGZ"

The ILS pull-in regions are thus constructed as intersecting half-spaces, which are
bounded by the planes orthogonal to (u — z), u € Z™ and passing through %(u + 2).
It can be shown that at most 2™ — 1 pairs of such half-spaces are needed for the con-
struction. The integer vectors u must then be the 2" — 1 adjacent integers. So, for the
2-dimensional case this means three pairs are needed, and the ILS pull-in regions are
hexagons, see figure 3.5.

3.1.4 The LAMBDA method

The ILS procedure is mechanized in the LAMBDA (Least-Squares AMBiguity Decorrela-
tion Adjustment) method, see (Teunissen 1993; Teunissen 1995; De Jonge and Tiberius
1996).

As mentioned in section 3.1.3, the integer ambiguity solution is obtained by an integer
search. Therefore, a search space is defined as:

Q={acZ"|(a—a)"Q;" (a—a) < x*} (3.18)
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Figure 3.6: Two-dimensional example of the search space before (left) and after (right)
the decorrelating Z-transformation. The float ambiguity vector is depicted with a +-sign.

with x2? a positive constant that needs to be chosen. The search space is an n-
dimensional ellipsoid centered at a. Its shape is governed by the vc-matrix Q3 and
its size by x2. Due to the high correlation between the individual ambiguities, the
search space in the case of GNSS is extremely elongated, so that the search for the
integer solution may take very long. Therefore, the search space is first transformed to a
more spherical shape by means of a decorrelation of the original float ambiguities. This
decorrelation is attained by a transformation:

;3=2%, Q:=2TQsZ and a=2""T:z (3.19)

This transformation needs to be admissible,i.e. Z and Z~! must have integer entries,
so that the integer nature of the ambiguities is preserved and the Z-transformation is
volume-preserving with respect to the search space, since the determinant of Z is equal
to +1. The transformed search space is then given by:

Q. ={2€Z"|(2-2)7TQ;'(2—2) <x*} (3.20)

z

Figure 3.6 shows a two-dimensional example of the search space before and after the
decorrelating Z-transformation. Obviously, the search tree that is required to find the
three integers in the search space will be much smaller after decorrelation.

Using the LDLT-decomposition of Q;, the left-hand side of equation (3.20) can be
written as a sum-of-squares:

" (Zy1 — z)?
Z_T <X’ (3.21)

i=1 ilI

with the conditional LS-estimator Z; 7, and the conditional variances a?ll that come from
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matrix D. From equation (3.21) the n intervals that are used for the search follow as:
(21— 21) < ofx®

(291 — 22)% < 03, (X* — M) (3.22)

Besides the shape of the search space, also the size is important in order for the search
to be efficient. That means that it should not contain too many integer grid points. The
choice of x2 should therefore be such that the search space is small but at the same time
such that it is guaranteed that it contains at least one integer, or two integers in the
case the solution will be validated, see section 3.5. Since the bootstrapped solution gives
a good approximation of the ILS estimator and is easy to compute, and by definition
Iz — 2L5||%22 <|Iz- ZBH?%, the size of the search space can be chosen as:

X*=(2-2)"Q:" (2 ) (3.23)

If more than one candidate must be determined, bootstrapping can still be used to set
x2. The conditional estimates Zj|1 are then not only rounded to their nearest integer, but
also to the second nearest integer. In this way n + 1 conditionally rounded integers Zg ;
are obtained, for which also the squared norms R; = ||2 _ZB,j”?Qé are determined. They
are collected in a vector (R -+ R, 11) with the ordering R; < R;41, Vi=1,...,n. If
the requested number of candidates is [ < n+1, the size of the search space is chosen as
X2 = Ry since it is then guaranteed that the search space contains at least [ candidates.

Note that this approach to set the size of the search space is different from the one
described in De Jonge and Tiberius (1996), which is based on the relation between
the volume of the ellipsoid and the number of candidates it contains. This may result
in much larger search spaces. Note, however, that if more than n 4+ 1 candidates are
requested, the approximation based on the volume of the search space must be used.
In Teunissen et al. (1996) it was shown that the volume, V,,, is a good indicator of the
number of integers, IV, contained in an ellipsoidal region if this number is larger than
a few:

N, = [V,)] (3.24)
with

and U, the volume of the unit sphere in R™ which is given as U,, = ’/T%/F(%+].), where
I'(x) is the gamma function, see equation (A.11).

Once the size of the search space is set, the actual search can be carried out. In De Jonge
and Tiberius (1996), it is described how to do that in an efficient way.
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Table 3.1: Overview of ambiguity resolution methods.

Method Name References
Least-Squares Ambiguity Search Technique LSAST  Hatch (1990)

Fast Ambiguity Resolution Approach FARA Frei and Beutler (1990)
Modified Cholesky decomposition Euler and Landau (1992)

Least-squares AMBiguity Decorrelation Ad- LAMBDA Teunissen (1993)
justment

Null method Martin-Neira et al.  (1995);
Fernandez-Plazaola et al. (2004)

Fast Ambiguity Search Filter FASF Chen and Lachapelle (1995)

Three Carrier Ambiguity Resolution TCAR Harris (1997)

Integrated TCAR Vollath et al. (1998)

Optimal Method for Estimating GPS Ambi- OMEGA Kim and Langley (1999)
guities
Cascade Integer Resolution CIR Jung et al. (2000)

3.1.5 Other ambiguity resolution methods

Besides LAMBDA, several other ambiguity resolution methods have been described in
literature. Table 3.1.5 gives an overview of some well-known methods with references.
Only TCAR and CIR are based on the bootstrapping estimator, all other methods are
based on the ILS principle of minimizing the squared norm of residuals. The methods
essentially differ in the way the search space is defined. In Kim and Langley (2000),
some of the methods were conceptually compared. A comparison of LAMBDA with
CIR, TCAR, ITCAR and the Null-method is made in Joosten and Verhagen (2003),
Verhagen and Joosten (2004).

3.2 Quality of the integer ambiguity solution

The uncertainty of parameter estimators is captured by their parameter distribution.
For normally distributed data, the uncertainty is completely captured by the vc-matrix.
However, the GNSS model contains integer parameters to which this does not apply.
In this section, the distributional properties of both the real-valued and the integer
ambiguity parameters are described.

An important measure of the reliability of the fixed solution is the probability of correct
integer estimation, the success rate. Once the parameter distribution of the integer
estimator is given, the success rate can be determined. This will be the subject of
section 3.2.2.
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3.2.1 Parameter distributions of the ambiguity estimators

The float ambiguities are assumed to be normally distributed, i.e. @ ~ N(a,Qa), see
appendix A.2. The probability density function (PDF) of G reads then

fala) = (3.26)

1 1
W exp{—§||x - allé@}

where | - | denotes the determinant. The joint PDF of the float and fixed ambiguities is
given by:

faalz,2) = fa(z)s.(z), z€R",zeZ" (3.27)

with s, (z) the indicator function of equation (3.7). For the proof see (Teunissen 2002).
The marginal distributions of & and & can be recovered from this joint distribution by
integration or summation over respectively x and z. This gives the following distribution
function of the fixed ambiguities:

Pla=2z)= | faa(z,2)dz = [ fa(x)dz, 2€Z" (3.28)
[

It is a probability mass function (PMF), and is referred to as the integer normal distri-
bution for the ILS estimator. The three top panels of figure 3.7 show the marginal and
joint distributions of & and a.

The distribution of @ has some (desirable) properties, cf.(Teunissen 1998a; Teunissen
1998c). The first is that for all admissible integer estimators the distribution is symmetric
about a:

Pla=a—z)=Pla=a+2z), VzeZ" (3.29)

From this property it follows that all admissible estimators are unbiased:

E{a}= ) zPa=2)=a (3.30)

ZEL™
Another important property is that if a is the correct integer, the probability that this

integer is obtained as solution is always larger than the probability that another integer
is estimated:

Pla=a)> Pla=z, z€Z"\{a}) (3.31)

Finally, the ve-matrix of the fixed ambiguities follows from equation (3.28) as:

D{a} = Z (z—a)(z—a)TP(a=2)=Qa (3.32)

zEL™
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Figure 3.7: The joint and marginal distribution of @, @ and & PDF f;(z) (top left); joint
PDF fs,a(x,z) (top middle); PMF P(a = z) (top right); PDF fe 4(z,2) (bottom middle);
PDF f:(z) (bottom right).

3.2.2 Success rates

The success rate, Ps, equals the probability that the ambiguities are fixed to the correct
integers. It follows from equation (3.28) as:

P.=Pla=a) = [ fala)do (3.33)
Sa

It is a very important measure, since the fixed solution should only be used if there is
enough confidence in this solution. In Teunissen (1999a) it was proven that:

P(ais = a) > P(a = a) (3.34)

for any admissible integer estimator a. Therefore, the ILS estimator is optimal in the
class of admissible integer estimators. Furthermore, it was shown in Teunissen (1998d)
that:

P(ELR = a) < P((lB = a) (335)

Unfortunately, it is very complicated to evaluate equation (3.33) for the integer least-
squares estimator because of the complex integration region. Therefore, approximations
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have to be used. The most important approximations will be outlined here. An evaluation
is given at the end of this subsection.

Lower bound based on bootstrapping

The bootstrapped estimator has a close to optimal performance after decorrelation of
the ambiguities using the Z-transformation of the LAMBDA method. Therefore, the
bootstrapped success rate can be used as lower bound for the ILS success rate as was
proposed in Teunissen (1999a), since it is possible to give an exact evaluation of this
success rate, (Teunissen 1998d):

n
. 1
Pyp = P((lagr — ail < 5)
=1

= || P([aqs] = ai | [a1] = a1, ..., [@i—1j7-1] = ai—1)
i=1
%
ﬁ/l ex 1<x>2 dx
o V2T P13 0y

i)

with ®(z) the cumulative normal distribution of equation (A.7), and o;; the standard
deviation of the ith least-squares ambiguity obtained through a conditioning on the
previous I = {1, ..., — 1} ambiguities. These conditional standard deviations are equal
to the square root of the entries of matrix D from the LDLT-decomposition of the
vc-matrix Q5. In order to obtain a strict lower bound of the ILS success rate, the
bootstrapped success rate in equation (3.37) must be computed for the decorrelated
ambiguities Z and corresponding conditional standard deviations. Hence:

P s > f[ <2‘I’( ! ) — 1) (3.37)

2041

with o, the square roots of the diagonal elements of D from Q; = LDLT.

Upper bound based on ADOP

The Ambiguity Dilution of Precision (ADOP) is defined as a diagnostic that tries to
capture the main characteristics of the ambiguity precision. It is defined as:

1
n

ADOP = /1Qal" = []oi; (3.38)
1=1
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and has units of cycles. It was introduced in Teunissen (1997), and described and
analyzed in Teunissen and Odijk (1997). The ADOP measure has some desirable prop-
erties. First, it is invariant within the class of admissible ambiguity transformations,
which means for example that ADOP is independent of the chosen reference satellite
in the double difference approach, and ADOP will not change after the decorrelating
Z-transformation of the ambiguities. When the ambiguities are completely decorrelated,
the ADOP equals the geometric mean of the standard deviations of the ambiguities,
hence ADOP approximates the average precision of the transformed ambiguities.

In Teunissen (2000b) it was proven that an upper bound for the ILS success rate can be
given based on the ADOP:

< 2 <&
Pois<PpP (x (n,0) < ADOPQ) (3.39)
with
o — (5T(3))
71'

This upper bound is identical to the one presented without proof in Hassibi and Boyd
(1998).

Lower and upper bounds based on bounding the integration region

In Teunissen (1998c) lower and upper bounds for the ILS success rate were obtained by
bounding the integration region. Obviously, a lower bound is obtained if the integration
region is chosen such that it is completely contained by the pull-in region, and an upper
bound is obtained if the integration region is chosen such that it completely contains
the pull-in region. The integration region can then be chosen such that the integral is
easy-to-evaluate. In (ibid) the integration region for the lower bound was chosen as an
ellipsoidal region C, C S,.

The upper bound can be obtained by defining a region U, D S,, with S, as defined in
(3.17):

Q" (a—a)
lellqa

Note that the w in this expression can be geometrically interpreted as the orthogonal
projection of (@ — a) onto the direction vector c¢. Hence, S, is the intersection of banded
subsets centered at @ and having a width ||c||g,. Any finite intersection of these banded
subsets encloses S,;, and therefore the subset U, could be chosen as

1
Se={aeR"||w| < §Hc||Qd, YeeZ"} with w= (3.40)

. " 1 .
U,={aeR"||w < §||ci\|Q&,z:l,...,p}DSa

with w; ~ N(0,1). The choice for p is still open, but a larger p will result in a sharper
upper bound for the success rate. However, if p > 1 the w; are correlated. This is
handled by defining a p-vector v as

Wy

’U:(’Ul,...,vp)T with UZ'ZW
illQa
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Then U, = {@d € R" | .r_%l\m < %} Therefore, the probability P(a € U,) equals

the probability that component-wise rounding of the vector v produces the zero vector.
This means that P(a € U,) is bounded from above by the probability that conditional
rounding, cf.(Teunissen 1998d), produces the zero vector, i.e.:

PﬂsgP@elgygf[G@(])—l> (3.41)

with oy, , the conditional standard deviation of v;. The conditional standard deviations
are equal to the diagonal entries of the matrix D from the LDL”-decomposition of the
vc-matrix of v. The elements of this vc-matrix are given as:

TA—1 .
¢ Qi ¢
Uvivj -

leilld, llesliz,

In order to avoid the conditional standard deviations becoming zero, the vc-matrix of
v must be of full rank, and thus the vectors ¢;, i = 1,...,p < n need to be linearly
independent.

The procedure for the computation of this upper bound is as follows. LAMBDA is
used to find the ¢ >> n closest integers ¢; € Z" \ {0} for @ = 0. These ¢ integer
vectors are ordered by increasing distance to the zero vector, measured in the metric
Q4. Start with C = ¢, so that rank(C) = 1. Then find the first candidate ¢; for which
rank(ci ¢j) = 2. Continue with C' = (¢1 ¢;) and find the next candidate that results in
an increase in rank. Continue this process until rank(C) = n.

In Kondo (2003) the correlation between the w; is not taken into account, which means
that instead of the conditional variances, simply the variances of the v; are used. Then
the following is obtained:

p 1 P
Ul <2c1>(2%) -~ 1) = HPS,Z-

with the P, ; equal to

2 1 2?
Ps,i = \/%O_ /exp {—5—02 } dZU (342)
i 0 Ch

It is known, cf.(Teunissen 1998d), that

f[(z@( ! )—1)<P(ana)

i=1 200,

This means that it is only guaranteed that Kondo's approximation of the success rate
is a lower bound if P(a € U,) is equal to the success rate. This will be the case if p is
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chosen equal to half the number of facets that bound the ILS pull-in region. So, it is
required to know this number, but in practice only the bounds are known:

n<p<2" -1

If pis chosen to be smaller than half the number of bounding facets, it is not guaranteed
that the approximation gives a lower bound. On the other hand, if p is chosen to be
larger than required in order to guarantee that P(a € U,) = P(a € S,), the lower bound
is less strict since the lower bound is defined as a product of probabilities which are all
smaller or equal to one. Note that p may become very large when many satellites are
visible. For instance, with 6 visible satellites and two frequencies available, the number
of unknown ambiguities for one epoch is n = 10, and p < 2™ — 1 = 1023.

It is possible to find all adjacent integers, but it is computationally demanding. First,
note that it is not always the case that the 2p adjacent integers are also the 2p closest
integers. Therefore, a large set of integers ¢; must be selected, in the same way as for
the computation of the upper bound described above, but now with ¢ >> 2(2™ — 1).
For each integer in this set it must be checked if it is adjacent, which is the case if %ci
lies on the boundary of both the pull-in regions Sy and S,,. This is the case if:

1 1 . 1
||§Cz‘ - 03, = ||§Ci —cillg, = ?EHZI}LH§Q - 2|3, (3.43)

Note that if ¢; is selected as adjacent integer, —c; must not be included in the set
C = (c1 ...,cp) adjacent integers that is used to compute the lower bound.

Approximation based on ADOP

Until now only lower and upper bounds of the ILS success rate were given. If these
bounds are sharp, it is very useful to know whether an approximation is a lower or upper
bound, since in general a user will choose a minimum required success rate. If the
lower bound is below this minimum, the user will not have enough confidence in the
fixed solution — although there is still a probability that the actual success rate is large
enough. An upper bound could be used in a similar way: if it is below a certain threshold
value, one cannot expect ambiguity resolution to be successful.

Instead of a lower and/or upper bound, it is also possible to use the following approxi-
mation:

1

Pors = Q0(p55p) — V"

(3.44)
In Teunissen (2003b) it was proven that this is an invariant upper bound of the boot-
strapped success rate, and it is equal to the bootstrapped success rate when all ambigu-
ities are completely decorrelated. Since the bootstrapped success rate is used as a lower
bound for the ILS success rate, the bootstrapped upper bound is expected to be a good
approximation of the ILS success rate. The reason is that the ADOP approximates the
average precision of the transformed ambiguities, and can therefore be used to replace
the individual conditional standard deviations in equation (3.37).
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Figure 3.8: Upper and lower bounds for the success rate in the 2-D case as function of f
with ve-matrix %Qa,ref.

Evaluation of the approximations

In order to evaluate the lower and upper bounds of the success rate, simulations are
used. The procedure is explained in appendix B. The results were also presented in
Verhagen (2003).

First the two-dimensional case is considered, using:

11 0.0216 —0.0091
@:= 7l 00001 002120 0</=!
for different values of f. The results are shown in figure 3.8. The left panel shows the
two upper bounds and the success rates from the simulations. Obviously, the ADOP-
based upper bound is very strict and is always much better than the upper bound based
on bounding the integration region. The panels on the right show the lower bounds. It
follows that for lower success rates (< 0.93) the bootstrapped success rate is the best
lower bound. For higher success rates the success rate proposed by Kondo works very
well and is better than the bootstrapped lower bound.

Table 3.2 shows the maximum and mean differences of the approximations with the
success rate from simulation. From these differences it follows that the ADOP-based
approximation, the bootstrapped lower bound and the ADOP-based upper bound are
best.

Because of its simplicity the geometry-free model is very suitable for a first evaluation,
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Table 3.2: Two-dimensional example. Mean and maximum difference between success rate,
Ps, based on simulations and the approximations. The success rate for which the maximum
difference is obtained is given in the last row.

LB bootstr. LB region UB ADOP UB region ADOP
mean difference | 0.005 0.018 0.001 0.018 0.004
max. difference | 0.010 0.105 0.003 0.065 0.009
P 0.805 0.388 0.833 0.559 0.805

Table 3.3: Approximated success rates using simulations (sim.), the lower bounds based on
bootstrapping (LB bootstr.) and bounding the integration region (LB region), the upper
bounds based on ADOP (UB ADOP) and bounding the integration region (UB region), and
the approximation based on ADOP (ADOP).

example | sim. LB bootstr. LB region UB ADOP UB region ADOP
2-D 1.000 0.999 1.000 1.000 1.000 0.999
0601 0.818 0.749 0.698 0.848 0.942 0.765
0602 0.442 0.410 0.118 0.475 0.626 0.417
10_01 0.989 0.976 0.988 0.999 0.992 0.978
10.03 0.476 0.442 0.126 0.681 0.661 0.525

though it is more useful to know how well the approximations work in practice. Therefore,
simulations were carried out for several geometry-based models, see appendix B. The
resulting lower and upper bounds are shown in table 3.3. The first row shows the results
for the two-dimensional vc-matrix with f = 1.

The results show that Kondo's lower bound works very well for a high success rate, but in
general the bootstrapped lower bound is much better. It can be concluded that Kondo's
lower bound seems to be useful only in a few cases. Firstly, to obtain a strict lower bound
the precision should be high, so that the success rate is high. Even then, it depends
on the minimum required success rate whether or not it is really necessary to use the
approximation: if the bootstrapped success rate is somewhat lower than this minimum
required success rate, Kondo's approximation can be used to see if it is larger. The
minimum required success rate could be chosen such that the fixed ambiguity estimator
can be considered deterministic. In this case, the discrimination tests as used in practice
can be used, see section 3.5.

An advantage of the bootstrapped success rate is that it is very easy to compute,
since the conditional variances are already available when using the LAMBDA method.
The computation of Kondo's lower bound is more complex, since for high-dimensional
problems the number of facets that bound the pull-in region can be very large.

It is difficult to say which upper bound is best. For the examples with only four visible
satellites the ADOP-based upper bound is better than the one obtained by bounding
the integration region, but in the examples with more satellites the latter is somewhat
better. All bounds are best in the case of high precisions, i.e. high success rates. All
in all, one can have a little more confidence in the ADOP-based bound, since its overall
performance, based on all examples, is slightly better. An advantage of the ADOP-
based upper bound is that it is easy to compute, whereas using the upper bound based
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on bounding the integration region brings the problem of determining the n closest
independent integers to the zero vector.

The approximation based on ADOP performs quite well for the examples shown here.
Except for example 10_03, this approximation is smaller than the empirical success rate,
and better than the lower bound. The vc-matrix of example 10.03 is obtained for a
relatively long baseline and its dimension is equal to 10. This results in conditional
standard deviations of the transformed ambiguities that may differ considerably from
the approximate average given by ADOP. This explains why the approximation is not so
good in this case.

3.2.3 Bias-affected success rates

In section 2.5.1 the minimal detectable effect (MDE) was introduced as a measure of the
impact of a certain model error on the final solution. Using equation (2.77) the impact
on the float solution can be computed, but for high-precision GNSS applications it would
be more interesting to know the impact on the fixed solution. For that purpose, one
could compute the effect of a bias in the float ambiguity solution, Va, on the success
rate. This so-called bias-affected success rate can be computed once Va is known, see
(Teunissen 2001a). The bootstrapped success rate in the presence of biases, and after
decorrelation so that the bias is V2 = Z7Va, becomes:

1 1
Poig=2)= | ——— ——|lz = V2|%.}d
Vs =)= [ o eplgle - VAl b
So,B
1 1
= ———exp{—=|ly — L7'V3||% }dy, 3.45
Dl p{ 2Hy D}y (3.45)
Fﬁl(SQYB)

where the transformation F': y = Lz was used, so that the bootstrapped pull-in region
is transformed as:

1
F_l(S(),B) ={y e R"| |clTy\ < 2 i=1,...,n}

with ¢; the vector with a one as ith entry and zeros otherwise. The transformed pull-in
region equals an origin-centered cube with all sides equal to 1. Since D is a diagonal
matrix, the multivariate integral can be written as:

_ n 1 1 [y —TLvz\?
Pg(ig =2) = H / T o eXP{—§ (y ) Hy;
= L Oilr

. g1
Flyi<d
1—2¢] L= tvz
n 2057
1 1,
= ——exp{—=v°}dv
il:[l / 5= exp{—5v"}
- 1+2c;.TL—1V£
- 2041
& 1—2cTL7'V3 142 L-1Vz
= H o 1-2¢ L V2 +d 1432 L7 VZ) 1 (3.46)
- QO'Z' I 20'7; T
=1 I ‘
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The bias-affected success rate is a useful diagnostic tool in order to study the impact of
biases on ambiguity resolution. For example one could study the impact of unmodeled
ionospheric errors or multipath, see (Teunissen et al. 2000; Joosten et al. 2002).

3.3 The ambiguity residuals

The ambiguity residuals are defined as:
E=a—a (3.47)

These residuals can be used as a measure of the inconsistency between the data and the
model. In order to measure the significance of the inconsistency also their probabilistic
properties are needed. In practice it is often assumed that the fixed estimator & is
deterministic, so that the residuals simply take the same probability distribution as the
float ambiguities, i.e. a normal distribution. This assumption, however, is not correct.
It should only be used if the PDF of the float ambiguities is sufficiently peaked, so that
the probability mass in S, is very close to one.

3.3.1 Parameter distribution of the ambiguity residuals

In Teunissen (2002) and Verhagen and Teunissen (2004c) it was shown how the PDF
of the ambiguity residuals can be constructed. Here a somewhat different approach will
be followed.

Let R C R™ be an arbitrary subset. Then
PéeeR)=Pla—aecR)
=Y Pla-acR,acS.)

ZEL™
=) Pla-zeR,a€8.)
zZEL™
=Y P@ac{R+z}nS5.)
EISYAL
= Z / fa(z)dx use change of variable y =z — 2

zZEL™ {Rtz}N 5.

ZZ /fa(y+z)dy

zZEL™ RN So

— [ ¥ falo+ oo

R ZEL™

with so(x) the indicator function, see equation (3.7). Since the above equation holds
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for any R, it follows that the PDF of ¢ is given as:

= Z fa(z + 2)so(x)

ZEZL™

1 ) eXp{—%Hm—a—FzHéa}So(x) (3.48)

~ VIQalem)in =,

Note that f:(z) is only sensitive to the fractional part of a, that is the departure from
integerness if a ¢ Z™. But in general it is of course assumed that a € Z", and then a
can be eliminated from equation (3.48) because of the infinite sum over all integers.

As was shown in Teunissen (2002) and Verhagen and Teunissen (2004c), the joint PDF
of & and € is given by f: (2, 2) = fa(x + 2)so(z). Figure 3.7 shows all steps required
for the construction of the PDF of the ambiguity residuals in the one-dimensional (1-D)
case. The PDF of a (top left) is plotted along the x-axis, the PMF of a (top right) along
the z-axis, and the joint PDF (top middle) is plotted in the xz-plane. lts construction
from the marginal PDF and PMF can be seen as follows. First, the parts of the PDF of a
are sliced out that correspond to all pull-in regions. For the 1-D case, the pull-in regions
simply are intervals with length 1, centered at the integers, S. = {z € R| |z — 2| < 1}.
These slices are then translated along the z-axis to the corresponding integers z. The
joint PDF of ¢ and a (bottom left) follows from another translation of the slices, but
now along the z-axis, so that they are all centered at the mean value x = 0. The PDF
of € (bottom right) is finally obtained by a summation over z, i.e. all slices are again
translated along the z-axis to the origin.

Unfortunately, it is not possible to evaluate the PDF of the ambiguity residuals exactly
because of the infinite sum over all integer vectors in Z™. It is therefore required to
choose a finite subset © C Z™ that will give a good approximation, see (Verhagen and
Teunissen 2004b). This will be the case if:

1
—in—a—&—uHéa}%O (3.49)

In order to have a high probability that (3.49) holds, © should be chosen as:

©={ze€2Z"| exp{——Hx —a+zlp,} > A} (3.50)

NIH

-
|Qal(2m)z"

with A very small, so that the contribution of all u € Z™\© to the infinite sum of
equation (3.48) can be neglected. This holds true if the probability

1
exp{—§||x —a+ Z”QQa} > \)

1
Pl—————
(\/|Qa|(277)§"
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is close to one. This probability can be computed as follows:

1 1
P(————exp{—=|z—a+z2[3,} > A
(\/m(Zn_)En eXp{ 2”3j a Z”Qa} )
=fa(z+z)
= P(|z —a+ 2]}, < —2In(\/[Qal(27)2")) (3.51)

X2
=P(la—ald, <x?

This probability can be computed since ||a — a||2Q& ~ x?(n,0), see appendix A.2.2.

Summarizing, this means that f¢(z) can be approximated by:

1 1
fe(x) = W ;exp{—gllx + Z“éd}so(m) (3.52)
with
O={z€Z"||lz+ ZH%Q <x?} (3.53)

where a € Z" is eliminated from equation (3.48), and x? as defined in equation (3.51).
So, the integer set contains all integers z within the ellipsoid centered at —x and its size
governed by .

3.3.2 PDF evaluation

Figure 3.9 shows f:(x) under Hy for different values of o in the one-dimensional case
(n =1). Also the extreme cases, 02 =0 and 02 — oo, are shown. In the first case, an
impulse PDF is obtained, in the second case a uniform PDF. Note that the unit of o is
cycles.

It can be seen that the PDF becomes peaked if the precision is better, i.e. o | 0. In
that case most of the probability mass of the PDF of G is located in the pull-in region
Se. This is the case for 0 = 0.1. For ¢ > 0.3 (right panel) the distribution function
becomes flat, and already for ¢ = 1 the PDF is very close to the uniform distribution.

Figure 3.10 shows the PDFs of @, Z and ¢ obtained for the three admissible estimators.
The following vc-matrices (original and Z-transformed) were used:

49718 3.8733 0.0865 —0.0364
Qa = (3.8733 3.0188) Q= (—0.0364 0.0847) (3.54)
These vc-matrices are obtained for the dual-frequency geometry-free GPS model for
one satellite-pair, with undifferenced code and phase standard deviations of 30 cm and
3 mm, respectively. The results were evaluated in Verhagen and Teunissen (2004c).

Especially for the bootstrapped and the ILS estimator, the shape of the PDF of the
residuals 'fits" the shape of the pull-in region quite well. The PDFs are multi-modal for
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Figure 3.9: PDF of ¢ for different values of o.

the untransformed vc-matrices, but not for the Z-transformed vc-matrices. However,
the shape of the PDF near the boundaries of the pull-in region is clearly different from
the shape of the PDF of a. This shows that in all cases the fixed ambiguity estimator
should not be considered deterministic, since that would result in the assumption that
fe(x) := fa(x 4+ a). This is only true if all the probability mass of é is located in the
pull-in region S,.

Figure 3.11 shows the ellipses that correspond to the vc-matrices of @ and Z, and to the
vc-matrices of the ambiguity residuals.

Approximation

In section 3.3.1 it was explained that only an approximation of the PDF of ¢ is possible by
replacing the infinite sum over all integers in equation (3.48) by a sum over a finite set of
integers. It is investigated here how good the approximations work for different choices
of A, which determines the integer set, see equation (3.51). For that purpose, 10,000
samples of float ambiguities were generated using simulation for various vc-matrices, see
appendix B. The corresponding ambiguity residuals were determined, so that the PDF
of these parameters could be determined.

The results for the 2-D case are shown in figure 3.12. Besides Q5 9201, also ng_OQ_Ol
and 4Q):.02.01 were used in order to study the effect of higher/lower precision. The
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Figure 3.11: Ellipses corresponding to the vc-matrices of the float ambiguities (grey) and
the ambiguity residuals (black). Left: for Qa; Right: for Q:.

horizontal axis gives the value of a:
a=1-P(la-al3, <x?), (3.55)

see equation (3.51).

The 'correct’ values, f£(x), were computed for all samples using a very large integer set.
Then the difference with the approximations df = f£(z) — f&(x) were computed. The
top panels show along the vertical axes:

=N (n )
ean error
y )
y = arg max(df), (maximum error)

where N is the number of samples.

It follows that for lower precision — top panels — a large integer set is required in order
to get a good approximation. Note that the number of integers in the set © depends
on the sample value of ¢, since the ellipsoidal region is centered at —¢.

The results for the geometry-based examples are summarized in table 3.4. For each
example, four different integer sets were chosen, based on the choice of «, see equation
(3.55). The corresponding value of A in equation (3.51) is also given. The largest of
these sets was chosen such that the error in the approximation of the PDF was small
enough to be neglected. It follows that the approximation errors have the same order as
a. So, with o = 1079 the errors are small, and the number of integers in the set © is
also small enough to guarantee reasonable computation times.

3.4 Quality of the fixed baseline estimator

The distributional properties of the ambiguity parameters were discussed in the preceding
sections. A user, however, will of course be mainly interested in the quality of the baseline
solution. In this section, the distributional properties of the fixed baseline estimator will
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Table 3.4: Order of the mean and maximum approximation errors in fe(x). N equals the

minimum and maximum number of integers used.

« A mean  maximum N,
0601 | 1071 1078 | 10716 10°%° 753-850
1072 1074 | 10712 107'2 347-407
10-% 107 | 107% 1078 112-155
10°¢ 1077 | 107% 10°¢ 53-87
06.02 | 1071 1071 | 10717 1071 4730-4922
1072 10715 | 10712 10712 2203-2379
10-% 10719 | 107% 1078 785-879
107 10® |10¢ 1076 357-442
10.01 | 10716 107! [ 10716 10714 274-345
1072 1074 | 10712 1072 80-121
10 107° |10 10°® 11-31
10°¢  107% | 107% 107 2-14
10.03 | 10716 10720 | 1017 10715 44323-45452
10712 10716 | 107!2 10712 14535-15048
10-% 1071 | 107®% 1078 2959-3330
10°¢ 107 | 107% 10°¢ 1007-1215

be presented. Furthermore, some baseline probabilities will be given that can be used to

obtain a quality assessment of the fixed baseline solution.

3.4.1 Parameter distributions of the baseline estimators

The float baseline solution is assumed to be normally distributed, i.e. b~ N(b,Q;).
The PDF of b reads then

fi(x) =

1
VIQsl(2m)2r

The conditional PDF is given by:

fyalel2) =

Qija = @ — @3aQ ' Quiy-

The distribution function of the fixed baseline parameters, f;(x), was derived in Teunis-

Quality of the fixed baseline estimator

1
exp{ 5l — b3, )

1 1
= exp{— [z~ b(2)Il},  }
V1 Qijal(2m) 2" 2 sia

with conditional mean b(z) = b — Q;,Q; '(a —

(3.56)

(3.57)

z), and conditional variance matrix
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Figure 3.13: Example of the multi-modal PDF of b and the corresponding uni-modal PDF
of b.

sen (1998e;2002) as

©) = > fyalzlz)P(a=2) (3.58)

ZEL™

So, although the model (3.1) is linear and the observations are normally distributed,
the distribution of the fixed baseline solution is not normal, but multi-modal. Since

( )= b— Q. Q% !(a@—2z) it follows that the peaks are centered at z = Qi lez, zEeL"
and their height depends on P(a = z). Figure 3.13 shows an example of the multi-modal
PDF of b and the corresponding PDF of b.

From equations (3.4) and (3.30) it follows that the fixed baseline estimator is unbiased:
E{b} =b—-Q;,Q; (e — E{a}) =b (3.59)
When the propagation law of covariances is applied to equation (3.4), it follows that

Q= Q@ — Q4,Q7 ' Qup + Q3207 ' QaQ; ' Qs (3.60)
= Qi,m + Qz}ngleleQd{, (3.61)

So, only if Q5 = 0 the precision of the fixed baseline estimator is equal to that of the
conditional baseline estimator. Equation (3.32) shows that Qz =~ 0 if the probability
that a wrong integer is estimated can be neglected.

If the ambiguities are fixed incorrectly, this may result in a fixed baseline solution that
is worse than the float solution. In section 3.2.2 it was explained that it is therefore
important to check whether or not one can have enough confidence in the correctness
of the fixed ambiguity solution. But this does still not tell anything on the quality of the
fixed baseline.

54 Integer ambiguity resolution



3.4.2 Baseline probabilities

The quality of the fixed baseline solution could be evaluated by means of the probability
that b lies in a certain convex region E, C RP symmetric with respect to b. This
probability follows from equation (3.58) as:

PheBy) =) /fbl 2)dzP(d = z) (3.62)

ZE€EL™

The infinite sum in the equation cannot be evaluated exactly and therefore in practice
a lower and upper bound can be used, (Teunissen 1999b):

P(b(a) € Ey)P(a=a) < P(b e Ey) < P(b(a) € Ey) (3.63)

These bounds become tight when the success rate P(d = a) is close to one. In that
case also the following is true:

P(be Ey) ~ P(b(a) € Ey) > P(b e E) (3.64)
The ve-matrix of the conditional baseline estimator, Qé|a is often used as a measure of

the fixed baseline precision. Therefore, this ve-matrix will be used in order to define the
shape of the confidence region E}, so that it takes the ellipsoidal form:

By = {x ER" | (w—b)TQ; (z—b) < 52} (3.65)

The size of the region can thus be varied by the choice of 5. Then:

P(be Ey) = P(Ib—bllg, , < 6% = D POCP(p,A:) < )P(a = 2) (3.66)

ZeZn

with x%(p,\.) the non-central x2-distribution with p degrees of freedom and non-
centrality parameter A, :

Ao = V013, . Ve = Q3,Q7 ' (= — a) (3.67)
The interval of (3.63) becomes now:

o < P(Ih— b, <6 < o (369)
with

a1 =aP(@=a) and ay = P(x*(p,0) < 3?)

By choosing the confidence level a1, the success rate can be used to determine as,
which finally can be used to compute 8 with the aid of the y2-distribution.

Equation (3.68) is useful in order to decide whether or not one can have enough con-
fidence in the fixed solution, although it will be difficult to know what value of 3 is
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acceptable. Moreover, the bounds will only be tight if the success rate is high. Further-
more, it is also interesting to compare the 'quality’ of the float and the fixed baseline
estimators. For that purpose, the probabilities P(B € Ey) and P(l; € E}) can be con-
sidered, with Fj identical in both cases. But then the choice of the region Ej is not
so straightforward; with equation (3.65) it is not possible to give an exact evaluation of
P(b € Ey). Another option is therefore to consider the probabilities:

P(Ib b3, <) and P(lb- b, < ) (3.69)

The first probability can be evaluated exactly since ||IA)—b||g25 has a central y2-distribution.
The second probability, however, cannot be evaluated exactly.

Until now the quality of the complete baseline estimator was considered. However, a
user will be mainly interested in the baseline increments, whereas the baseline estimator
may contain other parameters as well, such as ionospheric delays. Therefore, it is more
interesting to look at the probabilities

P(Hl;:rr —b.|| <B) and P(HBI — b <) (3.70)

where the subscript z is used to indicate that only the baseline parameters referring to
the actual receiver position are considered, i.e. b, = rg from equation (2.39). So,
|b — bz is the actual distance to the true receiver position.

Examples

It is possible to evaluate the baseline probabilities using simulations. Examples 06_01
and 06.02 from appendix B will be considered here. A large number of float baseline
estimates was generated, and for each float sample the corresponding fixed baseline
was computed. The vc-matrix of the fixed baseline estimator was determined from the
samples. Figure 3.14 shows the various baseline probabilities. It can be seen that the
bounds of equation (3.68) are generally not strict (shown in grey), and it is difficult to
interpret the probabilities with E}, chosen as in equation (3.65). More examples and an
evaluation of the results will be given in chapters 4 and 5, when the performance of the
float and fixed estimators is compared to that of new estimators introduced in those
chapters.

3.5 Validation of the fixed solution

A parameter estimation theory cannot be considered complete without rigorous mea-
sures for validating the parameter solution. In the classical theory of linear estimation,
the vc-matrices provide sufficient information on the precision of the estimated parame-
ters. The reason is that a linear model applied to normally distributed (Gaussian) data,
provides linear estimators that are also normally distributed, and the peakedness of the
multivariate normal distribution is completely captured by the vc-matrix.
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Figure 3.14: Float (dashed) and fixed (solid) baseline probabilities for examples 06_01 (top)

and 06.02 (bottom).

Left: P(||lb—bl[3, <B%) and P(|lb—b]3, < 5°).
Center: P(Héfb”éw < A% and P(Hbfbugw < B%).
Right: P(|[b; —bo|| < 8) and  P(|[bs — bs|| < B).
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Unfortunately, this relatively simple approach cannot be applied when integer parameters
are involved in the estimation process, since the integer estimators do not have a Gaussian
distribution, even if the model is linear and the data are normally distributed. Instead of
the vc-matrices, the parameter distribution itself has to be used in order to obtain the
appropriate measures that can be used to validate the integer parameter solution.

In the past, the problem of non-Gaussian parameter distributions was circumvented by
simply ignoring the randomness of the fixed ambiguity estimator. Several testing pro-
cedures for the validation of the fixed solution have been proposed using this approach.
This section will give an overview and evaluation of these procedures, taken from (Ver-
hagen 2004).

3.5.1 Integer validation

The first step in validating the float and fixed solution is to define three classes of
hypotheses, (Teunissen 1998b). In practice the following hypotheses are used:

Hy:y= Aa+ Bb+e, a€R" beRP ecR™
Hy:y e R™, (3.71)
Hjz:y= Aa+ Bb+e, beRP e R™

with @, = 0?G,, for all hypotheses.

In hypothesis H7 it is assumed that all unknown parameters are real-valued. In other
words, the constraint that the ambiguities should be integer-valued is ignored. The float
solution is thus the result of least-squares estimation under H;.

In the third hypothesis the integer constraint is considered by assuming that the correct
integer values of the ambiguities are known. The values are chosen equal to the fixed
ambiguities obtained with integer least-squares. Hence, the least-squares solution under
Hj3 corresponds to the fixed solution. Clearly, the first hypothesis is more relaxed than
the third hypothesis, i.e. H3 C Hj.

The second hypothesis does not put any restrictions on y and is thus the most relaxed
hypothesis.

It will be assumed that the m-vector of observations y is normally distributed with a zero-
mean residual vector e. The matrix G, is the cofactor matrix of the variance-covariance
matrix @, and o2 is the variance factor of unit weight. The unbiased estimates of o2
under H; and Hj respectively are given by:

ST —13 A
H 67— etG, e _ Q
' m-n—p Mm-—-n-—p
eTGle Q
Hs: 5% = m_yp =y (3.72)

The denominators in (3.72) are equal to the redundancies under the corresponding
hypotheses.
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Since H3 C H, C Hs, starting point is to test H; against Hy. This will answer the
question whether or not the model on the basis of which the float solution is computed
may be considered valid or not. This is important, since the data may be contaminated
by undetected errors and/or the model may not represent reality because some physical
or geometrical effects are not captured correctly (e.g. multipath, atmospheric delays).
The test statistic that allows to test H; against Hs is given by g—z and H; is accepted
when

6.2

2 < Fy(m —n—p,00,0) (3.73)

where F,(m — n — p,00,0) is the critical value that corresponds to the central F-
distribution, F'(m — n — p,00,0), and the chosen level of significance a. This test is
identical to the overall model test in section 2.5.2.

If the value of the test statistic has passed the test in expression (3.73), the next step
is to verify whether or not hypothesis H3 may be considered valid. This means testing
Hs against H;. Alternatively, one could test H3 against Hy in the case one is not sure
if the first hypothesis is true. This would result in the following test:

62

2 < Fy(m — p,00,0) (3.74)

However, testing Hs against H; is more powerful and focuses on the question whether

the fixed ambiguity vector @ may be considered valid. The test statistic is given by
A o NT ~—1/a =«

W which is distributed under H3 as F'(n,00,0). Hence, the fixed ambi-
guities are considered valid if:

(@-a)’G'(a—a) R
e =3 < F,(n,00,0) (3.75)

Note that from equation (3.14), with the last term equal to zero, it follows that:

Ri=(a—a) G (a—a)=¢'G,le—e"Gle=0 -0
This shows that test (3.75) can also be expressed in terms of the test statistics of (3.73)

and (3.74).

The test in (3.75) is based on the distance - as measured by the metric Q) - between the
float and fixed solution. This is reasonable, since one would not have much confidence
in the fixed solution if the distance to the float solution is large. In that case one should
not use the fixed solution and instead stick to the float solution and/or gather more data

so that the estimation and validation process can be repeated.
The value of the variance factor is not always known. In that case o2

by 2, so that the test becomes:

Ry

noé2

can be replaced

< Fo(n,m —n—p,0) (3.76)

The means of the test statistics of (3.73), (3.74) and (3.75) are all equal to one, whereas
the mean of the test statistic of (3.76) equals (m —n — p)/(m —n — p — 2), which is
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always larger than one. This shows that the distributions of the tests (3.76) and (3.75)
approach each other in the case m — n — p is large. Note that the test statistic in
equation (3.76) is assumed to have an F-distribution, which is only the case if {2 and
R are independent. In general this is not true.

3.5.2 Discrimination tests

The tests of (3.75) and (3.76) do not give information on the likelihood of the fixed
solution as compared to another set of integers. There might be another integer vector,
say a’, that results in a value for the test statistic that passes test (3.75). Of course it is
known that the likelihood of the fixed solution & is always larger than the likelihood of any
other integer vector in the case it was obtained with integer least-squares estimation.
However, if the likelihood of & is not sufficiently larger than the likelihood of @/, the
two solutions cannot be discriminated with enough confidence. Therefore, the ratio of
5'2/5% seems an intuitively appealing test statistic. If this ratio is significantly larger
than one, @ is considered far more likely than a’. So, a is validated against any other a’
when:

52 Q- (377)
in which k > 1 is the chosen critical value. This test is referred to as the F-ratio test. It
only needs to be carried out with @’ chosen as the second-best integer estimate obtained
with integer least-squares, which will be denoted as G with corresponding &3. If the
test is passed in that case, it will pass for any other choice of @'.

Note that the choice of the critical value is not trivial. In practice, it is often assumed
that the test statistic has an F'-distribution, so that the critical value can be based on
a choice of the level of significance. However, as mentioned in Teunissen (1998b) this
is not correct since 55 and G2 are not independent. Still, the test in (3.77) is often
used and seems to work satisfactorily, see e.g. (Frei and Beutler 1990; Abidin 1993). In
Landau and Euler (1992) it is proposed to use the same test statistic but with a critical
value of 2.

Variations of test (3.77) are also proposed in literature. For example, Euler and Schaffrin
(1991) use the so-called ratio test given by:

—= >k (3.78)

with Ry = (& — a2)T G (a — as). This ratio test is derived by applying the classical
theory of hypothesis testing. Three hypotheses are considered:

Hy:a=a, Hi:a=a Hy: a=as (3.79)

The following test statistics are then defined:

R; .
T = 2~F(n,m—n—p,)\i)7221,2 (3.80)

no
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where F'(n,m —n — p, \;) denotes the non-central F-distribution with non-centrality
parameter \;.

The probability of incorrectly accepting Hy when in fact H; is true, [3;, is given by:
Fy(n,m—n—p,0)
B = / fri(x | n,m—n—p,\)dx (3.81)
0

where fr,(x|n,m —n —p, ;) is the PDF of T} and F,,(n,m —n — p,0) is the critical
value of a given false alarm rate, a.

By choosing «, (1, and (33, the corresponding non-centrality parameters, \;(a, 3;), can
be determined. Finally, the critical value of test (3.78) is then determined as:

A1(a, B1)
However, the determination of the non-centrality parameters such that the probabilities
0; are obtained, is not straightforward. Moreover, the choice of these probabilities is not
obvious. Euler and Schaffrin (1991) used test computations, from which followed that a
critical value between 5 and 10 should be chosen depending on the degrees of freedom.

In literature it has also been proposed to use a fixed critical value instead of using
equation (3.82).

Wei and Schwarz (1995) propose to use the test with a critical value of & = 2. They
do not claim that there is a theoretical justification for using this test. Moreover, they
acknowledge that it is risky to apply the test to an individual epoch in the case of poor
satellite geometry or noisy observations. Therefore, it is proposed to apply the test to
all epochs in a time period of 30-60 seconds, and only accept the integer solution if the
same solution is accepted for all epochs. It is mentioned that the test is conservative.

Han and Rizos (1996a) showed that good results can be obtained with the ratio test
with a critical value of & = 1.5 if one can have confidence in the correctness of the
stochastic model. For their experiments this was accomplished by applying satellite
elevation-dependent weighting, with the weights determined for the receiver at hand.

In many software packages a fixed value for the ratio is used, e.g. k =3 (Leick 2003).

An alternative test, proposed by e.g. (Han and Rizos 1996b), is to combine test (3.76)
with the following test:

Ry

né2

> Fy(n,m—n—p,0) > F,(n,m —n —p,0) (3.83)

Only if both tests are passed @ is accepted. For that purpose F,(n,m —n—p,0) should
be chosen sufficiently larger than F,(n,m —n — p,0) in order to guarantee that ds is
much less likely than a.

In Chen (1997) a similar approach is followed, but here the test is defined as:
Q2 > x5(m—p,0) and Q< xj(m—p,9) (3.84)
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where x2(m —p,0) is the critical value corresponding to the central x2-distribution with
level of significance o (= probability in right-hand tail); X%(m — p,d) is the critical
value corresponding to the non-central y2-distribution with probability 3 (= probability
in left-hand tail) and non-centrality parameter:

§=(a—a)"G; (a— a2) (3.85)

Still another approach would be to look at the difference of the quadratic forms R; and
R, see (Tiberius and De Jonge 1995). First, test (3.76) is carried out. When it is
passed, the next step is to perform the difference test:

Ry — Ry > 0%k (3.86)

It will be clear, that again the problem with this test is the choice of the critical value
k, only an empirically determined value can be used.

Another test worth mentioning is the one proposed in Wang et al. (1998):
Qy —Q
622V/6

where t,(m — n — p) is the critical value corresponding to the Student’s ¢-distribution,
see appendix A.2.4. In order to arrive at this result it is stated that the difference
d = Qy —Q = Ry — Ry has a truncated normal distribution. This is based on the
following derivation:

> to(m —n—p) (3.87)

d=Qy - Q
=2(a—-a2)"Q; 'a+asQ; as —a'Q;'a
=2(a—a2)"Q;" (Qp Qa)ATQ,'y+a3Q; a—a"Q;'a
=d ATQ, Y + do
It is then assumed that the terms dy and dj are deterministic. This, however, is not true,

since both @ and as depend on y. Therefore, the test statistic of (3.87) does actually
not have the t-distribution.

In Han (1997) yet another test was proposed. The null hypothesis that is used is H3 in
equation (3.71), the alternative hypothesis is defined as:

H,:y=Aa+ A(da —a)y+Bb+e, yER, beRP, e R™

Testing the alternative hypothesis against the null hypothesis in this case means testing
how likely it is that an outlier in the direction of (a3 — @) occurred. The definition of
the test statistic is based on the assumption that:

T tm—p—1) (3.88)
O~y
with:
(a2 —a)TG; (@ —a) o Q-4%
= 3 and &3 = pr— (3.89)
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The test is then defined by the constraint that P(y < 0.5 | H,) > 3. However, the
problem is again that the test statistic does actually not have a Student’s ¢-distribution
for the same reason as described above for test (3.87). Moreover, it can be easily shown
that 4 is always smaller than or equal to 0.5 so that the definition of the test is not
rigorous:

(a2 —a)"G; ' (a—a)

(a—a2)TG, (@ — az)
alGrla—alGrla—alGrla—at Gy la
N a3 G- lay — 223G ta+aTGL ta

R +T

- Ry + Ry + 2T

Ri+T 1
< _— = — .
2R +T) 2 (3.90)

with T =alG'a+a"G,a—al G la—aTGLa.

’/}\/:

It should be noted that in Wang et al. (1998) another test statistic was presented with
a similar form as that of Han (1997).

3.5.3 Evaluation of the test statistics

A problem with all of the above-mentioned tests is the choice of the critical values.
Either an empirically determined value has to be used, or they are based on the incorrect
assumption that the fixed ambiguity estimator & may be considered deterministic. In
principle, this is not true. Firstly, because the entries of the vector d depend on the same
vector y as used in the formulation of the hypothesis Hs in (3.71). So, if y changes,
also @ will change. Secondly, since the vector ¥ is assumed to be random, also the fixed
ambiguities obtained with integer least-squares estimation will be stochastic.

Integer validation based on for example the ratio tests in (3.77) and (3.78) often work
satisfactorily. The reason is that the stochasticity of @ may indeed be neglected if there
is sufficient probability mass located at one integer grid point of Z™, i.e if the success
rate is very close to one. So, one could use the additional constraint that the success rate
should exceed a certain limit. But this immediately shows that this will not be the case in
many practical situations. In those cases, the complete distribution function of the fixed
ambiguities should be used for proper validation. It would thus be better to define an
integer test that takes into account the randomness of the fixed ambiguities. Starting
point is to replace the third hypothesis in (3.71) with the following, see (Teunissen
1998b):

Hy:y=Aa+Bb+e, acZ'beRP, ecR" (3.91)

This hypothesis is more relaxed than the one used in (3.71), but makes it possible to
find a theoretically sound criterion to validate the integer solution.

Another point of criticism is that the combined integer estimation and validation solution
lacks an overall probabilistic evaluation.
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Table 3.5: Overview of all test statistics to validate the integer ambiguity solution as
proposed in literature. The fixed solution is accepted if both the integer test and the
discrimination test are passed.

integer test discrimination test equation
By < Falnm—n—p) % >Fu(m—pm-p) (377)
L < Fo(n,m—n—p) g—f>k (3.78)
By < Fonnm—-n—p) L& >F,(nm—-n—-p) (3.83)
Q < x3(m—p,9) Qg > x2(m —p) (3.84)
L < Fo(nym—n—p) Re—Ri>k (3.86)
B < Fy(n,m—n—p) 12%?/;% >ty (m—n—p) (3.87)

An overview of all test statistics described in this section is given in table 3.5. It can
be seen that there are three pairs of tests which have a similar 'structure’: the two
ratio tests of (3.77) and (3.78); two tests (3.83) and (3.84) that consider the best
and second-best integer solutions separately; and the two tests (3.86) and (3.87) that
look at the difference d = Ry — R;. Note, however, that the discrimination tests of
(3.78) and (3.86) have an important conceptual difference as compared to the other
tests. These two tests take only the float and fixed ambiguity solutions into account
for discrimination, whereas the other tests take the complete float solution into account
together with the fixed ambiguities.

It would be interesting to know which of the approaches works best in all possible situa-
tions. For this purpose in Verhagen (2004) simulations were used for a two-dimensional
example (geometry-free model with two unknown ambiguities). It followed that the ra-
tio test (3.78) and the difference test (3.86) perform well, provided that an appropriate
critical value is chosen. However, that is exactly one of the major problems in practice.

It should be noted that in practice the ratio tests are often applied without the integer test
(3.76), as it is thought that if one can have enough confidence in the float solution, the
discrimination test is sufficient to judge whether or not the likelihood of the corresponding
fixed ambiguity solution is large enough.

In chapter 5 it will be shown that it is possible to give a theoretical foundation for some
of the discrimination tests. The performance of the tests will also be evaluated, and it
will be shown that one can do better by applying the optimal integer aperture estimator
to be presented there.

3.6 The Bayesian approach

The Bayesian approach to ambiguity resolution is fundamentally different from the ap-
proach using integer least-squares, which is generally used in practice but lacks sound
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validation criteria. The fundamental difference is that in the Bayesian approach not only
the vector of observations y is considered random, but the vector of unknown parameters
x as well. The concept of Bayesian estimation was described in e.g. (Betti et al. 1993;
Gundlich and Koch 2002; Gundlich 2002; Teunissen 2001b).

According to Bayes' theorem the posterior density p(x|y) is proportional to the likelihood
function p(y|x) and the prior density p(x):

_ plylz)p(z)
plaly) = o) (3.92)

The Bayes estimate of the random parameter vector is defined as the conditional mean

bome = Efaly) = [ wp(aly)ds (3.93)

This estimate minimizes the discrepancy between x and & on the average, where % is
a function of y. So, if L(z, &) is the measure of loss (or discrepancy), this amounts to
solving the minimization problem

mgnE{L(x,i)\y} = mgn/L(z,:i“)p(ﬂy)dx (3.94)

If L(z,2) = ||« _57”% it follows that the Bayes estimate Zgayes is indeed the solution to
this minimization problem.

In order to apply the Bayesian approach to ambiguity resolution, with the parameter
vector x = [bT a]T, a and b are assumed to be independent with priors

pla) x > 0(a—=2) (pulsetrain)
zEL™ (3.95)
p(b) x constant

where § is the Dirac function. From the orthogonal decomposition of equation (3.14)
follows that the likelihood function

1 N ~
p(yla,b) x exp{— (Il —alid, + (@) —bl, . )} (3.96)
and the posterior density follows therefore as
1 N 2 7 2
pla,bly) o exp{—3 ([l —ally, + lb(@) = b, . )} Y oa=2) (3.97)
=

The marginal posterior densities p(aly) and p(bly) follow from integrating this joint
posterior density over the domains @ € R™ and b € RP respectively. Note that the
integration domain of a is not chosen as Z" since the discrete nature of a is considered
to be captured by assuming the prior to be a pulsetrain.

The marginal posterior PDFs are then obtained as

plaly) = wa(a) 3 6(a - 2)
ZEL™ (3.98)

p(b|y) = ezznpb\a(ma =2z, y)wz(d)

The Bayesian approach 65



with the weight function

exp{—3lla — 23, }

> exp{—3lla—z[3,}
ZEZL™

wy(a) = z €L (3.99)

and conditional posterior

1 1 -
a(bla,y) = ———=——exp{—5|lb(a) - |13, } (3.100)
e V1@l 2m)% P Quia

The Bayes baseline estimate can now be determined with equations (3.93) and (3.98)
as

beayes = /bp(bly)db =b—Q3,Q; (a— Y zw.(a)) (3.101)

So, with the Bayesian approach the ambiguities are not resolved as integers. Instead a
weighted sum over all possible ambiguities is used with proper weights derived from the
likelihood function. A discussion on the corresponding confidence regions can be found
in Gundlich and Koch (2002) and Gundlich (2002).
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Best Integer Equivariant estimation

The integer least-squares estimator is the optimal choice from the class of admissible
integer estimators as defined in definition 3.1.1, since it maximizes the success rate.
However, it is not guaranteed that the fixed baseline estimator is always closer to the
true but unknown baseline b than the float baseline estimator. Only if the success rate
is very close to one, the fixed baseline estimator has a higher probability of being close
to b than the float estimator, see section 3.4.2.

Since the success rate will not always be high, it might be interesting to have a baseline
estimator that in some sense will always outperform the float estimator. In Teunissen
(2003f) this estimator was introduced. It is the best integer equivariant (BIE) estimator
and is based on a new class of estimators.

In this chapter, first the theory of integer equivariant estimation is introduced. This
theory is then used to define the BIE estimators of the baseline parameters and ambi-
guities. The proofs were given in Teunissen (2003f). A more detailed description of the
theory can be found in appendix C. Section 4.2 describes how the BIE estimators can
be approximated. Finally, in section 4.3 the BIE estimator is compared with the float
and fixed estimators.

4.1 The BIE estimator

The new class of estimators will have to fulfill two conditions. Firstly, condition (i) of
definition 3.1.1, which is the integer remove-restore property. Hence the name integer
equivariant that is assigned to all estimators belonging to this class. The second condition
is that if an arbitrary constant ¢ € RP is added to the float baseline, the fixed baseline
estimator should be shifted by the same amount. These conditions lead to the following
definition of integer equivariant estimators.

Definition 4.1.1 Integer equivariant estimators

The estimator O = fo(y) with fs : R™ — R is said to be an integer equivariant
estimator of 0 = [Ta + [T if

{fo(erAZ)—fe(y)JrlaTZ Vy eR™, zeZ" (4.1)

foly+ Bs) = fo(y) +1f's VyeR™ ¢eRP
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IEU

Figure 4.1: The set of relationships between the different classes of estimators: integer
equivariant estimators (I E), unbiased integer equivariant estimators (I EU), unbiased inte-
ger estimators (IU), and linear unbiased estimators (LU).

By its definition, the class of IE estimators is larger than the class of admissible estimators
defined in section 3.1, and thus all admissible estimators are also integer equivariant.
Recall that the admissible integer estimators are unbiased, and therefore this class is
referred to here as the class of integer unbiased (IU) estimators.

The class of |E estimators is also larger than the class of linear unbiased (LU) estimators.
Let f7y be the linear estimator of § = [Za + IT'b for some fy € R™. This estimator is
unbiased if f7 Aa+ fIBb=1Ta+1I'b, Va € R", b € R™ with E{y} = Aa + Bb. This
gives:
foly+ Aa) = fo(y) +1Ja Yy €eR™ acR" (4.2)
foly +Bb) = fo(y) + b Yy eR™ beER? '

Comparing this result with (4.1) shows indeed that the condition of linear unbiasedness
is more restrictive than that of integer equivariance, since the first condition must be
fulfilled for all @ € R™. Hence, the class of linear unbiased estimators is a subset of the
class of integer equivariant (I E) estimators, so that there must exist |IE estimators that
are unbiased. Summarizing, this gives the following relationships: TEU = TENU # 0,
LU C IEU, and IU C IEU (see figure 4.1).

The goal was to find an estimator that is 'best’ in a certain sense. The criterion of 'best’
that will be used is that the mean squared error (MSE) should be minimal. The reason
for this choice is that the MSE is a well-known probabilistic criterion to measure the
closeness of an estimator to its target value. Furthermore, the MSE-criterion is often
used as a measure for the quality of the float solution itself. With the MSE-criterion the

best integer equivariant (BIE) estimator, 0, is defined as:
= in £ —0)? 43
arg min B{(fo(y) — 0)7} (4.3)

Note that the minimization is taken over all IE functions that satisfy the condition of
definition 4.1.1. The solution of this minimization problem is given by:

> ST+ fy (y+Ala—2)+ B(b—())d¢
é _ ZEL"RP (44)
> Jf(y+Ala—z)+B(b-())d¢

ZEZL"RP

68 Best Integer Equivariant estimation



where y € R™ with mean E{y} = Aa+ Bb and PDF f,(y), and 0 is the BIE estimator
of 0 =1Ta+1l.

The BIE estimator can also be written as:
6=1Ta+1lb (4.5)
with

a= ) 2w.(y), > w.(y) =1

_ sedn sl 46
b= [, [uedc =1 (46)

where the weighting functions w.(y) and w¢(y) follow from equation (4.4). This shows
that the BIE estimator of the integer parameter vector a is also a weighted sum of all
integer vectors in Z™, just like the admissible integer estimators of (3.6). However, in
this case the weights are not binary (1 or 0); their values are determined by y and its
PDF, so that the BIE weights are real-valued and nonzero for all integer vectors. This
implies that the estimator @ is real-valued, instead of integer-valued. Furthermore, it
implies that there is no need to apply a discrimination test.

In Teunissen (2003f) it was shown that the BIE estimator is unbiased and has minimum
variance, i.e. it has better precision than the best linear unbiased estimator. This result
applied to the baseline estimator gives:

D{b} < D{b} and E{b}=E{b}=0b
(4.7)
D{b} < D{b} and E{b} = E{b} =b

Hence, the BIE baseline precision is always better than or as good as the precision of its
float and fixed counterparts.

In GNSS applications it is assumed that the data are normally distributed as mentioned
in section 3.1.3. It can be shown that in this case the BIE estimator is given by equation
(4.5) with the following estimators for the ambiguities and the baseline parameters:

> zexp{—4la-zl3,}

Zl = zeg/ exp{_%‘ld_zué’} = Z Zﬂ)z(d)
= a 2€EL (48)

S

=b—Q;,Q; ' (a—a)
See appendix C.

Note that the formal expressions in (4.8) are identical to their Bayesian counterparts as
presented in section 3.6, but that the distributional properties of the BIE estimator and
its Bayesian counterpart of course differ. Since the functional form of the non-Bayesian
estimator is identical to the Bayesian solution in the special case of normally distributed
data, the theory of BIE estimation has provided the link with the Bayesian approach of
ambiguity resolution.
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4.2 Approximation of the BIE estimator

The BIE ambiguity estimator cannot be computed exactly because of the infinite sum in
(4.8). If the infinite sum is replaced by a sum over a finite set of integers, ©, this might
result in an estimator that is not integer equivariant anymore. Therefore in this section
it will be described how this finite integer set should be chosen, see (Teunissen 2004c).

4.2.1 The integer set

In order to determine a finite set of integers for the approximation of the BIE ambiguity
estimator without spoiling the property of integer equivariance, this finite set © should
not be chosen as a fixed set, but as a set of integers that depends on the float ambiguity
vector a. This can be attained by defining an ellipsoidal region:

Co = {z eR" | [lz]|3), <A} (4.9)

sothat Cg+z = C2 = {z € R" | ||z — z[|3, < A*}. This set has the indicator function:

: A
M) = 1 |fx€'CZ
0 otherwise

Furthermore the following integer set is defined:
o) = {zeZ" |||z - zHQQa < )\2} (4.10)
With this integer set the BIE estimator of (4.8) can be approximated as:

> w2 (@) exp{—3la — 2|3, }
d)\ _ zZEL™

> Wi (@) exp{—Lla— 23, }
zEL™
> zexp{-3la - 2[3,}
<0 3 sl (@) (4.11)
= = ZW a .
> exp{—La— 23} :
ze@?l

This estimator is still integer equivariant. Obviously, /\lim a@* = a. The approximation
—00

@ would become equal to the true BIE solution when the PDF of G would be given by

the truncated normal distribution:

oo @) ep{—tle —al?,} »
fa (@) éﬁexp{*;n‘z*a”z)@} (4.12)

with ©) = {z e R" | ||z — a||* < A?}.

Since the BIE estimator is a weighted sum over all integers, the integer set should be
chosen such that the weights w,(a), Yu ¢ ©2 are so small that w,(a@)u ~ 0. The
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difference between the BIE estimator and its approximation is:

a—at= Y aw.(a)— Y zw(a)

z€ZL™ 2692
= 3 cw.@) - wd@)+ Y swa(@) (4.13)
Z2€02 2€Z"\{©)}

Note that w)(a) > w,(a), since for the denominators of equations (4.11) and (4.8) it
follows that

1,. 1.
S exp{—gla—zl5, < Y exp{—gla-2l3,}

z€02 ZELM

Hence, the approximation error is not only the result of ignoring the last term on the
right-hand side of equation (4.13), but also due to the different weights assigned to the
integers in the set ©2.

In order to get a good approximation, A can be determined with:
Pla€®©))=P(la—alp, <\)=1-a (4.14)

since it is known that ||@ —al|3,, has a central x*-distribution with 7 degrees of freedom.

4.2.2 Z-transformation

In section 3.1.4 it was explained that the Z-transformation makes the search for inte-
gers within an ellipsoidal region much more efficient. For the approximation of the BIE
estimator also a set of integers within an ellipsoidal region must be determined. There-
fore, BIE estimation should be applied to the Z-transformed float ambiguities, since the
transformation is also admissible in this case:

> zexp{—3llz — 23}

.Y 2€02
= 15 2
> exp{—3z—z3.}
2€0?
> ZTZ*Tzexp{féﬂdfZ*TZH2Q[L}
. ze@;‘
> exp{—glla—Z-Tz[3), }
z€02
> zexp{—jlla —2[3,}
_ o (4.15)
Y exp{—slla—z[3,} '
zE@?I “
=z%a (4.16)
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4.3 Comparison of the float, fixed, and BIE estimators

Although it is known that the BIE estimator outperforms its float and fixed counterparts
in terms of precision, it is not clear how large this difference will be under varying
measurement scenarios.

It follows that in the limits of the precision the following is true:

lima=a and lima=a (4.17)
o—00 o—0
with the vc-matrix factored as Q; = 02G4. The first limit corresponds to an integer
grid size which is very small in relation to the size and extend of the PDF of the float
ambiguities. This implies that the summation over all integers will be approximately
equal to the integration over the space of reals, and then:

resp(~4lla - ol
111{1 2 Qa _ a(2m)z \/|Qal -4 (4.18)
Jeol-3la -l b 207V

d:

This shows that if the precision is low the BIE estimator will approximate the float
estimator. If, on the other hand, the PDF of the float ambiguities becomes very peaked
the BIE estimator will approximate the fixed estimator. This can be shown as follows.

Let the ILS pull-in region of z € Z™ be given as S, = {z € R" | |z — ZHQQu <

le — u||2)&, Yu € Z™}. Then S, is independent of o, and the weight w,(z) is equal to
(see equation (4.8)):

exp{—3llz — 2[3,}

w,(z) =
> exp{—zllz —ul3,}
(VAL
_ ! (4.19)
1+ > exp{—galz—ulg, —llz—2%,)} '
uw€Z"\{z}

It follows thus that limowz(x) = 1if z € S,, and since the sum of all weights must
g —
equal one lin%)wu(x) =0,Vu#zifzx €S,. So, wy(x) reduces to the indicator function
g—>

of the ILS pull-in region in the limit ¢ — 0.

Obviously, the limiting cases in equation (4.17) imply that also the following is true:

. s =2 . SN2 (|2
Jim g —al, =0 and limaal, = al?, (4.20)

It is now interesting to know how the BIE estimator performs in the intermediate cases
compared to the float and fixed estimators. In this section the three estimators are
therefore compared numerically. This also provides the possibility to compare their
distributional properties. The results were presented in Verhagen and Teunissen (2003).
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Figure 4.3: Variance ratios of: BIE and float estimator; BIE and fixed estimator; fixed and
float estimator. Success rate as function of the number of epochs is also shown.

4.3.1 The 1-D case

Monte Carlo simulations were carried out to generate 500,000 samples of the float range
and ambiguity, using the geometry-free single frequency GPS model for k epochs, with
vc-matrix:

(Qa Q;,f,k> ,:—12“2(1-1-6) —U—?’z
Qe @,

with A the wavelength of the carrier; o, and aﬁ are the variances of the DD code
and phase observations respectively, and € = a?b/ag. For all simulations, the standard
deviations were chosen as 0, = 30 cm and 04 = 3 mm. The number of epochs was
varied. Note that in the one-dimensional case the fixed ambiguity estimator is obtained
by simply rounding the float estimator to the nearest integer.

Figure 4.2 shows the parameter distributions of all three estimators for k = 20, based
on the simulation results. Note that the multi-modality of the distribution of the BIE
range estimator is less pronounced than that of the fixed range estimator. For smaller
k the distribution of the BIE ambiguity and range estimator would resemble the normal
PDF of the float estimators. For larger k, and thus higher precision, the distribution of
the BIE estimators would more and more resemble those of the fixed estimators.

From equation (4.7) follows that the BIE baseline estimator has smallest variance, but in
the limits of the precision the variance will become equal to the variance of the float and
fixed estimator. This is illustrated in figure 4.3, where the variance ratio of the different
estimators is shown as function of k. Also the success rate is shown. Indeed, for small
k the variance of the BIE and the float estimator are equal to each other (ratio equals
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one), and smaller than the variance of the fixed estimator. On the other hand, for large
k the variances of the BIE and fixed estimator become equal to each other, and smaller
than that of the float estimator. Only after 30 epochs, when the success rate is larger
than 0.9, the variance of the fixed baseline estimator becomes lower than the variance
of the float estimator.

It can be shown that in the one-dimensional case |a — a| < |a — al, Va, o?.

that:

First note

la—al=0 if a=—zz2€Z (4.21)

Furthermore, a is monotonically increasing with a, since:

- l22<z—w> % exp{— g (7 — 27} Y expl— 5 5 (0 — 2)2) -

da
ZE€Z 2EZL

7220 exp{f— x— 2)2}2(2 —x)o~ exp{fi(a: — z)z}]

2€EZ z€EZL
1 1
— 02F2ZZ[ u(u — z) exp{—5 7 (2 —u) }exp{——(a:—z)2}
UEZLzEL

—u(z — x) exp{— 212(x—u) }exp 212(x—z)2}}

= oor S ) exp{——(sv—u)?}exp{—fim—z)?}

UELZEL

F(u,z)
>0 (4.22)
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Figure 4.5: Ambiguity residuals for fixed (dashed) and BIE (solid) estimators for different
number of epochs.

with T2 = 3~ exp{—51z(x — z)?}. The inequality follows from:
Z€EZL

{F(z, z) =0, VzeZ (4.23)

F(u,z)+ F(z,u) >0, Yu,z€Z,u#z

The results in equations (4.17), (4.21) and (4.22) imply that & will always fall in the
grey region in figure 4.4, and thus that indeed | — a| < |a@ — a|. This means that a will
always lie in-between @ and @, and thus that the BIE and the fixed estimator are pulled in
the same direction in the one-dimensional case. This is shown in figure 4.5 for different
precisions (i.e. for different k). The ambiguity residuals are defined as ¢ = 4 — @ and
E=a—a.

Figure 4.6 shows the probability that the baseline estimators will be within a certain
interval 2¢ that is centered at the true baseline b, again for different precisions. It can be
seen that for high success rates indeed relation P(B € Ep) > P(i) € Ey) is true, with E},
a convex region centered at b, cf. (Teunissen 2003c), which means that the probability
that the fixed baseline will be closer to the true but unknown baseline is larger than that
of the float baseline. However, for lower success rates some probability mass for b can be
located far from b because of the multi-modal distribution. ldeally, the probability should
be high for small € and reach its maximum as soon as possible. For lower success rates,
the float and fixed estimators will only fulfill one of these conditions. The probability
for the BIE estimator always falls more or less in-between those of the float and fixed
estimators.
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The probabilities shown in figure 4.6 are determined by counting the number of solutions
that fall within a certain interval, but it is also interesting to compare the estimators on
a sample by sample basis. In order to do so, one could determine for each sample which
of the three estimators is closest to the true b, and then count for each estimator how
often it was better than the other estimators.

In table 4.1 the probabilities
Py =P([b—b| <[b=b|), Py=P(b—b| <[b—b]), and Py = P([b—b| < [b—b|)

are given for different number of epochs. It follows that the probability that b is better
than the corresponding bis larger or equal to the probability that b is better than b. That
is because the ambiguity residuals that are used to compute the fixed and BIE baseline
estimator, see equations (3.4) and (4.8), have the same sign, and |a—a| < |G —d/| as was
shown in figure 4.5. If the float baseline solution is already close to the true solution,
it is possible that b is closer to b, but that b is pulled 'over' the true solution such that
b — b has the opposite sign as b— b and |b—b| > |b— b].

From the relationships between the BIE and the fixed ambiguity residuals it follows that
if b is better than b, then also b will be better than b. In the case of very low precision
d~aandba b, sothat Ps is approximately equal to one — in the example this is the
case for K = 1 and k = 2. If the precision is high, @ =~ & and as a result P; becomes
very high.

Note that these results do not necessarily hold true for the higher dimensional case
(n>1).
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Table 4.1: Probabilities P = P(|b—b] < [b—b|), P, = P(|b—b| < [b—1b|), and
P3 = P(|b—b| < [b—bl).

k P(d = a) P1 PQ Pg,
1 0.249 0.557 1.000 0.443
2 0.346 0.583 1.000 0.417
5 0.522 0.635 0.642 0.365
10 0.685 0.707 0.716 0.296
20 0.844 0.820 0.826 0.240
30 0.918 0.885 0.887 0.301
60 0.986 0.937 0.937 0.458
75 0.994 0.939 0.939 0.480
110 0.999 0.933 0.933 0.552
200 1.000 0.913 0.913 0.982

4.3.2 The 2-D case

A similar approach was followed to generate samples for the geometry-free dual-frequency
GPS model for one satellite-pair. The double difference standard deviations were chosen
such that success rates between 0.3 and 0.99 were obtained, see table 4.2.

Figure 4.7 shows an example of the BIE and fixed ambiguity estimates that correspond
to certain float ambiguity vectors (o, = 0.8m, o, = 8mm). It can be seen that the
BIE estimator is pulled in approximately the same direction as the ILS estimator, but
the ambiguity residuals are always much smaller for this example. If the float solution
falls close to an integer grid point, the BIE estimator is pulled in that direction. On the
other hand, if the float solution falls close to the boundary of a pull-in region, which
means that the distance to at least two integer grid points is approximately the same,
the ambiguity residual is small and the BIE estimator is pulled in another direction.

Figure 4.8 shows a scatter plot of simulated float and corresponding BIE ambiguity
estimates (o, = 0.6m, o, = 6mm). For higher precisions, the 'star'-shape of the
distribution of the BIE ambiguity estimator becomes even stronger; for lower precisions
the distribution becomes more ellipse-shaped like that of the float estimator.

Table 4.2 shows the probabilities
Py =P(|b—b| <[b=b]), Py=P(b—b| <[b—b|), and Ps = P(|b—b| < [b—b|)

This table only shows the probabilities that the estimators will perform better than or
equal to the other estimators. However, this does not say how much better, or how
much worse in the instances that they do not perform better. Therefore, one should
also consider the probabilities as shown in figure 4.9. From the table it follows namely
that P(|b— b| < |b— b|) is larger than P(|b—b| < |b— b|). On the other hand, figure
4.9 shows that if b is not close to b, it will immediately be far from the true solution
(because of the step-wise function), whereas for the BIE estimator that is not necessarily
the case.
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Figure 4.8: Scatter plot of float ambiguities (black) and BIE ambiguity estimates (grey).
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Table 4.2: Probabilities P, = P(a = a), Py = P(|[b—b| < [b—b|), P, = P(|b—b| < [b—b]),
and Ps = P(]Jb —b| < |b—1|). Double difference code and phase standard deviations
respectively: o, = om and o4 = ocm.

g PS Pl P2 P3
1.4 | 0312 0526 0521 0.474
0.8 | 0675 0.724 0.708 0.283
06 | 0.859 0.875 0.859 0.205
0.4 | 098 0983 0981 0434

Table 4.3: Mean and maximum approximation errors in ||2—Z||3.. N. equals the minimum
and maximum number of integers used.

a mean  maximum N,
06.01 | 10716 753-850
1072 [ 107 1071 347-407
10°% | 1007 1076 112-155
10°% | 1076 10°° 53-87
06.02 | 10716 4730-4922
10712 | 1072 10712 2203-2379
1078 | 1077 1077 785-879
1076 | 1076 1076 357-442
10.01 | 10716 274-345
10712 | 107 10°8 80-121
1078 | 1077 107* 11-31
1078 | 107> 102 2-14
10.03 | 10716 44323-45440
10712 | 1071t 10710 14353-15048
10°% | 1007 1076 2959-3330
10°¢ | 107> 107* 1007-1215
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4.3.3 The geometry-based case

Several geometry-based models were set up and corresponding float samples were gen-
erated. A description of the models is given in appendix B. Only the Z-transformed
vc-matrices, Qz_np oo, are used.

First, it is investigated how the integer set ©) must be chosen in order to get a good
approximation for the BIE estimators. For that purpose, 10,000 samples of float ambi-
guities were generated and the integer set was determined using (4.10) and (4.14) for
different values of a. Then the corresponding zZ% were computed. Table 4.3 shows the
difference ||z — 2|3, — [|2 — 2*m[|3), with amin = 107'%. Also shown are the number of
integer vectors in the integer set. It follows that for all examples the solution converges

to the true BIE estimator for aw < 1078 .

The BIE estimators are compared based on the squared norms of the ambiguity residuals,
and based on the probability that the baseline estimators are within a certain distance
from the true baseline:

P(|lb - blI3, < <) (4.24)

where b is either the float, fixed, or BIE baseline estimator. The vc-matrices @ and Q;
are determined from the corresponding estimates. Since a user will be mainly interested
in the baseline coordinates, also the following probabilities were analyzed:

P(Jlb, — ba]| < ) (4.25)

where b, refers only to the three baseline coordinates. So, the distance to the true
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Table 4.4: Probabilities that float, fixed or BIE baseline estimator is best.

Pu(B) = P(lb —bllo; < Ib—blla,)i P2 = P(Ib —bllo; < Ib—bla,);
Py(5) = P(llo - b, < lIb— bllay, Ib — bla, < I - bla,);
with b the fixed or BIE estimator but b # b.

Pi(b) Pi(b) P P3(b)  Ps(b)
0601 | 0.824 0.786 0.149 0.796 0.037
06.02 | 0.547 0561 0.402 0.531 0.111
10.01 | 0.863 0.836 0.021 0.851 0.012
1003 | 0.749 0.792 0.333 0.620 0.225

Tab.Ie 4.5: Prpbabilities thgt float, fixed or BIE~base|ine estjmator is best.
P1(bz) = P(|[bs — ba|| < [[be = ba|)); P2 = P(||bx — || < [|bz — bz |]);
Py(bs) = P(lbe — ball < llbw — bal, o — b < 1 — b )

with b the fixed or BIE estimator but b # b.

Pl(bx) Pl(bw) Py PS(bw) PS(bw)

06.01 | 0.862 0.852 0.248 0.746  0.147
06.02 | 0.603 0.612 0.417 0566  0.152
1001 | 0.996 0.996 0.482 0.518 0.479
1003 | 0.885 0.909  0.430 0.563  0.363

position is considered here.

The results are shown in figures 4.10 and 4.11. The ambiguity residuals, |[€]|2,.
12 = 2[5, and [|€]l3,. = |12 — 2|3, are plotted for all samples, ordered by increasing
|3, 1t can be seen that BIE ambiguity residuals are always smaller or equal than the
ILS ambiguity residuals. Furthermore, the results can be explained as follows (compare

with figures 4.5 and 4.7 for the 1-D and 2-D case respectively):

. ||€||2Qz is small in two cases:

1. Zis close to an integer; then [|¢]|3,, will also be small;

2. z'is close to the boundary of a pull-in region; then [|¢[|2,. will be large. In
this case [|¢[|?,. can take a large range of values, since the boundary of the

pull-in region is not ellipsoidal.

o [[é]|3), is large if Z takes a value halfway an integer and the boundary of the pull-in

region. In that case Hé||?Q is relatively small.

o [[é]|3), and [|€]|3), are approximately equal if % is relatively close to an integer. If

the precision is poor the difference becomes larger.
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Note that since ||€||?Qz < ||€H?Qz also the test statistic in equation (3.76) is smaller for
the BIE estimator:

(& - €M1,
né?2 — no?

(4.26)

Therefore the BIE ambiguity estimator is more likely to be accepted than the fixed
estimator. Moreover, there is no need for a discrimination test as there is only one
candidate, which is obtained by weighting all integer vectors.

For the baseline probabilities similar conclusions can be drawn as for the 2-D case. For
small ¢ the probability for the fixed baseline is generally much higher. Depending on
the precision, however, the probability for the BIE estimator is sometimes comparable
and increases faster for increasing ¢, so that the probability of a large baseline error is
smaller.

From the probabilities in tables 4.4 and 4.5 it follows that there is always a higher
probability that the fixed estimator performs better than the other two estimators. The
probabilities that the fixed and BIE estimator perform better than the float estimator
are comparable.

4.4 Summary

If the ILS success rate is not close to one, the fixed ambiguity estimator may not be
considered deterministic and the integer validation procedures that are currently available
should not be used. So, in that case the ambiguities cannot be fixed reliably. But not
fixing means that no use is made of the information that the ambiguities should be
integer-valued. Therefore, the BIE estimator could be used as an alternative, since it
makes use of the information that ambiguities are integer-valued although not in an
optimal way, and it is defined such that it is best in the sense that the MSEs are
minimized. As such, the BIE estimator can be considered as a compromise between the
float and fixed estimator, since it approximates these estimators in the extreme cases of
very low precision and very high precision respectively. This is also what follows from
the examples shown in this chapter.

Disadvantages of BIE estimation are that it does still not provide an exact probabilistic
evaluation of the final solution, and that it is computationally complex. Moreover, the
results in this chapter indicate that only in a limited number of cases the BIE estimator
performs obviously better than either the float or the fixed estimator.

Summary 83



0.6

probability
o
&
H
probability

0.4

probabilty
H
probabilty

0 2 4 6 8 10 12 14 16 18 20

Figure 4.10: Example 0601 (left) and 0602 (right). Top: squared norm of ambiguity
residuals for fixed estimator (grey +-signs) and BIE estimator (black x-sings). Center:
P(||b - b”2Qi, < ¢). Bottom: P(||by — bs||*> < ¢). Dotted: b = b; Dashed: b = b; Solid:
b="b.
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Figure 4.11: Example 1001 (left) and 10.03 (right). Top: squared norm of ambiguity
residuals for fixed estimator (grey +-signs) and BIE estimator (black x-sings). Center:

P(||b = bl[3, < e). Bottom: P(||bs — be||* < ¢). Dotted: b = b; Dashed: b = b; Solid:
b=b.
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Integer Aperture estimation

In section 3.2 the success rate was introduced. This probability is a valuable measure
for deciding whether one can have enough confidence in the fixed solution. As soon
as the success rate is close enough to one, a user can fix the ambiguities, so that the
precise carrier phase measurements start to contribute to the solution. However, when
the success rate is considered too low with respect to a given threshold, it will not yet be
possible to benefit from the precise phase observations. This also means that there is a
probability that the user unnecessarily sticks to the float solution just because the fail rate
is too high. In practice, not only the success rate is considered to decide on acceptance
or rejection of the integer solution. The integer solution is also validated using one of
the methods described in section 3.5. Since no sound validation criterion exists yet, in
this chapter a new class of integer estimators is defined, the class of integer aperture
estimators. Within this class estimators can be defined such that the acceptance region
of the fixed solution is determined by the probabilities of success and failure.

The new class of integer estimators is defined in section 5.1. Then different examples
of integer aperture estimators are presented. First, the ellipsoidal aperture estimator in
section 5.2, for which the aperture space is built up of ellipsoidal regions. Then in section
5.3 it is shown that integer estimation in combination with the ratio test, difference test,
or the projector test belongs to the class of integer aperture estimators. When the
aperture space is chosen as a scaled pull-in region, the integer aperture bootstrapping
and least-squares estimators can be defined. This will be shown in section 5.4. Finally,
the penalized integer aperture estimator and optimal integer aperture estimator are
presented in sections 5.5 and 5.6. Section 5.7 deals with implementation aspects. A
comparison of all the different estimators is given in section 5.8, and examples in order
to show the benefits of the new approach are given in section 5.9.

In order to illustrate the principle of IA estimation, throughout this chapter a two-
dimensional (2-D) example will be used. Simulations were carried out to generate
500,000 samples of the float range and ambiguities, see appendix B, for the follow-
ing vc-matrix:

—0.1106 0.0865 —0.0364

) 0.1800 —0.1106  0.0983
0.0983 —0.0364  0.0847

Note that Qs = Q:.02.01-
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5.1 Integer Aperture estimation

The problem described above is related to the definition of admissible integer estimators,
which only distinguishes two situations: success if the float ambiguity falls inside the
pull-in region S,, and failure otherwise. In practice, a user will decide not to use the
fixed solution when the probability of failure is too high. This gives rise to the thought
that it might be interesting to consider not only the two above-mentioned situations,
but also a third, namely undecided. Actually, with combined integer estimation and
validation using a discrimination test, these three situations are also distinguished, but
the discrimination tests can only be used in the case of high precision. Therefore a
new class of integer estimators is defined that allows for the three situations mentioned
above. Then integer estimators within this class can be chosen which somehow regulate
the probability of each of those situations. This can be accomplished by considering
only conditions (ii) and (iii) of definition 3.1.1, stating that the pull-in regions must be
disjunct and translational invariant.

5.1.1 Class of IA estimators

The new class of ambiguity estimators was introduced in Teunissen (2003d;2003g), and
is called the class of Integer Aperture (IA) estimators. It is defined as:

(7) U= U@@ns,)=an( U S,)=0nR"=0Q
zZEL™ zZ€L™ zE€ZL™

(i7) QN =QN2)NEOQNN)=0N(S,NS,)=0, u,z€Z" u+#z
(15)) Qo+2z=(QNSy)+2=0Q+2)N(So+2)=0QNS,=Q,, VzeZ"
(5.1)
Q C R™ is called the aperture space. From (i) follows that this space is built up of
the ., which will be referred to as aperture pull-in regions. Conditions (i¢) and (4i7)
state that these aperture pull-in regions must be disjunct and translational invariant.

Note that the definition (5.1) is very similar to the definition of the admissible integer
estimators (3.1.1), but that R™ is replaced by Q.

The integer aperture estimator, a, is now given by:

a= > ww.(a)+a(l- Y w.l(a) (5.2)

zEL™ zEL™

with the indicator function w,(z) defined as:

1 ifxzeq,
. = 53
w: () {O otherwise (5.3)

So, when a € €2 the ambiguity will be fixed using one of the admissible integer estimators,
otherwise the float solution is maintained. It follows that indeed the following three cases
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can be distinguished:

a €y success: correct integer estimation
ae€Q\Q, failure: incorrect integer estimation
a¢ undecided: ambiguity not fixed to an integer

The corresponding probabilities of success (s), failure (f) and undecidedness (u) are given

Qq
Py = / fa(2)dz = / f(@)da — / fa(2)dz (5.4)
Q\Q, Qo Qq
P, =1 PS—szl—/fg(l')de

These probabilities are referred to as success rate, fail rate, and undecided rate respec-
tively.

5.1.2 Distribution functions

From the definition of the new estimator in (5.2) it follows that the distribution function
will take a hybrid form, which means that it is a combination of a probability mass
function for all values within €2, and a probability density function otherwise:

fa(x) if 2 € R"\{Q}
f&(x): ngfd(y)dyzp(&zz) ifx:Z,ZGZ”
Oz otherwise
= fa(z)w(z) + Z /fa(y)dyé(x —2) (5.5)
2€LY

where §(z) is the impulse function, @ (z)

= (1=, cyn w2()) is the indicator function
of R™\Q. Note that P(a = z) < P(a = z).

Also the distribution function of the corresponding baseline estimator b is different com-
pared to the PDF of &:

file) = X fawlaPa=2+ [ fyglel)falu)dy (5.6)

FISYAL R\ {Q}

In the 1-D case the aperture space is built up of intervals around the integers. As an
example, it is assumed that a = 0 and Q, = [—0.2,0.2] and thus 2, = [-0.242,0.24z].
The top panel of figure 5.1 shows the PDF of a in black, the PMF of & in dark grey,
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grey: IA.
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and the hybrid distribution of @ in light grey. The bars indicate probability masses. The
bottom panel in the figure shows the corresponding distributions of the three baseline
estimators. It can be seen that the PDF of a always falls in between the PDFs of b and
b.

5.1.3 |A estimation

It is now possible to design different IA estimators by defining the size and shape of
the aperture pull-in regions €2,. In classical hypothesis testing theory the size of an
acceptance region is determined by the choice of the testing parameters: the false alarm
rate and the detection power. However, in the case of integer ambiguity resolution it is
not obvious how to choose these parameters. It is especially important that the proba-
bility of incorrect ambiguity fixing is small. Therefore the concept of Integer Aperture
estimation with a fixed fail rate is introduced. This means that the size of the aperture
space is determined by the condition that the fail rate is equal to or lower than a fixed
value. At the same time the shape of the aperture pull-in regions should preferably be
chosen such that the success rate is still as high as possible. In the following sections
several examples of IA estimators are presented.

Note that if all probability mass of a is located within the pull-in region S, the fail rate
is automatically equal to zero, and thus the IA solution will always be equal to the fixed
solution.

It is very important to note that Integer Aperture estimation with a fixed fail rate is an
overall approach of integer estimation and validation, and allows for an exact and overall
probabilistic evaluation of the solution. With the traditional approaches, e.g. the ratio
test applied with a fixed critical value, this is not possible. Two important probabilistic
measures are the fail rate, which will never exceed the user-defined threshold, and the
probability that @ = a if @ = z:

Pya—. = Pla=ala=z
Pla=a,a=2)
-~ - 7 5.7
Pla==z (5.7)
o PS+Pf

The success and fail rate, Py and Py, from equation (5.4) are used. Note that if
Py << Py

Ps|a:z ~1 (58)

This is an important result, since it means that with |IA estimation it is not only guar-
anteed that the fail rate will be below a given threshold, but also that if A estimation
results in a fix, the probability that the integer solution is correct will be close to one if
Py << P,. Only if P, is small, this is not necessarily the case, but then the probability
that the solution will be fixed is also very small, since this probability equals Py + Py.
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Figure 5.2: Examples of ellipsoidal aperture regions without overlap (left) and with overlap
(right).

5.2 Ellipsoidal integer aperture estimation

An easy way to define the aperture space would be to choose the aperture pull-in regions
(2, as ellipsoidal regions, cf. (Teunissen 2003a).

Let the ellipsoidal region C}' be given as:
Ch ={z eR" || 2§, < p?} (5.9)

The aperture pull-in regions of the ellipsoidal integer aperture (EIA) estimator are then
defined as:

QO,E e SO n Cg

. . (5.10)

QLe=Qet+z={zxeS,| ||J:—2HQ&SM }, VzeZ
This shows that the procedure for computing the EIA estimator is rather straightforward.
Using the float solution a, its ve-matrix @4, and the aperture parameter 4 as input, one
only needs to compute the integer least-squares solution a and verify whether or not the
inequality

la—al?,<n? (5.11)

is satisfied. If the inequality is satisfied then a = a, otherwise a = a.

The simple choice of the ellipsoidal criterion (5.11) is motivated by the fact that the
squared-norm of a normally distributed random vector is known to have a y2-distribution.
That is, if a is normally distributed then P(a € C%) = P (x? (n,A.) < p*), with non-
centrality parameter A\, = (z — a)Tle(z — a). This implies that one can give exact
solutions to the fail rate and to the success rate of the EIA estimator, provided the
ellipsoidal regions C* do not overlap. The EIA probabilities of failure, success and
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Figure 5.3: 2-D example for EIA estimation. Float samples for which a = & are shown
as black dots. Left: Py = 0.001; Right: Py = 0.025. Also shown is the IA least-squares
pull-in region for the same fail rates (in grey).

undecided are given as:

Pr= Y P(x*(n,\) <p?)
zeZ"\{0}

P, =1 _Pf - P

The non-centrality parameter is given by A, = 27Q; 'z.

Note that the region for which the EIA estimator outputs an integer as solution is given as
Qe = U,ez»82; . Since this region is independent of S, it follows that Qg = U,z C¥.
Thus Qg equals the union of all integer translated copies of the origin-centered ellipsoidal
region C'. Depending on the value chosen for the aperture parameter 1, these ellipsoidal
regions may or may not overlap, as illustrated in figure 5.2. The overlap will occur when
1 is larger than half times the smallest distance between two integer vectors. Thus
when o is larger than half times the length of the smallest nonzero integer vector,
> 3 min,ezn o} || z |, In that case the probabilities given in equation (5.12) for
Py and P, become upper bounds. In order to obtain the corresponding lower bounds,
one has to replace 1 by yi/ = £ min,ezm foy || 2 [| .. since CH cQ.gand C¥ CS..

In the absence of overlap exact evaluation of the EIA estimator is possible. The steps for
computing and evaluating the EIA estimator are as follows. Depending on the application
the user will usually start by requiring a certain small and fixed value for the fail rate P;.
Hence, the user will start by choosing the aperture parameter y such that it meets his
requirement on Py. For a certain value for Py, the value of the aperture parameter
needs to be chosen smaller when the precision of the ambiguities becomes poorer. This
can be understood by looking at the non-centrality parameter \, = zTlez, since a
poorer precision will result in a smaller value for A\, and thus in a larger value for the
probability P (XQ(n, Az) < ,ug).
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2-D example

Figure 5.3 shows in black all float samples for which a = a for two different fail rates.

5.3 Ratio test, difference test and projector test

In section 3.5 several integer validation tests as proposed in the past were described. It
was explained that the test criteria cannot be derived using classical hypothesis tests.
However, it can be shown that the ratio test (3.78), the difference test (3.86), and the
projector test, on which the test statistics (3.87) and (3.89) are based, are all examples
of Integer Aperture estimators, cf. (Teunissen 2003e; Verhagen and Teunissen 2004a).

5.3.1 Ratio test is an IA estimator

The ratio test of (3.78) is a very popular validation test in practice. Instead of (3.78)
the 'inverse’ of the ratio test is used here, i.e. accept a if:

la—allg,
la — a2,

This guarantees that the critical value is bounded as 0 < p < 1, since by definition
la — all), < lla—azll3,,-

It can now be shown that integer estimation in combination with the ratio test is an IA
estimator. The acceptance region is given as:

Or={z €R" ||z - [3, <ulz—2llf,, 0<p<1} (5.13)

with & and Z the best and second-best ILS estimator of z. Let . gr = Qr NS, i.e.
(2, r is the intersection of Qg with the ILS pull-in region as defined in (3.16). Then all
conditions of (5.1) are fulfilled, since:

Qr ={zecR"||z|

4, <ulle 2, Ve € 24\ {0}

Qr =Qopr+z Vzel" (5.14)
Qr = U QLr
ZEZL™

The proof was given in Teunissen (2003e) and Verhagen and Teunissen (2004a) and is
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as follows:
Qz,R =QrNS,
—{we S, [la—alh, <pulle -, 0<p<1)
—{we S, | o —ll}, < pllz—uld,, Yuez"\ {5},0 < p < 1}
={z eS|z~ 23, < ullz —ulf,, Yue Z"\ {z},0 <p < 1}
={z eR" | [lz — 2[5, < pllz —uld,, Yu e Z"\ {z},0 < p <1}
={zeR" ||y, <ully—old,, Yo eZ"\{0}, z=y+20<p<1}
=QrNSy+ 2z
= QO,R +z
The first two equalities follow from the definition of the ratio test, and the third from
||:%f:ﬂ%a < ||§7*f2H?QL < Hi'quQQd,Vu € Z"\{z}. The fourth equality follows since
Z = z is equivalent to € S, and the fifth equality from the fact that 0 < ¢ < 1. The

last equalities follow from a change of variables and the definition of Q¢ r = Q2r N Sp.
Finally note that

UQr= U @nS)=%n(]S:) =%

zEL™ zEL™ zZEL™
This ends the proof of (5.14).

It has thus been shown that the acceptance region of the ratio test consists of an infinite
number of regions, each one is an integer translated copy of {o g C Sp. The acceptance
region plays the role of the aperture space, and p plays the role of an aperture parameter.
The ratio test will be referred to as the RTIA estimator.

It can now be shown how the aperture pull-in regions for the ratio test are 'constructed’,
cf. (Verhagen and Teunissen 2004a). From the definition of € the following can be
derived:

Qg : o}, < ulle— 23, VzeZ'\ {0}, 0<p<1

I—p
— |

1
v+ 2, < ;llzllé&, vz e Z"\ {0}

n
1—p

This shows that the aperture pull-in region is equal to the intersection of all ellipsoids

H n
<~ Hl‘-i- ZHZQG < mnznéa, VzeZ \{O} (5.15)

with centers — £z and size governed by %HZHQG In fact, the intersection region is
only determined by the adjacent integers, since Yu € Z™ that are not adjacent, (5.15)
is always fulfilled Va € Sp. It follows namely from equations (5.13) and (5.14) that for
all z € Sy on the boundary of Qy:
2 2 : 2

2|5, = pllr— 5., e=arg min ||z — 2|5,

lolfy, = slle = elfy,s e =arg_min_ o 12,
So, c¢ is the second-closest integer and must be adjacent. Therefore the following is
always true:

2115, = plle =gy, < ullz— =25, vz € 2"\ {0,c}
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Figure 5.4: Construction of RTIA aperture pull-in region. For all = that fall in the grey
region, the second-closest integer z2 = [—1 0]7. The boundary of the aperture pull-in region
within this grey region is then equal to the ellipsoid with center — -2, and size governed
by %”ZQHQG Examples are shown for p is 0.3, 0.5, and 0.8, respectively. Ellipsoids are
grey; aperture pull-in regions black.

so that the integers z do not have any influence on the boundary of the aperture pull-in
region.

This means that the integer least-squares pull-in region Sy can be split up into sectors, all
having another integer ¢ as second-closest, i.e. ||z, < ||z —c[3, <z —z(3,,Vz €
Z™\ {0}. Within a sector, the aperture pull-in region is then equal to the intersection of
the sector with the ellipsoid with center —%—c and size governed by %HC”QQ This
is illustrated for the 2-D case in figure 5.4.

It can be seen that especially for larger u, the shape of the aperture pull-in region starts
to resemble that of the ILS pull-in region. The reason is that for larger u the size of the
ellipsoid increases, and the center of the ellipsoid is further away, but in the direction of
[0, —c], and the ellipsoid has the same orientation as the ILS pull-in region.

2-D example

Figure 5.5 shows two 2-D examples of the construction of the aperture pull-in regions.
For a diagonal matrix the ILS pull-in region becomes square and there are only four
adjacent integers. It can be seen in the left panel that indeed only these four integers
determine the shape of the aperture pull-in region. For the ve-matrix Q3 o201 there are
six adjacent integers that determine the shape.

Figure 5.6 shows in black all float samples for which a = a for two different fail rates.

96 Integer Aperture estimation



25 -2 -15 1 05 0 05 1 15 2 25§

Figure 5.5: Construction of RTIA aperture pull-in region (grey); examples for different
covariance matrices. Left: identity matrix, u = 0.5; Right: Q:.02.01, = 0.4.
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Figure 5.6: 2-D example for RTIA estimation. Float samples for which @ = & are shown
as black dots. Left: Py = 0.001; Right: Py = 0.025. Also shown is the IA least-squares
pull-in region for the same fail rates (in grey).

5.3.2 F-Ratio test

With the ratio test considered above the test is always accepted or rejected for a certain
value of the ambiguity residuals and for a certain p. With the F-ratio test (3.77),
however, this is not the case. The test statistic namely depends on the residuals of the
complete float solution and on the ambiguity residuals. The fixed solution is accepted
if:

€15, + lla —all,

- — <p withd<pu<l1
lell%, + lla — asl3,

Still, it can be shown that the procedure underlying this test is a member from the class
of IA estimators. An integer perturbation of the observations y + Az, with z € Z™ does
namely not propagate into the least-squares residuals, and a, @, and do all undergo the
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Figure 5.7: 2-D example for F-RTIA estimation. Float samples for which @ = a are shown
as black dots. Left: Py = 0.001; Right: Py = 0.025. Also shown is the IA least-squares
pull-in region for the same fail rates (in grey).

same change, so that both @ —a and @ — as are invariant under the integer perturbation.
This IA estimator will be referred to as the F-RTIA estimator.

Similarly as for the RTIA estimator it can be shown how the aperture pull-in regions of
the F-RTIA estimator are constructed, (Verhagen and Teunissen 2004a):

Qg : e, +lell?, < ulllz— 213, +1iél3,), VzeZ"\{0}, 0<p<1
= el < ulle— I3, + (- Dllell?,

Il . n
z)%, < 121G, = Iéll3,, VYzeZ"\{0} (5.16)

= [z + ST
1—p (1—p)?

So, Qg is equal to the intersection of all ellipsoids with centers fﬁz and size governed
by the square root of the term on the right-hand side of the last inequality in equation
(5.16). The shape of the aperture pull-in region is identical to that of the RTIA estimator.
Obviously, the difference with the RTIA estimator is that the sizes depend on the sample
value of é. For the same value of pu they will be smaller than or the same size as the

ellipsoids that determine the RTIA aperture pull-in region.

2-D example

Figure 5.7 shows in black all float samples for which @ = & for two different fail rates.
Since the size of the aperture pull-in regions depends on the sample values of é, the
point clouds give an indication of the maximum size of the aperture pull-in regions; in
general they will be smaller for a certain sample.
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5.3.3 Difference test is an IA estimator

The difference test (3.86) as proposed by (Tiberius and De Jonge 1995) leads to accep-
tance of a if:

la — azll3), —lla—allg, = n (5.17)
The acceptance region of this test is given as:

Qp = {z e R" | |lz — 2|3, < llo — 2[5, — n} (5.18)
Let Q.p =QpNS,. Then:

Qop ={zeR" |||}, <llz—=zl3, —n vz €2\ {0}}

QLo =Qp+z Vzel" (5.19)
b = U Qp
zZEL™

The proof given in Teunissen (2003¢) and Verhagen and Teunissen (2004a) is as follows:

Slz,D =QpNSs,
={z e 8. ||z -zll, <llo— ), —n}
={reS: |z —2llg, <llz—ul}, —n YueZ"\{z}}
={reS.|z—=23, < llo—uld, —p YueZ"\{z}}
={z €R" [ |lz — 2[I3, < llz —ullgy, — u Vu € Z"\ {2}}
={z eR" [|lyld, <y —vl), —n Yo e Z"\ {0}z =y +z}
=QpNSy+ 2z
ZZS)07D +z
The first two equalities follow from the definition of the difference test, and the third
from || —Z[12), < |2 —#2ll3, < |12 —ull?),,Yu € Z™\{Z}. The fourth equality follows
since £ = z is equivalent to x € .S, and the fifth equality from the fact that 4 > 0. The

last equalities follow from a change of variables and the definition of ¢ p = Qp N Sp.
Finally note that

UQo=J@nS)=n(JS.) =
zZEL™ ZEL™ 2E7n

This ends the proof of (5.19).

It has been shown that also in the case of the difference test the acceptance region
consists of an infinite number of integer translated copies of a subset of the ILS pull-in
region Sy. And thus, the difference test is an |A estimator with aperture parameter .
It will be referred to as the DTIA estimator.

In a similar way as for the ratio test aperture pull-in region, it is possible to show how the
aperture pull-in region of the difference test is constructed, see (Verhagen and Teunissen
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Figure 5.8: Construction of DTIA aperture pull-in region (grey) for Q:.02.01-

2004a). From the definition of € p follows that:

Qoo : ol < o —2l}, —n Yz €Z"\ {0}, u>0
_ 1
= aTQ"s < S(lsll3, - )
TQ e _ |2l —

Izlle: — 2l=llea

., Vzez"\ {0} (5.20)

On the left-hand side of equation (5.20) the orthogonal projection of x onto the direction
z can be recognized. This shows that the aperture pull-in region Qg p is constructed as
intersecting half-spaces which are bounded by the planes orthogonal to z and passing
through the points 3(1 — W)z

The construction of g p is thus very similar to that of the ILS pull-in region Sy, see
equation (3.17), which is also constructed of half-spaces bounded by the planes orthog-
onal to z. The difference is that these planes pass through the midpoint %z whereas
in the case of the difference test this point depends on the distance ||z]|3,, and on .
This implies that the difference test aperture pull-in region is a down-scaled version of

the ILS pull-in region, but that the scaling is different in the various directions.

2-D example

Figure 5.8 shows a 2-D example of the construction of the aperture pull-in region. The
black lines are the planes orthogonal to ¢ and passing through the point £ (1 — W)c
Qa

where the ¢ are the six adjacent integers.

Figure 5.9 shows in black all float samples for which @ = a for two different fail rates.
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Figure 5.9: 2-D example for DTIA estimation. Float samples for which @ = a are shown
as black dots. Left: Py = 0.001; Right: Py = 0.025. Also shown is the IA least-squares
pull-in region for the same fail rates (in grey).

5.3.4 Projector test is an IA estimator

The tests defined in Wang et al. (1998) and in Han (1997) are both based on testing:
. . . . . ag — @

Hy: E{a} =aversus H, : E{a} =a+ ¢V, withc= —————
”aQ - a‘”Qa

Gg is the second-best integer candidate. H, can be tested against Hy using the w-test
of equation (2.82). The fixed solution is accepted if:

(a2~ )7 Q5 (a — @)

a2 — dllq,

(5.21)

This test is referred to as the projector test since the term on the left-hand side of
equation (5.21) equals a projector which projects @ — @ orthogonally on the direction of
Gz — @, in the metric of Q4. Furthermore note that from equation (3.90) it follows that:

(a2 — )" Q;(a — a)

a2 — allq,

1
< Sllaz —allg, (5.22)

This implies that the fixed solution is always accepted if 1 > L|jaz — al|q,.
The acceptance region of the projector test is given as:

Op = {z € R" | (7 — 22)7Q; (v — &) < pllé — #2lq,} (5.23)
In a similar way as for the difference test it can be proven that

Qop =o€ 8| TQ; w < pllclg,, c=arg_min o —2[3,)

z€Z"\{0}
sz = QO,P + 2z, Vz ez (524)
O = U Qp
ZEL"
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Figure 5.10: Construction of projector test aperture pull-in region for Qz 0201, 1t = 1.

And thus also the projector test is an |A estimator, and will be referred to as the PTIA
estimator.

From equation (5.24) follows that €y p is bounded by the planes orthogonal to ¢ and
passing through pc, and these planes themselves are bounded by the condition that

c=arg min |x-— z||z2 for all z on the plane, see (Verhagen and Teunissen 2004a).
z€2"\{0} ¢

2-D example

Figure 5.10 shows a 2-D example of the construction of the aperture pull-in region Q.
The black lines are the planes orthogonal to ¢ and passing through pc. For the construc-

tion of Qg p, these planes are bounded by the condition that ¢ = arg min ||z — 2|3,
’ zeZm\{0} a

for all z € Q. Therefore, also sectors within the ILS pull-in region are shown as alter-
nating grey and white regions, with the sectors containing all x with a certain integer
c as second closest integer. The region g p follows as the region bounded by the in-
tersection of the black lines and the sectors, and by the boundaries of the sectors. This
results in the strange shape of the aperture pull-in regions in the direction of the vertices
of the ILS pull-in region.

Figure 5.11 shows in black all float samples for which @ = a for two different fail rates.

5.4 Integer Aperture Bootstrapping and Least-Squares

A straightforward choice of the aperture pull-in regions would be to choose them as
down-scaled versions of the pull-in regions S, corresponding to a certain admissible
integer estimator. This approach is applied to the bootstrapping and integer least-
squares estimators.
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Figure 5.11: 2-D example for PTIA estimation. Float samples for which @ = & are shown
as black dots. Left: Py = 0.001; Right: Py = 0.025. Also shown is the IA least-squares
pull-in region for the same fail rates (in grey).

5.4.1 Integer Aperture Bootstrapping

Integer bootstrapping is an easy-to-evaluate integer estimator, for which exact evaluation
of the success rate is possible, see section 3.1.2. It will be shown that this is also the
case by defining the IA bootstrapped (IAB) estimator by choosing the aperture pull-in
regions as down-scaled versions of the bootstrapped pull-in region S, g as defined in
equation (3.12), cf. (Teunissen 2004a):

Q.8 =nS., V2 €L" (5.25)

with

{MSZ,B ={zeR" | ;(z~2) € So} (5.26)

Sop={zeR"||cIL 2| <L i=1,...,n}
The aperture parameter is u, 0 < p < 1.

Like for the original bootstrapped estimator, computation of the A bootstrapped solution
is quite simple. First the bootstrapped solution for the given float solution a is computed.
The aperture pull-in region Q4 g is then identified, and one needs to verify whether or
not the float solution resides in it. This is equivalent to verifying whether or not

1
(& — ELB) = ;éB S SO,B (5.27)

This can be done by applying the bootstrapped procedure again, but now applied to
the up-scaled version of the ambiguity residuals, %éB. If the outcome is the zero vector,
then a = ag, otherwise a = a.

It is now possible to derive closed-form expressions for the computation of the I1AB
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success rate and fail rate. From equation (5.4) it follows that:

P = Z /fd(x)dx
zEZ”\{a}HSZ,B

1 1 1
= E /—exp{—— |z+—=2 ||iQ}dm
Cminy/ldQal 2
ZGZ"\{O}SO)B 2 a

1 1 1 _
> e v+ L )y
€2\ {0} g, ) (272" 4/ |72 D) :

where for the third equality the transformation F' : © = Ly is used, with L the unit
lower triangular matrix of Q3 = LDL”. This gives the transformed pull-in region

1
F_1<SOAB):{yER"||c;ry|§§7i:17"'an}

Note that 2 L D is a diagonal matrix having the scaled conditional variances % o2 i 3s its
entries, and the transformed pull-in region has become an origin-centered n- dlmen5|ona|
cube with all side lengths equal to 1. The multivariate integral can therefore be written
as a product of one-dimensional integrals:

2
yz+ 1 TL_l,Z
Pr = / exp —_— dy
- X e ( 20

zezn\{0}i=1

H+26TL_1
2041 1 1 2
= S I et
zezn\{0}i=1 : QU‘LI 2 2

_ 9,711 Tr—1
Z H((I) (u 2¢T'L z>+@<u+2qL z) 1) (5.28)
2051 2041

2€Zn\{0}i=1

In a similar way it can be shown that the IAB success rate is given as:

P, = H (2@ <202“> - 1> (5.29)

2-D example

Figure 5.12 shows in black all float samples for which @ = a for two different fail rates.

5.4.2 Integer Aperture Least-Squares

The IA Least-Squares (IALS) estimator can be defined in a similar way as the IAB
estimator, cf. (Teunissen 2004b). The aperture pull-in region is then defined as:

Qs 15 = wSz1s (5.30)
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Figure 5.12: 2-D example for IAB estimation. Float samples for which @ = a are shown
as black dots. Left: Py = 0.001; Right: Py = 0.025. Also shown is the IA least-squares
pull-in region for the same fail rates (in grey).

with

{,uSZJ_S ={reR"| %(a: —z) € SoLs}t

n N (5.31)
Sois = {z € R" | [lz[3, < llz —ul3,, Yu € Z"}

The aperture parameter is u, 0 < u < 1.

The first step for computing the IALS estimate is now to compute the ILS solution @
given the float solution @, and then the ambiguity residuals are up-scaled to ‘lté. This
up-scaled residual vector is used for verification of:

1
u= argznelizr}lﬂpé—zﬂéa (5.32)

If u equals the zero vector, the float solution resides in the aperture pull-in region Q¢ s,
and thus a = a, otherwise a = a.

Since the ILS estimator is optimal, the IALS estimator can be expected to be a better
choice than the IAB estimator. The IALS estimate can be computed using the LAMBDA
method, and, as for the IAB estimator, the shape of the aperture pull-in region is
independent of the chosen aperture parameter. Furthermore, in the Gaussian case it is
known that the aperture parameter acts as a scale factor on the vc-matrix, since

Py

/ falz + a)de

1So,Ls

:,u"/f&(um—i—a)dm

So,Ls

1 1
— [ el )
V172 Qal(2m) 2 "

So,Ls
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Figure 5.13: 2-D example for IALS estimation. Float samples for which @ = & are shown
as black dots. Left: Py = 0.001; Right: Py = 0.025.

This shows that the IALS success rate can be computed in the same way as the ILS
success rate by replacing @Q; with the up-scaled version %Q@. As explained in section
3.2.2 exact evaluation of the ILS success rate is too complex, but the up-scaled version
of the vc-matrix can also be used to compute the lower and upper bounds of the IALS
success rate as given in section 3.2.2.

Lower and upper bounds for the IALS fail rate can be obtained by bounding the inte-
gration region with ellipsoidal regions. The lower bound can be obtained identically to
the one for EIA estimation as described in section 5.2. The upper bound follows in a
similar way by using ©1.So C C§ with C§ an ellipsoidal region centered at 0 and with size
governed by € = pmax Iz llq,-

0

Summarizing, the following lower and upper bounds for the IALS success rate and fail
rate can be used:

1
Py > P x%(n,\.) < =p? mi 2 5.33
I VI (RN ES T AL ) (533)
zeZ"\{0}
rre Y P (¢ < itmxa ) (5.34)
227\ {0} rES0
n
I
P, > 2P -1 5.35
-2 e -1 (5.35)
2
< 2 < _HCn )
PSP<X (n,O)ADOP2> (5.36)

with A\, = zTlez, and ¢, and ADOP as given in section 3.2.2. Note that the lower
bound of the success rate is equal to the IAB success rate.

If IALS estimation with a fixed fail rate is applied, especially the upper bound of the fail
rate is interesting. Unfortunately, equation (5.34) is not useful then, since max |z 113,
z€Sp ¢

must be known.
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2-D example

Figure 5.13 shows in black all float samples for which @ = & for two different fail rates.

5.5 Penalized Integer Aperture estimation

Penalized Integer Aperture estimation (PIA) was introduced in Teunissen (2004¢), and
is based on the idea to assign a penalty to each of the possible outcomes of a decision
process, and then to minimize the average penalty. In the case of the class of integer
aperture estimators defined in equation (5.1) there are three outcomes and the corre-
sponding penalties are denoted as p, for success, py for failure, and p, for undecided.
The expectation of the penalty is given by:

E{p} = psPs + ps Py + pu P (5.37)

So, the average penalty is a weighted sum of the individual penalties, and depends on
the chosen penalties, and on the aperture pull-in region 4 since this region determines
the probabilities P, Py and P, as can be seen in equation (5.4). The goal is now to
find the €2 that minimizes this average penalty, i.e.

HgnE{p} (5.38)

This implies that the aperture space depends on the penalties. The solution is obtained
by minimization of:

E{p} = p. /fa(ff+a)dff+}?f / (fele) = fale+a))dz | +pu [1- /fe(m)d:v
Qo

Qo Qo

— Py /fa a)dz + (pf — pu) /fe dz | + pu (5.39)

For the minimization of E{p} with respect to Q only the first two terms on the right-
hand side of equation (5.39) need to be considered, i.e. Qg follows from the following
minimization problem:

i [ (b — ) fo@) + (0, = p) ol + @) (5.40)

o F(x)

It follows thus that g must be chosen such that all function values of F'(x) are negative:

Qopia = {z € So | fe(z) < PL=L £ (2 4 a)) (5.41)
Pf —Pu

m

Note that the aperture space still depends on the integer estimator that is used, since
the pull-in region Sy is different for rounding, bootstrapping and integer least-squares.
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Therefore, the average penalty also has to be minimized for Sy. For that purpose the
average penalty is written as:

E{p}:pu+(ps_pu)(Ps+Pf)+(pf_ps)Pf
bt = p) [Fa@de =) Y [ et (542
Q

zeZ”\{a}QnSO

Hence, for this minimization problem, only the third term in equation (5.42) needs to be
considered. From the optimality of the ILS estimator, cf. (Teunissen 1999b), it follows
that

/ fa(x + a)dx > /f@(m +a)dw (5.43)

So,Ls S,
for any S, that fulfills the conditions in (3.1.1). Therefore also the following is true:

/ falz + a)dx > / fa(z + a)dx (5.44)

QNSo,Ls Qns;

This result is used in the identity

/fa(x—i—a)dx: Z / fa(z + a)dz = Z /f@(:(:—i-a)d:c
Q ans

2€2"0NS. s zezn
so that
Z / falz +a)dz < Z / falz +a)dz (5.45)
€2\ {0} s, 1 €2\ {0} or
and thus
Z falz+a+2)dz < / Z falr +a+ 2)dx (5.46)
QMSO,LSZEZH\{O} QOS(']ZEZ”\{O}

This shows that the minimization problem is solved if Sq is chosen as:

Sopia = {z € R" |0 = arg Hé%{gfa(x +a+2)}=SoLs (5.47)

since (5.47) is independent of 2, and thus (5.38) is indeed solved by choosing Qo and
So as in equations (5.41) and (5.47) respectively.

The steps to arrive at the PIA solution are as follows. First the ILS solution @ is computed
given the float solution a. Then the ambiguity residuals € s are used to verify whether
or not

fe(és)
faasta =* (5.48)

If the inequality holds, é s € Qg pia, and a = G, otherwise a = a.
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Figure 5.14: 1 as function of the penalty py with p, =0 and p, = 1. Left: py =1,...,2;
Right: py =2,...,200.

2-D example

In order to get an idea of the shape of the aperture space, Q: 201 from appendix B
is chosen as the vc-matrix, the corresponding PDFs of the float ambiguities and the
ambiguity residuals are determined, and then the inequality (5.48) is used to find Qg as
function of pu.

Figure 5.15 shows the results. Furthermore, figure 5.14 shows p as function of the
penalty py > 1, where p; = 0 and p, = 1. In this case u — 1 for ps | p,. The
reasoning behind this choice is that it seems realistic that no penalty is assigned in
the case of correct integer ambiguity resolution, and also that the penalty in the case
of incorrect integer ambiguity estimation is larger than the penalty in the case of 'no
decision’ (undecided). This implies that in order to minimize the average penalty E{p},
the fail rate Py should be as small as possible in all cases, and the probability of no
decision P, should also be small, especially if ps | p,. Thus the success rate should be
as large as possible in all cases, which is the case if the PDF of a is peaked. However,
for very small values of p (close to one), the undecided rate will become large since then
the aperture space will be small. This results in lower success rates.

It can be seen that the shape of €2y is a mixture of an ellipse and the shape of the pull-in
region. The reason is that the contour lines of f;(x) (see top panel of figure 5.15) are
ellipse-shaped, but those of f:(x) (center panels) are not. It is clear that for larger u
the aperture space becomes larger.
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5.6 Optimal Integer Aperture estimation

The method of penalized |A estimation as described in section 5.5 is some way regulates
the probabilities of success and failure. As mentioned in the beginning of this chapter,
this is why the new class of integer estimators was defined. A disadvantage of PIA
estimation is that the user has to choose the values for the penalties that will be assigned
to the three cases success, failure and undecided. A user would like to choose the
penalties in such a way that he can be sure that the fail rate is below a certain value.
All other IA estimators described in previous sections are not optimal in the sense of
maximization of the success rate. Therefore, still another approach could be based on
the optimization problem defined as:

P. subject to: Pj — 5.49
[nax subject to: Py =f (5.49)

where (3 is a chosen value for the fail rate, (Teunissen 2003g). In words, this means that

the aperture space is defined such that the success rate is maximized subject to a fixed
fail rate. The solution of the optimization problem is given by:

Qo={x eS| Y falz+2) <pfalz+a)} (5.50)

ZEL™

The proof was given in Teunissen (2004d), and is as follows.

Lemma 5.6.1 Let f(z) and g(z) be integrable functions over R™. Then the region

Q={zeR"| ) flz+2)>21> glz+2), \eR} (5.51)

ZEL™ zZEL™

solves the constrained maximization problem:

éré%gi/f(x)dm (5.52)
Q
subject to:
g(z)dx = ¢
QCR™ (5.53)

Q=Q+2,VzeZ"

if A € R is chosen such that the integral constraint of equation (5.53) is satisfied.

Note the similarity with the Neyman-Pearson lemma, cf. (Rao 1965). The proof of
lemma 5.6.1 is as follows.
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Clearly, the region € in (5.51) satisfies the constraints in (5.53). Let Q be any region

that also satisfies both constraints. Then:

[ f@yia - / f(@)da =
Q

:Z /f dm— /f(x)dx

*ons. *€2"ans,
= / Zfa?—i—zdac— / Zf(x—f—z)dw
g2 2" S, ?EL"

_ / S fla+ 2)d — / S fla+ 2)de

@\{2hns, <" @\{2hns, <"

> A / Z (x + z)dx — A / Z (x+ 2)d

@\{Q})ns,™ < @\{Qpns, "
=A / g(x)dz — A / g(x)dr =0 =
o\{Q} Q\{©2}
[ @i = [t
a 0

where the following properties were used:

@ |JS.=r"

ZEL™
S, =50+ z

(b)

(c) !
(d) use (5.51)

(e) S.=So+ zand use (5.53)

Recall that the success rate and fail rate can be expressed as:

Ps:/fa(a;+a)dx, Py - /fuaH—z
Qo

ZE€EL™\ {a}Qo

so that

Py +'P?i:u/j% x d$

P = / dm—/fa (1 = sq(z))dz
O\{Qa}

(Q\{Q}) NS =(Q—-0NQ) NS, common part of 2 and Q subtracted
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The optimization problem of (5.49) is thus equivalent to:
ng)ax(PS + Py) subjectto: Py =0 (5.54)
0
or to

méxx/f@(x)dx subject to: /f@(x)(l—sa(x))dx =03, 0=Q+z 2€Z" (555)
Q 9)

Lemma 5.6.1 can now be applied to obtain the following result:

Q={zeR"| Zf@(x—i—z)ZAZf@(x—i—z)(l—sa(x—i—z))}

ZEL™ ZEL™
Therefore
Qy=0nN2Y
={z eR"| Zfa(:c+z) > )\(Zf@(erz) — falz +a)), x € So}
zZEL™ zZEZL™
={x eR"| ZgZ;fa(ac +2z) < %fa(x—i— a), x € Sp}

This ends the proof of (5.50).

The best choice for Sy is the ILS pull-in region. The reason is that P, + Py is in-
dependent of Sy, but P, and Py are not. Therefore, any choice of Sy which makes P
larger, automatically makes P; smaller. So indeed the best choice for Sy follows from:

max / fa(x +a)dxr subjectto Q=Q+ 2z VzeZ"
0

QNS

as the ILS pull-in region, see (Teunissen 1999a).

Recall that > fa(z + 2)so(x) = fe(z). It follows thus that the aperture space is
2€Zn
defined in the same way as for PIA estimation, only that x does not depend on the

penalties anymore, but on the choice of Py = 3. This new approach will be referred to
as Optimal IA estimation (OlA estimation).

In practice it will be difficult to compute p for a certain choice of the fail rate. Instead,
one could use the following upper bound:

B=Pr= Y /fa($+2)d$

zeZ™\{a}q,
< [n=Dsate+ @)ds = (u=1) [ fa(a)da
Qo Qo
<(n- 1)/fa(w)dx <(p—1)Ps1s (5.56)
Sa
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Figure 5.16: 2-D example for OIA estimation. Float samples for which @ = G are shown
as black dots. Left: Py = 0.001; Right: Py = 0.025. Also shown is the IA least-squares
pull-in region for the same fail rates (in grey).

Finally, one could use the upper bound of the ILS success rate as defined in (3.39) in
order to find a value for p so that the fail rate will be smaller than or equal to (—1)P; 5.
However, it can be expected that this upper bound is not tight enough, resulting in an
aperture space that is much smaller than actually needed, see the example below.

2-D example

In order to evaluate the accuracy of equation (5.56), the success and fail rates for two
values of p were determined based on the simulations. The following was obtained:

p=101: P;=0.0010 < (u—1)P, = 0.0016
p=125: P;=0.038 < (u—1)P, = 0.1773

which shows that already (1 — 1) Ps is not a strict upper bound. So, it will certainly not
make sense to use (i — 1)Ps s as an upper bound for the fail rate.

Figure 5.16 shows in black all float samples for which @ = & for two different fail rates.

The results obtained with all IA estimators are summarized in table 5.1; the penalized IA
estimator is not considered, since it is identical to the optimal IA estimator if the fixed
fail rate approach is applied. For the two fixed fail rates, the corresponding aperture
parameters and the success rates are given. Furthermore, the percentage of solutions
identical to the OIA solution is given. It follows that especially the RTIA estimator
performs almost equally well as the OIA estimator. But for this example also EIA, DTIA
and IALS estimation perform good. In section 5.8 the different IA estimators will be
compared more extensively using geometry-based models.
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Table 5.1: Comparison of IA estimators for 2-D example. Two fixed fail rates P are used;
W is the aperture parameter, P the success rate, and P;4 is the percentage of identical
solutions to the OIA solution.

Py EIA RTIA F-RTIA DTIA PTIA IAB = IALS OIA
W 0.605 0.035 0.068 10.322 0.540 0.293  0.300 1.011
0.001 | P, | 0.168 0.169 0.133 0.165 0.166 0.161 0.169 0.169
P; 98.4 98.9 89.4 976 980 969 987 100
I 1414 0.314 0.386 4.432 1336 0.690 0.700 1.147
0.025 | P, | 0.632 0.634 0.611 0.632 0.629 0.615 0.633 0.634
P; 975 99.2 92.5 975 965 927 97.7 100

5.7 Implementation aspects

The optimal IA estimator was defined such that the aperture space is constructed based
on the conditions that the fail rate is equal to a fixed value and at the same time the
maximum success rate is obtained. All other IA estimators can be used in the same way:
choose a fixed fail rate and determine the aperture space for which this fixed value of
the fail rate is obtained. However, these IA estimators are not optimal since the aperture
space is not defined such that the maximum success rate is obtained.

The problem with the approach of choosing a fixed fail rate, is the determination of the
aperture parameter. Only for the EIA estimator and the IAB estimator exact evaluation
of the fail rate as function of the aperture parameter is possible. For all other estimators it
will be necessary to determine the aperture parameter empirically or by using simulations.
Note that in practice often empirically determined critical values are used for the ratio
test and the difference test.

In this section it is first explained how the aperture parameter can be determined for
the EIA and IAB estimator. Then a method will be presented which uses simulations in
order to determine the aperture parameter. Finally, a procedure will be outlined which
can be used for applying IA estimation.

5.7.1 Determination of the aperture parameter using root finding methods

The fail rate in the case of EIA and IAB estimation can be evaluated exactly, see
equations (5.12) and (5.28) respectively. The problem is now to determine the aperture
parameter such that a fixed fail rate is obtained. For that purpose root finding methods
must be used, see appendix A.3. The procedure is then as follows. Choose the fixed fail
rate Py = 3 and then find the root of

f(u) = Pr(p) = 8

using one of the root finding methods.
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Figure 5.17: Aperture parameter for OIA estimation approximated using IAB estimation
with Py iag = 0.025. y is an element of the boundary of both the IAB pull-in region and
the approximated OIA pull-in region. The dashed OIA pull-in region is the one for which
Pf.om = 0.025.

Since it is quite easy to determine the aperture parameter p for a fixed fail rate in the case
of IAB or EIA estimation, it would be interesting to investigate whether this parameter
can be used to approximate the aperture parameter for e.g. Optimal IA estimation such
that Py oia(p') =~ Priag(p) with 1/ the approximated aperture parameter.

One approach would be to determine the aperture parameter for IAB estimation using
a root finding method. Then an ambiguity vector on the boundary of the bootstrapped
aperture pull-in region € g is determined. From the definition of the bootstrapped pull-
in region in equation (3.12) it can be seen that Sg g is constructed as the intersection
of half-spaces which always pass through the points i%ci, with ¢; the canonical vector
with a one as its ith entry. From equation (3.10) follows then that & = %c,, will lie on
the boundary of Sy g and S, g since

- i1

. A _2 /. . .

a;g = |a; — g a&jaiuaam(aiu —a;)| =0, Vji=1,...,n—1
i=1

——
=0Vi

n—1 1
ing = |in = > _Oaay0a, (@i — i) =[an1=[5}
i=1

Cn) (5.57)

since this will be an element of the boundary of the scaled bootstrapped pull-in region,
i.e. the IAB pull-in region. It must then be checked if y € Sy s, which will generally
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Figure 5.18: Aperture parameter for OlA estimation as function of the fail rate. Black:

determined with simulations; Grey solid: approximated using IAB estimation; Grey dashed:

approximated using EIA estimation.

be the case when the ambiguities are decorrelated, since then the bootstrapped and the
ILS pull-in regions largely overlap. If that is the case the aperture parameter for OIA
estimation is approximated as:

I _ fé(y)
" Ry

since then y is also an element of the boundary of €29 oia. If the aperture pull-in regions
of IAB and OIA would have a similar shape, this approximation may work well. However,
it does not tell whether using 1/ will give a larger or smaller fail rate than the fixed value
that was used in order to determine p'.

(5.58)

This approach is illustrated for the 2-D example in figure 5.17. The IAB pull-in region for
a fail rate of 0.025 is shown. The star shows y as determined with equation (5.57)1. The
resulting OIA pull-in region is shown with a solid line; y is an element of the boundary
of this pull-in region. This 'approximated’ OIA pull-in region is smaller than the one for
which Py oja = 0.025 (dashed line).

Figure 5.18 shows the OIA aperture parameter as function of the fail rate, where the
aperture parameter is determined with simulations (see section 5.7.2), or approximated
using IAB estimation. It can be seen that the approximated aperture parameter is too
low, which means that Psoja(i’) < . In other words, for this example the OIA pull-in
regions are always smaller than necessary if the aperture parameter is approximated using
IAB estimation.

A similar approach can be followed by using EIA estimation. Then a vector on the

INote that if bootstrapping is applied, one starts with the first ambiguity which should be the most
precise float ambiguity as was explained in section 3.1.2. For the example shown here, the second

ambiguity is the most precise. Hence, y is permuted so that y = p - %cl.
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boundary of the aperture pull-in region Q¢ g could be chosen as:

1 : 2 ; K
y=p-—arg min |z||5. with o= ——"7"—7— 5.59
2 zEZ"\{O}” (e % min |z]g, ( )
zeZ"\{0}

since then ||y||3, = p*. Again the aperture parameter for OIA estimation is approxi-
mated with equation (5.58), so that y is also an element of the boundary of Q¢ oia. It
is important to note that this approach will not work in the case the ellipsoidal pull-in
regions overlap, since then y ¢ Sp. In that case g in equation (5.59) should be set equal
to one, so that y is on the boundary of Sj.

Figure 5.18 also shows the OIA aperture parameter as function of the fail rate as approx-
imated using EIA. Instead of choosing y as in equation (5.59), one could also choose
y=op- %u with u the adjacent integer with the largest distance to the true integer a = 0.
With the first option, the approximated aperture parameter will be too large, with the
second option the approximated aperture parameter will be too small. For this example,
approximation with IAB estimation works better, but still not good.

5.7.2 Determination of the aperture parameter using simulations

As explained at the beginning of this section, computation of the aperture parameter u
for a fixed fail rate is not possible for most IA estimators. An alternative is to determine
w1 numerically. Therefore, simulated data are required. The procedure will be described
here for the OIA estimator, but a similar approach can be followed for other IA estimators.

The procedure is as follows:

1. Generate N samples of normally distributed float ambiguities:
a; ~N(0,Qa),i=1,...,N

2. Determine the ILS solution:

- s _ Je(&)
Qg € = a; — a4, Ti = TG

~—

3. Choose the fail rate: Py = (5 < Py s
The fail rate as function of y is given by: Py(p) = %
1 ifr,<p A a;#0

N
with N, = w(ri,a;) and w(r;, a;) = .
! ;1 ( ) ( ) 0 otherwise

?

4. Choose:
p1 = (min(r;) — 1071°) since this results in: Ny =0 = Py(u1) =0
o = max(r;) since this results in: P¢(u2) = Py s

5. Use a root finding method to find p € {11, po] so that Py(p) — 8 = 0.

This will give the solution since Py(u1) — 6 < 0 and Pg(u2) — 5 > 0, and the fail
rate is monotonically increasing for increasing 1, as will be shown below.
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In order to show that the fail rate is monotonically increasing with u choose 11 > p;.
Assume the aperture space () ; is defined by p;, so that the following is true:

Jfe()
< u;Vx € Q F
fa@) =" ’
Since 1 > p;, the following is true:
fe(x) Jfe(x)
<p;j VreQy; and <p; Vo eQo;
fa@) = ° fa@) =1 o

This means that {; C € ; and thus also Q; C Q. ;,Vz € Z™. From the definition
of the fail rate in (5.4) it follows that Py ; > Py ;Vu; > p;.

5.7.3 Determination of the Integer Aperture estimate

In practice the problem of determining the aperture parameter for a given fail rate can be
circumvented as follows. First, the float and fixed solution are computed, and then it is
determined what the fail rate would be if the float solution would fall on the boundary of
the aperture pull-in region Q5. If this fail rate is larger than the user-defined threshold (3,
obviously Q' is larger than allowed and the float solution lies outside the aperture space
Q corresponding to Py = 3. The procedure is outlined below for the RTIA estimator,
but can also be applied for other IA estimators. For the IALS estimator this is not
completely straightforward, and therefore in appendix D the procedure for this estimator
is outlined.

1. Choose fixed fail rate: Py =8
2. Collect observations and apply least-squares adjustment: a, Qg;
3. Apply integer least-squares estimation: a, ¢, [la — al3),, [|a — 2|12,

4. Choose y' = lazalg, .

= Taal3,

5. Generate N samples of float ambiguities Z; ~ N(0,Qa);

6. For each sample determine the ILS estimate ;

[ERATS
L= a

and /lz ‘|§71_§"12H2Q
a

1

7. Count number of samples Ny for which: p; <y and &; # 0;

Ny

8. Compute fail rate with ' as critical value: Py(p') = £;

9. If Pr(p') < f: a = a, otherwise a = a.

In order to get a good approximation of the fail rate in step 8 the number of samples
must typically be chosen large, N > 100,000. But in order to reduce the computation
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Table 5.2: Comparison of IA estimators for geometry-based examples.

fail rate success rates

EIA RTIA F-RTIA DTIA PTIA IAB IALS OIA
06_01| 0.001 |0.158 0.165 0.131 0.163 0.162 0.134 0.166 0.166
06.01| 0.008 |0.370 0.390 0.365 0.383 0.375 0.316 0.388 0.392
06-02| 0.012 |0.044 0.044 0.037 0.042 0.042 0.040 0.043 0.044
06.02| 0.050 |0.129 0.130 0.119 0.124 0.124 0.116 0.127 0.131
10_.01| 0.001 |0.649 0.921 0.923 0.932 0.799 0.846 0.914 0.932
10_.01| 0.004 |0.847 0.968 0.969 0.970 0.892 0.923 0.968 0.970
10.02| 0.006 |0.111 0.191 0.179 0.208 0.179 0.154 0.176 0.219
10.02| 0.012 |0.174 0.289 0.279 0.301 0.251 0.236 0.270 0.314
10_.03| 0.020 |0.052 0.074 0.070 0.076 0.071 0.066 0.073 0.084
10_.03| 0.060 |0.117 0.161 0.154 0.160 0.145 0.142 0.159 0.170

time, which is important in real-time applications, it has been investigated how much
the results would differ with N much smaller so that the computation time becomes
acceptable. It followed that for all models described in appendix B, already with a few
thousand samples the results are quite good: same decision as with very large IV in more
than 99% of the cases.

5.8 Comparison of the different 1A estimators

In section 3.5 the integer validation tests as currently used in practice were described.
If an admissible integer estimator is used in combination with one of the discrimination
tests described in that section, the resulting estimator belongs to the class of integer
aperture estimators as was shown in section 5.3 for the ratio test, difference test and
projector test.

It is now interesting to compare the performance of all the different IA estimators using
the fixed fail rate approach. For that purpose simulations are used. It is then investigated
which of the IA estimators perform close to optimal. Furthermore, the OIA estimator
is conceptually compared with the ratio test and difference test, and with the IALS
estimator.

5.8.1 Examples for the geometry-based case

Simulations were carried out for several geometry-based models, see appendix B.

Table 5.2 shows success rates obtained for two different fixed fail rates for all examples.
From the results follows that OIA estimation indeed results in the highest success rates,
but often the ratio test and the difference test give almost the same results. In section
5.8.2 these estimators are compared in more detail. Also the IALS estimator performs
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Figure 5.19: Top: Success rate as function of the fail rate; Bottom: percentages of solutions
identical to OIA. Left: example 06_01. Right: example 06.02.

quite well. The EIA estimator only performs well for examples 06_01 and 06.02. The
performance of the F'-RTIA estimator seems to be much worse than the performance of
the other estimators. The reason is that the F-RTIA estimator does not only consider
the ambiguity residuals, but also the residuals of the float solution, so that the aperture
space is not n-dimensional, but (m — p)-dimensional.

Figures 5.19 and 5.20 show the success rates as function of the fail rate for those IA
estimators that perform reasonably well; only low fail rates are considered. DTIA, RTIA
and IALS estimation perform well for all examples: the success rates are almost equal
to the OIA success rate, and the percentage of solutions identical to the OIA solution
is high. For examples 06_.01 and 06_02 the RTIA estimator performs best after OIA
estimation; for examples 10_.01 and 10_03 the DTIA estimator performs better than
RTIA estimation. EIA estimation only performs well for example 06_02.

Until now the performance of the IA estimators is solely based on the ambiguity success
rates and fail rates. Of course, a user is more interested in the probability that the
baseline estimate will be within a certain distance from the true baseline:

P([b—0]3, <o) (5.60)

where b is either the float, fixed, or IA baseline estimator. The vc-matrices Q; and Q5
can be determined from the estimates corresponding to the simulated float ambiguities.
These probabilities are difficult to interpret, but will be considered for completeness,
because they tell something about the distributional properties of the baseline estimators.
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Figure 5.20: Top: Success rate as function of the fail rate; Bottom: percentages of solutions
identical to OIA. Left: example 10_01. Right: example 10.03.

A user will be mainly interested in the baseline coordinates, therefore also the following
probabilities are analyzed:

P(Jlbs — bl < (5.61)

where b, refers only to the three baseline coordinates. So, the distance to the true
position is considered here.

The results are shown in figures 5.21 and 5.22. For all examples the OIA estimates
corresponding to the largest fail rate in table 5.2 is used. Note that the same probabilities
were analyzed in section 4.3.3 for the float, fixed and BIE baseline estimators.

The probability that b is close to the true b is highest for most examples. Note, however,
that in practice b should only be used if the ILS success rate is close to one. This is the
case for example 1001, but then the baseline probability of b is comparable to that of
b. Another disadvantage of the fixed estimator is that if b is not close to b, there is a
high probability that it will be very far from the true solution.

It follows that the baseline probabilities of b often are better than those of b. In the
figures only the probabilities of the OIA estimator are shown; for the other IA estimators
the probabilities are somewhat lower. If the aperture parameter would be chosen larger
or smaller, the OIA baseline probability would be more like that of the fixed or float
baseline probability respectively.

122 Integer Aperture estimation



probability
probability
o
&
N
i

probability
probability

Figure 5.21: Top: P(Hl}fb”?Qi) < €). Bottom: P(||b, —bs||? < €). Dotted: b = b; Dashed:
b =b; Solid: b= b. Left: example 06_01. Right: example 06_02.

Besides the probabilities as defined in equations (5.60) and (5.61), it is also interesting
to know the probability that the IA baseline estimator is better than or identical to the
float estimator, i.e.

P([[b = bl < [|be — ba ) (5.62)

As explained in section 3.4 the fixed baseline probabilities cannot be evaluated exactly;
the same is thus true for the IA estimators. The probability is plotted in figure 5.23 as
function of the fail rate for the different examples. The end points correspond to the
ILS fail rate and therefore the probability is equal to P(||bs — be | < [|be — bzl|)-

Especially for low fail rates the probabilities are high, and P(||by — bs|| < [|bs — be||) >
P(||by — by || < ||bx — be||). That is because then either the undecided rate will be high
and thus there is a high probability that b = b, or the success rate is high so that there
is a high probability that b is better than b if b = b. For examples 06_01 and 06_02 the
probability for the IA baseline estimator is always better than for the fixed estimator;
but that is not true for examples 10_.02 and 10_03. Since a user will be interested in
low fail rates, these probabilities show that the |A aperture estimator is to be preferred
above the fixed estimator.
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5.8.2 OIA estimation versus RTIA and DTIA

The results in the preceding section have shown that the RTIA and the DTIA estimator
both perform close to optimal for most examples. Therefore, in this section the relation
between these estimators and the OIA estimator is investigated.

Recall that with the ratio test the fixed solution is accepted if and only if:

Ry <

- S UR

R, =V

With the difference test the acceptance criterion is:

Ry — Ry > pp

With OIA estimation the fixed solution is used if and only if:

fe(a —a)
fala —a) = Ho
with
S~ exp — LR, S~ exp — LR,
fg(d—d) _ 1;8 p{ QR’L} _ eXp{*%RQ} . i;ge p{ sz} (5 63)
fala—a)  exp{—3R:} exp{—3R1}  exp{—3Ri} -

where the i refers to the solution that is best (1), second-best (2), etcetera. This
expression follows from equations (3.26) and (3.48).

An important difference with the ratio test statistic and the difference test statistic is
that in this expression all R;,i = 1,...,00 are taken into account and not just those
that correspond to the best and second-best integer solution. From equation (5.63)
follows that:

fe(a—a)

fala —a)

So, if ©f is the aperture pull-in region corresponding to:

> 1t exp{— (R — 1)) (5.64)

L+ exp{— (s — R1)} < o (5.65)

if follows that Qg o C €. Equation (5.65) can be rewritten as:
Ry — Ry > —2 111(,uo — 1) (566)

Equation (5.66) is identical to the difference test. Hence, it follows that Qo C Qg p if
pup = —2In(puo — 1), and the fail rate and success rate of the DTIA estimator will be
higher than with OIA estimation.

If the precision as described by the vc-matrix () is high the squared norms R;, i > 1 will
be large and the last term on the right-hand side of equation (5.63) will become small.
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This means that the higher the precision, the more identical the aperture pull-in regions
of the difference test and the optimal test become. It follows from equation (5.66) that
then

1
Lo = GXP{—iﬂD} +1 or pup~-—-2In(uo—1) (5.67)

In figures 5.26 and 5.27 the aperture parameter pg is shown as function of the fail rate for
different examples. The black solid lines show the po that follow from the simulations,
the dashed grey line show the g as approximated with (5.67) as function of the DTIA
fail rate. For example 10_01, the precision is high and the results in table 5.2 already
showed that the DTIA estimator performs almost identical to the OIA estimator. It
could therefore be expected that 110 &~ exp{—4up} + 1, which is indeed shown in the
figure. On the other hand, for the other examples the DTIA estimator performs worse
than the OIA estimator. Because of the poorer precision the terms R;,i > 3, and thus
the last term on the right-hand side of (5.63), cannot be ignored. Not surprisingly ro
is clearly different from pug.

In the bottom panels of the figures, the OIA success rates as function of the 'fixed’ fail
rate are shown in the case po would be used, and in the case p would be used. So,
in the latter case the success rate is shown as function of the DTIA fail rate which was
used to determine pi. As expected, only for example 10.01 approximately the same
results are obtained.

From equation (5.66) follows that it is not possible to rewrite the OIA estimator in the
same form as the ratio test (3.78), but both tests depend on Ry and Ry, which is the
reason that similar results can be obtained with RTIA and OIA estimation if it would be
possible to choose the critical value of the ratio test in an appropriate way. In practice
UR is often chosen equal to a fixed value and the ratio test should only be applied if the
precision is high. Figure 5.24 shows on the left the aperture parameter pgr as function
of the fail rate for the different examples. It can be seen that for the examples where
n = 10 a small fail rate will be obtained when pr = 0.3; in the case of poorer precisions
on the other hand, it is not clear how the appropriate g can be chosen such that the fail
rate will be low enough, but at the same time such that the test is not too conservative.

The F-ratio test
||é||2Qy + Ry R
~ 2 _—
léll?, + R

also looks at R; and Rs, but as explained this IA estimator is not really comparable
with all others because it also depends on the float residuals €. In practice the aperture
parameter is often chosen equal to % oras 1/F,(m —p,m—p,0), see section 3.5. The
panels on the right of figure 5.24 show the aperture parameter as function of the fail
rate and as function of « in the case the F-distribution would be used to determine the
aperture parameter. As explained, the latter choice is actually not correct. It follows
that it is not obvious how a must be chosen, which confirms that it is better not to
incorrectly use the F-distribution. With ug = % the fail rate will generally be quite low.

The results of this section give an explanation for the fact that it is difficult to find
a good criterion to choose the critical value for the ratio test and the difference test:

126 Integer Aperture estimation



0.7

0.6

0.5

0.4

02_01 |

0.3

0.2

0.1

0.01

0.02 0.03
fail rate

0.04 0.05

0.7

0.6

0.5

0.4

0.3

06_01

0.2

y

0.01

0.02 0.03
fail rate

0.04 0.05

0.01

0.02  0.03
fail rate

0.04 0.05

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

02_01

0.1 0.2 0.3
fail rate / a

06_01

06_02

0.1 0.2 0.3
fail rate / a

0.1 0.2 0.3
fail rate / a

Figure 5.24: Aperture parameter p as function of the fail rate. Left: RTIA; Right: F-RTIA.
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in order to guarantee a low fail rate the critical value should somehow depend on the
distance to all integer vectors in the neighborhood of a, where the distance is measured
in the metric of Q3.

2-D examples

By comparing 2-D aperture pull-in regions of the RTIA, DTIA and OIA estimators, it is
possible to get a better idea of the differences in performance of the three estimators.

Therefore three aperture pull-in regions for are plotted for different vc-matrices in figure
5.25. The following vc-matrices are considered:

2 0.8 0
ngxozm, Q:0201, 4Q:o02.01, Q20201+{0 O}

The regions correspond to the following three situations:

a : p chosen such that for each estimator the fail rate is obtained for which the percentage
of RTIA / DTIA solutions identical to the OIA solution, P;g4, is minimum;

b : Ratio Test with fixed critical value of p = 0.5,
w for DTIA and OIA chosen such that fail rates of all estimators are equal

c : all estimators with fixed fail rate of Py = 0.025

It follows that the first situation, smallest P;4 for the same fail rate, in general occurs
when the OIA pull-in region just touches the ILS pull-in region, and thus the aperture
parameter is large. The reason is that for a large aperture parameter the shape of the
RTIA and DTIA pull-in regions start to resemble the shape of the ILS pull-in region
and is larger in the direction of the corner points of the ILS pull-in regions where little
probability mass is located. The OIA pull-in region, on the other hand, touches the
ILS pull-in regions there where more probability mass is located in S,, since the PDF
of a is elliptically shaped. The smallest P;; is not obtained for a large aperture pull-in
region when the precision is so high that the PDF of a is peaked since then there is little
probability mass close to the boundaries of the ILS pull-in region.

If the aperture pull-in regions are chosen even larger than shown in figure 5.25, the OIA
pull-in region is cut off by the ILS pull-in region. So, if p is increased the OIA pull-in
region cannot expand in all directions, and therefore the fail rate will not change much.

The aperture pull-in regions of the RTIA and DTIA estimators are especially different
from those of the OIA estimator in the direction of the vertices of the ILS pull-in region.
That is because in those directions there are two integers, ds and d3 with the same
distance to @, but only [|a — 2|3, is considered by the ratio test and difference test,
whereas with OIA estimation the likelihood of all integers is considered.

Using a fixed critical value for the ratio test (b) results in very different and sometimes
large fail rates, depending on the vc-matrix. The reason is that the size of the aperture
pull-in regions is not adjusted if the precision changes. This can be seen for the first
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Figure 5.25: Aperture pull-in regions for: a) the p that results in the smallest percentage of
solutions identical to the optimal test; b) pr = 0.5; ¢) Py = 0.025. Left: OIA (black) and
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three vc-matrices which are scaled versions of each other: the RTIA aperture pull-in
regions corresponding to situation b are all equal.

The fixed fail rate approach works much better than using a fixed critical value for the
ratio test, because the size of the aperture pull-in region is nicely adjusted in case of a
fixed fail rate, as can be seen by comparing the results corresponding to situation ¢ for
the first three vc-matrices. In practice the choice of a fixed p often works satisfactorily,
but that is because either the value is chosen very conservative, cf. (Han 1997), or it is
required that the ILS success rate is close to one before an attempt to fix the ambiguities
is made.

The aperture pull-in regions of the DTIA and OIA estimators become more and more
identical the higher the precision is, so that the relations in equation (5.67) become
valid, as can be seen by comparing these regions for the first three vc-matrices.

5.8.3 IAB and IALS estimation

From table 5.2 it follows that IALS estimation may perform close to optimal, but IAB
estimation does not perform so good. This can also be seen in the bottom panels of
figures 5.28 and 5.29. For a certain fail rate, the success rates with IAB estimation are
clearly lower than with IALS estimation.

The advantage of IAB estimation, however, is that exact evaluation of the fail rate and
success rate is possible. Moreover, the results in table 5.2 indicate that for a fixed fail
rate, the aperture parameters of both estimators do not differ that much. This can also
be seen in the top panels of figures 5.28 and 5.29. For all examples pug < prs. This
gives rise to the idea to choose a maximum allowed fail rate, i.e. Py < 3, and compute
the aperture parameter pg such that Priag = 8. Then apply IALS estimation with
pLs = pe. For this choice it follows from equations (5.29) and (5.35) that the IALS
success rate will always be larger than or equal to the IAB success rate. Based on the
examples it can be expected that the IALS fail rate will then be smaller than 3. However,
this approach is not optimal since the corresponding success rate will also be lower than
the one obtained with the IALS fail rate equal to 3. This is illustrated with two examples
in table 5.3. Moreover, it is not guaranteed that indeed Py aLs(p) < Py ias(p).

In section 5.7.1 an approximation of the OIA aperture parameter was given which makes
use of the IAB aperture parameter. For examples 06_01, 0602, 10_.01 and 10.03 the
results are shown in figures 5.26 and 5.27. The approximation does not work very well,
and the results are often too conservative: the aperture pull-in regions are smaller than
needed. Only for low fail rates the approximated aperture parameter is sometimes too
large, so that the actual OIA fail rate will be larger than allowed.

5.9 Performance of IA estimation

The examples in the preceding section aimed at showing the potentials of 1A estimation
in general and comparing the different IA estimators. Based on the results it can be
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Table 5.3: Comparison of IAB and IALS estimation.

IAB IALS

po | 05322 | 0.5322 0.5500
0601 | Py | 0.0010 | 0.0008 0.0010
P, | 0.1336 | 0.1458 0.1657
@ | 0.7867 | 0.7867 0.8000
10.01 | Py | 0.0012 | 0.0010 0.0012
P, | 0.8456 | 0.9023 0.9137

concluded that the DTIA, RTIA, and the IALS estimators perform almost as well as the
OIA estimator. With the implementation as described in section 5.7.3 the DTIA and
RTIA estimators have the advantage to be computationally simple and less demanding
than the other two estimators. OIA estimation requires the approximation of f&(z)
which may involve the determination of and summation over a very large integer set, see
section 3.3. IALS estimation involves applying ILS estimation twice for each generated
sample.

In this section, examples are worked out which illustrate the benefits of IA estimation
with a fixed fail rate for practical use. Besides the OIA estimator only the RTIA estimator
will be considered, because of its attractive properties described above, and because it is
well-known and already often used in practice, albeit based on other acceptance criteria.

The vc-matrices of examples 06_.02 and 1003 are used. These vc-matrices correspond

to a single epoch model. For the following epochs it is simply assumed that

1

Qk = Ele

with k the epoch number. This relation is valid when the satellite geometry is not
changed.

The aperture parameters, success rates and fail rates as function of the number of epochs
are determined using simulations. The following approaches are considered:
e Optimal IA estimation, fixed fail rate Py = 0.005;

o Ratio Test IA estimation, fixed fail rate Py = 0.005;

e Ratio Test, fixed critical value u = %;
1

e Ratio Test, fixed critical value = 5 and
fixed solution is only accepted if P s > 0.99;

o fixed solution is only accepted if Ps s > 0.995.

If the ILS fail rate is smaller than 0.005, all solutions are accepted with the first two IA
estimators, i.e. Q9 = Sy. Note that the last approach also guarantees that the fail rate
will never exceed 0.005.
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Figure 5.30: Probabilities that solution will be fixed as function of the number of epochs
with 5 different tests. Left: 06.02, Right: 10_03.

For (near) real-time applications it is important that the time to first fix is as short as
possible. The probability that a fix is made at a certain epoch equals:

me = P, +Pf (568)

Figures 5.30 and 5.31 show Py, and P;j;—. obtained with the 5 approaches as function
of the number of epochs. Obviously, |A estimation with a fixed fail rate result in the
highest Py;;. Again, it follows that only with the fixed fail rate approach the performance
of the RTIA estimator is close to optimal.

Applying the ratio test with a fixed critical value of % (stars) may give comparable
probabilities Py;; in the first epochs. Note that if the success rate is higher than the one
obtained with the fixed fail rate, this implies that the corresponding fail rate is higher
than 0.005. In later epochs the fixed critical value is far too conservative, so that the
time to first fix may be unnecessarily long.

For the first epoch the probability P —. is always low for the examples considered here.
The reason is that the success rate P; is very low, and thus the approximation (5.8) is
not valid. For later epochs Py z—. becomes reasonably high with all approaches, and is
highest for the fixed critical value approach. Note, however, that this is only the case
because this approach is too conservative; Py;; is very low in the first epochs, so that if
the solution is fixed it can be expected to be correct since the aperture space, and thus
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Figure 5.31: Success rates conditioned on @ = z as function of the number of epochs with
5 different tests. Left: 06_02, Right: 10_03.

also the fail rate, is very small.

With the two approaches where it is required that the ILS success rate exceeds a certain
limit (x-signs and squares) no attempt is made to fix the solution in the first epochs. As
soon as a fix is made, the probability P 5—. is high.

With the OIA and the RTIA estimator with a fixed fail rate there is a very high probability
that the solution will be fixed much faster than with the other approaches, and the RTIA
estimator performs close to optimal. At the same time it is guaranteed that the fail rate
will not exceed the user-defined threshold. This is not the case if the ratio test with a
fixed critical value is used. It can be concluded that the performance of the ratio test
with a fixed fail rate is much better than with a fixed critical value, especially when
more epochs of data become available. The reason is that using a fixed critical value
implies that the aperture pull-in region 2y does not change as function of the number
of epochs. Recall that the success rate is given by:

P, = | fa(z 4+ a)dz
/

So, if more epochs of data become available, the success rate only increases because
fa(z + a) becomes more peaked due to the improved precision. Using a fixed fail rate,
on the other hand, means that £y becomes larger when the precision improves. This
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implies that the success rate increases more than with the fixed critical value approach,
since fi(x + a) is the same, but the integration region is larger.

5.10 Summary

In practice validation of the integer ambiguity solution is taken care of by using test
statistics, which lack a sound theoretical basis. The problem is then the choice of the
critical value.

As an alternative, in this chapter the concept of integer aperture estimation with a fixed
fail rate was presented. The advantages are:

e |t is an overall approach: estimation and validation are not considered as separate
problems.

e An exact and overall probabilistic evaluation of the final solution is possible.

e The user only needs to choose the maximum allowable fail rate, which is exactly
the parameter on which a user wants to put restrictions. Moreover, this means that
the size of the acceptance region is really based on the model at hand. Choosing
a fixed critical value or a critical value based on incorrect assumptions on the
distribution of the test statistic, as is common practice, will only work when the
precision is high, and may even then result in a test that is either too conservative
or too optimistic.

e The discrimination tests — ratio tests, difference test, projector test — as used in
practice belong to the class of integer aperture estimators, and the performance
of the ratio test and difference test is shown to be close to optimal. So, based on
the theory of Integer Aperture inference the theoretical foundation as well as the
practical relevance of the ratio test and difference test have been shown.

e Using the fixed fail rate approach implies that the critical value depends on the
model (and thus the precision) at hand. This means that the time to first fix will
be shorter, and at the same time it is guaranteed that the probability of incorrect
fixing is below a user-defined threshold.

Several new IA estimators have been presented; the optimal IA estimator is one of them.
This estimator maximizes the success probability for a given fail rate. An overview of all
IA estimators is given in table 5.4. Unfortunately, for most IA estimators it is difficult
to determine the aperture parameter.

Simulations were used to evaluate and compare the |A estimators. It follows that the
ratio test |A estimator (RTIA), the difference test IA estimator (DTIA), and the IA
least-squares estimator (IALS) have a close to optimal performance. In practice often
the RTIA estimator is used, because it is known to work well if the success rate is high.
From the comparison with the OIA estimator, it is now explained why this estimator
and the DTIA estimator perform so well. The close to optimal performance of the IALS
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Table 5.4: Overview of IA estimators. The last column gives the methods that can be used
for the determination of the aperture parameter p in the case of fixed fail rate A estimation.

definition aperture space: determination p
EIA ellipsoid |a—al3,<u? root finding method
. lla—all3, iy . .
RTIA ratio test & empirical /simulation

la—aalg, =

llell,, +la—all?,,

F-RTIA | F-ratio test el Hla—aal, =

empirical /simulation

DTIA difference test  [|a — aal|7), — lla — all3, > p | empirical /simulation
PTIA projector test %ﬂi;&ka) <p empirical /simulation
IAB bootstrapping iéB € So.B root finding method
IALS least-squares ié'-s € SoLs = pg/simulation
OIA optimal % <pu simulation

estimator is also not surprising, since it makes use of the scaled ILS pull-in region as
aperture space, and the ILS estimator is known to be optimal in the class of admissible
integer estimators.

Which IA estimator to use?

The RTIA and DTIA estimator are easy to apply and computationally simple, since the
squared norms of the ambiguity residuals are already available after computing the ILS
solution. However, these estimators are only close to optimal if an appropriate aperture
parameter is used based on a fixed fail rate; and that is only possible by using simulations.

The IALS estimator might be a good alternative: close to optimal performance, and easy
to apply. The aperture parameter could be chosen equal to that of the IAB estimator
for a given fail rate. Unfortunately, this will make the IALS estimator less optimal. If
simulations are used for the determination of the aperture parameter, the computational
efficiency of the IALS estimator will be much less than that of the RTIA and DTIA
estimators, since ILS estimation has to be applied twice for each sample.

In theory, the OIA estimator is of course to be preferred since it maximizes the success
rate. However, computationally it is the most complex estimator because the probability
density of the ambiguity residual must be computed. Furthermore, it is only possible to
determine the aperture parameter for a given fail rate using simulations. If the aperture
parameter is approximated using the IAB estimator, the resulting estimator will not be
optimal.
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Conclusions and recommendations

6.1 Integer estimation and validation

The goal of this thesis was to evaluate different approaches to the integer estimation
and validation problem. In this thesis three approaches were considered, based on three
classes of integer estimators. The relationships between the estimators are shown in the
Venn diagram of figure 6.1.

The smallest, most restrictive class is the class of admissible integer estimators. Integer
rounding, bootstrapping, and integer least-squares are the well-known admissible estima-
tors. From this class, integer least-squares is the optimal estimator, since it maximizes
the probability of correct integer estimation. Therefore, almost all ambiguity resolution
methods currently used in practice are based on this estimator. A parameter resolution
theory can, however, not be considered complete without the appropriate measures to
validate the solution. For that purpose, many integer validation tests have been proposed
in literature, but all of these tests lack a sound theoretical foundation and most tests are
based on the invalid assumption that the integer ambiguity candidates are deterministic.

The largest class of integer estimators is the class of best integer equivariant (BIE)
estimators. This BIE estimator is in some sense always superior to its float and fixed
counterparts: it is best in the sense that it minimizes the mean squared errors of the
estimators. This is a weaker performance criterion than that of the integer least-squares
estimator, the maximization of the success rate. This might be an advantage if the
success rate is not close to one, since then the fixed ambiguities may not be considered
deterministic and the integer validation procedures that are currently available should
not be used. So, in that case the ambiguities cannot be fixed reliably.

The BIE ambiguity estimator is equal to a weighted sum over all integer vectors, and the
weights depend on the probability density function of the float ambiguities. Therefore,
the BIE estimator can be considered as a compromise between the float and fixed solu-
tion. These are approximated in the extreme cases of very bad or very good precision
respectively. The disadvantages of BIE estimation are that it does still not provide an ex-
act probabilistic evaluation of the final solution, and that it is computationally complex.
Moreover, the results in this chapter indicate that only in a limited number of cases the
BIE estimator performs obviously better than either the float or the fixed estimator.
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Figure 6.1: The set of relationships between integer estimators (), integer aperture esti-
mators (IA), and integer equivariant estimators (IE): ICIACIE.

Admissible integer estimation and BIE estimation both cannot provide us with satisfac-
tory measures to evaluate the probabilistic properties of the final solution. Therefore,
the third class of integer estimators was introduced: the class of integer aperture (IA)
estimators.

IA estimation is an overall approach of integer estimation and validation. This is the
case because three a priori probabilities are distinguished: the success rate, the fail
rate, and the undecided rate. Around each integer an identically shaped acceptance
region, referred to as the aperture pull-in region, is defined, with the size determined by
the choice of a maximum allowed fail rate. With respect to the shape of the regions
different choices are possible. Some 'simple’ choices are using ellipsoidal regions, or the
down-scaled pull-in regions of integer bootstrapping or integer least-squares. But other
choices are possible. The Optimal IA estimator is defined such that the success rate is
maximized for a given fixed fail rate.

Advantages of |A estimation with a fixed fail rate are:

e It is an overall approach: estimation and validation are not considered as separate
problems.

e An exact and overall probabilistic evaluation of the final solution is possible.

e The user only needs to choose the maximum allowable fail rate, which is exactly
the parameter on which a user wants to put restrictions. Moreover, this means that
the size of the acceptance region is really based on the model at hand. Choosing
a fixed critical value or a critical value based on incorrect assumptions on the
distribution of the test statistic, as is common practice, will only work when the
precision is high, and may even then result in a test that is either too conservative
or too optimistic.

140 Conclusions and recommendations



e The discrimination tests — ratio tests, difference test, projector test — as used in
practice belong to the class of integer aperture estimators, and the performance
of the ratio test and difference test is shown to be close to optimal. So, based on
the theory of Integer Aperture inference the theoretical foundation as well as the
practical relevance of the ratio test and difference test have been shown.

e Using the fixed fail rate approach implies that the critical value depends on the
model (and thus the precision) at hand. This means that the time to first fix will
be shorter, and at the same time it is guaranteed that the probability of incorrect
fixing is below a user-defined threshold.

A problem with IA estimation is the determination of the aperture parameter for a given
fail rate. For that purpose simulations must be used. More research is needed on the
consequences on the computation times and on the performance.

In theory, the Optimal IA estimator is of course to be preferred since it maximizes the
success rate. However, computationally it is the most complex estimator because the
probability density of the ambiguity residual must be computed.

The ratio test and difference test |A estimator are easier to apply and computationally
simple. These estimators have been shown to perform close to optimal, if and only if
the appropriate aperture parameter is determined by the fixed fail rate. The ratio test
is already often used in practice and seems therefore a logical choice.

The IALS estimator might be a good alternative: close to optimal performance, and
easy to apply, although computationally much more demanding than the ratio test and
difference test |IA estimators.

More research is needed on the implementation aspects and on how the IA method will
work in practice for different applications. With respect to the implementation aspects
it will be important to find an efficient way of determining the aperture parameter such
that close to optimal solutions will be obtained. The approach followed in this thesis
was to use simulations with a fairly small number of samples. It must be investigated
how this will work in practice. Alternative methods would be to somehow determine
empirical values of the aperture parameter that can be used under certain conditions,
e.g. depending on the ILS success rate or the number of ambiguities. Or it may be
possible to obtain a good approximation of the appropriate aperture parameter based on
information from previous epochs.

6.2 Quality of the baseline estimators

Integer ambiguity validation focuses on the question whether or not the ambiguities
should be fixed. This decision is based on the residuals of the float and fixed solution. A
user, however, will be mainly interested in the impact of either decision on the baseline
solution. Therefore, in this thesis several baseline probabilities were evaluated using
simulations.

The first probability is the probability that a baseline estimate will be within a certain
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convex region symmetric with respect to the true baseline. It followed that the probability
that the fixed solution is close to the true solution is always larger than for any of the other
baseline estimators. At the same time, the fixed solution also has the highest probability
of being far from the true solution. The opposite is true for the float estimator: smallest
probability of being close to the true solution, but also small probability that it will be far
off. The probabilities of both the BIE and the IA estimators generally are inbetween those
of the fixed and float estimators. So, as could be expected the BIE and IA estimators
take the best of the float and fixed estimators.

Another probability considered here is the probability that a baseline estimator is better
than the corresponding float estimator. Especially if IA estimation with a small fixed
fail rate is used, this probability will be close to one and larger than for any of the other
estimators.

A problem is that the probabilities cannot be evaluated exactly, and no strict lower and
upper bounds are available, so that simulations are needed. It would be interesting to
have an easy-to-evaluate measure of the quality of the baseline solution. This is a point
of further research.

6.3 Reliability of the results

In this thesis simulations were used in order to assess the theoretical performance of
different estimators and to make comparison possible, since one can be sure that the
simulated data correspond to the mathematical model that is used. In practice, one can-
not be sure that this will be the case, whereas the reliability of the ambiguity resolution
results depends on the validity of the input. Only if one can assume that the input is
correct, one can trust the outcome of integer estimation and validation.

The input of the ambiguity resolution process consists of the float ambiguity estimates
and their vc-matrix, and thus depends on the functional as well as the stochastic model
that is used. Furthermore, it is important that the quality of the float solution is evalu-
ated, such that errors due to for example multipath and cycle slips are eliminated.

In practice the stochastic model is often assumed to be correct, although recent studies
have shown that in many cases a refinement is possible. Possible refinements are the
application of satellite elevation dependent weighting of the observations, and consider-
ing cross-correlation of the different observations. This means an appropriate stochastic
model must be determined for the receiver at hand.

Another assumption that was made is that the variance factor of unit weight, o2, is

known. If, on the other hand, it is assumed that this variance factor is not known, it
must be estimated a posteriori by means of variance component estimation. It must be
investigated how this affects the results presented in this thesis.

Furthermore, it is assumed that the observations are normally distributed. The results
in this thesis are all based on this assumption, although it would also be possible to
apply the theory to parameters with different distributions. This is also an issue open
for further research.
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6.4 Bias robustness

In the preceding section it was stressed that it is important to eliminate errors in the
float solution as much as possible. In that respect it would be interesting to investigate
how 'common’ biases, such as multipath, outliers in the data, and cycle slips, propagate
into the final solution if they are not corrected for or eliminated. It is namely possible
that due to the bias the ambiguity is estimated to the wrong integer with IA estimation,
which might result in a baseline estimate that has a larger bias than the float baseline
estimate.
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Mathematics and statistics

A.1 Kronecker product

The Kronecker product is defined as:

muN - migN

MmptN - mpgN
It has the following properties:

(Mo N)T =MT@NT
(MeN)'=M1teN!
(M; ® N1)(My ® Np) = (M1 My ® N1 No)

A.2 Parameter distributions

A.2.1 The normal distribution

The probability density function (PDF), f;(z), of a normally distributed n x 1 random
vector x is given by:

Falw) = (2m) F QI exp{ 4 (x — 1)TQ Mz — )} (A2)

with Q@ a n X n positive definite matrix, and p an n x 1 vector. Once @ and p are given,
the normal distribution is thus completely specified. The following notation is used:

z~ N, Q) (A.3)

The expectation, E{x}, and the dispersion (or variance-covariance matrix), D{z}, of z
are:

E{z}=p and D{z}=Q (A.4)

145



Let 2 be normally distributed with expectation and dispersion as in (A.4), and let y
be defined as the m x 1 random vector given by y = Az + a. Then according to the
propagation law of the mean and of variances:

E{y} =Ap+a and D{z} = AQAT (A.5)
and thus:
y~ N(Ap+a, AQAT) (A.6)

The cumulative normal distribution is given by:

O(x) = /\/%exp{f%vz}dv (A7)

Some useful remarks:

/\/% exp{—%vz}dv =®(y) — () (A.8)
O(—z)=1—(z) (A.9)

A.2.2 The x>-distribution

A scalar random variable, z, has a non-central X2—distribution with n degrees of freedom
and non-centrality parameter J, if its PDF is given as:

M GVt ew(-5) o
_A E— <xr<
eXp{ Q}JZ:O j!27+JF(%+j) or v & (A].O)

0 forx <0

fo(T) =

with the gamma function:

[(x) = /t”_lexp{—t}du x>0 (A.11)
0

The values of I'(z) can be determined using I'(z + 1) = 2I'(z), with I'(3) = /7 and
ra)=1.

The following notation is used:
z ~ x*(n,\) (A.12)

If A =0, the distribution is referred to as the central y2-distribution.
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The expectation, E{z}, and the dispersion, D{x}, of z ~ x?(n, \) are:

E{z}=n+X and D{z}=2n+4\ (A.13)

If 2 ~ N(p,Q) and y = 27 Q' then:

y~x2(n,\) with A=puTQ 'u (A.14)

A.2.3 The F-distribution

A scalar random variable, x, has a non-central F-distribution with m and n degrees of
freedom and non-centrality parameter ), if its PDF is given as:

OO0 AN gj—1 Mg T,
a (3)/ 2 m?2 " n20(R4+5+7)
P 2};) JID(B+)T(F) (n+ma) 2 T2 T for0<w<oc (A.15)

0 forx <0

fo(z) =

The following notation is used:

z ~ F(m,n,A) (A.16)
If A =0, the distribution is referred to as the central F-distribution.
The expectation, E{z}, and the dispersion, D{z}, of z ~ F(m,n, \) are:

n?(m+n—
(n>2) and D{z}= rs(n(— ;);(n —Qi)

o} = nTQ (n > 4) (A.17)

If u ~N(u,Q,), v ~N(v,Q,), and u and v are uncorrelated, then

is distributed as:
z~ F(m,n,\) with A=u"Q;'u (A.18)

u

The distribution of z = u”' Q;;'u/m is given as: & ~ F(m, o0, \).

A.2.4 Student’s ¢-distribution

A scalar random variable, z, has a Student’s ¢-distribution with n degrees of freedom,
if its PDF is given as:

f(x)ﬁ<l+x—2>_% for —co <z < 00 (A.19)
R O RN |
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The following notation is used:

x ~t(n) (A.20)

If u~ N(0,1), and v ~ x2(n,0), then

g = ——— ~i(n)

Vu/n

A.3 Numerical root finding methods

In order to find the root of a function f(x), several methods can be used. The four
methods considered here are the bisection method, the secant method, the false position
method, and the Newton-Raphson method.

A.3.1 Bisection method

The bisection method is very simple and will never fail if the initial interval is chosen
such that it contains a root. However, the method may work very slowly. The procedure
is as follows.

Choose the interval [z, 2] such that f(zg)f(zd) < 0.

Choose the tolerance .

-
Compute the function value at the middle of the interval, i.e. choose xj1q = “05"2,
and evaluate whether or not:

‘f(xk+1)|<€7 k:071727"'

If yes, the root is found, otherwise:

if f(a?kﬂ)f(acZ) <0: z, = Tpya, xgﬂ = a?z
else Tigy =Tp, Ty = Trga

and continue.

A.3.2 Secant method

The secant method converges faster to its solution than the bisection method, but it
may not converge at all if the function is not sufficiently smooth. The method namely
assumes that the function is approximately linear in the chosen interval and uses the
zero-crossing of the line that connects the limits of the interval as a new reference point.
The procedure is as follows.

Choose the interval [z, z1] such that f(zo)f(z1) < 0.
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Choose the tolerance .

Determine the zero-crossing of the line connecting the limits of the interval:

Th4+1 = Tk — M
flzg) — flaxg—1)

Compute the function value at xy1, and evaluate whether or not:

f(xk?)a k:1,2,3,...

If(zrs1)] <e

If yes, the root is found, otherwise continue.

A.3.3 False position method

The false position method works similar to the secant method, but instead of the most
recent estimates of the root, the false position method uses the most recent estimate
and the next recent estimate which has an opposite sign in the function value. The
procedure is then as follows.

Choose the interval [z, zd] such that f(zy)f(xf) < 0.

Choose the tolerance ¢.

Determine the zero-crossing of the line connecting the limits of the interval:
T~y

fad) = flay)

Compute the function value at xy,1, and evaluate whether or not:

xk+1:xz_ f(x$)7 k2071727"'

|f(zrs1)] <e

If yes, the root is found, otherwise:

if f(zpr)f(zf) <0: Tiyq = Thit, xZ‘H =z
else Ty =T, zzﬂ = Tp41

and continue.

A.3.4 Newton-Raphson method

The Newton-Raphson method determines the slope of the function at the current es-
timate of the root and uses the zero-crossing of the tangent line as the next reference
point. The procedure is as follows.

Choose the initial estimate xg.

Choose the tolerance .
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Determine the zero-crossing of the tangent line of the function at zj:

x
Tpr1 = Tk — ff/((m];))? k= 07 1) 2a s

Compute the function value at xj. 1, and evaluate whether or not:

|f(zrs1)| <e
If yes, the root is found, otherwise continue.

The Newton-Raphson method is in general much more efficient than other 'simple’
methods such as the bisection method, but it can only be used when it is possible
to compute the derivative of f(z) at the reference point. It is, however, possible to
simplify the method by replacing f’(xy) by a constant, but this may corrupt the speed
of convergence.

A.3.5 Matlab function fzero

In this research the Matlab®) function fzero was used in order to find the root of a
function. The algorithm that is used is a combination of bisection, the secant method
and inverse quadratic interpolation, and is based on the Algol 60 version described in
(Brent 1973).
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Simulation and examples

Throughout this work several examples are based on simulations for which the vc-matrix
of the float solution is required as input. In this appendix the method of simulation and
the underlying models for the input are described.

B.1 Simulation

Simulation is a useful method for evaluation of the success rate and fail rate. Although
in practice it would be too time-consuming, the method is used in this research in
order to evaluate the results of different ambiguity resolution methods. Simulation
goes as follows. Since it is assumed that the float solution is normally distributed, the
probabilities are independent of the mean, so one can use N(0,Q) and draw samples
from this distribution.

For example, if only float ambiguities need to be generated, the first step is to use a ran-
dom generator to generate n independent samples from the univariate standard normal
distribution N (0, 1), and then collect these in a vector s. This vector is transformed by
means of & = G's, with G equal to the Cholesky factor of Q; = GGT. The result is a
sample a from N (0, Qz), and this sample is used as input for the integer estimator that
is considered. If the output of this estimator equals the null vector, then it is correct,
otherwise it is incorrect. This process can be repeated N number of times, and one can
count how many times the null vector is obtained as solution, say Ny times, and how
often the outcome equals a nonzero integer vector, say Ny times. The approximations
of the success rate and fail rate follow than as:

=

N,
P="2 p=-S
N F=N

In order to get good approximations, the number of samples N must be chosen suffi-
ciently large, see (Teunissen 1998c).

The random generator used in this research is the Matlab(R) routine mvnrnd from the
Statistics toolbox.
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Table B.1: Time, location, number of satellites, ionospheric standard deviations and em-
pirical ILS success rates for the different Qa_nn_zx.

nn_xx | oy [cm] success rate

02.01 0 0.860 Qs — 4.9718  3.8733 Qs = 0.0865 —0.0364
3.8733  3.0188 —0.0364  0.0847

06_01 0 0.818 10:05 am, 4° East, 52° North

06-02 1 0.442 4 visible satellites

0801 0 0.999 10:15 am, 4° East, 52° North

08-02 1 0.874 5 visible satellites

1001 1 0.989 17:00 am, 52° East, 4° North

10-02 2 0.774 6 visible satellites

1003 3 0.477

v

Figure B.1: Skyplots corresponding to examples 06_zz (left), 08_zx (center), and 10 zx
(right).

B.2 Examples

The names assigned to the different vc-matrices of the float ambiguities all have the
form Qa_nn.xx and Qs nn.xx- 1he number nn is equal to the number of ambiguities n,
and zz is an identification number.

The two-dimensional example (n = 2) corresponds to the double difference geometry-
free model for dual-frequency GPS for two satellites. The higher-dimensional examples
are all based on the single epoch geometry-based model for dual-frequency GPS. These
models are all set up based on the Yuma almanac for GPS week 184, 19-FEB-2003; a
cutoff elevation of 15°; undiffenced code and phase standard deviations of 30 cm and 3
mm respectively.
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Theory of BIE estimation

In chapter 4 the theory of Best Integer Equivariant estimation was developed. In this
appendix a more detailed description of the derivations is given based on (Teunissen
2003f).

C.1 Integer equivariant ambiguity estimation

Starting point is the integer estimator of the unknown integer ambiguities a € Z". Let
this estimator be S(a) with S : R™ — Z™. The new class of integer estimators to be
defined here will be larger than the class of admissible integer estimators of definition
3.1.1. Only the third condition of that definition will be considered, i.e. S(d—z) 4z =
S(a), Yz € Z™. This means that the result of integer estimation should not change
when first an arbitrary integer z is removed from the float solution, then apply the
integer estimator, and then restore the integer. So, the requirement is equivalent to:

S(x+2z)=8x)+z YeeR" zeZ" (C.1)
Estimators that satisfy this property will be called integer equivariant (IE).
Lemma C.1.1

S(x+z)=8Sx)+2z VeeR" z€Z" < S(z) =z + g(z) (C.2)
with g(x) periodic: g(x + z) = g(x).
Proof:

If S(x) =« + g(z) with g(z + 2) = g(x), then S(z + 2z) = S(x) + 2.
If S(z + z) = S(x) + z, then g(x) = x — g(x) is periodic and S(z) = = + g(x).

C.2 Integer equivariant unbiased ambiguity estimation

It follows that:
a=E{S(a)} = E{a+g(a)} =a+ E{g(a)}
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So that:
0= B{g(a)} = / 9(2) fa(w)de = / 9(2) fa(2)da

Thus if the PDF f;(x 4 a) is symmetric with respect to the origin, which is true in the
case of normally distributed data, then g(—x) = —g(z) implies unbiasedness.

C.3 Best integer equivariant unbiased ambiguity estimation

The least mean square estimator will be considered as the best integer equivariant
estimator.

Theorem C.3.1

L (rtz—a)falr+2) X zfalz+a—2z)

R o ZEL™ _zezm
S@) = SRt S f@ta—2) (€3)
zZEL™ zZEL™

is the unique minimizer of [ ||S(z) —al|?), fa(z)dx within the class of integer equivariant
estimators, S(x + z) = S(z) + 2

Proof:
Let || [|* = ()7Q; ' (-). Then:

/ 15(2) — al]? fa(x)dz
- / & — a+ g(@) |2 fa(x)de
- / o — all? fa(e)d + / (20@)7Q; (- a) + lg(@) |12} fa(w)de
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The first term on the right-hand side of the last equation is independent of g(x). If the
second term on the right-hand side is called K, the following can be derived:

K = / (20()7 Q7 (& — a) + 9(@) |} falw)de
-y / (20(0)7Q; (& — a) + [lg(a) |2} fa(x)da

/ (200)7 Q5 (5 + = — @) faly + 2) + g2 faly + 2)}dy

zEZ"
/ 2o S v+ 2 —a)faly+2) + g S faly + 2)}dy
z€L™ zE€L™
F(y) G(y)>0
_ F@ e FW) e
= [Alstw + GBI — ISR
Sy N—————— N—_——

independent of g(y)

where S, are arbitrary pull-in regions, and use is made of the fact that if x € S, then
y=x—z€Sand g(y+z) =g(y).
This shows that K is minimized for g(y) = EW) which is an admissible solution since

TGy
% is periodic.

d

If fa(z + a) is symmetric with respect to the origin, then Si(—x = —S(z) from which
it follows that S(&) is unbiased. In that case the estimator S(a) is of minimum variance
and unbiased.

In practice, it is assumed that the float ambiguities are normally distributed. The BIE
ambiguity estimator, a follows then from equation (C.3) as:

5 sesp{~Hle =213}
=Y e e 23 (C4)

ZEL"

sl

This shows that the BIE ambiguity estimator can be written in a similar form as equation
(3.6):

a= 2w, (G) (C.5)

The weights w, (&) are given by equation (C.4), from which it follows that:

0<w,(a)<1 andsz&
z€Ln
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C.4 Best integer equivariant unbiased baseline estimation

In practice the interest is not so much in the ambiguity solution, but in the baseline
solution. Let T'(@,b) with F : R™ x R? — RP be the baseline estimator. Two types of
restrictions will be put on the function T'(z,y). The first requirement is that the if an
arbitrary constant ¢ € R? is added to the float baseline b, the fixed baseline is shifted
by the same amount, i.e.

T(x,y+¢)=T(z,y)+< Vy,ceRP (C.6)
It follows that if the constant is chosen ¢ = —y that
T(z,y) =y + f(z,0) (C.7)

The second requirement is that the fixed baseline should not change if an arbitrary
integer z € Z" is added to the float ambiguities:

T(x+zy) =T(x,y) VereR" zeZ" (C.8)
This is equivalent to the integer remove-restore condition of (C.1).
From (C.7) and (C.8) the following representation of the baseline estimator is found:
T(x,y) =y + h(z) with h(x) periodic (C.9)

Along similar lines as in section C.3 the BIE baseline estimator can be obtained.

Theorem C.4.1

> E{13|x + z}falz + 2)

T(x,y)=y+b— = SNATES (C.10)

zEL™

is the unique minimizer of [ [||T(x,y) — b||*f,;(x, y)dzdy within the class of integer
equivariant estimators, T'(z,y) = y + h(z) and h(x + z) = h(z)

Proof:

[ [17.0) b £ )y
= [ [ v+ hiw) = b2 1500, )y
= [ [y = bl + 20027 Q = 8) + (2 P} )y
The first term on between the braces on the right-hand side of the last equation is

independent of h(z). If the remaining part is called L and ¢ = 2 — z € Sy, the following
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can be derived:

L= [ [12@) Q= ) + @)} fy olo) fo (o) dody
zE€L™
— [ [2h@ @ -0 + I@IP) S fialola + 2)ala + 2)dady
So zZEZL™
=/{2h(q 12/ y = 0)fya(yla + 2)dy
S zZ€ZL™

HI@IPY Y [ fatvla+ 2} fala + 2)da

ZEL™

/ 20" Q" S (B{blg + 2} — b)fala + 2) + [h(@)12 3 falg + 2)}dg

S, z€Z" z€Z"
F(q) G(a)
F(q) 2 F(q) 2
= hg) + = = bl = | == —blI"'}G(q)dq

S+ g5 - =155 -6

So
L is minimized for h(q) = ggq; + b, which is an admissible solution since % is
periodic.

(I
Note that 7" in (C.10) is the BIE unbiased estimator if fs(x + a) is symmetric with
respect to the origin.

If the float estimators are normally distributed the BIE baseline estimator, l~), follows
from equation (C.10) as:

> Efbla+ 2z} exp{—3llz - z[3,}

l~) _ ZA)+ bh— ZEL™
EZ[% exp{—3zllz — 23, }
) 223 (b+Q,Qz " (a— 2)) exp{—3lx — 2[5, }
=b4+b— = . 5
> exp{—sllz —2[3,}
ZEZ’VL
=b—Qp,Q; ' (a—a) (C.11)

where the BIE ambiguity estimator of equation (C.4) is used.
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Implementation aspects of IALS estimation

The procedure outlined in section 5.7.3 can also be applied for the IALS estimator, but
is more complicated as will be explained here. The problem is the determination of the
aperture parameter such that the float ambiguity estimate will be on the boundary of
the aperture pull-in region. From the definition of the ILS pull-in region in equation
(3.17) follows that & will be on the boundary of S; if:

o ix||2( -3 (B-1)

&<

with & and &5 the best and second-best integers in the integer least-squares sense.

From the definition of the IALS estimator in section 5.4.2 it follows that & — & is on
the boundary of the aperture pull-in region Qg if %(:ﬁ — &) is on the boundary of S.
Furthermore, the following will be used:

arg min||l(55 —&)—z[3, =0

L (D.2)
e _min 15— 7) 13,
These results are used in equation (D.1) to find an expression for p:
WL —3)| 1 B b T P Rt (03)
lull?, 2 lull?,

The problem is that u can only be determined if 1 is known. Therefore as a first guess,
one could use u’ = i — & and then compute the corresponding u° with equation (D.3)
by using u instead of u. If

1 2
mi b @) — 2|2 = D.4
arg_min |5 (&— )~ 2[5, = u (D.4)

and u = Zy — & it means that indeed p® = . If, on the other hand, u # &5 — & it means
that although #(ﬁ — &) is on the plane that is bounding Sy, this vector is not on the
boundary of Sy. Hence, /%O(i — 1) € S,. This implies that x° < p and that ,lt(“% — i)
is on the boundary of S, and Sy. Now that u is known, p can finally be computed with
equation (D.3).

The procedure for IALS estimation is outlined below.
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> W

Choose fixed fail rate: Py =3
Collect observations and apply least-squares adjustment: @, Q;;
Apply integer least-squares estimation: a, €, do;

Choose 1/ as described above;

5. Generate N samples of float ambiguities Z; ~ N (0, Qa);

Note that in step 6 ILS estimation has to be carried out twice for each sample.

For each sample determine the ILS estimate &;
- nllL(s. — 4.) — 2|2 -
and u; = arg;reuzr%Hu(xZ ;) —2llg,
Count number of samples N for which: u; = 0 and &; # 0;

Ny

Compute fail rate with ' as critical value: Pr(p') = £;

If Pr(p') < B: a=a, otherwise a = ;

might be very time-consuming if the number of samples, N, is large.
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