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Abstract

GNSS hardware biases appear in code and phase observations, and orig-
inates both from the receiver and satellite hardware. These biases influence
the accuracy in precise GNSS positioning if not handled properly.

This thesis is based on two papers, where one is a review paper published
in GPS Solutions, and the other is a research paper currently in review (resub-
mitted after minor revision) for Journal of Geodetic Science. The first paper
compiles current results and gives an overview of those situations where bi-
ases are of the greatest importance for precise positioning. The second paper
investigates the satellite dependency in two cases of relative phase biases.

In the first paper, a review is given on how hardware biases influence
precise GNSS positioning in various situations. These can roughly be divided
into five cases: positioning not employing the ionosphere free combination
to which the satellite clock corrections are aligned, GNSS based ionospheric
modeling, determination of the phase ambiguity as an integer in PPP, and
positioning with GLONASS.

In the second paper, the satellite dependency for two cases of relative
phase biases are investigated: relative between-receiver biases in single differ-
enced phase observations from two receivers, relative between-signals biases
in observation differences between two signals recorded by the same receiver
and associated with the same carrier frequency. In both these cases a satellite
dependency was discovered. The first case showed a difference of 0.8 mm
between the greatest and smallest values, while the corresponding difference
in the second case was 3.5 mm.

It was also discovered that the biases in the first case varied periodically
over time, and with a period of one sidereal day. The exact cause for these
variations could however not be determined in the experiment, even though
multipath could be excluded as their source.
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Sammanfattning

Hårdvaru-relaterade biases kan beskrivas som små systematiska fel som
uppkommer i kod- och bärvågs-observationer vid GNSS-mätning. Dessa upp-
står i hårdvaran hos både satellit och mottagare, och inverkar på positionso-
säkerheten vid noggrann GNSS-positionering om de inte hanteras.

Denna avhandling är baserad på två artiklar, varav den ena är publicerad
i GPS Solutions, och den andra är under granskning (återinskickad efter en
mindre omarbetning) för Journal of Geodetic Science. Den första artikeln ger
en överblick över hårdvaru-relaterade biases och de situationer då de är som
mest betydelsefulla för noggrann positionering. Den andra artikeln undersöker
om det eventuellt existerar ett satellit-beroende hos två fall av hårdvaru-
relaterade biases för bärvågs observationer.

I den första artikeln tas fem fall upp som är särskilt betydelsefulla gällan-
de hårdvaru-relaterade biases. Dessa är: positionering som inte använder den
jonosfärsfria linjärkombination av GNSS-observationer som mottagna satellit-
klock-korrektioner är anpassade för, GNSS-baserad jonosfärsmodellering, hel-
talsbestämning av periodobekanta vid PPP-positionering, positionering med
flera GNSS-system, och positionering med Glonass specifikt.

I den andra artikeln undersöks satellit-beroendet för två fall: relativa bär-
vågsobservationer mellan två mottagare, relative bärvågsobservationer mellan
två signaler observerade av samma mottagare och med samma bärvågsfre-
kvens. I båda fallen upptäcktes ett satellitberoende. Variationerna i första
fallet visade en differens mellan största och minsta värdet på ungefär 0.8 mm,
medan motsvarande värde i andra fallet var ungefär 3.5 mm.

Det visade sig också att hårdvaru-relaterade biases i det första fallet vari-
erade periodiskt över tiden, med en period av ett sideriskt dygn. Den exakta
orsaken för dessa variationerna kunde ej bestämmas, även om flervägsstör-
ningar kunde uteslutas som källa.



Acronyms

AC analysis center.

CDMA Code Division Multiple Access.

DCB differential code bias.

FDMA Frequency Division Multiple Access.

GIM global ionospheric map.

GLONASS Globalnaya Navigatsionnaya Sputnikovaya Sis-
tema.

GNSS Global Navigation Satellite System.

IFB inter-frequency bias.

IGS International GNSS Service.

ISB inter-system bias.

PPP Precise Point Positioning.

RINEX Receiver Independent Exchange Format.

SA selective availability.

SPP Single Point Positioning.

TEC Total Electron Content.

TECU TEC unit.
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Chapter 1

Introduction

Global Navigation Satellite System (GNSS) has come a long way since the launch
of the first experimental GPS satellite in 1978 (Enge and Misra, 2006). GPS was
developed by the United States as a successor of earlier satellite based positioning
systems like Transit (Enge and Misra, 2006). It was originally designed mainly
for military purposes with limited usability in civil applications, restricted with
techniques like selective availability (SA) and encryption of the transmitted sig-
nals. Since then, GPS has opened up more and more for the civil community.
SA was turned off in May 2000, and GPS has been modernized continuously with
new satellite generations capable of transmitting signals dedicated for civil uses
(Hoffman-Wellenhof et al., 2008).

In parallel with the modernization of GPS, other GNSS systems have emerged.
As a counterpart to the GPS system, Globalnaya Navigatsionnaya Sputnikovaya
Sistema (GLONASS) was developed by the Union of Soviet Socialist Republics
(USSR), launching its first test satellites in 1982. Similar to GPS, GLONASS was
initially developed for military purposes, but has successively opened up for civil
use since the first public release of its technical details in 1988 (Hoffman-Wellenhof
et al., 2008). As instances of more recent GNSS systems, the European satellite
positioning system Galileo and the Chinese BeiDou are currently progressing in
their construction with predicted full global coverage in the end of 2019 and 2020
for Galileo and BeiDou, respectively (Nurmi et al., 2015; Chengqi, 2012).

The introduction of new signals and GNSS constellations introduces a new com-
plexity when these are used together in the positioning process. Various sources of
incompatibility exists, partly due to differences in the design choices made for the
systems and signals. Most obvious of the between-systems incompatibilities are the
coordinate frame and time scale differences, but also more subtle incompatibilities
exist due to, for instance, the choices of carrier frequencies and signal structures.
Another incompatibility are the hardware biases that appears due to the hardware
and signal design.

1



2 CHAPTER 1. INTRODUCTION

1.1 Objective

The purpose of the licentiate studies presented in this thesis is to compile existing
knowledge and perform research about GNSS hardware biases influence in various
cases of precise positioning. This is done through the two papers that comprise this
thesis.

Contributions
The contribution of this study is to compile and present information about biases
in a new and comprehensive way, and to characterize and analyze selected biases,
to analyze the size of biases for different combinations of receiver types and for dif-
ferent locations, to analyze biases from different satellites, and to analyze temporal
variations of phase biases. This study also investigates the satellite dependency for
two cases of phase biases. To the author’s knowledge, no corresponding studies of
the satellite dependency have been performed before.

1.2 Outline

This thesis is compilation of two papers. Prior to the papers, a general overview of
GNSS and GNSS positioning in particular is given. This is followed by a discussion
and elaboration of some findings from the two papers. The first of the two papers
is published in GPS Solutions. In this paper, a review of how hardware biases
influence precise GNSS positioning is given. The other paper is submitted to, and
currently in review for Journal of Geodetic Science. This is a research paper that
investigates the satellite dependency for two cases of relative phase biases.



Chapter 2

GNSS positioning

GNSS positioning is done by trilateration, i.e. a position is calculated with the
knowledge of the distances to points with known coordinates (Enge and Misra,
2006). The points with known coordinates are in satellite based positioning realized
by the antennas of the transmitting satellites, while the distances are estimated in
the GNSS receiver from the received signals. The geometric distance between the
receiver and a satellite is, in a non-rotating Cartesian coordinate system, given by

ρ =
√

(xs − xr)2 + (ys − yr)2 + (zs − zr)2 (2.1)

where ρ is the geometrical distance, and (·)r and (·)s are the coordinates of the
receiver and the satellite in the x, y, and z directions, respectively. With three
unknowns a minimum of three equations is needed to get a non-singular system.
However, as will be apparent later, time is of great importance in GNSS positioning.
The internal oscillators in GNSS receivers are in general of insufficient quality for
the precise timing required. Thus, in practice, also a clock error parameter of the
GNSS receiver needs to be calculated in the positioning process. We thereby get

R = ρ+ cδr (2.2)

where R and δr is the measured range and the clock error of the receiver, respec-
tively, and c is the speed of light in vacuum. In practice, numerous other error
sources also affect the range observation done by the receiver. These will be de-
scribed more closely in Section 2.2. As the measured range R also includes other
terms in addition to the geometrical range ρ, it is commonly referred to as the pseu-
dorange between the receiver and the satellite (Hoffman-Wellenhof et al., 2008).

As both the geometric 3D position and the receiver clock need to be calculated
in the positioning process, a minimum of four equations are needed in the simplest
forms of GNSS positioning. This means that the receiver needs to track at least
four satellites to establish a positioning fix.

3



4 CHAPTER 2. GNSS POSITIONING

2.1 GNSS observables and observation equations

The GNSS observables comprise various quantities estimated in the tracking pro-
cesses performed by the receiver at the reception of signals from a satellite. Ac-
cording to Enge and Misra (2006) a transmitted signal, as a function of time, can
be described mathematically as

s (t) =
√

2PAxA (t)D (t) cos (2πft+ θ) +√
2PBxB (t)D (t) sin (2πft+ θ)

(2.3)

This equation describes the carrier wave of the signal modulated with ranging
codes xA (t) and xB (t) together with navigation data D (t). The ranging codes
xA (t) and xB (t) could for instance be C/A-code and P-code modulated on the L1
carrier frequency of GPS. The amplitude in Eq. (2.3) is related to the powers PA
and PB of the transmitted signal.

For the estimation of pseudoranges the received ranging codes are compared to a
locally generated replica in the receiver. The pseudorange can then be determined in
the receiver from the estimated shift between these. In parallel, for the pseudorange
estimation to be possible, also the Doppler shift needs to be estimated (Doberstein,
2012). More advanced receivers also estimate the carrier phases in addition to
the pseudoranges and Doppler. In addition to these observation types, the signal
powers of the received signals are estimated in for instance the signal to noise ratio.

Observation equations
The main GNSS observables for the purpose of positioning are the code pseudorange
and the carrier phase, where the latter is of crucial importance in precise positioning.
The observation equations given below are slightly modified in comparison to the
versions that can be found in Hoffman-Wellenhof et al. (2008).

Rsys,ssig,r = ρsr + c
(
δr − δs +Bsyssig,r −B

s
sig + τsys

)
+ T sr + Isfsig,r +Ms

sig,r + εR (2.4)

φsys,sf,r =ρsr + c
(
δr − δs + ϕr − ϕs + bsysf,r − b

s
f + τsys

)
+T sr − Isf,r +Ms

f,r + λfN
s
f,r + εφ

(2.5)

The Eq. (2.4) and (2.5) have been modified to also include the hardware bias
terms

{
Bsyssig,r, B

s
sig, b

sys
f,r , b

s
f

}
for the receiver and satellite hardwares denoted by

subscript r and superscript s, respectively. Other subscript and superscript nota-
tions used are: sys for GNSS system, sig for signal (e.g. C/A-code on L1 for GPS),
and f for the carrier frequency. For the sake of completeness, the initial phases
of the receiver ϕr and the satellite ϕs are also included in the phase equation. In
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Paper 1, on page 37 of this thesis, these are assumed to be merged with the receiver
and satellite phase biases, while they in Paper 2, on page 49 of this thesis, are stated
explicitly. The other terms of these equations are geometric range ρ, receiver and
satellite clock error δr and δs, system time offset τsys, tropospheric refraction T ,
ionospheric refraction I, code and phase multipath M and m, phase ambiguity N ,
and noise together with other remaining error sources for code and phase denoted
as εR and εφ. The error sources of Eq. (2.4) and Eq. (2.5) are described in the
next section.

2.2 Error sources

The GNSS signals are influenced by various effects during their travel from the
satellite to the receiver. These induce errors in the range estimates made by the
receiver, and they will affect the accuracy of the calculated position if not accounted
for properly. This section gives a short summary of those error sources that have
the largest influences on the positioning accuracy, and are of greatest importance
in relation to GNSS hardware biases.

Receiver clock error
The clock errors of the receiver and satellites are present due to the fact that indi-
vidual satellite and receiver clocks are not perfectly synchronized with the system
time. The receiver clocks are in general of low quality in terms of stability, and
they therefore need to be determined continuously. This is done in the position-
ing calculation together with the determination of the 3D position, as mentioned
before.

In some cases an external frequency source of higher stability is used as input
to the receiver to stabilize the receiver clock. This does not mean that the receiver
clock error term cancels out in Eq. (2.4) and (2.5), but only that the drift of the
clock over time will be considerably smaller. It is thereby possible, for instance, to
reduce the number of clock error terms to be estimated in a positioning solution to
one common receiver clock error for several epochs, instead of one clock error term
every epoch.

Satellite clock errors
Satellite clock errors appear due to drift of the satellite clocks over time, even
though the oscillators used in the satellites, in general, are much more stable than
those used in the receivers. The satellite clock error needs to be corrected for in
the observations before a position can be calculated. For Single Point Positioning
(SPP) purposes, corrections for these are broadcasted in the navigation message
transmitted from the satellites (IS-GPS-200H, 2013). For more precise positioning
they are also available as a product from various analysis centers (ACs), as for
instance International GNSS Service (IGS) (Dow et al., 2009).
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Multipath
Multipath is a local error source that exists due to reflections of the GNSS signal
by the surrounding environment. The multipath error occurs as the GNSS antenna
receives both the direct and reflected signals. As the direct and the reflected signals
travel different distances before reaching the antenna, they will be misaligned at the
moment of reception. The misalignment gives an attenuation of the received signals
together with a range error induced both on the code and the phase observations
(Hoffman-Wellenhof et al., 2008).

The way signals are reflected on a surface is dependent on the orientation of the
surface together with the angle of incidence on the inbound signals. As a result,
the multipath error is dependent on both the characteristics of the surrounding en-
vironment and on the momentary geometry of the GNSS satellites. This gives the
multipath error the behavior of repeating itself along with the satellite geometry in
a surrounding that remains unchanged. For GPS this repetition of satellite geom-
etry occurs every sidereal day. Other GNSS systems also have repeating satellite
geometries, but with different lengths on the periods.

Ionospheric refraction
Refraction affects the GNSS signals on their travel to the receiver through the
ionosphere, located in the upper part of the atmosphere, about 50 km to 1000
km above surface of the earth (Hoffman-Wellenhof et al., 2008). The ionospheric
delays occur due to ionized particles and free electrons that are present in this
part of the atmosphere. The measure of the number of free electrons is often
referred to as Total Electron Content (TEC) (Hoffman-Wellenhof et al., 2008).
The ionosphere is a dispersive media for the frequency bands employed by GPS
and other GNSS systems, which means that the signal delays differ depending on
the carrier frequency employed.

The relationship between the ionospheric signal delay and the carrier frequency
can be expressed as

If,R = 40.3
f2 TEC, If,φ = −40.3

f2 TEC (2.6)

where the first and the second equation are the delays for code and phase obser-
vations, respectively. f denotes the frequency of the carrier wave in Hertz (Hz)
and TEC is the number of free electrons expressed in TEC units (TECUs), where
1TECU = 1016 electrons per m2. As can be noted in Equation 2.6, the ionospheric
delays for code and phase have different signs. This means that the code is delayed,
while the carrier phase is advanced when traveling through the ionosphere. This
code-carrier divergence appears due to the fact that the ionosphere is dispersive for
GNSS frequencies (Enge and Misra, 2006).

Equation 2.6 only accounts for the first order delays related to the carrier fre-
quency. This is, however, sufficient for handling of the most significant part of the
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ionospheric delays, as the remaining contributions from higher order terms most
often only amount to about 1 cm (Leick et al., 2015).

Due to the dispersiveness of the ionosphere it is possible eliminate this error
source by forming a linear combination of observations associated with two or more
carrier frequencies. The ionosphere free combination between two signals with
different carrier frequencies is formed by

Rsys,sIF,r =
f2
sig1R

sys,s
sig1,r − f2

sig2R
sys,s
sig2,r

f2
sig1 − f2

sig2
(2.7)

and

φsys,sIF,r =
f2

1φ
sys,s
f1,r − f2

2φ
sys,s
f2,r

f2
1 − f2

2
(2.8)

This linear combination is derived from Eq. (2.6) which describes the ionospheric
delay to be inversely proportional to the square of the carrier frequency of the
signal. The linear combinations of Eq. (2.7) and Eq. (2.8) therefore only account
for the first order delays related to the carrier frequency.

GNSS measurements can also be used for modeling of the ionosphere if the
hardware delays in the receiver and the satellites are considered (Jensen et al.,
2007; Schaer, 1999). This is discussed in section 3.2.

Tropospheric refraction

The troposphere is a non-dispersive medium for the carrier frequencies used by
GNSS, located in the lower non-ionized part of the atmosphere. It thus induces
the same delay on the transmitted signals, regardless of their associated carrier
frequencies. Regarding the delay for a transmitted radio signal, the modeling of
the troposphere can be separated into a dry and a wet part, where the dry part
constitutes the hydrostatic atmosphere and the wet part constitute its water vapor
(Hoffman-Wellenhof et al., 2008).

The division of the troposphere into a dry and a wet part simplifies its modeling.
The water vapor part only covers the lowest layer of the troposphere below 13 km
above the surface of the earth, while the dry part extends to about 45 km above
the surface of the earth (Hoffman-Wellenhof et al., 2008).

About 90% of the tropospheric delay is due to the dry part, but this part is on
the other hand easier to model deterministically than the wet part, due to the large
variations in the amount of water vapor in time and space (Hoffman-Wellenhof
et al., 2008).

By this reason, it is common in high accuracy GNSS positioning to estimate
the wet part of the troposphere as an extra unknown, while letting the dry part
be corrected by some deterministic model (Leick et al., 2015). This is relevant
in precise positioning where the error sources need to be handled explicitly, and
especially for Precise Point Positioning (PPP) which is described later.
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Hardware biases
Biases induced by the hardware appear both in the code and the phase observations,
and these are described more closely in chapter 3, and in the first paper, Håkansson
et al. (2017), on page 37.

2.3 Precise positioning methods

Precise positioning with GNSS can be roughly divided into two techniques. Posi-
tioning where observations from a reference receiver with a known position are used
in addition to the observations collected by the user receiver in the position calcula-
tion, commonly referred to as relative positioning. In this technique, the calculated
positions will be given in the same coordinate frame as in which the reference sta-
tions coordinates are defined. In the other technique, PPP, no observations from
a reference receiver are used directly in the positioning calculation. This can thus
be regarded as an absolute positioning technique, where the calculated coordinates
are given in the same reference frame as the satellite positions provided.

Relative positioning
In relative positioning, observations from the user receiver and a reference receiver
are used in order to estimate a relative position of the user receiver in relation to the
reference receiver. In relative positioning, the method of forming double differences
are often employed, even though alternative methods also exist (De Jonge, 1998).
Double differences are composed by first forming single differences between the
observations of the user receiver and the reference receiver. Double differences are
then formed from these differences by creating differences of these against a chosen
reference satellite. Error sources that are common between the two receivers cancel
out in the first step, when the single differences are formed. In the second step
error sources that are common between the satellites cancels out.

PPP
In contrast to relative positioning, where most error sources are similar between
the reference receiver and the user receiver, and therefore cancels out when forming
double difference, positioning with PPP have to deal with each and every error
source explicitly.

In PPP (Zumberge et al., 1997; Kouba and Héroux, 2001) accurate positions
are estimates by the use of precise orbits and satellite clock corrections. As all error
sources are handled explicitly, they either need to: be estimated in the solution,
be determined from some deterministic model, or be provided as corrections deter-
mined externally. Zenit tropospheric delay is a parameter that beside the position
and the receiver clock error is estimated in the solution. If observations associated
with two or more carrier frequencies are employed, it is also possible to estimate
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the ionospheric refraction as an extra parameter. It is in this case also possible to
form an ionosphere free linear combination as in Eq. (2.7), which then eliminates
the ionospheric error.

The accuracy of a PPP solution increases with the accumulation of GNSS ob-
servations from several epochs. In a real-time PPP solution this means that the
accuracy of the solution will converge over time to a value ultimately determined
by uncertainties of: the code and phase observations, the applied corrections in-
cluding precise orbits and satellite clocks, and of the PPP model itself and how well
it corresponds to the reality. The convergence time of the solution depends, among
others, on how good the initial values of the parameters are.





Chapter 3

Impact of GNSS biases on GNSS
positioning

Paper 1, Håkansson et al. (2017), on page 37 of this thesis, gives a review of
how hardware biases influence precise positioning with GNSS in various situations.
Additionally, biases also influence estimation of TEC from GNSS observations.
These situations can be divided into five main cases:

1. Positioning not employing the ionosphere free linear combination

2. Impact of GNSS biases on estimation of TEC

3. Integer ambiguity resolution in PPP

4. Multi-GNSS positioning

5. Positioning with GLONASS

A short discussion for each of these cases are given below.

3.1 Positioning not employing the ionosphere free linear
combination

As the satellite clock corrections provided in the broadcast navigation message, and
from ACs like IGS, are aligned with some for the GNSS system specified ionosphere
free linear combination, positioning not employing these combinations must con-
sider the existence of code biases at the satellite side (IS-GPS-200H, 2013; Tetewsky,
2009; Collins et al., 2005). From Eq. (2.7) it can be derived that

f2
sig1B

s
sig1 − f2

sig2B
s
sig2 = 0 (3.1)

holds to be true when these satellite clock corrections are applied.

11



12 CHAPTER 3. IMPACT OF GNSS BIASES ON GNSS POSITIONING

For GPS, the relationship of Eq. (3.1) holds for the ionosphere free linear
combination of P-code on the L1 and L2 frequencies of the GPS system. Other
GNSS systems have their own defined signal combinations where this is true.

The existence of these code biases in general only needs to be considered in
absolute positioning, as the satellite and receiver code biases will cancel out when
double differences are formed. In SPP the accuracy of the positioning solution will
otherwise be affected, while PPP in real-time will suffer of prolonged convergence
times as its initial solution is heavily dependent on code observations.

As the biases in Eq. (2.4) are not estimable in their absolute form, due to their
correlation with the receiver and satellite clock errors, they are in practical appli-
cations treated as some kind of bias difference. A common way to treat code biases
are in the form of differential code biases (DCBs) (Montenbruck and Hauschild,
2014), or group delay differentials (IS-GPS-200H, 2013).

3.2 Impact of GNSS biases on estimation of TEC

GNSS based modeling of the ionosphere uses the fact that the ionosphere is a
dispersive medium, i.e. signals associated with different carrier frequencies travels
with different velocities. The influence of the ionosphere on the GNSS signals
can be estimated from the delay differences of signals associated with different
carrier frequencies. The delay differences measured by the receiver is of course also
dependent on the biases in the receiver and satellite hardware. This means that
signals which ideally should be transmitted from a satellite at the same time not
necessarily are so. At the receiver side, neither have two signals necessary been
received at exactly the same time even if the recorded observations say so.

The ionosphere can be estimated from GNSS observations with

Rssig1,r−Rssig2,r = 40.3
(

1
f2
sig1
− 1
f2
sig2

)
STEC+c

(
DCBssig1,sig2 −DCB

sys
sig1,sig2,r

)
(3.2)

where DCBssig1,sig2 = Bssig2 −Bssig1 and DCBsyssig1,sig2,r = Bssig2 −Bssig1 (Jin et al.,
2008). STEC is the amount of free charged particles along the path of the signals,
given in the unit of TEC. The DCBs are the hardware delay differences of the
signals at the satellite, DCBssig1,sig2, and at the receiver, DCBsyssig1,sig2,r.

With the idealized assumption that the ionosphere can be approximated as
a thin shell covering the earth, Eq. (3.2) can be used for estimation of global
ionospheric maps (GIMs) (Jensen et al., 2007; Schaer, 1999). The estimations of
STEC is here assumed to be located at the pierce points of the GNSS signals with
the thin shell. The ionospheric shell is commonly assumed to be located at heights
ranging between 300-400 km above the surface of the earth (Hoffman-Wellenhof
et al., 2008).



3.3. INTEGER AMBIGUITY RESOLUTION IN PPP 13

3.3 Integer ambiguity resolution in PPP

Integer ambiguity resolution in PPP has the benefit to reduce the convergence time
for real-time applications, and increase the accuracy of the positioning solution,
especially in the longitudinal direction (Collins et al., 2008). It is however not as
easy to achieve in PPP as in relative positioning.

In relative positioning, the bias terms of Eq. (2.4) and (2.5) together with
many other error sources will cancel out when forming double differences. This
is not true for absolute positioning with PPP, which demands that most error
sources are handled explicitly. This is also true for the bias terms. When it comes
to integer ambiguity resolution in PPP, the satellite bias term bsf will be especially
problematic. This is due to the fact that the satellite phase bias is highly correlated
with the phase ambiguity. It will thus inhibit the resolution of the phase ambiguity
as an integer if it is not corrected for.

A real-time PPP user that requires integer ambiguity resolution will thereby
need be provided with satellite phase bias corrections in addition to the precise
clocks and orbits of the regular PPP user. The high degree of correlation between
the error sources in Eq. (2.5) requires that it is reparametrized, and certain as-
sumptions are made for some of its error sources, in order for the satellite phase bias
corrections sent out to the PPP user to be estimable. Making these assumptions
as sometimes also referred to as choosing a S-basis (Teunissen, 1985), or to set
minimal constraints (Leick et al., 2015). Due to the reparametrization, the satellite
phase bias corrections sent out to the PPP user will not be in its absolute form
as described in Eq. (2.5), but merged with other error sources and relative to the
assumptions made. It is therefore of crucial importance that the user employs the
same parametrization and assumptions in the positioning calculation when apply-
ing the satellite phase bias corrections. Several suggestions of parametrizations for
integer ambiguity resolved PPP exist, and it has been proved that most of them
can be mapped into each other (Teunissen and Khodabandeh, 2014).

3.4 Multi-GNSS positioning

Due to differences in carrier frequencies and signal structures employed by various
GNSS systems, biases between systems emerge on both code and phase observations
from the receiver hardware. These are commonly referred to as inter-system biases
(ISBs). As this bias appear both for code and phase observations, it is problematic
in a variety of situations.

Instances with code ISBs of several hundreds of meters have been demonstrated
(Odijk and Teunissen, 2012). It is thus also of importance in the less accurate SPP,
to consider the existence of this bias.

This bias is characteristic to the receiver type, and it is thereby of great relevance
in situations where mixed receiver types are employed. This might be relative
positioning where the reference receiver and the user receiver are of different types,
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or PPP when the service provider of PPP corrections employs other receiver types
than the user for the estimation of the transmitted corrections.

The phase ISBs will in some situation inhibit the integer resolution of the phase
ambiguity;it will otherwise in a float relative or PPP solution merge with the phase
ambiguity parameter. Most cases of multi-GNSS positioning are in situations where
the GNSS systems employs different carrier frequencies. In these situations, some
separation must be made between the observations from different GNSS systems in
the positioning model, in order not to destroy the integer nature of the phase ambi-
guity. In relative positioning this might for instance mean that the double difference
must be formed separately for each GNSS system, as the integer nature would not
remain for cross constellation differences. In PPP, the most extreme measure is to
introduce system specific receiver clocks instead of one common receiver clock for
all the systems. It is here also possible introduce one extra time offset parameter
per system, which includes both system time offset and ISBs. Depending on how
much the system time offsets and the ISBs vary over time these parameters could
be regarded as constants (Dach et al., 2010). The phase ISBs will in these cases
not be problematic for the integer resolution of the phase ambiguities.

An exception from the cases where the carrier frequencies are non-overlapping
are combined GPS/Galileo positioning. As the frequencies L1/E1 and L5/E5 are
identical, the observations from the two systems can be handled more tightly in the
positioning model without destroying the integer nature of the phase ambiguity.
This means that cross constellation double differences can be formed in relative
positioning, under the condition that also the relative between receivers ISB is
considered. It will otherwise inhibit integer resolution of the phase ambiguity due
to the correlation between the ISB and the phase ambiguity.

Also in the case of PPP with GPS/Galileo could in some instances the consid-
eration of the phase ISB be necessary. It would in this case not be necessary to
divide the receiver clock error into system specific clock errors as mentioned above,
but it would still be necessary to know both the system time offset and the ISB.
Unfortunately, as these two terms are highly correlated it would not be possible
to know the absolute value of these (Melgard et al., 2013). Yet, with some choice
of reparametrization both these terms could be handled. One scenario could be
that a system time offset τsys merged with the ISB were sent out as a correction
to the PPP user. The PPP user would then have to know the relative ISB between
the receiver types of the service provider and the user receiver, to account for the
presence of the ISB in the transmitted corrections.

3.5 Positioning with GLONASS

In positioning with GLONASS, biases originating from the receiver hardware, due
to the fact that GLONASS is using Frequency Division Multiple Access (FDMA)
to distinguish between satellites, have to be considered (Leick et al., 1998; Raby
and Daly, 1993; Wanninger and Wallstab-Freitag, 2007). FDMA means that each
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satellite has its own dedicated carrier frequency, in contrast to Code Division Mul-
tiple Access (CDMA) where the satellites are recognized by different ranging codes.
The differences in carrier frequency of the satellites induces biases in the receiver
hardware that are dependent of the carrier frequency, and thus also dependent on
the satellites. They are commonly referred to as inter-frequency biases (IFBs).

As in the case with the ISB and multi-GNSS positioning, these biases are re-
ceiver type dependent, and thereby differs between receivers of different types while
individual receivers of the same type show similar biases.

Code IFBs affects both SPP and PPP, by decreasing the positioning accuracy
of the former and prolonging the convergence time of the latter, due to the great
weight of the code observations in the initial PPP solution.

Phase IFBs inhibit integer ambiguity resolution due to their high correlation
with the phase ambiguity. In the relative case, this is critical when the reference
receiver and the user receiver are of different types, and the relative IFBs must
here be known in order to resolve the phase ambiguities as integers. In PPP, the
phase bias correction transmitted to the user would be contaminated by the IFBs
of the receivers on the service provider side. Knowledge of the relative phase IFBs
between the service provider receiver type and the user receiver type would also
here be required at the user side to adapt the satellite phase bias corrections.





Chapter 4

Phase bias estimation methods
developed

Paper 2, on page 49 of this thesis, investigates the satellite dependency for two
cases of relative phase biases. This chapter gives a more thorough explanation
of the mathematical methods used therein for the estimation of phase biases. A
description of the test setup for data collection is provided on the pages 51-52 of
this thesis.

All bias estimates made in the article used GNSS observations stored in Receiver
Independent Exchange Format (RINEX) 3.03 with a 1 second logging interval. Low
elevation observations were filtered out by applying an elevation mask of 15 degrees.
Only biases for the GPS system were estimated.

4.1 First case: estimation of relative between-receivers
biases

In the first case, single differenced C/A-code tracking phase observations from re-
ceivers in a zero-baseline setup were used for estimation of relative between-receivers
biases. Single differences between two receivers A and B are formed by

φsL1,AB = φsL1,B − φsL1,A (4.1)

In a zero-baseline setup, this means that Eq. (2.5) becomes

ΦsAB = 1
λf
φsAB = f (δAB + ϕAB + bsAB) +Ns

AB + εAB (4.2)

Most error sources will in this equation cancel out as they are common between
the receivers. Possible multipath residuals are assumed to be included in εAB . The
bias term bsAB is here referring to the receiver hardware, and in contrast to Eq.
(2.5), it is not assumed that this bias are satellite independent. The term thus has

17
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the s superscript notation. For the sake of brevity, superscript and subscript labels
for GNSS system and carrier frequency have been omitted in Eq. (4.2), and will so
be henceforth in this chapter.

In the article, relative between-receivers biases are estimated, either with the
assumption that the relative clock and biases are constant, or that they vary over
time. A mathematical derivation for each case is given below.

Estimation of relative between-receivers biases assumed constant
over time

Eq. (4.2) must be reparametrized in order to be solvable, due to the correlation
between the parameters. This is done by

ΦsAB = δ̃AB + Ñs
AB + εAB (4.3)

where

δ̃AB = f
(
δAB + ϕAB + b1

AB

)
+N1

AB (4.4)

and

Ñs
AB =

f (δAB + ϕAB + bsAB)− f (δAB + ϕAB + bsAB)−N1
AB =

f
(
bsAB − b1

AB

)
+Ns

AB −N1
AB

(4.5)

In this parametrization Ñ1
AB = 0. Hence, ns − 1 phase ambiguity parameters Ñs

AB

together with the receiver clock δ̃AB are estimated, where ns is the number of
currently tracked satellites. The number of estimated parameters for each epoch
will thus equal the number of tracked satellites.

The equation system given in Eq. (4.6) can be formed from Eq. (4.3), where
ΦsAB (t) is the single differenced phase observation between receivers A and B, for
satellite s and at epoch t.

` = Ax (4.6)
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where

` =



Φ1
AB (1)

Φ2
AB (1)
...

ΦnsAB (1)
Φ1
AB (2)
...

ΦnsAB (2)
...

Φ1
AB (nt)

...
ΦnsAB (nt)



, A =



1 0 · · · 0
1 1 · · · 0
...

...
. . .

...
1 0 · · · 1
1 0 · · · 0
...

...
. . .

...
1 0 · · · 1
...

...
...

...
1 0 · · · 0
...

...
. . .

...
1 0 · · · 1



, and x =


δ̃AB
Ñ2
AB
...

Ñns
AB

 (4.7)

In Eq. (4.7) ns and nt denotes the number of satellites and epochs, respectively.
The equation system in Eq. (4.6) can be solved in a least squares sense by

x =
(
ATA

)−1 AT ` (4.8)

Eq. (4.6) assumes that δ̃AB and Ñs
AB do not change between epochs. This is

of course not true for Ñs
AB in the event of occurring cycle slips or between satellite

passes. Observations separated by such events are in a first stage assumed to belong
to different satellites s in the solution, i.e. one parameter δ̃AB or Ñs

AB per by cycle
slips or satellite passes separated observations. After solving Eq. (4.6) by Eq. (4.8),
cycle slips and differences due to satellite passes are removed by subtracting the
relative phase ambiguities resolved as integers from the estimated parameters. This
is done by 

Φ̄s(1)
AB

Φ̄s(2)
AB
...

Φ̄s(np)
AB

 =


Φs(1)
AB + bÑs(1)

AB − Ñ
s(1)
AB e

Φs(2)
AB + bÑs(1)

AB − Ñ
s(2)
AB e

...
Φs(np)
AB + bÑs(1)

AB − Ñ
s(np)
AB e

 (4.9)

where s (p) denotes observations for satellite s and within group p separated from
other groups by either cycle slips or satellite passes. b·e is the rounding to the
nearest integer operator. This is possible as

bÑs(i)
AB − Ñ

s(j)
AB e = N

s(i)
AB −N

s(j)
AB (4.10)

derived from Eq. (4.5) and the fact that bs(i)
AB = b

s(j)
AB if the phase biases are assumed

to be constant over time.
The biases were then estimated a second time with the cycle slip free observa-

tions Φ̄sAB and Eq. (4.8), where Φ̄sAB ⊇ Φ̄s(p)
AB .



20 CHAPTER 4. PHASE BIAS ESTIMATION METHODS DEVELOPED

It could be argued that if satellite dependent variations of relative receiver phase
biases exist, they should be much smaller than a wavelength. The reason for this
is that satellite dependent variations of the receiver phase biases will not cancel
out when double differences are formed if they differ between the reference receiver
and the user receiver. Experience furthermore shows that the double differenced
phase ambiguities can be resolved as integers, even in cases with mixed receiver
types. This implies that satellite dependent receiver phase biases if they exist
are small enough not to interfere with the integer ambiguity resolution, and thus
are considerably smaller than a wavelength. According to this reasoning the term
f
(
bsAB − b1

AB

)
of Eq. (4.5) has a value much closer to 0 than any other positive or

negative integer. It can thereby be derived from Eq. (4.5) that

f
(
bsAB − b1

AB

)
= Ñs

AB − bÑs
ABe (4.11)

as bÑs
ABe = Ns

AB −N1
AB .

At the last step, the relative phase bias estimates b̂sAB were determined by Eq.
(4.11), and then centered around zero by subtracting the common mean. Hence

b̂sAB = Ñs
AB − bÑs

ABe −
1
ns

ns∑
i=1

[
Ñs
AB − bÑs

ABe
]

(4.12)

Estimation of relative between-receivers biases with assumed
temporal variation
For estimation of relative between-receivers biases that are allowed to vary over
time, the dynamics of the biases must be considered in the estimation process. For
this purpose a Kalman filter was designed (Horemuz, 2006). In a Kalman filter,
a state vector is updated regularly as new observations get available. The state
vector is partially determined by the new observations with the filters observation
model, and partially from previous values of the state vector with the filters dynamic
model. The calculations made by the filter for each iteration can be summarized
in the following steps:

1. Initialization:
x̂−0 = E [x0] (4.13)

Q−x,0 = var
[
x−0
]

(4.14)

2. Time propagation:
x̂−k = Tk,k−1x̂k−1 (4.15)

Q−x,k = Tk,k−1Qx,k−1TT
k,k−1 + Qk (4.16)

3. Gain calculation:

Kk = Q−x,kHT
k

[
Rk + HkQ−x,kHT

k

]−1
(4.17)
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4. Measurement update:

x̂k = x̂−k + Kk

[
L̃k − hk

(
x̂−k
)]

(4.18)

5. Covariance update:
Qx,k = [I−KkHk] Q−x,k (4.19)

The Kalman filter is initialized with initial values for the state vector and the
covariance matrix, where the initial state vector and the initial covariance matrix
are denoted by x̂−0 and Q−x,0, respectively. Predicted values of the state vector x̂−k
are determined for each iteration k from the previous state vector estimate x̂k−1
with the dynamic model of the filter, defined by the transition matrix Tk,k−1. The
transition matrix together with the covariance matrix of the dynamic model Qk

are used to determine the predicted covariance matrix Q−x,k. Kk is the optimal
Kalman gain, which determines which weight observations should have in relation
to the predicted state vector. The matrix Hk defines the observation model of
the filter, while Rk is the covariance matrix of the observations themselves. The
estimated state vector x̂k is determined from the predicted state vector and the
observations L̃k weighted by the Kalman gain. The covariance matrix of the state
vector Qx,k can be determined after the Kalman gain is known in step 3, Eq. (4.17).

Preprocessing of observations

Before the observations can be used as input to the designed Kalman filter, ambi-
guity differences must be removed. This does not only apply to differences in time
due to cycle slips and between passes, but also between satellites. The observations
were therefore preprocessed in the following way.

Φ̄sAB (t) =
ΦsAB (t) + bΦ1

AB (1)− ΦsAB (t)e =
ΦsAB (t) +N1

AB (1)−Ns
AB (t) =

f (δAB (t) + ϕAB + bsAB (t)) +N1
AB (1) + εAB (t)

(4.20)

This equation was derived from Eq. (4.2) with a time dependency added, where
ΦsAB (t) denotes ΦsAB at epoch t. This is possible as f

(
b1
AB (1)− bsAB (t)

)
is assumed

to be much closer to 0 than any other positive or negative integer, i.e. not only
are the bias variations between satellites assumed to be small but also the bias
variations over time.

Observation model and state vector

The equation system of the preprocessed observations in Eq. (4.20) is singular
and it thus needs to be reparametrized. As the purpose of the designed filter
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is to estimate both the relative clock error and the relative biases, an additional
constraint is needed in addition to the reparametrization.

It is possible to consider

f

ns∑
i=1

biAB (t)− nsv (t) = 0 (4.21)

for some value v (t), where ns is the number of tracked satellites at epoch t. Equa-
tion (4.20) can then be reparametrized as

Φ̄sAB (t) = δ̃AB (t) + b̃sAB (t) + εAB (t) (4.22)

where
δ̃AB (t) = f (δ (t) + ϕAB) +N1

AB (1) + v (t) (4.23)

and
b̃sAB (t) = fbsAB (t)− v (t) (4.24)

The additional constraint included for each epoch will then be
ns∑
i=1

b̃iAB (t) = 0 (4.25)

Due to this constraint, the relative clock and bias estimates will be offset by the
unknown quantity v (t), in accordance with the Eq. (4.23) and (4.24). The ob-
servation model Hk and the state vector xk of the filter can then be summarized
as

L̃k = Hkxk (4.26)

where

L̃k =


Φ̄1
AB (t)

Φ̄2
AB (t)
...

Φ̄nsAB (t)
0

 , Hk =


1 1 0 · · · 0
1 0 1 · · · 0
...

...
...

. . .
...

1 0 0 · · · 1
0 1 1 · · · 1

 , and xk =


δ̃AB (t)
b̃1
AB (t)
b̃2
AB (t)
...

b̃nsAB (t)

 (4.27)

In this equation, an epoch t of the observations will be mapped to an iteration k of
the filter.

Discretization of a continuous dynamic system

It might be possible to describe the dynamics of a general continuous dynamic
system by the linear, non-homogeneous, first order, ordinary differential equations

ẋ (t) = F (t) x (t) + G (t) w (t) (4.28)
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where x (t) is the state vector, ẋ (t) is the time derivative of x (t), F (t) is the matrix
that describes the relation between ẋ (t) and x (t), w (t) is a stochastic component,
and G (t) is the linear relation between ẋ (t) and w (t). If this is the case, the
transitions matrix of the discretized system can be described as

xk = Tk,k−1xk−1 + uk (4.29)

where xk is the state vector at discrete time k, and Tk,k−1 is the previously men-
tioned transition matrix (Jekeli, 2000). It is here possible to map the matrix F (t)
that describes the dynamics of the continuous system, to the transitions matrix
Tk,k−1 of the discrete system by

Tk,k−1 =
∞∑
n=0

[
1
n!F (t)n ∆tn

]
=

I + F (t) ∆t+ 1
2F (t)2 ∆t2 + 1

6F (t)3 ∆t3 + 1
24F4∆t4 + . . .

(4.30)

where ∆t is the incremental time interval of the discrete system (Jekeli, 2000;
Hoffman-Wellenhof et al., 2008). A similar mapping of G (t) and w (t) to the
covariance matrix Qk of the dynamic model is possible by

Qk =QG∆t+
[
FQG + QGFT

] ∆t2

2 +[
F2QG + 2FQGFT + QG

(
FT
)2] ∆t3

6 +[
F3QG + 3FQG

(
FT
)2 + 3F2QGFT + QG

(
FT
)3] ∆t4

24 + . . .

(4.31)

where QG = GQGT and Q is the auto- and cross-power spectral densities for the
white noise processes in the vector w (t) (Farrell and Barth, 1999; Jekeli, 2000).

Derivation of the transition and covariance matrix of the dynamic
model

Both the relative clock error δ̃AB (t) and the relative biases b̃sAB (t) of the state
vector were regarded as random walk parameters in the designed filter. For the
differential equation in Eq. (4.28), this mean that

F (t) = 0, G (t) = I (4.32)

where 0 is the zero-matrix, and I is the identity matrix. This implies that the change
of the state vector over time is fully determined by the stochastic component w (t).
The transition matrix according to Eq. (4.30) then becomes

Tk,k−1 = I (4.33)
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The covariance matrix of the dynamic model can similarly be derived from the
equations Eq. (4.31) and Eq. (4.32) as

Qk = Q∆t (4.34)

where ∆t = 1s as the observation interval was 1 second. It is from this equation
obvious that if no correlation between the white noise processes in w (t) exist, Qk

will be a diagonal matrix.

Covariances

The observation covariance matrix Rk was derived from the uncertainties of the
single differenced phase measurements from the receivers of the experiment, while
the covariance matrix of the filters dynamic model Qk was derived by a trial and
error approach. It was assumed that all measurements from a single epoch and the
parameters in the state vector were uncorrelated, i.e. the covariance matrices are
diagonal. The following value were thus given to Rk and Qk.

Rk =



σ2
φ

λ2
f

· · · 0 0
...

. . .
...

...
0 · · · σ2

φ

λ2
f

0

0 · · · 0 σ2
C

λ2
f

 (4.35)

Qk =



σ2
t

λ2
f

0 · · · 0

0 σ2
b

λ2
f

· · · 0
...

...
. . .

...
0 0 · · · σ2

b

λ2
f

 (4.36)

In these matrices σφ is the standard deviation of the single differenced phase obser-
vations, σC is the standard deviation of the constraint, σt is the standard deviation
of the estimated relative clock error, and σb is the standard deviation of the es-
timated relative receiver biases. The following values were given to the standard
deviations:

σφ σC σt σb
2.5 mm 0.1 mm 2 · 10−5 mm 6 · 10−4 mm

Table 4.1: Covariance matrix values

The relatively small values of the covariance matrix of the dynamic model will
give the predicted state vector considerable higher weight than the observations in
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the estimation of the state vector. This will have an effect similar to a moving
average filter as if it was applied to bias estimates independently determined for
each epoch. It will thus remove high frequency variations as noise, while the lower
frequency variations are maintained.

Initialization of the filter

The initial state vector x̂−0 of the filter was initialized to 0 for all biases, and the
observation mean value for the relative clock error. That is

x̂−0 =


∑ns
i=1 Φ̄sAB (t0)

0
...
0

 (4.37)

Conclusions from the first case

A short summary of the conclusions made in Paper 2 about relative between-
receivers biases is here given.

It was in this study discovered that relative between-receivers biases actually
had a small satellite dependency. However, the sizes of these variations were, for
the receiver combinations tested, so small that they would be negligible in most
applications, as their sizes only amounted to about 0.8 mm between the largest and
smallest values.

The satellite dependency discovered seems to be dependent of the receiver type,
as the estimated biases for mixed receiver combinations showed much larger satellite
dependent variations.

It was furthermore discovered that these biases varied periodically over time,
with a period of one sidereal day. Multipath was ruled out as a possible source
for these variations by performing the same experiment on two different sites. It
is however still probable that they are related somehow to the repetition of the
satellite geometry every sidereal day. The experiment could however not determine
their exact cause.

4.2 Second case: estimation of relative between-signals
biases

In the second case, the satellite dependency of relative between-signals biases are
studied. These are the result of single differenced observations measured by the
same receiver and associated with the same carrier frequency, e.g. between carrier
phase measurements of C/A-code tracking and P-code tracking on L1. The exper-
imental setup is here only dependent on a GNSS receiver connected to a GNSS
antenna.
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Single differenced observations between two signals are formed as

φsS1S2,r = φsS2,r − φ
s
S1,r (4.38)

The single differenced observation equation between signals can then be derived
from Eq. (2.5) as

ΦsS1S2,r = 1
λf
φsS1S2,r =

f
(
ϕS1S2,r − ϕsS1S2

+ bsS1S2,r − b
s
S1S2

)
+Ns

S1S2,r + εS1S2

(4.39)

In this equation, the remaining error sources are relative receiver and satellite ini-
tial phases, relative receiver and satellite biases, and the relative phase ambiguity.
Reparametrization of Eq. (4.39) gives

ΦsS1S2,r = b̃sS1S2,r +Ns
S1S2,r + εS1S2 (4.40)

where
b̃sS1S2,r = f

(
ϕS1S2,r − ϕsS1S2

+ bsS1S2,r − b
s
S1S2

)
(4.41)

The observations ΦsS1S2,r
were preprocessed to remove the relative ambiguity

term Ns
S1S2,r

. This was done by

Φ̄sS1S2,r = ΦsS1S2,r − bΦ
s
S1S2,re = b̃sS1S2,r + εS1S2 . (4.42)

This is possible as b̃sS1S2,r
is assumed to be much closer to 0 than any other positive

or negative integer. The equation system

` = Ax (4.43)

where

` =



Φ̄1
S1S2,r

(1)
...

Φ̄nsS1S2,r
(1)

Φ̄1
S1S2,r

(2)
...

Φ̄nsS1S2,r
(2)

...
Φ̄1
S1S2,r

(nt)
...

Φ̄nsS1S2,r
(nt)



, A =



1 · · · 0
...

. . .
...

0 · · · 1
1 · · · 0
...

. . .
...

0 · · · 1
...

...
...

1 · · · 0
...

. . .
...

0 · · · 1



, and x =

b̃
1
S1S2,r
...

b̃nsS1S2,r

 (4.44)

was formed. This equation system is solvable in a least squares sense in accordance
with Eq. (4.8).
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For comparability, the estimated biases were adjusted to a zero-mean level by
subtracting their common mean. The final bias estimates were thus determined as

b̂sS1S2,r = b̃sS1S2,r −
1
ns

ns∑
i=1

b̃iS1S2,r (4.45)

Conclusions from the second case
A short summary of the conclusions made in Paper 2 about relative between-signals
biases is here given.

Also in the case with between-signals biases a satellite dependency was discov-
ered. The satellite dependent variations were somewhat larger in this case, with a
difference of about 3.5 mm between the greatest and the smallest values.

In contrast to the case with between-receivers biases, it was discovered that
these biases were independent of the receiver type, as both receiver types tested
showed similar values. It can thus be concluded that these biases most probably
originate from the satellite hardware. The biases in this case also showed constant
behavior over time, both over one sidereal day and between two consecutive days.





Chapter 5

Conclusions and outlook

In this thesis, a review has been given of the various cases where GNSS hardware
biases influences precise positioning and ionospheric modeling. These cases are of
course not, in any way, isolated from each other. It will therefore exist situation
where they need to be considered in combination. This might for instance be
PPP with multiple GNSS system, where GLONASS is included, and the phase
ambiguities are to be resolved as integers. This introduces new complexities in how
the functional model are parametrized, both at user side and at service provider
side.

In Paper 2, it was investigated whether satellite dependencies existed in two
cases of relative phase biases. Such satellite dependencies have the potential to
degrade the accuracy in precise positioning where the phase ambiguities are resolved
as integers. This is due to the fact that they do not cancel out when double
differences are formed, and also might contaminate satellite phase bias corrections
transmitted to a PPP user.

It was in this experiment discovered that satellite dependent variations actu-
ally exist for both cases. Fortunately, these turned out to be quite small in size.
They will thereby have a negligible impact on the positioning accuracy, and can
thus safely be ignored in most situations. The between-receivers biases showed
variations of about 0.8 mm between the greatest and the smallest values, while the
corresponding value for between-signals biases were 3.5 mm.

The between-receivers biases also displayed temporal variations that were peri-
odic, with a period of one sidereal day. Multipath could be excluded as a source for
these variations as the same experiment was performed at two different sites. Nev-
ertheless, it is still probable that the temporal variations somehow are connected
with the repetition of the GPS satellite geometry every sidereal day. It was however
from the results of the experiment impossible to determine the exact cause of the
variations.

The experiment in Paper 2, was limited to GPS, and only a subset of the
available signals. It is, however, probable that similar satellite dependent variations
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exists also for other GNSS systems and signals. Future studies might investigate
whether this is true or not.



Additional contributions

Presentation Håkansson M., Code and phase biases in multi-GNSS positioning,
2016, ENC 2016, Helsinki Finland

Poster Håkansson M., Code and phase biases in SWEPOS receivers - preliminary
results, 2016, Nordic Geodetic Commision Summer School, Båstad Sweden

Presentation Håkansson M., Betydelsen av biases vid positionering med GNSS,
2017, Kartdagarna 2017, Örebro Sweden

Poster Håkansson M., Study of satellite dependency of phase biases between re-
ceivers and between signals, 2017, IGS Workshop 2017, Paris France
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