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�
Introduction

1.1. Context
In May 2000, the Global Positioning System (GPS) commercial era was opened by announcing the end of se-
lective availability. Selective availability was the intentional degradation of the GPS civilian signal. Until then
the accurate GPS signal was restricted to military purposes only. By ending this limitation, the GPS civilian
signal accuracy improved by a tenfold: a turning point for GPS towards becoming a global utility (Braun-
schvig et al. 2003). Since then the Global Navigation Satellite System (GNSS) market has experienced major
growth. Where in 2000 the Organisation for Economic Cooperation and Development (OECD) estimated the
total GNSS market size to be about 8 billion United States Dollar (USD) (OECD 2000), by 2015 the size had
increased thirteen-fold to about 105 billion USD 1 (European GNSS Agency 2017). In the future, GNSS is ex-
pected to grow further. This trend of market penetration is reflected in Figure 1.1, showing the amount of
GNSS devices per capita in 2014 and a 2023 estimation. By 2020 there will be as many GNSS devices in the
world as there are people, making GNSS a key technology in the average person’s life (European GNSS Agency
2017).

Figure 1.1: The amount of GNSS devices per capita in 2014 and estimated in 2023 (European GNSS Agency 2015)

1.2. Motivation
GNSS provides users with position, velocity and timing information by processing signals broadcast by satel-
lites. As indicated, GNSS has moved from military restricted application to ubiquitous usage. The increase
in applications has resulted in a wider range of user requirements. Yet, despite meeting completely divergent
needs, all GNSS applications make use of more or less the same input GNSS signals (European GNSS Agency
2017). This seemingly sub-optimal situation gave rise to the idea of optimizing the GNSS signal for a specific
requirement. As could be expected with such a key technology, the signal had been optimized before. Other
GNSSs like the Chinese Beidou or the European Galileo, learned from the design choices made for the GPS
legacy signal (Bhatta 2010). Moreover, GPS itself is undergoing modernization as well, soon providing three
additional improved civil signals (Betz et al. 2006). Apart from changes in the signal, many developments

1Using the average 2015 Euro to USD exchange rate of 1.11 (Statista 2018)

1



2 1. Introduction

took place on the receiver side. Innovations were applied using among others smarter signal acquisition al-
gorithms, differential positioning and out-of-band (OOB) assistance (Kaplan and Hegarty 2005) (Teunissen
and Montenbruck 2017).

Yet, according to European Space Agency (ESA) expert Curran (2018) most of the past and ongoing develop-
ments focus on improving GNSS accuracy. This research instead builds upon the idea that some users are
willing to accept an (initially) degraded accuracy for a faster position fix (Anghileri et al. 2012). This is often
the case when there is limited navigation data stored in the receiver and occurs when turning on a mobile
phone or sport watch to use a location-based service (Schiller and Voisard 2004) Peng (2008), driving out of
a parking garage with a navigational device or activating a search & rescue beacon in case of an emergency
(Affens et al. 2011). Whether it is out of impatience or serious distress, to the user every second counts. More-
over, these users care more about directly setting a certain action into motion, rather than waiting until a
sub-meter level of accuracy is acquired. This research therefore focuses on decreasing the time to first fix
(TTFF) of a receiver at the expense of position accuracy. In effect, the position accuracy is only initially de-
graded, since the receiver can use the original GNSS signal to improve the position accuracy after obtaining
a fast first fix.

1.3. Research aim
The TTFF is a measure of how quickly after activation a first position can be computed within the required ac-
curacy bounds (European GNSS Agency 2017). This study considers a situation which resembles a so-called
cold start. Since the definition between the commonly used terms cold, warm and hot start differ from author
to author, we make the situation of the receiver explicit. At activation, the receiver only has an in-memory
almanac and an estimation of time held by the real-time clock (RTC). In this case, the most dominant con-
tribution to the TTFF is the time to retrieve the first fix data from the navigation message, which we call the
TTFF-data (TTFFD) (Paonni et al. 2010). Moreover, the contribution of the TTFFD is crucial as it cannot be
reduced by improving receiver technology (Anghileri et al. 2012). After all, the receiver has no influence on the
content of the broadcast navigation message nor at what speed it is broadcast. The first fix data consists of the
clock correction and ephemeris data (CED) and a GNSS time reference (GST), which are used as follows. To
compute a position fix, the receiver must make range measurements to at least four satellites, and determine
the positions of these satellites. These range measurements require the extraction of a "transmit-time" from
the message, which takes the form of the GST. Determination of the satellite positions then further requires
the extraction of the CED.

The TTFFD is affected by many factors among which: the data transmission rate, the size of the first fix data,
the location and repetition rate of the first fix data within the navigation message and the message robust-
ness (Anghileri et al. 2012). The relation between these factors and the TTFFD is explained in Appendix B.1.
This research specifically aims to decrease the TTFFD by reducing the size of the CED, which is the largest
component of the first fix data and currently the delaying factor in obtaining a position fix. In literature we
find several studies that focus on reducing or improving the CED. In a patent by Grelier and Ries (2016) it is
proposed to select the most dominant positioning parameters and only broadcast those. Trautenberg (2013)
discusses a method to replace the portion of each parameter that is redundant for adhering to the accuracy
requirements with additional position information to improve performance. Anghileri et al. (2012) reduce
the size of the CED of the GPS legacy navigation message by applying truncation. This research combines
this last effort with two new reduction strategies: the relative expression of the CED parameters with respect
to matching parameters in the almanac and the absorption of CED parameters by leveraging redundancy in
the user algorithm.

As was mentioned previously, it is not only the size but also the location and repetition rate of the CED that
finally determines the TTFFD and thus the TTFF. Therefore, we not only aim to reduce the size of the CED,
we also consider the integration of this reduced set in the existing Galileo I/NAV message. The data trans-
mission rate is not considered, because it is unlikely to change within the current Galileo system. The I/NAV
message is specifically attractive since it has already allocated space for future developments in the form of
spare and reserved bit fields (European GNSS Open Service 2016). When only using these fields, backward
compatibility is maintained. In this case, legacy users can continue using their old receiver for positioning,
and only those wishing to benefit from the faster fix should acquire a receiver with an updated algorithm.
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The I/NAV message structure, content and opportunities for integration are detailed in Appendix A. This re-
search’s outcome, a reduced CED, could be broadcast by the Galileo satellites immediately, since no changes
in the Galileo hardware or infrastructure are required. Alternatively, the proposed reduction strategies can be
considered for the next generation of Galileo satellites.

As is pointed out by Anghileri et al. (2012) there are alternative ways to decrease the TTFFD. A common ap-
proach is downloading an extended ephemeris through an out-of-band channel every few days. The receiver
then only needs to read a time reference and no longer has to wait until the entire broadcast navigation
message is read (Garin 2009). Over the years, the performance of such extended ephemerides has improved
significantly (Chan et al. 2018). Baseband Technologies (2018) now has a patent pending for an extended
ephemeris with a 28-day validity at 65 m signal-in-space ranging error (SISRE) (68th-percentile). The dis-
tinguishing factor of this research is, however, that the receiver standalone capability is maintained. The
decrease in TTFFD is achieved completely autonomously. This is important to applications that due to their
remote use cannot rely on having access to an out-of-band channel such as search & rescue beacons (Affens
et al. 2011), freight management (He et al. 2009), wildlife tracking (Forin-Wiart et al. 2015) and stolen good
trackers (Bensky 2016). In many countries this also applies to mobile phones, since there is no full cellular
coverage outside urban areas. Moreover, maintaining autonomy is important from a safety, privacy and re-
dundancy related point of view. There are situations in which one does not want to depend on commercial
out-of-band GNSS services for positioning. Next to this, the use of an extended ephemeris requires the re-
ceiver to have two radio communication systems, one for the satellite channel and one for the out-of-band
channel, resulting in a higher energy consumption.

Finally, a reduction of the CED not only decreases the TTFF, it also has the potential to improve the availability.
If we reduce the size of the CED and increase its repetition rate, the impact of a bit error is expected to become
smaller. Moreover, the chances of reading a full ephemeris increase. In addition, the time the user receiver
has to be on to read the CED is likely to decrease. Assuming this on-time is proportional to the power usage, a
reduced CED is very interesting to low-power applications that do not require a high accuracy, such as freight
management, wildlife tracking and stolen goods trackers. For these applications a sub-meter level accuracy
is not necessary, neither does every second count, it is battery life that is crucial. A container at sea needs
to be tracked for months, a wild animal cannot be caught every other week and you do not want to worry
about charging your bicycle tracker. Overall, a reduced CED thus has the potential to provide a multitude of
advantages.

1.4. Research questions
Based on the research aim described in the previous section: "decrease the TTFFD by reducing the size of
the CED and integrating this reduced set in the existing Galileo I/NAV message while maintaining backward
compatibility", the following research questions have been identified:

What is the optimal size of the CED in terms of TTFFD and position accuracy of a GNSS receiver when
integrating this reduced set into the Galileo I/NAV message while maintaining backward compatibility?

1. How much can the size of the CED be reduced by expressing broadcast CED parameters relative to the
matching almanac parameters?

2. How much can the size of the CED be reduced by absorbing broadcast CED parameters through redun-
dancies in the user algorithm?

3. Given the size of the reduced CED, which division of the total number of bits over the individual pa-
rameters yields the highest position accuracy?

4. How does the size of the reduced CED translate to the TTFFD when integrating this reduced set into
the I/NAV navigation message while maintaining backward compatibility?

5. What is the effect of broadcasting the reduced CED within the I/NAV message on the receiver’s avail-
ability and on-time?
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1.5. Thesis outline
The outline of this thesis diverges from what is common practice as it is split up in an article, conclusions &
recommendations and several appendices. We have chosen for this uncommon split to accelerate the process
of writing an article and submitting it to a scientific journal. The article contains the most essential informa-
tion of this research and is written such that it can be submitted separately. Therefore, part of its content
overlaps with this introduction, the conclusions & recommendations and the information given in the ap-
pendices. Paragraphs in the article that refer to ESA expert Dr. J.T. Curran are not part of this thesis research
but are nevertheless important to include in the article to sketch a complete picture. The reason to include
appendices is two-folded. First, a scientific article has another purpose than a thesis. Some appendices thus
provide information that is of secondary importance in an article, but essential to include in a thesis. Second,
it is likely that readers of this thesis do not have the same knowledge of the research topic as readers of a
dedicated journal. Other appendices therefore serve to provide additional background to those readers.

Bearing this in mind, the thesis is outlined as follows. Chapter 2 presents the article including an abstract,
introduction, the applied reduction strategies, the simulation process & data sets, the results and a summary
and conclusions. Next, Chapter 3 provides a more extensive version of the conclusions by directly answer-
ing the research questions and also provides a list of recommendations. Subsequently, the appendices are
included in the following order. Appendix A discusses the content and characteristics of the Galileo I/NAV
navigation message. Thereafter, Appendix B explains three central measures of performance: the TTFF, size
of the CED and SISRE. Appendix C then describes the verification of this research. Lastly, Appendix D presents
additional results that were not included in the article, but are nevertheless of interest.
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Abstract
This research focuses on GNSS users interested in a faster position fix in a situation where the receiver holds
limited data. This occurs when turning on a mobile phone or sport watch to use a location-based service,
driving out of a parking garage with a navigational device or activating a search & rescue beacon. In these
cases, users care more about directly setting a certain action into motion, than waiting until a sub-meter level
of accuracy is acquired. For this purpose, we aim to decrease the time to first fix (TTFF) of a receiver at the ex-
pense of position accuracy by focusing on its most dominant component: the time to read the first fix data, i.e.
the TTFFD. In turn, the TTFFD is decreased by reducing the size of the clock correction and ephemeris data
(CED) and integrating this reduced set into the existing Galileo I/NAV message while maintaining backward
compatibility. Three reduction strategies are presented to reduce the size of the CED. First, the expression
of the CED parameters relative to the matching almanac parameters, which requires downloading the most
recent almanac. Second, the absorption of the clock and ephemeris time reference into related parameters
by leveraging redundancies in the user algorithm. Third, the truncation of the CED parameters, where the
optimal parameter bit allocation per CED size is determined by means of a Monte Carlo simulation. Subse-
quently, the optimal reduced set is integrated in the existing Galileo I/NAV message, since it is not only size
but also the location and repetition rate of the reduced CED in the navigation message that determine the
final decrease in TTFFD.

A simulation is developed where the three reduction strategies are combined and applied to one year of
Galileo navigation messages and almanacs starting from October 2017. The current I/NAV message has a
size of 428 bits and an average TTFFD of 25.4 seconds. The relative expression of the CED parameters, the
absorption of the clock time reference and ephemeris time reference yield a 76, 15 and 10 bit reduction re-
spectively, without a significant decrease in position accuracy expressed as the signal-in-space ranging error
(SISRE). The reduction in size that can be realized by truncation results from a trade-off with the maximum
acceptable level of SISRE. When combining all three reduction strategies a 296 bit, i.e. 69%, size reduction
can be realized at a SISRE level of 10.04 meters, yielding a 132 bit CED. 66% of the size reduction is in this case
achieved by parameter truncation. To maintain backward compatibility, the spare and reserved bits of the
I/NAV message are used to integrate the reduced set. This finally results in an average TTFFD of 6 seconds,
which is a decrease of almost 20 seconds. With the reduced CED the user gains full independence of out-of-
band channels for the computation of a fast position fix. In addition, it decreases the impact of bit errors on
the TTFF and increases the chance of receiving an error free set of first fix data. Moreover, the reduced CED
is not only of interest to fast fix applications that desire a decrease in waiting time. Positioning based on the
reduced set also decreases the time the receiver has to be "on" to read the navigation data and consequently
the receiver’s power usage. This leads to a second type of applications that benefits from the reduced CED:
low-power applications that do not require a high accuracy, such as freight management, wildlife tracking
and stolen goods trackers. To conclude, the constructed reduced CED provides multiple advantages for a
wide range of GNSS users and should therefore be considered as a purpose for the spare and reserved bits of
the Galileo I/NAV message.

5
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2.1. Introduction
Nowadays there are countless GNSS applications and consequently a wide range of user requirements. Where
much focus in GNSS development lies on improving position accuracy, this research builds upon the idea that
some users are willing to accept an (initially) degraded accuracy for a faster position fix (Anghileri et al. 2012).
This often occurs when there is limited navigation data stored in the receiver, such as when turning on a mo-
bile phone or sport watch to use a location-based service (Schiller and Voisard 2004) Peng (2008), driving out
of a parking garage with a navigational device or activating a search & rescue beacon (Affens et al. 2011). In
all these cases, whether it is out of impatience or serious distress, to the user every second counts. Moreover,
these users care more about directly setting a certain action into motion, rather than waiting until a sub-
meter level of accuracy is acquired. This research therefore focuses on decreasing the time to first fix (TTFF)
of a receiver at the expense of position accuracy. In effect, the position accuracy is only initially degraded,
since the receiver can use the original GNSS signal to improve the accuracy after obtaining a fast first fix.

The TTFF is a measure of how quickly after activation a first position can be computed within the required ac-
curacy bounds (European GNSS Agency 2017). This study considers a situation which resembles a so-called
cold start. Since the definition between the commonly used terms cold, warm and hot start differ from author
to author, we make the situation of the receiver explicit. At activation, the receiver only has an in-memory
almanac and an estimation of time held by the real-time clock (RTC). In this case, the most dominant con-
tribution to the TTFF is the time to retrieve the first fix data from the navigation message, which we call the
TTFF-data (TTFFD) (Paonni et al. 2010). The first fix data consists of the clock correction and ephemeris data
(CED) and a GNSS time reference (GST). Moreover, this contribution is crucial as it cannot be reduced by
improving receiver technology (Anghileri et al. 2012).

The TTFFD is affected by many factors among which: the data transmission rate, the size of the first fix data,
the location and repetition rate of the first fix data within the navigation message and the message robustness
(Anghileri et al. 2012). The relation between these factors and the TTFFD is explained in Appendix B.1. This
paper specifically aims to decrease the TTFF by reducing the size of the CED, which is the largest component
of the first fix data and currently the delaying factor in obtaining a position fix. In literature we find several
studies that focus on reducing or improving the CED. In a patent by Grelier and Ries (2016) it is proposed to
select the most dominant positioning parameters and only broadcast those. Trautenberg (2013) discusses a
method to replace the portion of each parameter that is redundant for adhering to the accuracy requirements
with additional position information to improve performance. Anghileri et al. (2012) reduce the size of the
CED of the GPS navigation message by applying truncation. This research combines this last effort with two
new reduction strategies: the relative expression of the CED parameters with respect to matching parameters
in the almanac and the absorption of CED parameters by leveraging redundancy in the user algorithm.

As was mentioned previously, it is not only the size but also the location and repetition rate of the CED within
the navigation message that finally determine the TTFFD and thus the TTFF. Therefore, we not only aim to
reduce the size of the CED, we also consider the integration of this reduced set in the existing Galileo I/NAV
message. The data transmission rate is not considered, because it is unlikely to change within the current
Galileo system. The I/NAV message is specifically attractive since it has already allocated space for future
developments in the form of spare and reserved bit fields (European GNSS Open Service 2016). When only
using these fields, backward compatibility is maintained. In this case, legacy users can continue using their
old receiver for positioning, and only those wishing to benefit from the faster fix should acquire a receiver
with an updated algorithm. The considered Galileo CED consists of the Kepler parameters, harmonic coef-
ficients and clock correction parameters presented in Table 2.1. The I/NAV message structure, content and
opportunities for integration are described in more detail in Appendix A. This research’s outcome, a reduced
CED, could be broadcast by the Galileo satellites immediately, since no changes in the Galileo hardware or
infrastructure are required. Alternatively, the proposed reduction strategies can be considered for the next
generation of Galileo satellites.

As is pointed out by Anghileri et al. (2012) there are alternative ways to decrease the TTFFD. A common ap-
proach is downloading an extended ephemeris through an out-of-band channel every few days. Then the
receiver only needs to read a time reference and no longer has to wait until the entire broadcast navigation
message is read (Garin 2009). Over the years, the performance of such extended ephemerides has improved
significantly (Chan et al. 2018). Baseband Technologies (2018) now has a patent pending for an extended
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ephemeris with a 28-day validity at 65 m SISRE (68th percentile). The distinguishing factor of this research
is, however, that the receiver standalone capability is maintained. The decrease in TTFF is achieved au-
tonomously. This is important to applications that due to their remote use cannot rely on having access to
an out-of-band channel such as search & rescue beacons (Affens et al. 2011), freight management (He et al.
2009), wildlife tracking (Forin-Wiart et al. 2015) and stolen good trackers (Bensky 2016). In many countries
this also applies to mobile phones, since there is no full cellular coverage outside urban areas. Moreover,
maintaining autonomy is important from a safety, privacy and redundancy point of view. There are situa-
tions in which one does not want to depend on commercial out-of-band GNSS services for positioning. Next
to this, the use of an extended ephemeris requires the receiver to have two radio communication systems,
one for the satellite channel and one for the out-of-band channel, resulting in a higher energy consumption.

Finally, a reduction of the CED not only decreases the TTFF, it also has the potential to improve availability. If
we reduce the size of the CED and increase its repetition rate, the impact of a bit error is expected to become
smaller. In addition, the chances of reading a full ephemeris increase. Moreover, the time the user receiver
has to be "on" to read the CED is likely to decrease. Assuming this on-time is proportional to the power usage,
a reduced CED is interesting to low-power applications that do not require a high accuracy, such as freight
management, wildlife tracking and stolen goods trackers. For these applications a sub-meter level accuracy
is unnecessary, neither does every second count, it is battery life that is crucial. A container at sea needs to
be tracked for months, a wild animal cannot be caught every other week and you do not want to worry about
charging your bicycle tracker. Overall, a reduced CED has the potential to provide a multitude of advantages.

The remainder of this paper is structured as follows. Section 2.2 outlines the concepts used for CED reduction.
It describes the individual reduction strategies and the integration of the reduced set in the I/NAV navigation
message. Next, Section 2.3 describes the simulation process and the data sets that were used in this research.
Section 2.4 then presents and discusses the results with regards to the effectiveness of the reduction strategies,
the optimization of the reduced set and the characteristics of the reduced set. Finally, Section 2.5 wraps up
with a summary and conclusions.

2.2. Concepts for CED reduction
This research aims to decrease the TTFF by reducing the size of the clock correction and ephemeris data.
Three reduction strategies are explored: the relative expression of CED parameters with respect to the match-
ing almanac parameters, the absorption of CED parameters and the increase in scale factor of CED param-
eters. Next to these three reduction strategies, this Section also discusses the integration of the constructed
reduced set into the Galileo I/NAV message.

To explain, the size of the CED is the sum of the individual bit allocations per parameter. The CED is broadcast
by the Galileo satellites in a fixed-point binary representation (Anghileri et al. 2012). In this format the num-
ber of bits allocated per parameter depends on three factors: the range, scale factor and signedness, where
the scale factor corresponds to the resolution of a parameter (Parhami 1999). The computation of the CED
size is described in Appendix B.2. The number of bits transmitted per parameter finally determines the level
of accuracy, here expressed as the signal-in-space ranging error (SISRE), with which the user can determine
its position.

2.2.1. Relative expression of the CED parameters
Reducing a parameter’s range can have great impact on the final position accuracy. Yet, the strategy proposed
here, allows for a range and thus size reduction without increasing SISRE. The idea is to leverage the fact
that the CED and almanac have parameters in common. The almanac is broadcast together with the CED
by GNSS satellites. Its parameters can be used to calculate a rough estimate of the satellites’ positions and
originally aided satellite acquisition. In total the almanac and CED have nine matching parameters:

p
a, e,

i0,≠0, !, m0, ≠̇, a f 0 and a f 1.

It is suspected that a substantial part of the CED and almanac parameters overlap. If this is the case, a set
of relative CED parameters with decreased range can be constructed by expressing the CED parameters with
respect to the matching almanac parameters. The constructed relative set can be broadcast by the GNSS
satellites. In the receiver the relative parameters are added to the almanac parameters to recover the full
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Table 2.1: CED parameter definitions (European GNSS Open Service 2016)

Symbol Parameter

m0 Mean anomaly at reference time

¢n Mean motion difference from computed value

e Eccentricity
p

a Square root of the semi-major axis

≠0
Longitude of ascending node

of orbit plane at weekly epoch

i0 Inclination angle at reference time

! Argument of perigee

≠̇ Rate of right ascension

idot Rate of inclination angle

Cuc
Amplitude of the cosine harmonic

correction term to the argument of latitude

Cus
Amplitude of the sine harmonic

correction term to the argument of latitude

Cr c
Amplitude of the cosine harmonic

correction term to the orbit radius

Cr s
Amplitude of the sine harmonic

correction term to the orbit radius

Ci c
Amplitude of the cosine harmonic

correction term to the angle of inclination

Ci s
Amplitude of the sine harmonic

correction term to the angle of inclination

toe Ephemeris reference time

a f 0 SV clock bias correction coefficient

a f 1 SV clock drift correction coefficient

a f 2 SV clock drift rate correction coefficient

t0c Clock reference time

CED. Based on this full set the receiver computes a position solution. This strategy yields the desired reduc-
tion in size at broadcast, while maintaining an equal accuracy for determining the final position solution.

To position based on the relative CED, the user must be able to identify the almanac to which the parame-
ters are referenced. Simulation shows that if the receiver uses an expired almanac issue as a reference, the
accuracy is heavily degraded. SISRE increases to the 100 km level which is unacceptable. To see whether
this accuracy degradation may be overcome by propagating the parameters of an expired almanac issue, we
analyze the variations of the almanac parameters of satellite E04 over time, as is illustrated in Figure 2.1. It
shows the variation pattern of the majority of the almanac parameters is unpredictable. This makes it diffi-
cult to reliably propagate the parameters over a long period of time with a simple algorithm that has limited
computational costs. Therefore, it is paramount that the receiver always downloads the right reference al-
manac. In addition, Figure 2.1 explains the high sensitivity of SISRE to the use of expired almanac issues. For
most parameters the difference between sequential almanac issues are substantial. Positioning based on an
expired almanac therefore yields completely different results.

We propose two options for almanac identification. The first minimizes the number of bits used, the sec-
ond minimizes the number of almanac downloads. In the identification process the space vehicle identifier
(SVID) does not have to be included as the receiver tunes in on a satellite signal and thereby knows from which
satellite it originates. Both options require an almanac marker in the form of a day-of-year (DOY) marker. 9
bits are necessary to define each day of the year uniquely. Yet, we can decrease this number by making use
of two characteristics. First, the upload interval of the almanac alternates between 3 and 4 days. Second,
the relative CED is based on the most recent almanac issue. Therefore, we can conclude that any almanac
downloaded more than 4 days ago can no longer be used for positioning.
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Figure 2.1: Variation over time of the almanac parameters for SVID E04

Based on this, the first identification option uses a 3 bit (modulus 8) DOY-marker and reloads the almanac
if the last almanac download was over 3 days ago. The second option uses a 4 bit DOY-marker and only has
to reload the almanac if it is older than 4 days. In addition, the following rules apply. If the almanac marker
is more recent than the download day, the almanac must be reloaded. If the almanac marker is equal to the
download day, the almanac must be only be reloaded the first time this occurs that day. After this reload took
place, the receiver can continue positioning if the marker is equal to the download day. If the download day
is more recent than the almanac marker, the receiver can continue positioning. To conclude, the 3 bit marker
minimizes the number of bits used. The 4 bit marker fully exploits the upload interval and minimizes the
number of almanac downloads. It depends on the positioning requirements which option is more attractive.

2.2.2. Absorption of the CED parameters
A second strategy that is explored to decrease the size of the CED is the absorption of parameters. Based on
the user algorithm, as outlined by the European GNSS Open Service (2016) in the Galileo interface control
document (ICD), we found that the clock reference time, t0c , and the ephemeris reference time, t0e , do not
have to be broadcast individually but can be absorbed into the parameters they affect. In principle, the ab-
sorption of a parameter should realize a reduction in size without increasing SISRE. If full decoupling of the
absorbed parameter from the variable parameters in the equation is not possible, this is no longer the case. It
must then be decided if the neglect of the coupled terms is acceptable with regards to the SISRE contribution.

Absorption of the clock time reference, t0c
Based on the equation for the computation of the clock correction, ¢SV , this paragraph shows how the clock
time reference, t0c , can be absorbed in the clock bias correction coefficient, a f 0:

¢SV = a f 0 +a f 1[t ° t0c ]+a f 2[t ° t0c ]2 +¢tr (2.1)

where

¢tr = Fea1/2 sin(E) (2.2)
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Here F is a constant with value -4.442807309e-10 s/m1/2, e the eccentricity, a the semi-major axis and E the
eccentric anomaly. We rewrite equation 2.1 such that we can decouple the variable time of interest t from t0c .

¢SV = a f 0 +a f 1[t ]°a f 1[t0c ]+a f 2[t 2]°a f 2[2t t0c ]+a f 2[t0c ]2 +¢tr (2.3)

From this equation it becomes clear that decoupling is only possible to certain extent. In the fifth term, t
and t0c cannot be separated. To fully absorb t0c we must therefore assume a f 2 is negligibly small. The error
caused by this assumption is absorbed in the error budget corresponding to t0c absorption. We then obtain
the following equation:

¢SV = a f 0,absor b +a f 1[t ]+¢tr (2.4)

where
a f 0,absor b = a f 0 °a f 1[t0c ] (2.5)

Having absorbed t0c , it no longer has to be broadcast, directly saving 14 bits. The impact on the range of a f 0
and SISRE is described in Section 2.4.

Absorption and shift of the ephemeris time reference, t0e
A similar strategy can be applied to absorb the ephemeris time reference, t0e , in the mean anomaly, m0, the
inclination, i0, and the longitude of the ascending node,≠0. In the user algorithm t0e occurs in:

tk = t ° t§0e (2.6)

Subsequently, tk and t0e occur in:

M = m0 +ntk (2.7)

i = i0 +±i + idot tk (2.8)

≠=≠0 + [≠̇°!e ]tk °!e t0e (2.9)

The asterisk in equation 2.6 refers to the fact that week rollovers should be taken into account. This means tk
is not always simply t minus t0e , but is formulated as follows:

if t ° t0e > 302400 then tk = t ° t0e °604800 (2.10)

if t ° t0e <°302400 then tk = t ° t0e +604800 (2.11)

else tk = t ° t0e (2.12)

For this reason the equation for M in fact looks like:

M = m0 +n(t ° t0e + rollover) (2.13)

Where the rollover is either 0, 604800 or -604800. The rollover term cannot be fully absorbed since it depends
on t , which is variable. Yet, when neglecting the rollover term this leads to a hundreds of kilometer level
SISRE. This accuracy degradation is unacceptable, so just absorbing t0e is not an option.

An additional shift in time is proposed instead. Rather than referring the time of interest to the beginning of
the Galileo week, it is referred to the beginning of each I/NAV frame. Here, the assumption is made that the
receiver can determine the time at the beginning of each 720 second frame to within some tens of millisec-
onds, based on the time estimate held by the RTC (U-blox 2018). According to Curran (2018), this assumption
is justified as follows: a receiver typically has a 32 kHz crystal oscillator RTC. This RTC holds the time with an
accuracy of 5 to 20 parts per million (ppm). Given the trend towards improved accuracy (Maxim Integrated
2019) (Abracon 2019) and factory-calibration (STMicroelectronics 2018), we assume a value of 5 ppm, i.e. a
deviation of about 0.5 seconds per day.

In addition, the described receiver retrieves an almanac periodically over some communication network.
While doing so, it is possible to also avail of some type of time assistance. One such example might be the
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standard network time protocol (NTP) (Network Time Foundation 2018). This would allow the receiver to re-
align its RTC to UTC with a typical accuracy of some tens of milliseconds. After this alignment the RTC time
estimation starts to deviate at the given rate. Assuming that the deviation of time has a Gaussian distribution
and leveraging the fact that we download an almanac at least every three or four days, the 3 sigma time er-
ror, dT , is about ± 1.5 seconds for a 3-day interval and about ± 2 seconds in case of a 4-day download interval.

Once the receiver reads the first page from a satellite, it can start to deduce a more accurate time estimate.
We know that the start of each page is aligned with the beginning of a second and that each page has a 1 bit
even/odd marker. Based on this information the receiver can determine the fractional bit of time exactly and
the integer bit of time with a ± 2N second ambiguity, where N is an integer. In addition to this time estima-
tion, the receiver can also make a rough estimation of the locations of all satellites based on the almanac it
holds and make a good guess of how long the signal took to travel from the satellite. When combining this
information with the RTC time estimation, we can resolve time if dT is below 2 seconds, which is indeed
the case at a maximum almanac download interval of 4 days. Subsequently, the time to the beginning of the
frame can be determined by taking the modulus of 720, corresponding to the duration of a frame.

For redundancy we add a reduced time of week (TOW) header in case dT passes 2 seconds, for example when
the RTC wanders or if the almanac download is delayed. The conventional TOW-header represents the sec-
onds passed within the Galileo week and occupies 20 bits. We use a reduced version that communicates the
seconds passed within a frame, which vary between 0 and 720. Moreover, the receiver knows whether it is
reading an even or odd page. With this knowledge, the size of the header can be reduced by modulating to
only even numbers, 0 to 350, translating to a 9 bit header. Based on this TOW-header the time can be resolved
when dT exceeds 2 seconds. However, this does increase the average TTFFD since the receiver needs to read
additional pages. If dT is below 2 seconds, the header can be used to cross-validate the resolved time. The
integration of these additional TOW-headers in the navigation message is discussed in Section 2.2.4.

Knowing the time at the beginning of each frame, the absorption and shift of t0e is as follows:

M = m0 +ntk = m0 +n(t ° t0e + rollover) = m0 +nt °nt0e +n § rollover (2.14)

Subsequently, t is split up:

t = t f r ame +¢t f r ame (2.15)

Where t f r ame is the time corresponding to the number of full I/NAV frames that have passed since the begin-
ning of Galileo week multiplied by the duration of a frame: 720 seconds, and ¢t f r ame represents the seconds
passed in the current I/NAV frame. Then,

M = m0 +nt f r ame +n¢t f r ame °nt0e +n § rollover (2.16)

Where all parameters not including t f r ame can be absorbed:

m0absor b,shi f t = m0 +nt f r ame °nt0e +n § rollover (2.17)

Again the rollover term would pose a problem as it depends on the variable t . Yet, because of the shift we
know the value of t up to 720 seconds for each broadcast. At the creation of each reduced set it is therefore
already known if a rollover term applies to the range in which t falls.

The procedure is repeated for the absorption of t0e into i0 and ≠0. Absorbing t0e saves 14 bits by not having
to broadcast it. The impact on range and SISRE is presented in Section 2.4. To conclude, it is emphasized that
the shifted model does demand a navigation message upload interval of 720 seconds, which is shorter than
the current average upload interval. However, this should not pose any problems when using a real-time or
batch upload strategy (Curran 2018).

2.2.3. Increasing the scale factor of the CED parameters
The strategy to reduce the number of bits by increasing the scale factor, i.e. reducing the parameter resolu-
tion, differs from the other strategies since it trades-off size for position accuracy. This strategy is also called
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truncation and is applied as follows. For transmission in the navigation message the real valued CED param-
eters are converted to a fixed-point binary form. This form represents the parameters as an integer multiplied
by a scale factor. For the CED parameters this scale factor is generally a specific power of 2. To truncate the
parameters a method is used as described by Anghileri et al. (2012). They explain that to reduce, for example,
the size of the eccentricity e, the scale factor should be increased with the desired amount of factors of two.
So to decrease the eccentricity from 32 to 22 bits, the scale factor should increase from 2°33 to 2°23. The same
methodology can be applied to the other CED parameters.

By varying the level of truncation and thus bit allocation per parameter, SISRE changes. Since each parameter
has a different influence on SISRE and perhaps a correlation to each other, we apply the following optimiza-
tion strategy to find the optimal bit allocation for a given CED size. First, we plot SISRE versus various levels
of truncation per parameter with respect to a constant reference set. These so-called variation profiles give
information about the sensitivity of SISRE to the bit allocation of each parameter. Subsequently, the reference
set is also varied to see if there exist parameter correlations. Lastly, two types of Monte Carlo simulations are
run. In the first, the search space is limited by using bounded allocation ranges. These ranges can be de-
duced from the variation profiles that indicate the bit allocations where SISRE becomes less sensitive. The
second simulation targets size and leaves the parameter allocation completely random to make sure we do
not oversee unexpected correlations. Subsection 2.2.4 discusses which sizes are of specific interest. Finally,
the optimal sets are selected based on the combination of the results of both simulations.

2.2.4. Integration in the I/NAV navigation message
As was mentioned previously, the TTFFD does not only depend on the size of the first fix data, it also depends
on its location and repetition rate within the navigation message. To maintain backward compatibility, we
choose to integrate the reduced CED in the spare and reserved bits of the existing Galileo I/NAV message that
are specifically meant for future development. However, this does put a constraint on the availability of bits.
There are basically four types of fields in the I/NAV message that are potentially available for use: reserved
1, reserved 2, spare and additional reserved fields that are named reserved extra. The reserved 1 and 2 fields
provide a bandwidth of respectively 40 and 8 bits every 2 seconds, whereas, the spare and reserved extra fields
are more randomly spread over the message. This is detailed in Appendix A.

Based on the division of the fields over the message, we simulate how the TTFFD responds to a variation in
the size of the reduced CED while using different combinations of fields. This simulation assumes that the
CED message blocks from different uploads can be used interchangeably. Moreover, it assumes that the re-
duced CED is broadcast constantly in a set sequence and that the receiver therefore knows what information
it is reading. This way the message blocks have a repeating order, but do not have a set location within the
subframe. In Figure 2.2 the computed TTFFD profiles are illustrated for combinations of reserved 1 and an
additional bit field. The reserved 1 + 2 and the reserved 1 + 2 + extra curve are identical. The figure clearly
shows the TTFFD’s step wise behaviour. For example, when only using the reserved 1 field, an average TTFFD
of 8 seconds is achieved for a reduced CED size of both 121 and 160 bits. Since TTFFD is invariant over this
range, we define the TTFFD target size as the size that yields the lowest SISRE, i.e. the largest size.

We recall that not only the CED is part of the first fix data, the GST is as well. The GST is encoded in the form of
a TOW-header, which represents the seconds passed within the week. In the current navigation message this
header has a maximum repetition interval of 20 seconds compared to 30 seconds for the CED and therefore
has no major impact on the TTFFD. However, if we manage to decrease the repetition rate of the CED to 6
seconds, this changes. To realize an average TTFFD of 6 seconds, the repetition interval of the TOW should
be equal to (or less than) that of the CED.

As was explained in Section 2.2.2 the receiver can resolve the time within some tens of milliseconds based on
the almanac, the time held by the RTC (accurate to within 2 seconds), and observation of the page-boundaries
of the navigation message. Therefore, the full TOW-header does not necessarily have to be read. If, how-
ever, the RTC wanders beyond 2 seconds, the additional TOW-headers might be required to resolve the time-
ambiguity. As such, it is proposed to provide a TOW repetition rate that is always equal to that of the CED,
thereby providing additional service to poorly synchronized receivers, and proving an additional level of re-
dundancy to receivers that are well synchronized.
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Figure 2.2: Average TTFFD versus message size for different combinations of available fields

The inclusion of these additional 9 bit headers requires extra space. Moreover, the header cannot be divided
into smaller parts as it indicates a specific moment in time. Therefore we can either use the reserved extra
fields or we include the headers in the reduced CED itself, making it epoch independent. The first option is
most attractive for an 8 second TTFFD. The header could then be included at epoch 12 and 19. The second
option is more feasible for a 6 second target TTFFD, otherwise the CED and TOW compete for the use of the
reserved extra fields.

Based on the TTFFD profiles in Figure 2.2, the inclusion of a 9 bit TOW-header and a 3 bit almanac marker,
several TTFFD target sizes are computed. These target sizes are presented in Table 2.2. In all cases the re-
served 1 field is included since it provides an essential amount of bits. The most interesting target sizes are
the ones that either only use the reserved 1 field or the reserved 1 and 2 fields. This way there is still room in
the message for other developments. On the other end of the spectrum, the sizes that use all the fields are
also of interest, since these yield the best performance in terms of TTFFD and SISRE. The sizes marked with
an asterisk are less realistic since the same fields are assigned to include both CED and TOW, which might not
fit. The target sizes that are of particular interest are in bold and further discussed in Section 2.4.

Table 2.2: TTFFD target sizes for different combinations of available fields, average TTFFD and TOW inclusion

Fields used versus

maximum size [bits]

TTFFD - 6 seconds TTFFD - 8 seconds

TOW included TOW not included TOW included TOW not included

Reserved 1 108 117 148 157

Reserved 1 + 2 132 141* 180 189

Reserved 1 + Spare 114 123* 156 165

Reserved 1 + Extra 108 117* 148 157*

Reserved 1 + 2 + Spare 138 147* 188 197

Reserved 1 + 2 + Extra 132 141* 180 189*

Reserved 1 + Extra + Spare 117 126* 161 170*

Reserved 1 + 2 + Extra + Spare 141 150* 192 202*

*Target size is less realistic since the same bit fields are assigned to include both CED and TOW.
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2.3. Simulation process & data sets
A simulation is developed to construct reduced sets based on historical data and analyze the performance
in terms of position accuracy. This Section discusses the simulation process, what algorithms and in which
order are applied and finally how the performance of the output is measured. Next, it discusses the data sets
that were used in this research and the cleaning steps that were executed.

2.3.1. Simulation process
The broadcast navigation messages form the simulation’s input and are considered as the original CED. The
navigation messages thus serve as the "true" orbit. The three reduction strategies can be applied separately
to the input set, but it is expected that the biggest reduction in size is achieved when they are combined.
The three strategies are applied to the original CED in the following order. First the original CED parame-
ters are expressed relative to the matching almanac parameters. Next, both the relative parameters and the
original non-overlapping parameters are truncated to the indicated level. Thereafter, t0c absorption and t0e
absorption and shift are applied. Here one should be careful that the absorption is executed with the full yet
truncated values of a f 1 and ≠̇, and not with the relative values. After conversion to binary form, the param-
eters have reached the state in which they are transmitted. It are these parameter values based on which the
new parameter ranges are determined. These ranges are combined with the applied scale factors to compute
the total number of bits per parameter.

For the computation of the positioning solution, the receiver can only use information that is available at
the time of interest. In the simulation we therefore use the most recent but past broadcast navigation mes-
sage compared to the time of interest. Which navigation message is most recent is determined based on the
transmission time. This approach is deemed more realistic than selecting messages based on the time of
ephemeris, since the t0e is not necessarily in line with the time of broadcast (Montenbruck et al. 2018). For
the construction of the relative CED, the procedure is similar. Here the most recent almanac update with
respect to the transmission time of the original navigation message is used.

In the receiver, the relative parameters are recovered to their full state by adding the matching almanac values.
Based on these parameters the state vector at the time of interest is computed. Next, the position error vector
is constructed by subtracting the original state vector from the reduced state vector. This position error vector
is then transformed from the Earth-centered, Earth-fixed (ECEF) frame to the radial, along-track, cross-track
(RAC) frame relative to the original state vector. Together with the error in the clock offset this forms the input
for the final SISRE computation. Appendix B.3 describes the transformation and computation in more detail.

SISRE accounts for the accuracy of the navigation message, including ephemeris and satellite clock errors
(Warren and Raquet 2003). Montenbruck et al. (2015) point out SISRE is a key performance indicator for the
comparison of different GNSSs and also serves the purpose of this research to compare the accuracy of the
reduced CED with the original CED. This paper uses the definition of SISRE as outlined by Montenbruck et al.
(2018):

SI SRE =
q

(wR §R °¢cd t )2 +w2
A,C (A2 +C 2) (2.18)

Here wR and w A,C are constellation-specific weight factors. For Galileo they are found to be wR = 0.98 and
w2

A,C = 1/61 (Montenbruck et al. 2015). R, A and C represent the radial, along-track and cross-track compo-
nents of the position error vector. Lastly, ¢cd t denotes the error in the broadcast clock offset multiplied by
the speed of light. This computation is applied to each combination of time of interest and CED, yielding a
SISRE value per epoch. The root-mean-square (rms) of all SISRE values delivers the final SISRE result. The
verification of the various components of the simulation is presented in Appendix C.

It is emphasized that this paper uses SISRE as a relative measure of accuracy. It expresses the accuracy of the
reduced set with respect to the original set which corresponds to a SISRE of 0 m. In reality this is not the case.
According to Montenbruck et al. (2018) the 2017 rms SISRE value for the Galileo original broadcast ephemeris
is at the 0.2 m level with respect to the precise orbit, which serves as the "true" orbit here. However, as we
aim to trade-off accuracy for TTFF, the computed relative SISRE values are expected to be at least one order
of magnitude larger than the 0.2 m level. The contribution of the original set is therefore deemed negligible.
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With regards to position accuracy it is not SISRE but the horizontal position error (HPE) that is finally most
important to the user. The HPE can be approximated as follows (Montenbruck et al. 2018):

HPE = HDOP §
p

SI SRE 2 +U EE 2 (2.19)

Here UEE is the user equipment error and HDOP the horizontal dilution of precision. According to Curran
(2018) the UEE is on average below 1 meter, but even in extreme cases it is negligible compared to the SISRE
levels in this research. HDOP has improved a lot over the past couple of years as more and more GNSS satel-
lites were launched. For Galileo HDOP is around 1.3 (Teunissen and Montenbruck 2017). It is expected to
improve to values below 1 as the constellation expands or if multiple GNSSs are used simultaneously for po-
sitioning. For now we therefore assume an HDOP value of 1, making the HPE performance neither better nor
worse. If we neglect the UEE and assume an HDOP of 1, we can view the HPE as approximately equal to the
computed SISRE in the remainder of this article.

2.3.2. Broadcast navigation messages
As was mentioned previously, the historical broadcast navigation messages form the input to the simula-
tion process. Since the actual broadcast navigation messages are not publicly available, the daily navigation
files obtained and published by stations of the IGS (Dow et al. 2009) through the Multi-GNSS experiment
(MGEX) are used as the original navigation messages (Montenbruck et al. 2014). These receiver independent
exchange format (RINEX) files contain orbit, clock and auxiliary data required for the receiver to compute a
navigation solution (WG and RTCM-SC104 2015). In addition, a field with the transmission time is added to
communicate the time at which the data were broadcast by the satellite. In particular, we make use of the
"BRDM" RINEX 3 navigation data product as was suggested by Montenbruck et al. (2018). This research uses
a year of BRDM Galileo navigation files dating from 01-10-2017 until 30-09-2018. A year of data represents the
changes in the constellation adequately. Moreover, we have chosen to limit the analysis to the most recent
year of data possible at the time, since the performance of the broadcast navigation messages has improved
over the last couple of years (Montenbruck et al. 2015, 2018). It is therefore expected that the most recent set
delivers an outcome that best represents the current situation.

The following data preparation steps have been applied to the broadcast navigation messages to construct
the final input data set:

1. All broadcast navigation messages flagged as unhealthy are removed.

2. Double records are removed by filtering out navigation messages with an equal SVID, Galileo week
number and transmission time.

3. Navigation messages with unknown transmission times, marked with 0.9999e9, are filtered out. Fur-
thermore, navigation messages where the transmission time does not fall within the possible time
range are excluded.

2.3.3. Almanac data
The second historical data set that serves as an input to the simulation are the Galileo almanacs. The al-
manacs broadcast by the Galileo satellites are published by the European GNSS Service Centre on their web-
site (European GNSS Service Centre 2018). Over the past year the almanac updates for operational satellites
have in general been at alternating between 3 and 4 days. For the construction of the reduced sets only the
almanacs dating from 01-10-2017 to 30-09-2018 are used.

This research studies the variance over time of all almanacs between 21-11-2014 and 19-10-2018 to make
sure they can be used for relative expression. 10 out of 15 active satellites were found to show anomalies in at
least one of the following almanac parameters: ≠0, ≠̇, a f 0 or a f 1. The nature of these anomalies is illustrated
based on satellite E05. As can be seen in Figure 2.3, the almanac of satellite E05 shows anomalous peaks at
almanac issue 113 for parameters: ≠̇, a f 0 and a f 1, while the other parameters remain smooth over the course
of all almanac issues. These peaks do not coincide with a Notice Advisory to Galileo Users (NAGU), nor is the
almanac signal health status flagged as unhealthy. Moreover, the anomalies in the almanacs of other satellites
do not occur on the same issue date.
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To confirm whether these peaks are actually anomalous, two methods are used. First it is checked whether
these peaks also occur in the ephemeris parameters. If the satellite would have made an unexpected ma-
noeuvre that is reflected in the almanac, the parameter peaks should also show up in the ephemeris. How-
ever, this is not the case. Where the almanac parameters present peaks, the ephemeris parameters remain
smooth. Secondly, we check if the anomalies in the almanac parameters indeed correspond to anomalies in
the computed position and are not compensated by other other parameters. This is indeed the case. When
positioning based on almanac 113, the position error shows an anomaly at the exact same instance. Since the
almanac peaks are confirmed anomalous, we do not construct ephemerides relative to these almanacs. Table
2.3 gives an overview of the almanacs per satellite that contain anomalies. Appendix D shows the variation of
the almanac parameters for all active Galileo satellites.

Figure 2.3: Variation of anomalous almanac parameters ≠̇, a f 0 and a f 1 for SVID E05

Table 2.3: Anomalous almanac issues per satellite

Satellite Almanac issue

E02 103, 127

E03 104

E05 113

E09 20, 22, 23, 40, 46, 51, 140, 158

E11 22, 23, 208, 214, 221, 227,229,365

E12 130, 199, 202, 207, 213, 220, 223, 226, 334, 294

E19 306

E24 48, 49, 56, 60, 74, 76, 77 ,78, 150,151, 152

E26 11, 279, 154, 208, 227

E30 83,84

2.4. Results & discussion
This Section presents and discusses the research outcomes. First, the effectiveness of the individual reduction
strategies is discussed. Next, the simulation results and the constructed optimal sets are presented. Lastly,
the characteristics of the reduced set are described in terms of bit allocation, TTFFD, availability and on-time.

2.4.1. Effectiveness of the reduction strategies
We assess the effectiveness of the individual reduction strategies in terms of size reduction and SISRE contri-
bution. The first reduction strategy, expressing the CED parameters relative to the matching almanac param-
eters, reduces the size with 76 bits from 428 to 352. Including the required 3 bit almanac marker, this results
in a 73 bit net reduction without an increase in SISRE. It is emphasized that this decrease is computed based
on the maximum absolute range the parameter has taken on in one year of ephemeris data. No safety margin
is applied. When using the reduced set in practice, it is recommended to consider the extent to which an
off-nominal orbit should be represented and how this translates to the required parameter ranges.
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The second reduction strategy, absorbing t0c and t0e , yields the following results. The absorption of t0c di-
rectly saves 14 bits and, moreover, leads to a 1 bit range decrease of a f 0. In total a saving of 15 bits is realized
by the absorption of t0c . In terms of accuracy, the absorption of t0c corresponds to a SISRE of 0.01 m. This
small error is due to the neglect of a f 2. Absorbing t0e likewise saves 14 bits. In parallel, the range of ≠0 in-
creases with 4 bits. The ranges of the other parameters remain equal. This results in a net decrease of 10 bits.
The SISRE contribution of t0e absorption and shift is negligible.

The effectiveness of the third reduction strategy, parameter truncation, is assessed based on parameter vari-
ation profiles. These profiles show SISRE versus the number of bits allocated to a specific parameter, while
the bit allocation to the other parameters is kept constant. As a reference set we have chosen to keep all pa-
rameters in full resolution, except for a f 2 which is assigned zero bits. Without taking a f 2 into account, we
can make a fair comparison between the variation profiles of three selected simulation scenarios: without
absorption, with only t0c absorption and with both t0c and t0e absorption. This comparison allows us to see
if SISRE is sensitive to different combinations of reduction strategies, or that all simulation scenarios provide
the same SISRE.

Figure 2.4 shows the variation profiles of all CED parameters split up into sensitivity categories. It illustrates
SISRE is most sensitive to the bit allocation of m0, ≠0 and !. This can be explained by the fact that these are
all quickly changing angular parameters that vary over their entire range: °º to º. On the other end of the
spectrum, SISRE is least sensitive to the bit allocation of ≠̇, idot , a f 1, a f 2, Cuc , Cus Ci c and Ci s . The first four
of which are all higher order parameters, logically having less influence than their first order counterparts.
The last four have limited effect in radial direction, which is the direction SISRE is measured in. The remain-
ing parameters:

p
a, e, i0, Cr c , Cr s , and a f 0 have an average influence on SISRE. Of these parameters, SISRE

is clearly most sensitive to the bit allocation of a f 0.

Though the sensitivity of SISRE to the variation of the bit allocation differs per parameter, a general trend can
be noticed: the more bits are allocated to a parameter, the lower SISRE and thus the better the accuracy. The
presented variation profiles are exactly the same for all three simulation scenarios, proving that for the same
bit allocation, all scenarios yield an equal SISRE. Therefore, we can optimize the bit allocation for one simu-
lation scenario and apply the optimal allocation to all three combinations of reduction strategies. We choose
to optimize based on the third simulation scenario since this gives us the smallest starting size irrespective of
truncation.

The discussed variation profiles are based on a reference set where all parameters are in full resolution except
for a f 2. If the parameters are fully independent, these variation profiles should have the same shape for any
reference set making it straightforward to determine the global optimum per size. Yet, if a form of parameter
correlation exists, one should be careful for local optima in the optimization. To search for parameter cor-
relations, we have created variation profiles for the same parameter while changing reference sets. The first
correlation we found is illustrated in Figure 2.5. It shows the variation profiles of Cr c and Cr s for reference
sets with a changing bit allocation to a f 0. In both figures it is clear the shape of the curves changes for dif-
ferent allocations to a f 0, implying that Cr c and Cr s are correlated with a f 0. We can see that if a f 0 is not in
full resolution, SISRE increases as the amount of bits allocated to Cr c or Cr s passes a certain level. This rela-
tion is opposite to the Cr c and Cr s variation profiles for the full reference set or a set where the bit allocation
to other CED parameters was decreased. Due to the existence of parameter correlations, it is important to
try out many different allocations to increase the chance of finding a global instead of a local minimum per
size. So instead of trying to find all parameter correlations, we leverage the randomness of the Monte Carlo
simulation.
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Figure 2.4: Variation profiles illustrating the sensitivity of SISRE to the variation of bit allocation per parameter

Figure 2.5: Variation profiles of Cr c and Cr s for different a f 0 reference sets illustrating the sensitivity of SISRE to the
variation of bit allocation per parameter

2.4.2. Optimization of the reduced set
As was mentioned previously, we perform a Monte Carlo simulation for the third simulation scenario: the
combination of all three reduction strategies where both t0c and t0e absorption are applied, to obtain the
optimal set per CED size. For each size, there is a multitude of ways to divide the bits over the different pa-
rameters. The division corresponding to the lowest SISRE is deemed to be the optimal set. To avoid overfitting
the model on our specific data set, we have divided the input data set into a train and test set with an 80/20
split. The difference in SISRE between the train set and the test set is consistently below 1 m. This reinforces
the assumption that the reduced set is not only optimal for the train data but that its characteristics are uni-
versal and that it has the same effect on another set of Galileo I/NAV navigation messages.
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Figure 2.6 shows a scatter plot of the CED size versus SISRE based on the aggregated output of all Monte Carlo
simulations. The optimal reduced sets are connected with an orange line. As expected, SISRE decreases with
an increasing number of bits. A trade-off should thus be made between SISRE and size, i.e. accuracy and
TTFF. The identified TTFFD target sizes in Section 2.2.4 aid in making this trade-off. The computed optimal
sets in between these target sizes provide only an improvement in SISRE and not in the TTFFD. Table 2.4
shows the TTFFD target size and SISRE of the optimal set for a selection of combinations of TTFFD, fields
used and TOW inclusion. The full list of optimal sets per CED size is provided in Appendix D. Depending on
the desired TTFFD, the fields that are available and the required accuracy; a reduced set can be selected from
this list. For the analysis of the reduced set characteristics in the next Subsection, we select the 132 bit set that
includes TOW and delivers a 6 second average TTFFD while only using reserved fields 1 and 2.

Figure 2.6: Scatter plot of SISRE versus the CED size ranging from 105 until 195 bits for a varying bit allocation per parameter

Table 2.4: TTFFD target sizes and the corresponding SISRE of the optimal set for a selection of
combinations of TTFFD, fields used and TOW inclusion

Average TTFFD Fields used TOW inclusion TTFFD target size [bits] SISRE [m]

6 seconds reserved 1 yes 108 26.35

reserved 1 no 117 17.40

reserved 1 + 2 yes 132 10.04

reserved 1 + 2 + extra + spare yes 141 7.44

8 seconds reserved 1 yes 148 6.33

reserved 1 no 157 4.15

reserved 1 + 2 yes 180 1.51

reserved 1 + 2 no 189 1.13

reserved 1 + 2 + extra + spare yes 192 0.91

2.4.3. Characteristics of the reduced set
This Section elaborates on the characteristics of the reduced set. The previously selected optimal set serves
as an example for further analysis. This set is 132 bits in size, delivers a SISRE of 10.04 meters and with a
repetition rate of 6 seconds yields an average TTFFD of 6 seconds. The division of bits over the different
parameters and their scale factors are shown in comparison to the original set in Table 2.5. The difference in
scale factors indicates the level of truncation that is applied. The remainder of the reduction in number of
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bits is realized by range decrease. Next, Figure 2.7 shows a curve of the TTFFD versus the epoch of the first
available symbol for the reduced set and the original I/NAV message. The dashed lines represent the average
values. With 6 seconds the TTFFD of the reduced message is almost 20 seconds smaller than the original
average of 25.4 seconds (Anghileri et al. 2013).

Table 2.5: Comparison of clock correction and ephemeris parameters of the Galileo
I/NAV message (European GNSS Open Service 2016) and the reduced set

Number of bits/Scale factor

Parameter Galileo I/NAV Reduced set

m0 32 2°31 23 2°22

¢n 16 2°43 6 2°33

e 32 2°33 8 2°21

p
a 32 2°19 5 2°9

≠0 32 2°31 18 2°21

i0 32 2°31 9 2°21

! 32 2°31 22 2°22

≠̇ 24 2°43 0 -

idot 14 2°43 0 -

Cuc 16 2°29 6 2°19

Cus 16 2°29 7 2°20

Cr c 16 2°5 6 25

Cr s 16 2°5 6 25

Ci c 16 2°29 0 -

Ci s 16 2°29 0 -

t0e 14 60 0 -

a f 0 31 2°34 13 2°23

a f 1 21 2°46 0 -

a f 2 6 2°59 0 -

t0c 14 60 0 -

Total 428 132

The presented TTFFD curves assume error free data. In reality, a receiver discards the entire data block when a
bit error is present (Anghileri et al. 2013). This means the receiver has to wait the length of an entire subframe
before it can read the necessary data again. The impact of this waiting time is five times as large at the original
repetition rate of 30 seconds, than at the reduced repetition rate of 6 seconds. Moreover, at an equal bit error
rate, the chance of receiving an error free CED increases as the size decreases. To illustrate, if we name the bit
error rate per page ppag e and assume these bit errors are independent of each other, then the probability of
receiving an error free ephemeris is defined by p f ull :

p f ull = 1° (1°ppag e )N (2.20)

Where N is the total number of pages that represents a full ephemeris. In the original scenario a full ephemeris
consists of 15 pages, in the reduced scenario these are only 3. Figure 2.8 shows the ephemeris error proba-
bility at a varying bit error rate per page in the original and the reduced scenario. It demonstrates that the
error probability is always lower for the reduced set, except at a ppag e of 0 and 1. A third and last remark
to be made about the chance on receiving a full ephemeris regards an obstructed scenario like in an urban
canyon or under foliage. The reduced size of the ephemeris has a positive impact on the chance to receive a
full ephemeris in a low signal-to-noise environment.
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Figure 2.7: TTFFD in case of error free data for the Galileo
I/NAV message (Anghileri et al. 2013) and the reduced set

Figure 2.8: Error probability for receiving a full ephemeris in
case of the original I/NAV message and the reduced set

The last characteristic to consider is the required on-time. The on-time is defined as the time the receiver has
to be "on" to receive first fix data. Fast fix applications that require a high position accuracy can determine
their fast, but less accurate first fix based on the reduced CED and can then continue reading the entire nav-
igation message to improve their accuracy based on the full CED. In this case, the position accuracy is only
initially degraded. Yet, applications that do not require a high position accuracy can choose to only use the
reduced set for positioning and remain at the provided accuracy level. In this case, the receiver on-time is
decreased since the receiver can go into a power saving mode as soon as the required data is read.

We distinguish two situations to compute the on-time for. On the one hand, the proposed reduced set can be
used for complete standalone positioning. We then assume that the receiver starts without any data. On the
other hand, one can also imagine a situation in which a receiver has an internet connection every two days,
and in between has to position autonomously. The internet connection can then be used to download the
almanac. Here we assume the receiver has an in-memory almanac and an estimation of time held by the RTC.

It takes 12 minutes, or 720 seconds, to read the almanac data. Per week there are two almanac issues broad-
cast, so the almanac should at least be read twice. The average TTFFD for the original I/NAV message is 25.4
seconds and 6 seconds for the reduced set. Based on these numbers, the on-time is computed while varying
the number of times the receiver reads the first fix data. Figure 2.9 shows the difference between the original
set, the standalone reduced set and the reduced set with an internet connection every two days. One can
see the connected reduced set always performs better. The standalone reduced set has a lower on-time from
reading the first fix data 75 times per week or more. This corresponds to a reading interval of 135 minutes,
which is a little over two hours.

If we assume the on-time translates to a decrease in power usage of a receiver, the reduced CED becomes
not only interesting for fast fix applications desiring to decrease their waiting time but also for low-power ap-
plications that do not require a high accuracy, such as freight management (He et al. 2009), wildlife tracking
(Forin-Wiart et al. 2015) and stolen goods trackers (Bensky 2016). The internet of things is another segment
that is focused on low-power applications and provides huge market potential (European GNSS Agency 2017).

On a critical note, it is emphasized that in reality it is not necessary to read all first fix data to compute a new
position. The CED parameters can be read once every validity period which is about two hours or at each new
upload which is about every 10 minutes for Galileo. Only the TOW-header has to be read at each positioning
epoch. Here it is important to keep in mind that the repetition interval for the TOW-header is significantly
lower for the original message than for the reduced message. Overall, there are many configurations possible.
Figure 2.9 merely serves as an example to show the possible impact on on-time.
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Figure 2.9: On-time versus read ephemerides for the original set, the standalone reduced set and the connected reduced set

2.5. Summary & conclusions
Part of the mass market GNSS users is interested in a faster fix rather than a more accurate position solu-
tion. This research therefore aimed to decrease the TTFF at the expense of position accuracy. The TTFF
was decreased by focusing on its most dominant component: the TTFFD. In turn, the TTFFD was decreased
by reducing the size of the CED and integrating the constructed reduced set into the existing Galileo I/NAV
message while maintaining backward compatibility. Upon activation the receiver is assumed to have stored
limited data only: the most recent almanac and an estimation of time held by the RTC. Within this work, three
reduction strategies were presented to reduce the size of the CED. First, the relative expression of the CED pa-
rameters to the matching almanac parameters. This strategy requires the inclusion of an almanac marker
such that the receiver is able to identify to which almanac the reduced set is referenced. Second, the absorp-
tion of t0c and t0e into related parameters by leveraging redundancies in the user algorithm to compute these
parameters. Third, the truncation of the CED parameters, where the optimal parameter bit allocation per
CED size was determined by means of a Monte Carlo simulation. The first and second strategy achieve a size
reduction without a significant increase in SISRE. The third, in contrast, trades-off size for position accuracy.
Subsequently, the constructed optimal reduced set was integrated into the existing Galileo I/NAV message,
since it is not only size but also the location and repetition rate of the reduced CED in the navigation message
that determine the final decrease in TTFFD.

Based on one year of broadcast navigation messages the effects of the proposed reduction strategies on the
size of the CED and TTFFD were computed. As a measure for position accuracy the SISRE relative to original
broadcast navigation messages was used. Starting off, the expression of the CED parameters relative to the
almanac leads to a reduction of 76 bits. With the required 3 bit almanac marker, this corresponds to a net
reduction of 73 bits. Thereafter, the absorption of t0c and t0e results in a further reduction of 15 and 10 bits
respectively. Finally, the reduction in size that can be realized by truncating parameters depends on the re-
quired SISRE. When combining all three reduction strategies and the TTFFD target sizes, a reduced set can
be constructed that occupies 132 bits, i.e. 31% of the original 428 bits, at a SISRE level of 10.04 meters. In this
case 195 bits are saved by parameter truncation corresponding to 66% of the size reduction. When integrated
in the reserved 1 and 2 fields of the I/NAV message this results in a 6 second average TTFFD. This is almost 20
seconds less than the current average TTFFD of 25.4 seconds. Moreover, the position accuracy is only initially
degraded, since the receiver can use the original GNSS signal to improve the accuracy after obtaining a fast
first fix.
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The achieved decrease in TTFFD benefits fast fix GNSS applications. On the one hand, these applications
are connected devices such as a mobile phone, sport watch or navigational device, that are switched into
positioning mode after a period of time. On the other hand, these are standalone devices such as search
& rescue beacons, freight management and stolen goods trackers that position at longer intervals. By po-
sitioning based on the reduced CED, these applications can decrease their waiting time nearly 20 seconds.
Moreover, the receiver gains full independence of out-of-band channels for the computation of a fast posi-
tion fix, which is attractive from a safety, privacy and redundancy perspective.

In addition, the reduced CED has several other characteristics that benefit GNSS users. The impact of a bit
error on the TTFF becomes smaller when the repetition rate of the CED decreases from 30 to 6 seconds. Fur-
thermore, at an equal bit error rate, the chance of receiving an error free CED is larger when the size is smaller.
Moreover, the time the receiver has to be "on" to read the first fix data is found to decrease in certain situ-
ations. Assuming this on-time is proportional to the power usage, a reduced CED is not only interesting for
fast fix applications desiring to decrease their waiting time but also for low-power applications that do not
require a high accuracy, such as freight management, wildlife tracking and stolen goods trackers. Follow-up
research should further research the reduction in on-time and the relation between the on-time and power
usage of a receiver.

Another interesting follow-up is to research the effectiveness of the reduction strategies when applied to dif-
ferent parametrizations such as a Cartesian state vector, equinoctial elements or a set where additional pa-
rameters are introduced. For example, a Cartesian model would better match the Glonass navigation mes-
sage. In this case, the parameters could still be expressed relative to the almanac by computing the Cartesian
state vectors based on both the full CED and the almanac.

Finally, for the integration of the reduced CED into the existing Galileo I/NAV message, the spare and reserved
bits were considered since they are specifically meant for future development. This allows to maintain back-
ward compatibility and only requires receivers that want a faster position fix to change their functionality. For
the broadcast of the reduced set, no changes in the Galileo infrastructure or satellite hardware are required.
Upon integration it is recommended to further research the interchangeability of CED message blocks and
the location of parameters within the subframe. To conclude, the constructed reduced CED provides multiple
advantages for GNSS users and should therefore be considered by the management of the European GNSS
program as a purpose for the spare and reserved bits of the Galileo I/NAV message. Alternatively, the reduced
CED could be used for next generation Galileo or for integration into other GNSS navigation messages.
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Conclusions & recommendations

In line with the research aim, this research successfully constructed a reduced set of clock correction and
ephemeris data that ensures a faster position fix when integrated in the I/NAV navigation message while
maintaining backward compatibility. The outcome of this research has the potential to play a pivotal role
in the future development of the Galileo navigation message. This Chapter revisits the research questions
identified in the Introduction of this thesis and outlines the conclusions that can be drawn from the obtained
results. Next, the Chapter wraps up with recommendations for future research.

3.1. Conclusions
The conclusions that are drawn based on the results of this research are presented in the order of the iden-
tified research questions. We start off with the sub-questions and then combine all information to finally
answer the main research question and expand the conclusions to a high generic level.

How much can the size of the CED be reduced by expressing broadcast CED parameters relative to the
matching almanac parameters?

One year of broadcast navigation messages and almanacs were used to compute the effects of the proposed
reduction strategies on the CED size, SISRE and TTFFD. The first reduction strategy, the relative expression
of the CED parameters to the matching almanac parameters, was found to reduce the CED size with 76 bits
from 428 to 352. With the inclusion of a required 3 bit almanac marker this corresponds to a net reduction
of 73 bits, i.e. 17.1%, without increasing SISRE. The receiver needs the almanac marker to identify to which
almanac the reduced set is referenced. When minimizing the size of the CED it is found that a 3 bit marker in
the form of a modulus 8 day-of-year (DOY)-counter is most suitable. Moreover, the receiver has to download
the most recent update of the almanac. If the user receiver uses an expired almanac issue to recover the rel-
ative CED to full state, the accuracy is degraded to a 100 km level SISRE. This is unacceptable for positioning
and must be avoided at all times.

How much can the size of the CED be reduced by absorbing broadcast CED parameters through redun-
dancies in the user algorithm?

The second reduction strategy leverages the redundancy in the Galileo user algorithm to absorb (and shift)
the clock time reference, t0c , and the ephemeris time reference, t0e , into related parameters. This leads to a
size reduction of 3.5% and 2.3% respectively. Since t0c could not be fully decoupled from the time of interest,
a f 2 had to be neglected resulting in a SISRE contribution of 0.01 m. The exclusion of t0c directly saves 14
bits and an additional bit is saved by a range decrease of a f 0. The absorption of t0c thus yields a total size
reduction of 15 bits.

The absorption of t0e on the other hand requires an additional shift of the time reference from the beginning
of the Galileo week to the beginning of the frame. This is due to the fact that the combination of the t0e and
time of interest determine whether a week rollover applies. Since they cannot be decoupled and neither ne-
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glected, the shift in time decreases the range such that the week rollover is known in advance. The exclusion
of t0e directly saves 14 bits. In parallel, the absorption leads to a 4 bit range increase of≠0. Overall, a net size
reduction of 10 bits is achieved without an increase in SISRE.

Given the size of the reduced CED, which division of the total number of bits over the individual parame-
ters yields the highest position accuracy?

The third reduction strategy trades-off size versus position accuracy, here expressed as SISRE. We have used
a Monte Carlo simulation to determine the optimal set per CED size, i.e. the division of the total number of
bits over the individual parameters that yields the lowest SISRE. A list that contains the optimal bit allocation
and scale factors for all CED sizes ranging from 105 to 195 bits is presented in Appendix D. SISRE was found
to be most sensitive to the bit allocation of m0, ≠0 and !. This can be explained by the fact that these are
all quickly changing angular parameters that vary over their entire range from °º to º. On the other end of
the spectrum, we found SISRE to be least sensitive to the bit allocation of ≠̇, idot , a f 1, a f 2, Cuc , Cus Ci c and
Ci s . The first four of these are all higher order parameters, logically having less influence than their first order
counterparts. The last four have limited effect in radial direction, which is the direction SISRE is measured in.
The remaining parameters:

p
a, e, i0, Cr c , Cr s , and a f 0 have an average influence on SISRE. Of these param-

eters, SISRE is clearly most sensitive to the bit allocation of a f 0. In general, the optimal bit allocation per size
is the one that allocates most bits to the highly sensitive parameters and less bits to those that have marginal
influence on SISRE.

Furthermore, we found a correlation between Cr c , Cr s and the clock bias a f 0. When the bit allocation to
a f 0 is reduced, from a certain bit allocation on wards, SISRE increases instead of decreases for an increasing
number of bits allocated to either Cr c or Cr s . This behaviour is opposite to the common relation we notice
between SISRE and the bit allocation. There is a possibility that more of these correlations exist. The ex-
istence of these correlations increases the chance of finding local rather than global optima in the division
of bits over the parameters. To increase the chance of finding global maxima, we have run extensive Monte
Carlo simulations that can be divided into two types. The first targets a range in size and a range in bit allo-
cation per parameter that is likely to provide optimal results based on the parameter variation profiles. The
second simulation targets a specific size but leaves the bit allocation ranges completely random. This way we
efficiently find the optimal sets while including sufficient randomness to assure having found a global rather
than a local maximum.

Lastly, to avoid overfitting the model on our specific data set, the input data set was divided into a train and
test set with an 80/20 split. The difference in SISRE between the train set and the test set was found to be
consistently below 1 m. This reinforces the assumption that the reduced set is not only optimal for the train
data but that its characteristics are universal and have the same effect on a different set of Galileo I/NAV nav-
igation messages.

How does the size of the reduced CED translate to the TTFFD when integrating this reduced set into the
I/NAV navigation message while maintaining backward compatibility?

If the reduced CED is integrated in the reserved and spare bits of the existing Galileo I/NAV message, back-
ward compatibility is maintained. In this case, only receivers that want to make use of the renewed signal
are required to change their functionality. Due to the division of the available reserved and spare bit fields
over the navigation message, we found that the TTFFD shows a step-wise behaviour. A reduction in size thus
does not necessarily result in a decrease in TTFFD. Per TTFFD value we therefore choose the largest possible
size as the TTFFD target size, since this results in the lowest SISRE. Depending on which fields are available
for use in the I/NAV message, the TTFFD target sizes can be determined and the optimal set can be selected
from Table D.2. In addition, the TTFFD is not only influenced by the repetition rate of the CED, but also by
the repetition rate of the GST. If one can read the CED every 8 seconds, but the TOW (essential part of the
GST) every 20 seconds, the functionality of the reduced set cannot be exploited.

In this research, we have proposed a method for the receiver to resolve the time within some tens of millisec-
onds based on the almanac, the time held by the RTC (accurate to within 2 seconds), and observation of the
page-boundaries of the navigation message. Therefore, the full TOW-header does not necessarily have to be
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read. If, however, the RTC wanders beyond 2 seconds, additional TOW-headers are required to resolve the
time-ambiguity. As such, a TOW repetition rate should be realized that is always equal to that of the CED
thereby providing additional service to poorly synchronized receivers, and proving an additional level of re-
dundancy to receivers that are well synchronized.

What is the effect of broadcasting the reduced CED within the I/NAV message on the receiver’s availability
and on-time?

Besides a faster position fix, the reduced CED has several other characteristics that benefit GNSS users. With
regards to availability, the reduction of the CED allows for higher repetition rates. The impact of a bit error on
the TTFF becomes smaller when the repetition rate of the CED increases. Moreover, it was shown that at an
equal bit error rate, the chance of receiving an error free CED increases when the size of the CED decreases.
Especially in low signal-to-noise environments this has a positive impact on the positioning capability of a
receiver such as in an urban canyon or under foliage.

Furthermore, fast fix applications that require a high position accuracy can determine their fast, but less ac-
curate first fix based on the reduced CED and can then continue reading the entire navigation message to
improve their accuracy based on the full CED. In this case, the position accuracy is only initially degraded.
Yet, applications that do not require a high position accuracy can choose to only use the reduced set for po-
sitioning and remain at the provided accuracy level. In this case, the research presented several situations in
which the time the receiver had to be "on" to read the CED data was decreased. If we assume the on-time
translates to a decrease in power usage of a receiver, the reduced CED becomes not only interesting for fast fix
GNSS applications desiring to decrease their waiting time, but also for low-power applications that do not re-
quire a high accuracy, such as freight management, wildlife and stolen goods trackers. For these applications
a sub-meter level accuracy is not necessary, neither does every second count, it is battery life that is crucial.
A container at sea needs to be tracked for months consecutively, a wild animal cannot be caught every other
week and you do not want to worry about charging your bicycle tracker. The internet of things is another
segment that is focused on low-power applications and is becoming increasingly popular.

What is the optimal size of the CED in terms of TTFFD and position accuracy of a GNSS receiver when in-
tegrating this reduced set into the Galileo I/NAV message while maintaining backward compatibility?

Based on the answers to the preceding questions, we can conclude there is no straightforward answer to this
main question. The optimal size depends on the desired TTFFD, the required SISRE and the available fields
in the navigation message. Nevertheless, we opt to sketch a reasonable scenario. It is suspected that not all
spare and reserved fields in the I/NAV message can be used for one initiative only. Based on the assumption
that it is likely that both reserved fields 1 and 2 may be used, we can achieve a 6 second TTFFD with a 132 bit
CED size and an 8 second TTFDD with a 180 bit CED size. The optimal 132 bit CED yields a SISRE of 10.04 m.
In this case 66% of the size reduction is realized by truncation. The optimal 180 bit CED yields a SISRE of 1.51
m, of which 59% is realized by truncation. It is expected that users can accept an approximate initial position
error of 10.04 m for an average TTFFD reduction from 25.4 to 6 seconds. If a user receiver would position only
based on the reduced set to decrease the on-time and possibly power usage, it depends on the application
whether a final position accuracy of 10.04 m suffices or that an 8 second TTFFD at 1.51 m is better suited.

In general, the realized decrease in TTFFD benefits fast fix GNSS applications that hold limited data upon
activation. On the one hand, these applications are connected devices such as mobile phones, sport watches
or navigational devices, that are switched to positioning mode after a period of time. On the other hand,
these are standalone devices such as search & rescue beacons, freight management and stolen goods track-
ers that position at longer intervals. By positioning based on the reduced CED, these applications can de-
crease their waiting time nearly 20 seconds. Moreover, the receiver gains full independence of out-of-band
channels for the computation of a fast position fix, which is attractive from a safety, privacy and redundancy
perspective. The reduced CED also improves availability which is especially beneficial in low signal-to-noise
environments. In addition, positioning based on the reduced CED was found to decrease receiver on-time
and possibly power usage in certain situations. The reduced CED is therefore not only interesting for fast fix
applications but also for low-power applications that do not require a high accuracy, such as freight manage-
ment, wildlife and stolen goods trackers. The low-power GNSS market is growing and provides huge potential.
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To conclude, the constructed reduced CED provides multiple advantages for GNSS users and should therefore
be considered by the management of the European GNSS program as a candidate for the purpose of the
spare and reserved bits of the Galileo I/NAV message. Alternatively, the reduced CED could be used for next
generation Galileo or for integration into other GNSS navigation messages.

3.2. Recommendations
The research presented in this thesis has demonstrated a method to construct a reduced CED that upon
proper integration into the Galileo I/NAV message leads to a faster first fix, a higher availability and possibly
a lower power usage. Yet, before the GNSS user can actually benefit from this improved navigation message,
additional research has to be carried out. This Section outlines recommendations for implementation and
improvement of the software. Lastly, several recommendations are made for alternative research.

The first step upon implementation regards the integration of the reduced CED into the navigation message.
The model this research uses to compute the TTFFD is simplified. It is important to reconsider this model and
the assumptions it is based on. The model assumes the CED message blocks can be used interchangeably. In
reality, it is suspected this leads to problems at message boundaries when a new reduced set is uploaded. It is
recommendable to determine the effect on SISRE of using part of the parameters from a navigation message
at upload interval n and part of those at interval n+1. If this effect is unacceptable, the addition of an upload
marker could be considered. This marker is used to ensure the receiver positions based on a complete set
and does not combine parts from different uploads. This would however require additional bits and thereby
increase TTFFD, we therefore recommend an alternative approach.

At an average upload interval of 10 minutes and a 6 second repetition rate of the reduced CED, a message
boundary occurs once every 100 reduced sets. Since the receiver knows the time, it also knows when a frame
boundary occurs. The receiver can be instructed to wait with reading a CED when crossing a frame boundary.
This means that 1 in 100 times the TTFFD on average increases to 9 seconds, which has a negligible effect on
the overall average TTFFD.

Another assumption that is made in computing the TTFFD is that the reduced set is repeated constantly in a
sequential order and that the receiver therefore knows what information it is reading. However, if the number
of bits available per subframe is not exactly divisible by the size of the reduced CED, the location of the indi-
vidual CED parameters within the subframe will change in a repeating pattern. It should thus be determined
whether a constant location within the subframe is required for the receiver to know what information it is
reading. If so, to make full use of the available fields, one should target a CED size of which the total avail-
ability per subframe is a multiple. Alternatively, one can assign a location to each parameter and leave the
remainder of the available bits open if it does not fit an entire reduced CED. Alternatively, a page type marker
could be used. All measures are expected to influence the TTFFD and the corresponding target size.

The in-depth integration study outlined in the preceding paragraphs, is likely to yield a new set of TTFFD
target sizes. With this knowledge, one should use the list of optimal sets per CED size and the corresponding
parameter bit allocations and scale factors provided in Appendix D to select a set matching the new TTFFD
target size. Next it is required to collect more performance data for this newly selected optimal set. This
research gives the performance of the reduced CED is terms of a relative SISRE. By simulating a network of
user receivers that all determine their position based on the broadcast reduced set, the effects of satellite
geometry, user equipment errors, bit errors, and other user receiver characteristics can be taken into ac-
count. We can then determine the impact of the reduced CED on the TTFFD, the TTFF, the availability, the
non-relative SISRE and horizontal position error (HPE) in a situation that resembles reality more closely. It
is recommended to use the same network of receivers to test how the performance improves if not only the
Galileo satellites broadcast the reduced sets, but also the satellites of other GNSSs. Considering this possibil-
ity, the compatibility of the constructed reduced set with other GNSS navigation messages and their almanacs
should be researched.

Subsequently, it is recommended to further research the effect of on-time on the power usage of a user re-
ceiver. Low-power GNSS applications are becoming increasingly popular, resulting in a substantial market
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potential. Think of freight management, wildlife and stolen good trackers, but also of your mobile phone and
the internet of things. If we can prove the reduced set not only ensures a faster position fix but also reduces
the power consumption of a user receiver, the attractiveness of including the reduced CED into the I/NAV
message increases significantly.

Finally, with regards to implementation, the safety margins for the parameter ranges should be considered.
The current bit allocation per parameter is based on the scale factor, the signedness and the maximum abso-
lute value the parameter took on over the course of the researched period: October 2017 - September 2018. It
should be researched to what extent it is desirable to be able to represent off-nominal orbits with the reduced
set. This could lead to new parameter ranges, possibly increasing the CED size.

When considering the developed software, a Monte Carlo simulation is used to select the optimal set per CED
size. This entails that still some form of luck is involved, and that there is a chance that we did not find the
optimal sets yet. One could run additional Monte Carlo simulations to increase the chance of finding a global
optimum, but a genetic algorithm might be more effective in selecting the optimal bit allocations. Moreover,
this could benefit computation time, which is currently a serious limitation of the simulation. In addition, it
is recommended to further research the discovered parameter correlations, this would also aid in improving
the algorithm to find the optimal sets. Furthermore, this research uses a signed fixed-point binary format to
represent the parameters and compute the number of bits. The up-link of the Galileo navigation messages
is in a two’s complement fixed-point binary format, which is slightly more efficient when presenting both
positive and negative values. It is therefore recommended to use this format in follow-up research and in the
final broadcast.

Finally, where this research focused on reducing the existing set of CED parameters in the Galileo I/NAV mes-
sage, it is recommended to also research the inclusion of additional parameters and alternative parametriza-
tions. In the modernized GPS navigation messages some parameters compatible with Keplerian elements
were added, including these instead of increasing the bit allocation to other parameters could improve SISRE.
The previously recommended research into parameter correlations could aid in selecting additional param-
eters to include. Next to the modification of the existing set, the benefits of using for example Cartesian or
equinoctial elements should also be researched. A Cartesian model would better fit the current Glonass nav-
igation message. Moreover, another parametrization might be able to express an equally accurate position
with less parameters. This could lead to a smaller CED size. In case of Cartesian coordinates the almanac can
still be leveraged. The receiver should then compute the state vector based on the almanac and the reduced
navigation message should contain the satellite position expressed relative to this state vector. It is of interest
to know to what extent the Cartesian state vectors overlap, how sensitive SISRE is to the truncation of this
state vector, what the final size of this reduced set would be and which method of propagation should be
used in the receiver.





A
Galileo I/NAV navigation message

Galileo, the European global navigation satellite system, is intended to be an independent satellite based
positioning system providing worldwide service. All Galileo satellites broadcast several navigation messages
that contain the necessary information for a user receiver to compute a position-velocity-time (PVT) solution
(Teunissen and Montenbruck 2017). In this research we specifically focus on the Galileo I/NAV navigation
message. This Appendix gives an overview of the I/NAV message structure and identifies if and where there is
room to integrate the constructed reduced CED. Thereafter, the I/NAV message content is outlined and some
practical remarks for change are made. The Appendix wraps up with a discussion on the opportunities for
integration the Galileo I/NAV message provides.

A.1. Structure of the I/NAV navigation message
In general, the Galileo navigation messages are transmitted as a sequence of so-called frames. Each frame
consist of several subframes, that in turn consist of several pages. Only the smallest building blocks, the
pages, include a "type" marker with which the content can be identified. There is no way for the receiver
to recognize frames or subframes. This "frame, subframe, page" structure allows for sending information at
different rates. Data that needs to be instantly available, e.g. integrity data, is included entirely in one page.
The clock correction and ephemeris data is contained within a subframe and thereby sent at a medium rate.
Long lasting data such as the almanac is spread over the entire frame (European GNSS Open Service 2016)
(Teunissen and Montenbruck 2017).

The duration of an I/NAV frame is 720 seconds. This frame consists of 24 subframes with a duration of 30
seconds, which in turn consist of 15 pages with a 2 second duration. The I/NAV message is broadcast on
two frequency bands: E5b-I and E1-B. The general structure of the pages is the same for both signals, it is
the page sequencing that differs. When using a dual-frequency receiver this allows for fast data reception.
Nevertheless, the signal is designed such that it is also compatible with single-frequency receivers. On both
frequencies data is sent at a rate of 125 bits per second (bps) (European GNSS Open Service 2016). Most low-
cost GNSS receivers make use of the E1-B signal for positioning (Curran 2018).

Typically, each page is composed of a 10 bit synchronization pattern, a 114 bit I/NAV word and 6 tail bits. The
synchronization pattern is always the same and allows the user to synchronize with the page boundary. The
I/NAV word contains all the useful data. This data is interleaved and forward error correction (FEC) encoded
to improve robustness. It consists of a page type marker to identify the page content, a navigation data field
and a cyclic redundancy check (CRC) to detect corrupted data. The tail bits enable the completion of the
FEC decoding. The two-second pages are split up in an even and odd part, called words. These words are
broadcast one after another on the same data channel (Simsky and Boon 2010).

The bit allocation of a nominal I/NAV page is illustrated in Figure A.1. The meaning of the blocks is at this
point of secondary importance. Yet, attention must be paid to the so-called spare bits that are meant for fu-
ture evolution of the message and the reserved bits that are still to be defined in future ESA updates. Figure
A.2 shows how the CED and time of week (TOW) information is divided over the I/NAV message subframe for
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the different channels. The CED is spread over four different words. All four of which have to be read before
the user can compute the satellite position. The TOW is also present in four words of which at least one has to
be read for a PVT solution. Moreover, the Figure shows the fields marked as reserved (European GNSS Open
Service 2016).

A page transmitted on E5b-I has zero spare bits and 72 reserved bits in total, as can be seen in Figure A.1. On
E1-B the page has 48 reserved bits. On top of that, the so-called "data" field also contains spare and reserved
bits. Different words are sequentially broadcast in this field, as is illustrated in Figure A.2. An overview of the
spare and reserved bits and their division over the subframe is presented in Table A.1a and A.1b for E5b-I and
E1-B respectively (European GNSS Open Service 2016). Word type 7 is always combined with 8 and word type
9 is always combined with 10. In this overview we have included the word types marked "spare" that contain
88 spare bits each. To illustrate the bandwidth that spare or reserved fields could open up, the following
example. Suppose we would use the "reserved 1" field of the I/NAV message nominal page broadcast on E1-
B. This would provide 40 bits every odd page, i.e. 40 bits every 2 seconds. For the total subframe consisting of
15 pages this would translate to 600 available bits transmitted at a data rate of 20 bps (Hernández et al. 2014).

Figure A.1: Bits allocation for I/NAV even and odd nominal pages (European GNSS Open Service 2016)

Figure A.2: Division of the TOW and CED over the I/NAV subframe on the E1-B and E5b-I channel (European GNSS Open Service 2016)
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Table A.1: Division of the spare and reserved bits over the I/NAV subframe under nominal conditions

(a) On channel E5b-I

T0 [s] Reserved Bits Spare Bits

0 74 0

2 72 0

4 72 23

6 If 7: 78, if 9: 72 0

8 72 If 8: 1, if 10: 0

10 200 20

12 200 20

14 200 20

16 200 20

18 200 20

20 74 0

22 72 2

24 72 3

26 72 88

28 72 88

Total if word 7+8

Total if word 9+10

1730

1724

205

204

(b) On channel E1-B

T0 [s] Reserved Bits Spare Bits

1 50 2

3 48 4

5 48 5

7 If 7: 54, if 9: 48 2

9 48 If 8: 3, if 10: 2

11 176 2

13 176 2

15 176 2

17 176 2

19 176 2

21 50 2

23 48 2

25 48 25

27 48 90

29 48 90

Total if word 7+8

Total if word 9+10

1370

1364

235

234

A.2. Content of the I/NAV navigation message
Now the structure of the I/NAV message is clear, we continue with the content. The navigation message infor-
mation is generated by the ground segment and is uploaded to the satellites generally at 10 minute intervals
(Teunissen and Montenbruck 2017). In turn, the satellites broadcast the information to receivers worldwide.
To compute a PVT solution four types of data are required, all of which are outlined below (European GNSS
Open Service 2016). The satellite CED and almanac content are described more in depth as they are of specific
importance to this research.

1. Ephemeris parameters - Used to express the position of the satellite.

2. Time and clock correction parameters - Used to compute the pseudorange, i.e. the pseudo distance
between the satellite and the receiver.

3. Service parameters - Used to identify the set of navigation data and the satellites. These parameters
also indicate the signal’s health.

4. Almanac parameters - Used to calculate a rough estimate of the satellites’ positions in the constella-
tion.

The Galileo CED is composed of 16 ephemeris and 4 clock correction parameters. The ephemeris consists of
6 Keplerian parameters, 6 harmonic coefficients, 2 rate parameters, 1 correction parameter and 1 parameter
indicating the time reference of the ephemeris. In addition, the message contains 3 clock correction parame-
ters and 1 parameter indicating the time reference of the clock. Table A.2 shows the Galileo CED parameters
and characteristics. With these parameters a receiver can compute the position of the satellite’s antenna
phase center in Earth-centered, Earth-fixed (ECEF) coordinates and the satellite clock correction. The total
size of the CED is 428 bits (European GNSS Open Service 2016).
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Table A.2: Galileo CED parameters (European GNSS Open Service 2016)

Parameter Definition Bits Scale Factor Unit

M0 Mean anomaly at reference time 32* 2°31 semi-circles

¢n Mean motion difference from computed value 16* 2°43 semi-circles/s

e Eccentricity 32 2°33 dimensionless
p

a Square root of the semi-major axis 32 2°19 p
m

≠0
Longitude of ascending node

of orbit plane at weekly epoch
32* 2°31 semi-circles

i0 Inclination angle at reference time 32* 2°31 semi-circles

! Argument of perigee 32* 2°31 semi-circles

≠̇ Rate of right ascension 24* 2°43 semi-circles/s

idot Rate of inclination angle 14* 2°43 semi-circles/s

Cuc
Amplitude of the cosine harmonic

correction term to the argument of latitude
16* 2°29 radians

Cus
Amplitude of the sine harmonic

correction term to the argument of latitude
16* 2°29 radians

Cr c
Amplitude of the cosine harmonic

correction term to the orbit radius
16* 2°5 meters

Cr s
Amplitude of the sine harmonic

correction term to the orbit radius
16* 2°5 meters

Ci c
Amplitude of the cosine harmonic

correction term to the angle of inclination
16* 2°29 radians

Ci s
Amplitude of the sine harmonic

correction term to the angle of inclination
16* 2°29 radians

toe Reference time ephemeris 14 60 seconds

a f 0 SV clock bias correction coefficient 31* 2°34 seconds

a f 1 SV clock drift correction coefficient 21* 2°46 s/s

a f 2 SV clock drift rate correction coefficient 6* 2°59 s/s2

t0c Clock reference time 14 60 seconds

* Indicates the parameter is a two’s complement, the sign bit (+ or -) occupies the most significant bit.

Using the almanac, a user receiver can compute the coarse locations of all active satellites in the Galileo
constellation which originally aided signal acquisition. In essence, the almanac data is a reduced version of
the CED. This commonality is leveraged by using the same algorithm to compute the satellite position in-
dependent of the ephemeris or almanac data as input. The parameters that do not overlap are set to zero.
The almanac data consist of the following: 6 Keplerian parameters, a reduced set of clock correction param-
eters, the time of applicability referenced to the almanac week number, some parameters on the satellites’
health status and an almanac issue of data to identify the almanac batch. These parameters, together with
their assigned characteristics, are presented in Table A.3. For I/NAV the total almanac size including almanac
reference is 149 bits (European GNSS Open Service 2016).

A.3. Practical remarks for change in the I/NAV navigation message
Based on ESA’s specifications in the Galileo Interface Control Document (ICD), manufacturers have designed
receivers capable of processing the Galileo signals for computing a PVT solution. Future changes to the sig-
nals and navigation messages should be such that these, by then, legacy receivers can continue to function.
This constraint on change is called backward compatibility and is maintained in this research. In addition, it
is desirable that the Galileo signals remain compatible and interoperable with other GNSS systems. Despite
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Table A.3: Galileo almanac parameters (European GNSS Open Service 2016)

Parameter Definition Bits Scale Factor Unit

SVID Satellite ID 6 1 dimensionless

¢(
p

a)

Difference between the square root of the

semi-major axis and the square root of the

nominal semi-major axis (29600 km)

13* 2°9 p
m

e Eccentricity 11 2°16 dimensionless

±i Inclination at reference time relative to i0 = 56° 11* 2°14 semi-circles

≠0
Longitude of ascending node

of orbit plane at weekly epoch
16* 2°15 semi-circles

≠̇ Rate of change of right ascension 11* 2°33 semi-circles/s

! Argument of perigee 16* 2°15 semi-circles

M0 Satellite mean anomaly at reference time 16* 2°15 semi-circles

a f 0 Satellite clock correction bias ’truncated’ 16* 2°19 seconds

a f 1 Satellite clock correction linear ’truncated’ 13* 2°38 seconds/seconds

E5bHS §§ Satellite E5b signal health status 2 N/A dimensionless

E1°BHS §§ Satellite E1-B/C signal health status 2 N/A dimensionless

IODa Almanac Issue of Data 4 N/A dimensionless

t0a Almanac reference time 10 600 seconds

W Na Almanac reference Week Number 2 1 week

* Indicates the parameter is a two’s complement, the sign bit (+ or -) occupies the most significant bit.
** The I/NAV almanac transmitted on the E5b-I and E1-B components contains both the E5bHS and E1°BHS signal health

status.

these constraints, the Galileo message includes several degrees of freedom and spare room to allow for the
introduction of new features. This potential change should be considered by the designers of receivers. For
example, the following reservations are advisable for manufacturers to take into account:

• Only the individual pages of the navigation message contain a "type" marker to communicate the con-
tent of each page to the user. No information is supplied about higher-level structures like subframes
or frames. It should be taken into account that the order of the different pages is subject to change.
Moreover, new page types could be included in the future. A user receiver should therefore be designed
such that it is capable of recognizing existing page types in whatever sequence. Additionally, it should
respond adequately to page types unknown to the on-board software (European GNSS Open Service
2016).

• In case of I/NAV, the design should take into account that the relative timing between the pages on the
different channels (E1-B and E5b-I) could change. For example, this could be caused by the addition of
new pages (Teunissen and Montenbruck 2017).

• In the future, spare space within identifier value ranges could be used. For example, the almanac Space
Vehicle Identification (SVID) parameter is now defined up to 36 in the ICD. Higher values could poten-
tially be used to represent different data content (Teunissen and Montenbruck 2017) (European GNSS
Open Service 2016).

Despite maintaining backward compatibility, the first suggestion would decrease the performance of the orig-
inal navigation message in terms of TTFF. By adding additional pages the repetition rate of the original CED
decreases. It is expected that the addition of pages leads to significant resistance and is therefore not con-
sidered for the integration of the reduced CED. The third remark concerns a very limited amount of available
space. Compared to the expected size of the reduced CED this is negligible.
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A.4. Opportunities for integration
Based on the information presented in this Appendix, we describe the opportunities for integrating the re-
duced set in the Galileo I/NAV message together with the limiting factors. The existence of spare and reserved
bits play a central role. These bits are meant for future evolution of the signal and could thus be put to use
to integrate the reduced set. Subsection A.1 identifies a minimum of 1724 reserved and 204 spare bits per
I/NAV subframe broadcast on E5b-I. On E1-B this amounts to 1364 reserved and 234 spare bits. To target the
majority of the GNSS receivers, we take the availability in the E1-B signal as a reference.

To give an indication of how many bits might be needed, we look at the size of the CED and almanac. As
described in Section A.2 the entire CED of one satellite takes up 428 bits. For I/NAV, the less accurate almanac
consist of 149 bits. A CED with reduced data size, but somewhat better accuracy than the almanac, probably
ends up somewhere between 149 and 428 bits. This means that the spare bits alone do not provide enough
space to include several copies of the reduced CED, the reserved fields have to be used for integration as well.

As indicated in Section A.3, when changing a navigation message it is an unquestioned baseline that back-
ward compatibility is ensured such that legacy receivers are not disabled. When only using the spare and
reserved bits as previously discussed, this would indeed be the case. Moreover, the signal would then remain
compatible with other GNSS systems. Adding new page types is a possibility for integration, but is deemed
to have a low chance of actual implementation. To conclude, any change in the Galileo navigation message
is finally dictated by the market. A change in the navigation message will only see through when it is strongly
believed that it is useful for current and future users.



B
Measures of performance

This Appendix provides background information about three measures of performance that are central to
this research: the TTFF, size of the CED and SISRE; discussed in the same order. This Appendix is especially
of value for readers that are less familiar with the topic of GNSS and the broadcast navigation message.

B.1. Time to first fix
As mentioned previously, the TTFF is the time it takes a user receiver to compute a first position fix after ac-
tivation. This study considers a situation which resembles a cold start, i.e. there is no valid navigation data
stored in the receiver yet. The only difference with a cold start is that the receiver does already contain the
most recent almanac and an estimation of time held by the RTC. More specifically, we focus on the contribu-
tion that is in this case most dominant to the TTFF: the TTFFD. Several factors influence the TTFFD. Firstly,
the size of the data, i.e. the amount of bits that has to be read. Secondly, the rate at which this data is then
broadcast. If the navigation message would only contain first fix data, these two aspects would be decisive
(next to robustness). However, the first fix data is only a portion of the navigation message, other information
is also broadcast. Therefore, the manner of division of the first fix data over the entire repeating navigation
message is also of importance (Anghileri et al. 2012).

To understand the influence of the manner of division of the first fix data on the TTFFD, some explanation
is required. Figure B.1 shows the TTFFD of the I/NAV message versus the reading epoch of the first available
symbol. The maximum TTFFD is 32 seconds and occurs if the first symbol of a word containing informa-
tion about the CED is skipped. In this case the receiver has to finish the incomplete word (about 2 seconds)
and has to read an entire new subframe (30 seconds). The TTFFD curve reflects that the I/NAV message has
four words containing CED parameters, since it contains four peaks. The TTFFD decreases when words are
skipped that are not part of the first fix data. For I/NAV, the minimum TTFFD is 14 seconds. As indicated
previously the TTFFD does not only depend on the CED but also on the GST. In contrast to the CED, the GST
is repeated four times per subframe (including spare words). Since there are several opportunities to obtain
the time reference per subframe cycle, it does not cause any peaks in the TTFFD curve (Anghileri et al. 2013).

It is possible to create similar TTFFD curves for other navigation messages. Their behaviour is dictated by
the repeat intervals of the CED and GST presented in Table B.1 (Paonni et al. 2010). It is interesting to take a
look at how these repeat intervals influence the final TTFFD performance. Anghileri et al. (2013) assessed the
TTFFD performance of all six civil GPS and Galileo signals. The results are shown in Table B.2. We can judge
that the main factor influencing the TTFFD is the maximum interval between the broadcast of two CED or
GST sets. Minimizing only one of them, does not improve the overall TTFFD performance.

The GPS L1C signal has the shortest maximum repetition interval and therefore outperforms the other sig-
nals with regards to timeliness. The low repetition intervals are made possible by designing the CED messages
such that they are invariant over a known period of time and use an overlay code on the pilot component for
frame synchronization. This enables the user to combine the data from different frames in the navigation
message (Betz et al. 2006). When looking at the other signals, we see that the TTFFD is penalized for adding
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Figure B.1: Galileo I/NAV navigation message TTFFD versus the epoch of the first available symbol in case of error free data
and the average TTFFD (Anghileri et al. 2013)

information other than the first fix data. Especially for the Galileo E1-B and E5b signals this is the case. These
signals have by far the highest data rate, at least more than twice all the other data rates. If only broadcasting
the first fix data this signal would be quickest. Yet, for Galileo it has been decided to incorporate a lot of extra
information to the navigation message. On the one hand, this adds useful features to the signal, on the other
hand it results in relatively long intervals between the separate CED sets. Consequently, the high data rate
cannot be properly exploited to realize the desired low TTFFD (Anghileri et al. 2013) (Zhou et al. 2014).

Finally, the previously described TTFFD performance assumed the reception of error free data. In reality, the
signal is subject to errors. A user receiver discards an entire message block if, after decoding, these errors
remain. This means the receiver has to wait for that information until it is repeated. The effect of the intro-
duction of bit errors is illustrated in Figure B.2. It shows the cumulative distribution function of the Galileo
I/NAV message broadcast on E1-B. The introduction of bit errors results, as expected, in a jump of 30 seconds
in the TTFFD. This jump corresponds to the time it takes to read an entire new subframe. The error probabil-
ity can be reduced by designing a robust navigation message. The higher the message robustness, the lower
the number of discarded message blocks is and finally the average TTFFD (Anghileri et al. 2013).

Table B.1: Repetition intervals of CED and GST for GPS and Galileo signals. Adapted from
Paonni et al. (2010) with information from Global Positioning Systems Directorate (2015)

GNSS Signal Navigation Message GST Interval [s] CED Interval [s]

GPS L1 C/A NAV 6 30

GPS L2C CNAV 12 48

GPS L5 CNAV 6 24

GPS L1C CNAV-2 18 18

Galileo E1-B/E5b I/NAV 20 30

Galileo E5a F/NAV 50 50
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Table B.2: TTFFD performance of GPS and Galileo signals (Anghileri et al. 2013)

Navigation System GPS Galileo

Channel L1 C/A L2C L5 L1C E1 OS/E5b E5a

Message NAV CNAV CNAV CNAV-2 I/NAV F/NAV

Average [s] 29.4 51.0 25.5 18.0 25.4 53.0

95% [s] 35.5 59.2 29.6 18.0 31.6 59.4

Worst case [s] 36.0 60.0 30.0 18.5 32.0 60.0

Figure B.2: Cumulative distribution function of the TTFFD of the Galileo E1-B I/NAV message
with the introduction of bit errors in the CED blocks (Anghileri et al. 2013)

B.2. Size of the CED
The second measure of performance we discuss, is the size of the CED. This size is the sum of the individual
bit allocations per parameter. The CED is broadcast by the Galileo satellites in a fixed-point binary represen-
tation (Anghileri et al. 2012). In this research we use a signed format to represent both positive and negative
values. In this format the number of bits allocated per parameter depends on three factors: the range, scale
factor and signedness. To illustrate this concept, a ruler analogy is used. If we would have unlimited bits
we could represent any number with infinite precision. However, we want to minimize the size of the CED
and are therefore limited by two constraints. First, we should make sure the values of the parameters do not
fall out of range. In other words, if the satellite is at 20000 km, but the selected ruler can measure only up
to 10000 km. The satellite’s position cannot be represented and accuracy is degraded heavily. Secondly, we
want to be able to know the satellite’s position at a certain resolution. If the marks on the ruler are selected
to be 1 meter apart, the satellite’s position cannot be indicated at centimeter resolution. The scale factor is
thereby simply the distance between two marks. The larger the required range and resolution, the more bits
are necessary. The combination of range, scale factor and signedness finally determines the number of bits
transmitted per parameter, and consequently the total size of the CED and level of accuracy with which the
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user can determine its position. In equation form the number of bits per parameter can be computed as
follows:

range = max(abs[lower limit, upper limit]) (B.1)

number of bits = ceil(log2(range/scale factor)+signedness) (B.2)

Here the range is the maximum absolute value the parameter should be able to represent, the scale factor is
a power of two and signedness can be either 0 or 1 depending on whether the parameter can have a negative
value (Parhami 1999).

B.3. Signal-in-space ranging error
The final measure of performance that is outlined is SISRE. SISRE accounts for the accuracy of the broadcast
navigation message, including ephemeris and satellite clock errors (Warren and Raquet 2003). Montenbruck
et al. (2015) point out SISRE is a key performance indicator for the comparison of different GNSSs. It also
serves the purpose of this research to compare the accuracy of the reduced CED with the original CED. This
thesis uses the definition of SISRE as outlined by Montenbruck et al. (2018):

SI SRE =
q

(wR §R °¢cd t )2 +w2
A,C (A2 +C 2) (B.3)

Here wR and w A,C are constellation-specific weight factors. For Galileo they are found to be wR = 0.98 and
w2

A,C = 1/61 (Montenbruck et al. 2015). R, A and C represent the radial, along-track and cross-track compo-
nents of the position error vector. Lastly, ¢cd t denotes the error in the broadcast clock offset multiplied by
the speed of light. It is emphasized that this research uses SISRE as a relative measure of accuracy. It expresses
the accuracy of the reduced set with respect to the original set. The original set thus serves as the "true" orbit
and corresponds to a SISRE of 0 m. In reality this is not the case. According to Montenbruck et al. (2018) the
2017 root mean square (rms) SISRE value of the Galileo original broadcast ephemeris is generally at the 0.2 m
level with respect to the precise orbit, which serves as the "true" orbit here. However, since we trade-off posi-
tion accuracy for TTFF, the computed relative SISRE values are expected to be at least one order of magnitude
larger than the 0.2 m level. The contribution of the original set is therefore deemed negligible.

As indicated, the radial, along-track and cross-track components of the position error vector are required to
compute SISRE. We now elaborate on acquiring these components. The user algorithm provides the state
vector in the ECEF coordinate system. To convert the satellite state vectors to the relative RAC system, we de-
fine a target and a chaser. The RAC system is centered at the target. Next, the chaser’s position and motion are
expressed relative to this moving target. We define the state vector based on the original broadcast ephemeris
as our target and the state vector based on the reduced ephemeris as our chaser. To obtain the position error
vector in RAC, we start by computing the inertial velocity vector of the target:

vt ar g et ,I = vt ar g et ,EC EF + !̇e [°y x 0]T (B.4)

Here x and y refer to the target position vector. !̇e is the Earth’s rotational speed in rad/s. Next, we obtain the
position error vector in ECEF, rer r or,EC EF , by subtracting the target position vector from the chaser position
vector. The ECEF position error vector can then by transformed to RAC with the following transformation
matrix, MEC EF°>R AC (Vallado 2003):

R̂ = r
|r| , Ĉ = r£v

|r£v| , Â = Ĉ £ R̂, MEC EF°>R AC = [R̂ ÂĈ ]T (B.5)

Where r and v are respectively the ECEF position and inertial velocity vector of the target body. Finally, the
RAC position error vector is computed as:

rer r or,R AC = MEC EF°>R AC § rer r or,EC EF (B.6)

Together with the error in the clock offset, the components of this RAC position error vector form the input
to the SISRE computation.



C
Verification

When developing software, verification and validation are paramount. These processes let themselves be de-
scribed respectively as: "are we building the product right?" and "are we building the right product?" More
specifically, with verification we ensure the software is free of bugs and other errors. With validation we check
whether the right problem is solved. This Appendix describes the verification steps that were executed to
make sure the simulation works as it is supposed to. Since the proposed method is completely new, we can-
not validate the "product", i.e. the performance of the reduced set, by reconstructing the results of other
researches. In fact, the simulation itself is a series of experiments based on historical data to find out the
properties of the product. We therefore consider the simulation as the validation of the product of which the
outcome is presented and discussed in Section 2.4 and Appendix D.

On the basis of Figure C.1, we go through the verification steps in more or less sequential order. This Figure
is a software flow chart showing the input data, the processing steps and the created output data of the sim-
ulation. Only the more elaborate steps or steps with a surprising outcome are discussed. The simple tests
and/or comparisons with analytic results are disregarded in this Appendix for reasons of conciseness.

C.1. Construction of the relative CED and recovery of the full state
The first step in the simulation process is the construction of the relative CED, which is a straightforward
procedure. The almanac parameters are simply subtracted from the matching original CED parameters. To
check whether this procedure works the way it is supposed to, we undo it by adding the parameters of the
reference almanac again. This is equivalent to the module: "convert back to full state". In theory, the original
CED and the recovered CED should be exactly equal when no truncation nor absorption is applied. SISRE
should be zero. Yet, it turns out SISRE is at a 10°9 m level. When studying the mean and standard deviations
of the difference between the original and recovered parameters, it is found the differences are due to Matlab
rounding errors. Nevertheless, the SISRE contribution is deemed negligible compared to the expected overall
SISRE budget. The modules are thus confirmed verified.

C.2. Truncation and absorption
The truncation module is verified based on the test set provided by Anghileri et al. (2012). Here the number
0.00987536064349115 is truncated from 32 to 22 bits through a scale factor increase from 2°31 to 2°21. After
truncation the value should become 0.00987541675567627. This is indeed the case. The difference between
the verification value and the module outcome is zero. Subsequently, the absorption modules are verified by
checking if the clock correction ¢SV , the mean anomaly M , the inclination i and the right ascension ≠ have
an equal value with and without application of the absorption modules. Since the t0c absorption module
neglects a f 2, its contribution has to be added as well. Except for some negligible rounding errors, all values
match. The modules thus work as they are intended to.
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Figure C.1: Software flowchart of the developed simulation
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C.3. ECEF state vector computation
The module that computes the ECEF state vector is based on the user algorithm presented in the Galileo
ICD (European GNSS Open Service 2016). The ICD does not provide any examples for verification, so a GPS
example by Remondi (2004) is used. This example is suitable for comparison since the working principle of
both user algorithms is the same. When using the input set represented in Table C.1, the results presented
in Table C.2 are computed. We can see there is a negligible difference between the verification value and the
computed value. The minor differences can be attributed to the use of a limited precision machine (Remondi
2004). The module is deemed verified.

Table C.1: Input values for the verification of the state vector computation (Remondi 2004)

Parameter Value Unit

p
a 5153.79589081

p
m

m0 1.05827953357 rad

e 0.00223578442819 -

i0 0.961685061380 rad

≠0 1.64046615454 rad

! 2.06374037770 rad

¢n 0.465376527657e-08 rad/s

idot 0.342514267094e-09 rad/s

≠dot -0.856928551657e-08 rad/s

Cus 0.177137553692e-05 rad

Cuc 0.457651913166e-05 rad

Cr s 88.6875000000 m

Cr c 344.968750000 m

Ci s -0.856816768646e-07 rad

Ci c 0.651925802231e-07 rad

toe 93600.0 s

t 86400.00 s

Table C.2: Comparison of the verified and computed state vector

Parameter Verification value Computed value

x [m] -12611434.19782218519 -12611434.19782219

y [m] -13413103.97797041226 -13413103.97797042

z [m] 19062913.07357876760 19062913.07357876

ẋ [m/s] 266.2803795674 266.28037957

ẏ [m/s] -2424.7683468482 - 2424.76834685

ż [m/s] -1529.7620784616 - 1529.76207846
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C.4. Conversion ECEF to RAC coordinate system
For the computation of SISRE the position based on the reduced set must be expressed relative to the position
based on the original set, i.e. the true set. This is done by converting the position error vector from the ECEF
coordinate system to the radial, along-track, cross-track (RAC) coordinate system where the position based
on the original set serves as the origin. The transformation from ECEF to RAC is verified based on data from
Williams (2014). Here, the transformation from ECEF to local vertical, local horizontal (LVLH) is explained.
Vectors in LVLH and RAC are equal in magnitude but differ in direction. They are related to the components
in Equation B.5 as follows: êx = Â, êy = -Ĉ and êz = -R̂ (Vallado 2001). Table C.3 shows the input values as
used by Williams (2014). Table C.4 then compares the verification with the computed values. We can see the
values are equal, thereby verifying the module.

Table C.3: Input ECEF state vectors based on the ’true’ and reduced set for the
verification of the ECEF to RAC transformation (Williams 2014)

Parameter Verification value

xtr ue [m] -2301672.24489839

ytr ue [m] -5371076.10250925

ztr ue [m] -3421146.71530212

ẋtr ue [m/s] 6133.8624555516

ẏt r ue [m/s] 306.265184163608

żt r ue [m/s] -4597.13439017524

xr ed [m] -2255213.51862763

yr ed [m] -5366553.94133467

zr ed [m] -3453871.15040494

ẋr ed [m/s] 6156.89588163809

ẏr ed [m/s] 356.79933181917

żr ed [m/s] -4565.88915429063

Table C.4: Comparison of the verified and computed RAC error vector

Parameter Verification value Computed value

x [m] 56935.52933486611 56935.52933486611

y [m] 38.16029598938621 38.16029598939

z [m] 2845.326754409645 2845.32675440964

ẋ [m/s] 4.890395234717321 4.89039523472

ẏ [m/s] -0.09759947085768417 -0.09759947086

ż [m/s] -0.8044815052666578 -0.80448150527
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C.5. SISRE computation
The computation of SISRE is difficult to verify due to the lack of input-output examples. Many researches use
SISRE as a measure of accuracy but do not disclose their exact input data. Moreover, these researches mostly
use SISRE as an absolute measure in which the true orbit is a precise one. In this case there are many more
things to take into account than when computing a relative SISRE where the true orbit is based on broadcast
ephemerides. Among others, the antenna off-set should be included, since the precise ephemerides are ref-
erenced to the center of mass and the broadcast ephemerides are referenced to the antenna (Montenbruck
et al. 2018).

An exception is the research published by Anghileri et al. (2012), it also uses SISRE to compare a reduced
navigation message to the original navigation message. Although they use a different method and GPS data,
we can use their parameter settings and outcome to verify if the SISRE module yields a value in that agrees
to reasonable extent. Where Anghileri et al. (2012) reports an average 3D rms position error of 85.9 m and an
average SISRE of 50.3 m, the computation module yields an average 3D rms position error of 111.2 m and an
average SISRE of 70.1 m. The verification and computed values are not the same but agree to a reasonable
level. Moreover, the average SISRE is in both cases about 60% of the average 3D rms position error. The mod-
ule is therefore deemed partially verified.

In addition, the computed SISRE values match the expectations. For example, a higher level of truncation
yields a higher SISRE. It thus satisfies sanity checks. Lastly, since SISRE is computed relative a computational
error affects the reference value in the same way as it affects the evaluated value. This limits the effects of
errors in the computation of the input values and finally on SISRE.





D
Additional results

This Appendix provides results in addition to those presented in Section 2.4. These could not be included in
the article for reasons of conciseness. It is likely that this Appendix is included to the article as well. First,
the elaborate results of the almanac analysis are presented. Second, we detail the outcomes with regards to
the optimal set. An overview of the size reduction based on the first reduction strategy is given, the full list of
parameter bit allocations per size is presented and the universality of the optimal set is validated.

D.1. Almanac analysis
This Section presents the variation of the almanac parameters over time for all Galileo satellites considered
in this research, except for satellite E04 which has already been shown in Figure 2.1. The almanacs of satellite
E01, E07, E08, E22 presented in Figure D.2, D.6, D.7 and D.12 contain no outliers that affect the range of the
relative ephemeris parameters. In contrast, the almanacs of satellites E02, E03, E05, E09, E11, E12, E19, E24,
E26 and E30 presented in Figure D.3, D.4, D.5, D.8, D.9, D.10, D.11, D.13, D.14 and D.15 do contain these types
of outliers.

As was discussed in Section 2.3.3 the anomalous almanac issues that were indicated in Table 2.3 are not used
for constructing a reduced CED. The source of the anomalies has not been established. They might originate
at computation by the ground segment or at the upload of the parameters to the website. If the reduced CED
is implemented, it is expected that these anomalous parameters are no longer broadcast, since the range of
the reduced parameters will not suffice. The ground segment is therefore obliged to correct the parameters
to fit the range before broadcast.

D.2. Optimal reduced sets
One of the main outcomes of this research is the constructed reduced set about which we now present some
more elaborate results. First the achieved size reduction per parameter is provided based on the first reduc-
tion strategy. Next, an overview is presented of all optimal sets that we found and their corresponding bit
allocation and scale factor per parameter. Lastly, we discuss the universality of the reduced set.

By expressing the CED parameters relative to the matching almanac parameters, the reductions presented in
Table D.1 are realized. In total a size reduction of 76 bits is achieved without an increase in SISRE. However,
since the inclusion of a 3 bit almanac marker is required, the net reduction comes down to 73 bits. Upon an-
alyzing the individual reductions per parameter, we see that the quickly changing angular parameters: ≠0, !
and m0, experience a limited range decrease. This makes sense since they vary between -º and º within one
almanac issue, thereby needing their entire range and leaving no lasting overlap. The more slowly changing
parameters allow for a larger reduction, since the almanac basically has "time" to keep up, ensuring a large
continuous overlap in parameter value.

Next, Table D.2 lists the optimal reduced sets that were constructed with their corresponding parameter bit
allocation and scale factor ranging from a CED size of 105 to 195 bits. Ci c , Ci s , a f 2, t0e and t0c were not in-
cluded in this list as they are assigned zero bits in each set. The size without absorption of t0c and t0e and
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can be computed by adding 15 and 10 bits to the CED size respectively. The bit allocation then no longer
holds, since the absorption also has an influence on the parameter ranges. If another TTFFD target size is
determined, the presented table can be used to find the corresponding optimal set.

Lastly, a Monte Carlo simulation is used to find the optimal set per CED size. We want to avoid overfitting
the model and reinforce the assumption that this set is not only optimal for the input data, but that it is also
likely to be optimal for another set of Galileo navigation messages. In other words, we want to validate that
we found a universal characteristic, rather than a specific characteristic of the input data. For this purpose,
the input to the Monte Carlo simulation is divided into a train and test set with an 80/20 per cent split. First,
the optimal sets per CED size are determined based on the training data only. Next, the found bit allocation
of these optimal sets is applied to the test data and the difference between the test and train SISRE levels is
computed.

Figure D.1 shows SISRE per optimal set for both the train and test data. Both curves follow each other closely.
The largest difference between the two sets is 0.7827 m, which is a 6.6% difference with respect to the SISRE
of the test set. This difference is deemed small enough to state the optimal sets are not only optimal for the
data the model trained on, but also for an entirely new set of Galileo I/NAV messages. It thereby validates
the universality of the characteristics of the optimal set. Of course this is no complete guarantee, but it does
provide an important reinforcement.

Table D.1: Size reduction per parameter realized by relative expression

Parameter Original size [bits] Relative size [bits]

p
a 32 15

e 32 20

i0 32 19

≠0 32 28

! 32 31

m0 32 32

≠̇ 24 13

a f 0 31 24

a f 1 21 10

Figure D.1: Comparison of SISRE with the optimal set applied to test and train data
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Figure D.2: Variation over time of the almanac parameters for SVID E01

Figure D.3: Variation over time of the almanac parameters for SVID E02



50 D. Additional results

Figure D.4: Variation over time of the almanac parameters for SVID E03

Figure D.5: Variation over time of the almanac parameters for SVID E05
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Figure D.6: Variation over time of the almanac parameters for SVID E07

Figure D.7: Variation over time of the almanac parameters for SVID E08
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Figure D.8: Variation over time of the almanac parameters for SVID E09

Figure D.9: Variation over time of the almanac parameters for SVID E11
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Figure D.10: Variation over time of the almanac parameters for SVID E12

Figure D.11: Variation over time of the almanac parameters for SVID E19
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Figure D.12: Variation over time of the almanac parameters for SVID E22

Figure D.13: Variation over time of the almanac parameters for SVID E24
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Figure D.14: Variation over time of the almanac parameters for SVID E26

Figure D.15: Variation over time of the almanac parameters for SVID E30
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