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Abstract
The distribution of clock correction and ephemeris (CCE) parameters in navigation messages broadcast by operational satel-
lite vehicles (SVs) of the Global Navigation Satellite System (GNSS) is studied. For this purpose, two evaluation metrics are 
proposed, namely atypical navigation message structures and time to complete CCE sets (TTCS). The evaluation metrics are 
used to analyze three and a half years of operational Galileo F/NAV and GPS LNAV messages. The study considers arbitrary 
and healthy-only signal-in-space (SIS) health statuses. The frequently used receiver independent exchange format (RINEX) 
navigation files are shown to not provide sufficient information to determine the CCE parameters transmitted at every time 
instance. Due to the identified limitations, binary navigation data collected by a worldwide network of monitoring stations 
are used for the analysis. During operations, the maximum of the TTCS metric is shown to be impacted by the issue of data 
(IOD) update periods and structures with mismatched IOD parameters, potentially introducing an additional delay to the 
time to first fix (TTFF). The message timing requirements of dual-frequency multi-constellation (DFMC) satellite-based 
augmentation system (SBAS) are shown to be in line with the minimum times needed to obtain multiple complete Galileo 
F/NAV and GPS LNAV CCE sets.
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Introduction

Satellite vehicles (SVs) of the Global Navigation Satellite 
System (GNSS) continuously broadcast navigation messages 
on the signal-in-space (SIS). Navigation messages contain 
regularly updated sets of clock correction and ephemeris 
(CCE) parameters allowing the users to compute their navi-
gation solution. The real-time positioning users that depend 
on the broadcast CCE sets are single and dual-frequency 
standard positioning users or users of the safety-of-life 
(SoL) applications like satellite-based augmentation system 

(SBAS), ground-based augmentation system (GBAS), or 
receiver autonomous integrity monitoring (RAIM) (Kaplan 
and Hegarty 2017).

The accuracy of the disseminated CCE parameters has 
been already widely studied as an important performance 
aspect of the GPS LNAV message (Warren and Raquet 
2003; Cohenour and Graas 2011; Heng et al. 2012a), GPS 
CNAV message (Steigenberger et al. 2015; Wang et al. 
2019), GLONASS constellation (Heng et al. 2012b; Gun-
ning et al. 2015), Galileo constellation (Perea et al. 2017; 
Wu et al. 2020) and Beidou constellation (Wu et al. 2017; 
Lv et al. 2019). A multi-GNSS framework presented by 
Montenbruck et al. (2018) has been used to show the SIS 
range error performance of all four major GNSS constella-
tions. However, the distribution of the CCE parameters in 
the operational navigation messages remains insufficiently 
explored. The distribution of the CCE parameters impacts 
the time needed to receive a complete CCE set, contribut-
ing to the time to first fix (TTFF) in cold and warm receiver 
starts (Paonni et al. 2010). The TTFF is an important per-
formance metric of GNSS receivers as it describes the time 
elapsed from the moment the receiver is started up until 
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the moment when the navigation processor obtains the first 
position fix. So far, it has been assumed that only the repeti-
tion interval of the CCE sets and the length of the decoding 
words drive the time needed to obtain a complete set (Paonni 
et al. 2010; Delépaut et al. 2020). Additional delays caused 
by the operational distribution of the CCE parameters have 
not been considered.

Every set of the CCE parameters on a given SIS is 
uniquely identified by the value of the issue of data (IOD) 
parameter. To provide their services, some GNSS applica-
tions, such as SBAS, broadcast additional clock and ephem-
eris corrections to augment the CCE sets and use the value 
of the IOD parameter to link the corrections unambiguously. 
The future dual-frequency multi-constellation (DFMC) 
SBAS will enable dual-frequency positioning and allow sys-
tem designers and service providers to include augmentation 
of Galileo, GPS, BeiDou, and GLONASS constellations. The 
future European DFMC SBAS, named European Geostation-
ary Navigation Overlay Service (EGNOS) V3, considers 
augmentation of the Galileo and GPS constellations for the 
avionics users. As a consequence, EGNOS V3 will augment 
the Galileo F/NAV and GPS LNAV messages. In this con-
text, the potential impact of the statistical distribution of the 
operational values of the Galileo F/NAV  IODnav parameter 
on DFMC SBAS was analyzed (Lapin et al. 2018). A detailed 
analysis of the times needed to obtain complete CCE sets 
based on binary data has not yet been performed.

The distribution of the CCE parameters in broadcast navi-
gation messages is studied and discussed. A generic model 
of a navigation message is formulated, and evaluation met-
rics are proposed. The frequently used receiver independent 
exchange format (RINEX) (RTCM-SC104 2018) is assessed 
from the perspective of determining the CCE parameters and 
SIS health status at every time instance. Three and a half 
years of operational Galileo F/NAV and GPS LNAV mes-
sages are analyzed using the proposed evaluation metrics.

Broadcast navigation message methodology

Broadcast navigation messages contain important informa-
tion such as the CCE parameters needed to compute the 
navigation solution or the SIS health status that constrains 
the usage of the SV. The structure and content of broadcast 
navigation messages transmitted on the SIS depend on the 
constellation and signal component. Galileo F/NAV and 
GPS LNAV messages are further considered due to their 
relevance to DFMC SBAS.

Galileo F/NAV message

Galileo SVs broadcast F/NAV message data as a continu-
ous stream of 600 s long F/NAV frames (European Union 

(2020)). The F/NAV frame is composed of twelve F/NAV 
subframes, each taking 50 s to transmit. The F/NAV sub-
frame is further composed of five 10 s long F/NAV pages. 
The structure of the F/NAV page is uniquely identified by its 
page type. The complete set of CCE parameters is contained 
in page types 1, 2, 3, and 4. The CCE set is identified by a 
parameter called  IODnav. Although the higher hierarchical 
structure of the Galileo F/NAV page is the F/NAV subframe, 
there are no management data transmitted within the F/NAV 
message to indicate subframe and frame structures (Euro-
pean Union (2020)). As further clarified in the interface 
specification, the higher-level structures should be consid-
ered as the typical flow of pages reflecting the current Gali-
leo navigation message design, which may evolve together 
with the future evolutions of the system. This implies that 
the F/NAV pages can be transmitted in an arbitrary order 
and without any guaranteed repetition interval. The user is 
thus requested to always decode the page type identifier. The 
minimum achievable duration needed to obtain a complete 
CCE set in the F/NAV subframe structure is 40 s. The struc-
ture of a typical F/NAV subframe containing a complete 
CCE set is shown in Fig. 1. The SIS health status is deter-
mined through three SIS status flags that are encoded in the 
F/NAV page type 1 (European Union 2019): signal health 
status (SHS), data validity status (DVS), and signal-in-space 
accuracy (SISA).

GPS LNAV message

GPS SVs broadcast LNAV message data as a continuous 
stream of 30 s long LNAV frames (U.S. Department of 
Defense 2013). The LNAV frame is composed of five LNAV 
subframes, each taking 6 s to transmit, and the subframe is 
composed of ten LNAV words. The subframe ID number 
uniquely identifies the structure of the LNAV subframe. The 
complete set of CCE parameters is contained in three LNAV 
subframes with IDs numbered 1, 2, and 3. The CCE set is 
identified by two parameters: (i) issue of data, clock (IODC), 
which indicates the issue number of the data set, and (ii) 
issue of data, ephemeris (IODE), which indicates any change 

Fig. 1  Structure of a typical Galileo F/NAV subframe containing a 
complete CCE set identified by the  IODnav parameter in page types 
1, 2, 3, and 4. Depending on whether the subframe is even or odd, 
page type 4 is typically followed by either page type 5 or 6, which is 
indicated as 5/6
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in the ephemeris representation parameters. IODEs are pro-
vided in LNAV subframes 2 and 3 to compare them against 
the 8 least significant bits of IODC provided in LNAV sub-
frame 1. Whenever these three terms do not match, a data 
set cutover has occurred, and the user must collect new 
data. U.S. Department of Defense (2020) refers to the rigid 
higher-level structure of the LNAV subframe as the fixed 
frame structure, where every LNAV subframe is broadcast 
by every SV at the same time each week. The minimum 
achievable duration needed to obtain a complete CCE set is 
18 s. The fixed frame structure of the LNAV frame is shown 
in Fig. 2. The SIS health status is determined by considering 
the C/A-code signal alarms, user range accuracy (URA) alert 
flag, health status field, and URA parameter (U.S. Depart-
ment of Defense 2020).

Generic model of navigation messages

Although different navigation messages define custom 
nomenclatures and structures, common logical principles 
can be observed and extracted to formulate a generic model. 
The basic recognizable data structure of every navigation 
message is referred to as an element. The elements of the 
Galileo F/NAV and GPS LNAV messages are the F/NAV 
pages and LNAV subframes, respectively. The specific 
binary structure of an element is identified by a field referred 
to as the element number. This number is called page type in 
the F/NAV message and subframe ID in the LNAV message. 
The CCE parameters of a complete CCE set might be trans-
mitted in several elements with specific element numbers. 
In the case of the F/NAV message, the user must collect 
element numbers 1–4 to obtain a complete CCE set. In the 
case of the LNAV message, a complete set requires element 
numbers 1, 2, and 3. To allow the user to match different 
elements into a common CCE set, an additional parameter, 
referred to as the IOD parameter, is present. This parameter 
is called  IODnav in the F/NAV message and IODE in the 
LNAV message. Each element logically belongs to a higher 
message structure. The higher message structure of the F/
NAV page and F/NAV subframe is the F/NAV subframe 
and LNAV frame, respectively. The description of both mes-
sages using the proposed generic model is summarized in 

Table 1. The model can be applied to other GNSS navigation 
messages.

Evaluation metrics

A suboptimal distribution of the CCE parameters in the SIS 
navigation data stream may lead to the unavailability of the 
CCE sets at the receiver. Therefore, evaluation metrics that 
allow studying this distribution are proposed.

Atypical navigation message structures

To define the atypical navigation message structures, an 
example of a typical F/NAV subframe is first shown in Fig. 3 
(top left). The subframe provides a complete CCE set as it 
contains all element numbers in the correct order (1–5 or 
1, 2, 3, 4, 6) with matching IOD parameters. An equivalent 
typical structure of the LNAV message may be imagined. 
Three atypical navigation message structures are of concern: 
the structure with missing element numbers, the structure 
with wrongly ordered elements, and the structure with mis-
matched IOD parameters. 

The structure with missing element numbers does not 
contain all elements needed to obtain a complete CCE set. 
An example of the F/NAV subframe missing page type 4 is 
shown in Fig. 3 (top right), where page type 1 is transmitted 
instead. In the case of the structure with wrongly ordered 
elements, its elements are not ordered correctly, even if a 
complete CCE set can be obtained. An example of this is 
shown in Fig. 3 (bottom left), where the F/NAV pages do 
not follow the typical flow. The structure with mismatched 
IOD parameters contains elements whose CCE parameters 
do not belong to the same set. An example of a subframe 
with mismatched  IODnav parameters is shown in Fig. 3 (bot-
tom right), where the first two page types contain  IODnav 1 
and the latter two page types contain mismatched  IODnav 2.

Fig. 2  Fixed frame structure of GPS LNAV frame containing a com-
plete CCE set identified by the IODE parameter in subframes 1, 2, 
and 3

Table 1  Description of Galileo F/NAV and GPS LNAV messages 
using the proposed generic model

Constellation Galileo GPS

Navigation message F/NAV LNAV
Signal component E5a-I L1C/A
IOD parameter IODnav IODE
Element F/NAV page LNAV subframe
Element duration [s] 10 6
Element number Page type Subframe ID
Element numbers of a CCE set 1, 2, 3, 4 1, 2, 3
Higher structure F/NAV subframe LNAV frame
Min. CCE duration [s] 40 18



 GPS Solutions (2021) 25:111

1 3

111 Page 4 of 12

Time to complete clock correction and ephemeris 
sets

The time to n complete CCE sets  (TTCSn) is defined as 
the time elapsed from the start of the reception until the 
moment a given number of unique and complete sets are 
first obtained by the receiver. Unique sets imply that their 
IOD parameters differ. No impact of the local user envi-
ronment is assumed. An example of  TTCSn for n equal 
to 1 and 2 in the Galileo F/NAV navigation data stream 
under a typical start of the reception of page type 1 with 
 IODnav 1 is shown in Fig. 4. Typically, the user would not 
start receiving the navigation data at the exact moment of 
the start of the first bit of an element. The typical start is 
considered to result in the element not being obtained and 
delays the completion of the CCE set until the element is 
received in full. Since the reception begins 7.5 s after the 
start of page type 1 in the example shown in Fig. 4, this 
page is not obtained, and the reception is delayed until 
page type 1 is transmitted again. Collecting all necessary 
page types (1, 2, 3, and 4) of the set with  IODnav 1 thus 
takes  TTCS1 = 52.5 s. The next unique CCE set in the given 
example stream is identified by  IODnav 2. The time needed 
to complete it for the first time from the assumed start of 
the reception takes  TTCS2 = 182.5 s.

Minimum time to multiple complete clock correction 
and ephemeris sets

For some applications, understanding the minimum periods 
during which a given number of unique and complete CCE 
sets may be received is important. For example, SBAS users 
and systems need to consider the message timing require-
ments that are defined in the applicable standardization doc-
uments. DFMC SBAS minimum operational performance 
standards (MOPS) (Eurocae 2021) specifies the minimum 
number of sets that the SBAS user receiver is required to 
store in its memory per each SV of a given GNSS con-
stellation. DFMC Standards and Recommended Practices 
(SARPs) (ICAO 2018) define how long the SBAS receiver 
should wait before augmenting a newly issued CCE set by 
the SV. The proper synergy between these two require-
ments and the operational GNSS constellation optimizes 
the availability and continuity of the SIS. DFMC SBAS 
MOPS requirement assures that the user has the CCE set 
currently being augmented still stored in the memory and 
does not undesirably replace it with a newer set. DFMC 
SARPs assure that the user receiver has sufficient time to 
decode the new CCE set before the system selects it for 
augmentation.

Fig. 3  Typical Galileo F/NAV subframe (top left), hypothetical subframe with missing element numbers (top right), hypothetical subframe with 
wrongly ordered elements (bottom left), and hypothetical subframe with mismatched  IODnav parameters (bottom right)

Fig. 4  Time needed to obtain n unique and complete CCE sets  (TTCSn) from a hypothetical F/NAV navigation data stream for n = 1 and n = 2 
under the typical start of the reception beginning arbitrarily 7.5 s after the start of page type 1
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To statistically describe a given minimum  TTCSn, the prob-
ability of experiencing the minimum reception interval P(n)

occ is 
proposed to be determined as:

where � is the duration of the element of the given naviga-
tion message, which is 10 s for F/NAV and 6 s for LNAV.

Maximum time to first complete clock correction 
and ephemeris sets

The maximum time needed to obtain the first CCE set iden-
tifies the worst case that would delay the time needed to 
determine the clock and ephemeris of a given SV after the 
receiver is turned on.  TTCS1 is a major contributor to the 
TTFF budget in cold and warm receiver starts (Paonni et al. 
2010), making knowledge of its maximum relevant. The 
maximum  TTCS1 is usually assumed to depend only on 
the repetition interval of the CCE sets and the length of the 
decoding words as the same set and its IOD are considered 
to be continuously repeated in the navigation data stream 
(Paonni et al. 2010; Delépaut et al. 2020). An example of 
this assumption is shown in Fig. 5 (top) under the typical 
start of the F/NAV reception causing page type 1 to not be 
obtained. The assumption results in  TTCS1 being always less 
than the maximum  TTCS1 of 60 s for F/NAV and 36 s for 
LNAV. However, two additional contributors are of concern 
during operations that have not yet been considered.

(1)P
(n)
occ

= P(TTCS
n
< min

(

TTCS
n

)

+ 𝛾)

The first contributor includes the IOD updates. If the 
user receiver starts receiving the navigation data dur-
ing the transmission of the set and the IOD is updated 
instead of repeated, it has to collect a new set, intro-
ducing an additional delay. An example of the  IODnav 
update affecting the typical start of the F/NAV recep-
tion is shown in Fig. 5 (middle). After successfully 
receiving page types 2, 3, and 4 with  IODnav 1, an 
update of the  IODnav parameter occurs. Since  IODnav 
1 is discontinued, the user receiver is required to wait 
until all four page types with the new  IODnav 2 are col-
lected to obtain a complete set. During the IOD update, 
 TTCS1 is always less than the maximum  TTCS1 of 90 s 
for the F/NAV message.

The second contributor includes the atypical navigation 
message structures, as these may also introduce additional 
delays when obtaining a complete set. An example of 
hypothetical F/NAV subframes with mismatched  IODnav 
parameters affecting the typical start of the reception is 
shown in Fig. 5 (bottom). After successfully receiving 
page types 2, 3, and 4 with  IODnav 1, two subframes with 
mismatched  IODnav 2 and  IODnav 3 are transmitted. The 
mismatches make it impossible for the receiver to com-
plete any CCE set until it manages to collect all neces-
sary elements, which happens first for  IODnav 3.  TTCS1 
is always less than the maximum  TTCS1 of 170 s in the 
given example.

Fig. 5  Maximum time needed to obtain the first complete CCE set 
 (TTCS1) from a hypothetical F/NAV message stream under the 
typical start of the reception during the repetition of  IODnav 1 (top), 
update of  IODnav 1 to  IODnav 2 (middle), and subframes with arbitrar-

ily mismatched  IODnav parameters 2 and 3 (bottom). The maximum 
 TTCS1 is the upper bound of the worst possible  TTCS1 in a given 
stream
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Sources of Broadcast Navigation Message 
Streams

The study of the distribution of the CCE parameters using 
the proposed evaluation metrics requires detailed visibil-
ity of the binary content of the navigation message stream 
transmitted on the SIS. The GNSS community uses RINEX 
navigation files (RTCM-SC104 2018) to exchange the 
navigation messages broadcast by SVs. This format is also 
frequently used for accuracy and integrity assessments. 
However, the RINEX navigation file format lacks essential 
information needed for in-depth binary analyzes. To obtain 
the full binary information, proprietary formats of receiver 
manufacturers or alternative formats as the one proposed by 
Walter et al. (2016) that allow logging raw binary navigation 
data streams as outputted by the receiver tracking loops, 
have to be used.

Limitations of RINEX navigation files

Limitations of RINEX navigation files that constrain ade-
quate visibility of the navigation data stream are identified 
as follows.

The first limitation includes the ambiguous time of trans-
mission (ToT) and CCE parameters. The edge to which the 
ToT tags are rounded may vary between the different receivers 
or file converters. The rounding may depend on how the bit 
edges of the message structures are interpreted or when the 
receiver successfully decodes the CCE set for the first time. In 
addition, the CCE parameters might be reported with slightly 
different values, which may also vary among receivers due to 
the parameter conversion. Although these ambiguities may 
be partially mitigated by employing complex consolidation 
methods (Heng et al. 2012a; Rouch et al. 2015), these meth-
ods only operate on a certain level of confidence and may still 
fail to give the true transmitted CCE sets.

The second limitation is the ambiguous SIS health status. 
The SIS health status of the navigation message can change 

regardless of the IOD updates, which may not be properly 
reported in the RINEX navigation file after the conversion 
process. Further, the SIS health status may depend on imme-
diate mechanisms not reported in the RINEX navigation 
file. For example, the health status of the LNAV message 
depends on the mismatched IODE parameters or failed par-
ity checks on successive words (U.S. Department of Defense 
2020).

The third limitation is the missing binary content. RINEX 
navigation files contain complete CCE sets once the receiver 
collects all necessary elements. However, there is no insight 
into the SIS content in-between the reported CCE sets and 
no insight into the detailed binary element structure used to 
obtain the reported CCE sets.

The third limitation is of concern when the atypical navi-
gation message structures need to be assessed. An example 
of successive F/NAV subframes with mismatched  IODnav 
parameters occurring on the operational navigation data 
stream broadcast by the satellite with the SV identifier 
(SVID) 24 on May 6, 2017, is shown in Fig. 6 (left). A com-
plete F/NAV CCE set could not have been obtained from the 
SIS for 1350 s after 15:34:10 due to the F/NAV subframes 
containing mismatched  IODnav 59 and 60. To highlight the 
limitation, the content of the broadcast RINEX navigation 
file reporting the impacted period is shown in Fig. 6 (right). 
The broadcast RINEX navigation file was downloaded from 
the public server (CDDIS 2020). Indeed, the RINEX navi-
gation file correctly reports the complete CCE sets tagged 
by  IODnav 57 and 62. However, the file does not show the 
incomplete CCE sets tagged by  IODnav 59 and 60. Further-
more, the RINEX navigation file does not indicate in any 
way that a complete CCE set was unobtainable from the SIS 
for over 20 min, which could have rendered the SV unavail-
able for users requiring a new CCE set during that time.

Figure 6 also shows the limitation of the ambiguous ToT. 
The ticks on the time axis of the data stream are aligned to 
the start of the first bit of the first F/NAV page in the F/NAV 
subframe. However, the ToT reported in the RINEX file is 

Fig. 6  (Left) Operational navigation stream broadcast by the Galileo 
SVID 24 on May 6, 2017. The rows of the vertical time axis repre-
sent the transmitted F/NAV subframes, showing the  IODnav parameter 
of each page. The three dots indicate that all subframes transmitted 
between 15:35:00 and 15:56:40 contain the same pattern of mis-

matched  IODnav parameters 59 and 60. (Right) CCE sets reported in 
the broadcast RINEX navigation file for the period of the navigation 
stream. The RINEX navigation file does not reveal the incomplete 
CCE sets tagged by  IODnav 59 and 60, and does not indicate that a 
complete set is unobtainable from the SIS for over 20 min
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in this case aligned to the end of the last bit of the CCE set, 
resulting in the timestamp 15:57:20 for  IODnav 62 that differs 
from the timestamp 15:56:40 on the time axis.

Binary navigation data

Most GNSS receiver manufacturers allow configuring their 
receivers to log and store the collected binary navigation 
data streams in proprietary formats. The Galileo Perfor-
mance Center, located at the premises of the European 
Space Agency (ESA), hosts a so-called Time and Geodetic 
Validation Facility (TGVF), which comprises a worldwide 
network of Galileo experimental sensor stations (GESS) 
that are capable of receiving Galileo E1/E5a and GPS L1/
L5 signals. The network employs, among others, Septen-
trio receivers that collect the bits of tracked GPS F/NAV 
and GPS LNAV data streams in a proprietary binary file 
structure called Septentrio binary format (SBF) (Septentrio 
2017). The worldwide deployment of the GESS network is 
as of January 2018, shown in Fig. 7.

Analysis of broadcast navigation messages 
using evaluation metrics

To study the distribution of the CCE parameters, the opera-
tional broadcast Galileo F/NAV and GPS LNAV messages 
are analyzed using the proposed evaluation metrics. Three 
and a half years of binary data, from January 1, 2017, until 
June 30, 2020, collected by the Septentrio receivers of the 
GESS network, are processed. The data start date is chosen 

to be after the declaration of Galileo’s initial services on 
December 15, 2016, to have representative results for both 
navigation messages. The service incident period of Gali-
leo from July 10, 2019, to July 17, 2019, is excluded from 
the processing to avoid the CCE sets that were not updated 
for long periods. The processing steps are as follows: (i) 
error correction and extraction of navigation message ele-
ments, (ii) determination of the SIS health status of each 
element, and (iii) consolidation of the binary navigation data 
streams from all stations into a single broadcast navigation 
stream. The study considers arbitrary and healthy-only SIS 
health statuses. The arbitrary health status includes healthy, 
unhealthy, and marginal statuses.

In total, over 218 million F/NAV pages and over 590 
million LNAV subframes are identified in the data set. The 
number of missing and discarded elements is summarized 
in Table 2. The data gap is determined when an element 

Fig. 7  Worldwide deployment of the stations of the GESS network as of January 2018

Table 2  Number of navigation message elements of Galileo F/NAV 
and GPS LNAV messages identified in the evaluated data set along 
with the number of data gaps and the number of discarded, consoli-
dated, and healthy-only elements

Navigation message element F/NAV page LNAV subframe

Identified elements 218,879,113 590,687,626
Data gaps 552,503 4,399,584
Discarded elements (ambiguous 

content)
2 694

Discarded elements (single station) Not applied 4,026,228
Consolidated elements 218,326,608 582,261,120
Healthy-only elements 187,986,424 562,794,974
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should have been received but is not recorded by any station 
or when the error checking fails. The ambiguous content 
filter is triggered when the binary content is not unanimously 
confirmed by all stations monitoring the SIS. The single 
station filter is triggered when the SIS is monitored by only 
one station. The single station filter is only applied to the 
LNAV message due to its lower robustness to the burst bit 
errors. After the consolidation step, over 218 million F/NAV 
pages and 582 million LNAV subframes with arbitrary SIS 

health statuses remain. The extracted data are equivalent to 
over 69 years of operational Galileo E5a SIS and 110 years 
of operational GPS L1C/A SIS, which is a sufficient period 
for the study.

Atypical navigation message structures

The observed structures with mismatched IOD parameters 
of both evaluated navigation messages are summarized in 
Table 3 for the arbitrary SIS health status. As can be seen, 
the mismatched IODE parameters are quite common for 
the LNAV message with the probability of occurrence 
Pocc = 2.11 × 10−4 . This is attributed to the data set cutovers 
as the IODE mismatches occur in the LNAV subframes 2 
and 3 belonging to the new CCE set, while the LNAV sub-
frame 1 still belongs to the old set. An example of such a 
frame transmitted by the SV with the pseudo-random noise 
(PRN) number 12 on June 30, 2020, is shown in Fig. 8, 
where subframe 1 contains IODE 42 and subframes 2 and 
3 contain a mismatched IODE 7. Considering the interface 
specification is not explicit in which cutovers are to be con-
sidered normal and which not (U.S. Department of Defense 

Table 3  Probability of occurrence of structures with mismatched IOD parameters of Galileo F/NAV and GPS LNAV messages for the arbitrary 
SIS health status

Structure Probability of occur-
rence

Number of structures with 
mismatches

Total number of 
structures

Last observed mismatch

Galileo F/NAV subframe 3.09 × 10−6 135 43,665,191 SVID 25, May 15, 2020 09:34:10
GPS LNAV frame 2.11 × 10−4 24,558 116,404,495 PRN 11, June 30, 2020 22:57:00

Fig. 8  Operational navigation stream broadcast by the GPS SV PRN 
12 on June 30, 2020. The rows of the vertical time axis represent the 
transmitted LNAV frames, showing the IODE parameter of each sub-
frame. At 14:53:30, a frame whose subframes 2 and 3 contain mis-
matched IODE 7 instead of IODE 42 is transmitted

Fig. 9  Cumulative density functions of the times needed to obtain n 
unique and complete CCE sets  (TTCSn) of the F/NAV message (left) 
and LNAV message (right) for the arbitrary SIS health status under 
the uniformly distributed start of the reception.  TTCSn  is included 

regardless of the SIS health status (healthy, unhealthy, marginal) 
during the period needed to obtain n sets. The maxima and minima 
of  TTCSn are indicated with markers as these are relevant to the 
receiver. Other values of CDFs equal to 0 and 1 are not shown
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2013), the LNAV frames impacted by the mismatches 
remain also included in the healthy-only SIS analysis, result-
ing in the probability of occurrence Pocc = 2.13 × 10−4 . 
The probability of occurrence of the F/NAV subframes 
with mismatched  IODnav parameters is Pocc = 3.09 × 10−6 
for the arbitrary health status and Pocc = 3.48 × 10−6 for 
the healthy-only SIS. The  IODnav mismatches are rare and 
uncorrelated, occurring on a single SV at a given time. One 
such transmission, lasting 1350 s on May 6, 2017, is shown 
in Fig. 6.

Neither structures with missing element numbers nor struc-
tures with wrongly ordered elements are observed for either 
evaluated message. However, this might change for the Galileo 
F/NAV message along with the evolution of the system with-
out violating the current interface commitments. The user is 
requested always to decode the page type identifier.

Mitigation actions for mismatched F/NAV subframes

Possible root causes leading to the F/NAV subframes with 
mismatched  IODnav parameters, such as the event on the 
SVID 24 shown in Fig. 6, are identified at the Galileo system 
level. Appropriate mitigation actions have been established 
to prevent the reoccurrence of such events in Galileo after 
the full operational capability (FOC) declaration.

Time to complete clock correction and ephemeris 
sets

The  TTCSn metric is evaluated for n ∈ {1, 2, 3, 4, 5} complete 
CCE sets. The starting point of the reception is assumed to be 
random and uniformly distributed along the navigation data 
stream. The cumulative density functions (CDFs) of  TTCSn 
of both evaluated messages are shown for the arbitrary SIS 
health status in Fig. 9, and the healthy-only SIS in Fig. 10.

Figures 9 and 10 show that the statistical distributions of 
 TTCSn are almost identical for the arbitrary and healthy-only 
SIS health statuses. The only notable difference is between the 
maxima of  TTCSn for n > 1 . Unhealthy and marginal SIS health 
statuses are characterized by lengthier periods during which IOD 
parameters are not updated, resulting in larger maxima of  TTCSn 
in Fig. 9. The minimum time to multiple CCE sets and the maxi-
mum time to the first CCE set are discussed in separate sections.

Minimum time to multiple complete clock correction 
and ephemeris sets

The minima of  TTCSn from Fig. 9 are summarized for 
F/NAV and LNAV messages in Table  4. Table  4 also 

Fig. 10  Cumulative density functions of the times needed to obtain 
n unique and complete CCE sets  (TTCSn) of the F/NAV message 
(left) and LNAV message (right) for the healthy-only SIS under the 
uniformly distributed start of the reception.  TTCSn is included only 

when the given SIS is healthy for the whole period needed to obtain 
n sets. The maxima and minima of  TTCSn are indicated with markers 
as these are relevant to the receiver. Other values of CDFs equal to 0 
and 1 are not shown

Table 4  Minima of  TTCSn and related probabilities of experiencing 
minimum reception intervals for the arbitrary SIS health status

n TTCSn of F/NAV TTCSn of LNAV

Min [s] P
(n)
occ

Min [s] P
(n)
occ

1 40 2.00 × 10−1 18 2.00 × 10−1

2 90 1.03 × 10−2 48 8.75 × 10−4

3 140 1.38 × 10−4 78 1.98 × 10−7

4 190 2.93 × 10−7 678 2.00 × 10−9

5 790 2.29 × 10−7 2886 2.07 × 10−9
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summarizes the probabilities of experiencing the mini-
mum reception intervals P(n)

occ determined using Eq. (1). 
The results show that the F/NAV message can transmit 
four different CCE sets in four successive subframes as the 
minimum  TTCS4 is 190 s, confirming the existence of the 
fast double updates of the  IODnav parameter (Lapin et al. 
2018). The results of Table 4 are particularly relevant to 
SBAS. DFMC SBAS MOPS assumes that there can be at 
most four F/NAV and at most three LNAV CCE sets for a 
single SV in any given interval of five minutes (Eurocae 
2021), implying a minimum capacity of the receiver mem-
ory. Considering that five F/NAV CCE sets occur earliest 
in 790 s and four LNAV CCE sets in 678 s for the arbitrary 
SIS health status, the requirements in DFMC SBAS MOPS 
are in line with both evaluated messages.

Maximum time to first complete clock correction 
and ephemeris set

Figure 9 shows that the maximum  TTCS1 during the arbi-
trary SIS health status is 1440 s for the F/NAV message and 
72 s for the LNAV message. Figure 10 shows that the respec-
tive maxima remain the same for the healthy-only SIS. The 
maxima of both messages are higher than the usual assump-
tions of 60 s for F/NAV and 36 s for LNAV. The higher val-
ues are caused by the IOD updates and atypical navigation 
message structures whose impacts on maximum  TTCS1 are 
shown in Fig. 5.

The impact of the IOD updates on  TTCS1 depends on 
the update periods. Short IOD update periods translate into 
a higher probability of experiencing a delay when obtaining 
the first complete CCE set as the unique sets are updated 
more frequently. The F/NAV message has shorter IOD 
update periods with a median value of 600 s than the LNAV 
message with a median value of 7200 s (Lapin et al. 2018). 
Shorter IOD update periods shift the body of the statisti-
cal distribution of  TTCS1 to higher values, as is shown in 
Figs. 9 and 10.

The impact of the atypical message structures on  TTCS1 
is relevant mostly for the Galileo F/NAV message as it may 
experience rarely successive subframes with mismatched 

 IODnav parameters that do not allow completing any CCE 
set for long periods. Consequently, the statistical distribu-
tions of  TTCS1 of F/NAV have noticeable tails, as is shown 
in Figs. 9 (left) and 10 (left). In the case of the LNAV mes-
sage, no lengthy periods of frames with mismatched IODE 
parameters are observed and the related statistical distribu-
tions of  TTCS1 show no significant tails.

The results indicate that it is better to describe  TTCS1 
using percentiles instead of maxima. The medians, 99th 
percentiles, and maxima of  TTCS1 of both navigation mes-
sages are for each evaluated year summarized in Table 5 for 
the arbitrary SIS health status. Table 5 also shows the over-
all percentiles for the arbitrary and healthy-only SIS health 
statuses. As can be seen, the maxima of the F/NAV mes-
sage differ each year and do not follow any stable pattern. 
However, the medians and 99th percentiles remain stable 
along with the evaluated years and can be used to describe 
 TTCS1. In the case of the LNAV message, the medians and 
99th percentiles also remain stable along with the years. 
The values do not significantly differ between the evaluated 
health statuses in either message. For simplicity, the values 
of 80 and 36 s are proposed to be taken as the conservative 
times needed to obtain the first F/NAV and LNAV set dur-
ing operations, respectively. These values correspond to the 
duration of 8 F/NAV pages and 6 LNAV subframes. The 
full impact of  TTCS1 on the TTFF depends on whether the 
identified contributors occur on multiple SVs simultaneously 
as complete sets of several SVs are needed for a position fix. 
The correlation of the CCE set updates between multiple 
SVs was not investigated.

Conclusions

The distribution of the CCE parameters in broadcast Galileo 
F/NAV and GPS LNAV messages was studied. The evalua-
tion metrics were proposed and used to analyze three and a 
half years of binary navigation data. The IOD update periods 
and structures with mismatched IOD parameters are shown 
to be important contributors to the time needed to obtain 
the first CCE set during operations. The message timing 

Table 5  Yearly and overall 
medians, 99th percentiles, 
and maxima of the statistical 
distributions of the times 
needed to obtain the first 
complete CCE set  (TTCS1) 
of the Galileo F/NAV and 
GPS LNAV messages for the 
arbitrary SIS health status

Year TTCS1 of F/NAV TTCS1 of LNAV

Median [s] 99% [s] Max [s] Median [s] 99% [s] Max [s]

2020 53.90 80.23 150.00 31.00 35.92 72.00
2019 53.90 80.21 980.00 31.00 35.92 72.00
2018 53.90 80.51 340.00 31.00 35.92 72.00
2017 53.90 80.11 1440.00 31.00 35.92 72.00
All 53.90 80.27 1440.00 31.00 35.92 72.00
All (healthy-

only SIS)
53.90 80.36 1440.00 31.00 35.92 72.00
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requirements of DFMC SBAS MOPS are in line with both 
evaluated navigation messages as there can be indeed at most 
four F/NAV and at most three LNAV complete CCE sets in 
any given interval of five minutes. The achieved results are 
relevant to a wide range of GNSS applications that depend 
on the CCE sets broadcast in navigation messages, especially 
when optimizing the SIS availability and continuity.
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