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The navigation message is an 
essential part of the navigation 
signals transmitted by GNSS sat-
ellites. The various message for-

mats provide user equipment with all the 
data needed to compute position-veloc-
ity-time (PVT) solutions, to aid various 
receiver tasks, and to improve position-
ing accuracy. 

Table 1 summarizes the typical con-
tent of a GNSS data message.

In some cases, the traditional naviga-
tion content is extended to include other 
data providing additional services. For 
example the I/NAV message of Galileo 
will provide search and rescue (SAR) 
emergency terminals with return link 
data generated by the rescue centers 
and transmitted to the Galileo Mission 
Control Center.

The articles by M. Paonni et alia and 
M. Anghileri et alia (2010) cited in the 
Additional Resources,  focused on two 
aspects that are well-known and com-
monly used in the literature to assess 
the message performance, namely, the 
robustness against transmission errors 
and the time required to retrieve a given 
set of data from the GNSS signal. The 
work presented here completes those 
analyses by extending, redefining, or 
adding some figures of merit. 

In particular we will show that, 
because some of these terms are close-
ly related to each other, the provided 
results are more representative of what 
really happens in the operation of GNSS 
receivers. We begin by introducing the 
identified performance dimensions, 
the related figures of merit, and the 

methodology used for their computa-
tion.  The latter portion of the article 
then compares various GPS and Galileo 
messages, identifying and demonstrat-
ing the strengths and weaknesses of the 
various message design choices.

Message Performance 
Dimensions
Four main dimensions have been iden-
tified for the characterization of the 
performance of GNSS data messages: 
capacity, accuracy, robustness, and 
timeliness. While accuracy is directly 
related to the content of the message, 
the other three factors are related to 
other properties of the signal carrying 
the data. We will see that these factors 
also depend mainly on the design of the 
message.
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Peformance analysis of GNSS signal properties and components 
is well defined in the technical literature. Terms such as code 
tracking noise, multipath error envelopes, and S-curve bias, to 
name a few, are commonly accepted and widely used by 
scientists.  However, the performance of GNSS data 
messages has yet to be fully assessed 
and compared. This article 
proposes well-
defined 
“figures 
of merit” 
that can 
be used 
to better 
evaluate 
current and 
future GNSS 
system performance and presents  
sample analyses to demonstrate the  
authors’ methodology.
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Capacity refers to the ability of the 
signal to transmit useful content to the 
users and measures the effective amount 
of data transmitted per time unit. The 
figure of merit associated with capacity 
is the effective bit rate, obtained as the 
average amount of useful information 
— that is, without overhead, parity, or 
cyclic redundancy check (CRC) bits — 
transmitted in one second. In compar-
ing the various GNSS message perfor-
mance, we present this figure of merit 
with an associated efficiency factor in 
percentage terms.

The second dimension considered 
is accuracy, which refers to the quality 
of the transmitted information. Most 
of the content in a GNSS data message 
consists of parameters representing a 
certain quantity within the binary-point 
scaling format. This format represents 
real numbers with various digits as the 
multiplication of a signed or unsigned 
integer value by a scale factor, gener-
ally a specific power of two. While the 
number of bits allocated for a particular 
parameter gives its range, the scale fac-
tor indicates the parameter resolution. 
Both range and resolution determine 
the accuracy with which the quantity is 
provided to users.

The term robustness refers to the 
capability to provide the users with cor-
rect information even if the received 
data symbols are affected by transmis-
sion errors. The figure of merit com-
monly used to assess this performance 
dimension is the data demodulation 
threshold. This is generally defined as 
the carrier-to-noise ratio (C/N0) of the 
received signal required to obtain the 
information bits with an error prob-
ability that is lower than a predefined 
threshold.

The last, but also the most impor-
tant, performance dimension consid-
ered is timeliness, i.e., the capability to 
provide users with the data they need 
within a specified time interval. Dis-
cussion in M. Anghileri (2010) defined 
the receiver time to first fix (TTFF) as 
the sum of discrete contributions related 
to various receiver tasks that are per-
formed sequentially. The article then 
emphasized that, in cases where the sat-

ellite clock and ephemeris data are not 
already available at the receiver start, the 
biggest contribution to the TTFF is the 
time required to access these data in the 
navigation message.

The figure of merit computed for 
assessing the message timeliness is the 
TTFF-data, defined as the time required 
by the receiver to access the data needed 
for the computation of the first position 
fix (satellite clock and ephemeris data 
plus the system time reference), starting 
from the epoch at which the first data 
symbol can be extracted from the track-
ing loops.

Comparing Performance of 
GPS and Galileo Messages
Keeping in mind the definitions of the 
message performance factors, we now 
turn to the methodology used for cal-
culating the various figures of merit for 
capacity, robustness, and timeliness.  

This same methodology will then be 
used to assess the performance of the 
currently available open service GPS and 
Galileo signals as well as the upcoming 
GPS L1C.

Capacity. We start with the effective 
bit rate used to assess capacity.  We first 
identify the amount of bits that are not 
carrying any useful information but 
only have some function related either 
to frame synchronization or to the 
detection and correction of transmis-
sion errors. As shown in Table 2, the bits 
excluded from our computation are the 
preamble sequences used for frame syn-
chronization purposes, parity bits, CRC 
bits, and tail bits. 

The computation takes into account 
the fact that most of the messages pres-
ent different structures. Where the 
message is structured as a simple rep-
etition of unit blocks that share a com-
mon scheme for the ancillary data just 

Data Function

Satellite clock corrections and ephemeris data (CED) Computation of the satellite position and clock

System time reference Computation of the signal time of transmission

Almanac parameters Determination of the satellite visibility and reduction of the 
Doppler search space

Broadcast group delay parameters Estimation of the signals’ broadcast group delay

Ionospheric corrections Estimation of the ionospheric delay

GNSS system time offsets Enable interoperability with other  GNSS

GNSS system time to UTC conversion parameters Computation of the UTC time

Signal-In-Space Accuracy (SISA) or User Range  
Accuracy (URA)

Inform the users on the accuracy of the transmitted signals 
by providing an overbounding distribution of the estimated 
signal-in-space error (SISE) or user range error (URE)

Health status parameters Give information about the health status of the satellites and 
transmitted signals

TABLE 1.  Content of GNSS data message

 GPS Galileo

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

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

Block terminology Subframe Message Message Frame Word Page

Block length [bits] 300 300 300 883 260 256

Preamble [bits] 8 8 8 0 20 12

Parity/CRC/Tail [bits] 60 24 24 48 36 30

Block duration [s] 6 12 6 18 2 10

Bit rate [bps] 50.0 25.0 50.0 49.1 130.0 25.6

Effective bit rate [bps] 38.7 22.3 44.7 46.4 102.0 21.4

Efficiency factor [%] 77% 89% 89% 95% 78% 84%

TABLE 2.  Effective bit rates of GPS and Galileo signals
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mentioned, the unit blocks themself 
have been considered for the computa-
tion (e.g., NAV subframe, CNAV mes-
sages, F/NAV pages). If the unit blocks 
presented some differences, relevant 
for calculating the effective bit rate, we 
considered a higher level block of data 
repeating with the same structure (e.g., 
frames instead of subframes for GPS 
CNAV-2 computation, words instead of 
pages for Galileo I/NAV).

Parity bits are used in the GPS NAV 
(6x10 bits) message, while the CRC-24 
is used in all other messages. Note that 
only two out of three subframes of L1C 
have CRC (total of 48 bits). Galileo sig-
nals are the only ones using tail bits to 
improve the decoding performance of 
the convolutional codes.  In particu-
lar, six tail bits are used in each page, 
resulting in 12 tail bits for the I/NAV 
two-page word and six tail bits for the 
F/NAV page. In the I/NAV computation, 
two synchronization patterns of 10 bits 
belonging to the even and odd pages, 
respectively, are considered part of the 
ancillary data and therefore do not con-
tribute to the effective content.

The GPS L1 C/A, L5 and L1C signals 
present almost the same bit rate.  How-
ever, the effective bit rate of the NAV 
message is significantly influenced by 
the high number of parity bits. (This 
message has no other error protection 
scheme.) The GPS L2C and Galileo 
E5a signals are very similar in terms 
of bit rate and effective bit rate, even if 
a shorter preamble and the absence of 
the tail bits make the CNAV of L2C a 
little more efficient. However, thanks to 
these differences the F/NAV has better 
synchronization properties and decod-
ing performance.

The most significant indication 
obtained with this figure is the very high 
bit rate at which the Galileo I/NAV mes-
sage is transmitted. This design choice 
was mainly driven by the requirement of 
the timely provision of the large amount 
of integrity data foreseen for the original 
Galileo Safety-of-Life service. However, 
as we will see next, this advantage in 
terms of high bit rate cannot be prop-
erly exploited for navigation purposes 
by Galileo users: on the one hand, more 

than half of the I/NAV message does not 
contain data that is directly used for navi-
gation, and on the other hand, the high 
bit rate penalizes the message robustness. 

The innovative message structure of 
CNAV-2 — the fact that the error cor-
recting codes used (BCH and low-densi-
ty parity-check, LDPC) do not need tail 
bits and the additional feature that frame 
synchronization is performed by correla-
tion with the overlay code modulated on 
the pilot channel — bring the efficiency 
factor of GPS L1C to 95 percent, which is 
better than any other signal.

For the scope of this work, we limit 
the assessment of the accuracy of the 
various navigation messages to the sat-
ellite clock and ephemeris parameters 
that indeed represent the core of the 
navigation data content. Table 3 com-
pares the number of allocated bits and 
the associated scale factors for the sat-
ellite ephemeris parameters in various 
GPS and Galileo messages.

First of all, the satellite ephemerides 
of the GPS NAV message and those of 

Galileo present the same range and res-
olution, i.e., the same accuracy accord-
ing to the definition we have given ear-
lier. Note that the real accuracy of the 
ephemeris also heavily depends on the 
orbit determination and time synchro-
nization (ODTS) performance of the 
respective ground segments.

The CNAV and CNAV-2 messages 
present various differences: for almost 
every parameter the resolution was 
improved (smaller scale factors), some 
ranges were reduced, and for some 
parameters a different dissemination 
strategy was chosen. In particular, for 
the semi-major axis and for the mean 
motion, first-order effects are taken into 
account by transmitting two additional 
parameters: adot and Δndot. 

Furthermore, by transmitting delta 
values to fixed reference values (e.g., Δa
with respect to aref = 26,559,710 meters, 
as specified in the GPS L1C interface 
specification document), the number 
of bits used could be reduced and, at 
the same time, the resolution could be 
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Parameter
Number of allocated bits / Scale factor

GPS NAV GPS CNAV and CNAV-2 Galileo I/NAV and F/NAV

Crs
16 2-5 24 2-8 16 2-5

Δn 16 2-43 17 2-44 16 2-43

M0
32 2-31 33 2-32 32 2-31

Cuc
16 2-29 21 2-30 16 2-29

e 32 2-33 33 2-34 32 2-33

Cus
16 2-29 21 2-30 16 2-29

a 32 2-19 N/A N/A 32 2-19

Cic
16 2-29 16 2-30 16 2-29

Ω0
32 2-31 33 2-32 32 2-31

Cis
16 2-29 16 2-30 16 2-29

i0
32 2-31 33 2-32 32 2-31

Crc
16 2-5 24 2-8 16 2-5

ω 32 2-31 33 2-32 32 2-31

Ωdot
24 2-43 N/A N/A 24 2-43

idot
14 2-43 15 2-44 14 2-43

toe
16 24 11 300 14 60

Δa N/A N/A 26 2-9 N/A N/A

adot
N/A N/A 25 2-21 N/A N/A

ΔΩdot
N/A N/A 17 2-44 N/A N/A

Δndot
N/A N/A 23 2-57 N/A N/A

TOT 358 421 356

TABLE 3.  Satellite ephemeris parameters of GPS and Galileo signals
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improved.  These changes brought an 18 
percent increase for CNAV and CNAV-2 
in the amount of data allocated to the 
satellite ephemerides with respect to the 
other navigation messages.

Looking at the satellite clock correc-
tion parameters, shown in Table 4, we can 
see that the modernization of the GPS 
message brought improvements in the 
resolution of the parameters and modi-
fied the ranges for the first- and second-
term polynomial coefficients. Unlike the 
ephemeris parameters, the clock correc-
tions of Galileo present higher ranges 
and better resolution than those trans-
mitted in the GPS NAV message. 

Message Robustness. We will now 
focus on the methodology for the assess-
ment of the message robustness. Unlike 
communication systems in which bit 
errors could simply bring about a still-
acceptable lower quality of service, navi-
gation data can only be used if they are 
free of errors. To ensure this, the data 
bits are arranged into blocks, and spe-
cific check techniques (e.g., CRC) are 
used to validate the error-free condi-
tion. Therefore, the error probability to 
be considered for the assessment of the 
message robustness should be in terms 
of block error rate and not in terms of 
bit error rate. To improve robustness, 
Galileo and modernized GPS incorpo-
rated more advanced techniques, includ-
ing forward error correction (FEC) and 
block interleaving, into their navigation 
messages. 

Navigation messages are gener-
ally broadcast with a more or less fixed 
repeating pattern, such that the content 
is provided to users with a certain repeti-
tion rate. As explained earlier, if a spe-
cific data block contains some errors, the 
receiver will discard it and simply wait 
for the next repetition of that data. 

Although this signal processing 

design is generally not problematic for 
most data content, losing part of the data 
required for the first position fix can 
significantly increase the receiver TTFF 
and disappoint users, especially in the 
mass market sector. Therefore, instead of 
comparing the message robustness for a 
generic unit block, we propose to focus 
the assessment on the most sensitive parts 
of the message, namely the satellite clock 
correction and ephemeris data (CED). 

This method assesses message 
robustness by computing the data 
demodulation threshold. In our work, 
this will be specifically applied to the 
parts of the navigation message contain-
ing the CED.

The robustness of a GNSS data mes-
sage depends on many factors:
1. minimum received signal power level
2. amount of power dedicated to the 

data channel (possible split with pilot)
3. symbol rate of the signal
4. er ror  protec t ion tech n ique s 

employed (FEC, interleaving)
5. channel conditions.

The first factor simply expresses the 
fact that signals received with higher 
minimum power levels have a bet-
ter margin to the data demodulation 
threshold, while all other factors are 
directly influencing the threshold value. 
The second factor takes into account that 
the amount of power effectively available 
for the data channel might be lower than 
that of the overall signal, for example, 
if the power is shared with a pilot com-
ponent (all signals except L1 C/A). The 
third factor can be understood with the 
help of Equation (1):

The energy per symbol to noise den-
sity ratio (ES/N0), which also represents 
the signal-to-noise ratio (SNR) of the 

signal, is given by multiplying the C/N0
of the signal by the inverse of its sym-
bol rate, i.e., by the symbol duration. 
The higher this energy is, the lower the 
probability that the demodulated data 
will be affected by errors. For the same 
received C/N0, the signal transmitted at 
the lower rate will present a lower error 
probability. 

In terms of the data demodulation 
threshold, this translates into Equation 
(2):

For signals showing the same 
ES/N0 threshold, the signals transmit-
ted at lower data rates will show a lower 
C/N0 threshold. 

Factors four and five are related to 
each other in the sense that the error 
correction performance of the employed 
protection technique shows a different 
behavior in the additive white Gauss-
ian noise (AWGN) channel and in more 
realistic channel models. The following 
robustness assessment takes all these 
points into account and discusses in 
detail their effects on the final results. 
Table 5 summarizes the information 
related to the first four factors for the 
GPS and Galileo signals under analysis.

Because many signals present dif-
ferent error protection techniques, the 
first result we show has the goal of com-
paring their correction performance 
independent of the data rate of the sig-
nals and of the block lengths. For this 
reason, the results are a function of the 
Es/N0 and not of the C/N0. We applied the 
convolutional codes of GPS and Galileo 
to blocks of length 600 and compared 
the results with the threshold obtained 
with the LDPC codes used for the GPS 
L1C Subframe 2 of the same length. 

Figure 1 shows the obtained curves: 
in particular the benefits of using tail 
bits (main difference between the GPS 
and Galileo convolutional codes, CCs) 
and the coding gain brought by the 
LDPC codes are clearly visible.

Since both types of FEC (convolu-
tional and LDPC) have a coding rate of 
one-half while the BCH codes applied 
to the GPS L1C Subframe 1 use a much 

Parameter
Number of allocated bits / Scale factor

GPS NAV GPS CNAV and CNAV-2 Galileo I/NAV and F/NAV

af0
22 2-31 26 2-35 31 2-34

af1
16 2-43 20 2-48 21 2-46

af2
8 2-55 10 2-60 6 2-59

toc
16 24 11 300 14 60

TOT 62 67 72

TABLE 4.  Satellite clock correction parameters of GPS and Galileo signals
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higher redundancy (9/52), the comparison among them would 
be not fair. However, the curve of the BCH codes has been 
included in the figure to give an indication of the coding gain 
provided by these codes. 

The error correction capability of the Hamming codes used 
to protect the GPS NAV message is very limited and the associ-
ated error curve, also present in Figure 1 for reference, is very 
close to that of the uncoded BPSK modulation. The benefit 
brought by the block interleavers will be shown later together 
with the results obtained in the land mobile satellite (LMS) 
channel, where burst errors are more likely to occur.

Further significant differences among the signals are given 
by the last three rows of Table 5. A 50 percent power allocation 
to the data component will translate into a  –3-decibel differ-
ence with respect to GPS L1 C/A, which has no pilot component, 
while for L1C this difference will be –6 decibels. This produces a 
corresponding effect on the value obtained for the data demodu-
lation threshold. 

In the same way, as explained earlier, signals presenting a 
symbol rate that is twice (GPS L5, L1C) or five times (Galileo 
E1/E5b) higher than 50 sps will be penalized by 3 and 7 decibels, 
respectively. Finally, the differences in the minimum received 
power level must also be considered when 
drawing conclusions on the robustness of 
the different messages, because a difference 
of up to 4.5 decibels is present across the 
various signals (e.g., GPS L1C/A or L2C 
versus GPS L5). 

In order to be as representative as pos-
sible of real use cases for applications in 
urban and suburban scenarios, we includ-
ed a specific two-state LMS model for the 
analysis described in the article by Prieto-
Cerdeira et alia (Additional Resources) in 
addition to the AWGN channel, which is 
widely accepted for modeling open sky 
scenarios without strong multipath com-
ponents. 

This LMS model includes the effects of 
multipath, resulting in Doppler frequency dispersions of the 
received signal, as well as shadowing or blockage effects due 
to the particular environment in which the signal is received. 
For convenience, the model terms the two states as “Good” 
and “Bad,” respectively representing a range of line-of-sight-to-
moderate shadowing and moderate-to-deep shadowing.

For assessing the performance of the GNSS messages con-
sidered in this research, we used the channel configuration 
shown in Table 6. Indeed, this challenging 
configuration enables us to better see the 
benefits of the various FEC and interleav-
ing schemes.

Figure 2 shows the amplitude and the 
phase of the channel coefficients obtained 
with the implemented LMS model. The two 
states are clearly visible, with very strong 
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 GPS Galileo

 L1 C/A L2C L5 L1C E1 OS E5a E5b

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

Error detection
Hamming 

Codes
CRC-24 CRC-24 CRC-24 CRC-24 CRC-24 CRC-24

Error correction
Hamming 

Codes
Conv. 
Codes

Conv. 
Codes

BCH LDPC
Conv. 
Codes

Conv. 
Codes

Conv. 
Codes

Block interleaving No No No Yes Yes Yes Yes

Power allocated to the 
data component

N/A 50% 50% 25% 50% 50% 50%

Symbol rate [sps] 50 50 100 100 250 50 250

Total minimum  
Received power [dBW]

-158.5 -158.5 -154 -157 -157 -155 -155

TABLE 5.  Signal characteristics influencing the message robustness
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FIGURE 1  Performance of FEC techniques used in GPS and Galileo data 
messages

Channel model 2-state

Environment Urban

Satellite elevation 40°

User Speed 50 km/h

TABLE 6.  Configuration of the 2-state channel 
model used for the simulations

Demodulation threshold @ CED error rate = 10-2 

 GPS Galileo

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

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

Total required C/N0  [dBHz] 26.5 23.1 26.1 24.5 27.7 20.7

TABLE 7.  Data demodulation performance of GPS and Galileo signals in AWGN channel
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attenuation effects (down to –50 decibels) appearing in the 
“Bad” state for this scenario configuration.

Figure 3 presents the simulation results obtained in the 
AWGN channel.

The data demodulation thresholds were computed by inter-
secting the CED error rate curves obtained by Monte Carlo 
simulations with a threshold value equal to 10-2. This means 
that, if during the considered simulation time the received sig-
nal has an average C/N0 equal to or bigger than the computed 
threshold, the CED will be correctly decoded at least 99 times 
out of 100. Table 7 summarizes the obtained thresholds.

GPS L2C and Galileo E5a deliver the best performance 
mainly because of their very low data rate, with the Galileo 
signal also exploiting the advantage of using tail bits to help 
the decoding process. Next in line for performance we find 
the GPS L1C, despite the fact that only 25 percent of the power 
is allocated to the data channel.  Here, the coding gain of the 
LDPC codes plays an important role. The GPS L5 signal pres-
ents a threshold exactly 3 decibels higher than L2C, because 
of the doubled data rate, but we should also remember that its 
minimum received power is 4.5 decibels higher. 

The same reason (high data rate) explains the poor per-
formance of the Galileo E1-OS signal: the 7 decibels of disad-
vantage with respect to the GPS L1 C/A code transmitted at 
50 symbols per second is only partially recovered by the pres-
ence of FEC. The results of the analysis in the LMS channel are 
shown in Figure 4 and Table 8.

The effects of multipath, fading, and also total signal 
obstruction, which characterize the simulated urban environ-
ment, resulted in the significant increase of the data demodula-
tion thresholds, as can be seen in Table 8. GPS L1 C/A has the 
worst robustness in this case because it lacks any FEC or inter-
leaving techniques. The presence of block interleaving in the 
Galileo E1-OS signal also explains the improved performance 
with respect to the GPS L2C and L5 signals, visible in Figure 4. 

As expected, the effectiveness of the LDPC codes used for 
protecting the GPS L1C signal is even more evident in the LMS 
channel and gives almost the best performance, despite the 
lower amount of power allocated to the data component. Gali-
leo E5a is confirmed to have the best robustness, mainly due to 
the combination of low data rate, long interleaved blocks, and 
well-terminated convolutional codes.

Timeliness. We now turn to the methodology for assessing 
navigation message timeliness. The figure of merit to be com-
puted is the TTFF-data (TTFFD), namely the contribution to 
the total TTFF deriving from the collection of the data required 
for the first position fix. 

In estimating the TTFFD, we first identify the location of the 
first-fix-data in the navigation message pattern, marking which 
data blocks contain the satellite ephemeris and clock correction 
parameters and the counters associated with the GNSS system 
time. An example of this first step is given in Figure 5, where the 
location of the first-fix-data in the I/NAV words transmitted on 
the Galileo E1-OS signal is shown. The clock and ephemeris data 
(CED) are distributed over four different words (Types 1-4). In 
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FIGURE 2  Amplitude and phase of the LMS channel coefficients used for 
the simulations (first 100 seconds of realization)
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order to use the data contained in these 
four blocks the receiver must retrieve a 
valid version of each of them.

The “TOW” counter present in the 
word types 5, 6, and “spare” stands for 
Time-of-Week and gives the system time 

of transmission at the beginning of the 
word containing it in terms of seconds 
elapsed since the start of the current week. 
The information about the system time 
reference can be gained as soon as one of 
these blocks has been correctly decoded. 

To understand the second step of the 
computation, imagine a GNSS user turn-
ing on a receiver at a certain epoch. After 
acquiring the signal and then switch-
ing to the tracking mode, the receiver 
extracts navigation data. The first avail-
able data symbol will be located in a 
position uniformly distributed within 
the word pattern (e.g., I/NAV subframe). 

Depending on its status, before being 
able to perform the first position fix, the 
receiver needs to retrieve the first-fix-
data from at least four satellites. For the 
scope of our analysis, we assumed that 
the computed TTFFD refers to the worst 
of the first four satellites being used for 
the position solution. The TTFFD will 
be the time elapsed between the epoch at 
which the first data symbol is extracted 
from the received signal and the epoch 

at which the entire 
set of first-fix-data 
is obtained. 

If a l l possible 
d a t a  t r a n s m i s -
sion errors due to 
t he  presence  of 
the channel can 
be corrected at the 
receiver, for a given 
message structure 
characterized by a 
certain amount of 
data symbols sent at 
a certain repetition 
rate the TTFFD is 
simply a function 
of the entry point in 
the data block pat-
tern (e.g., 30-second 
subframe for Gali-
leo I/NAV). On the 

other hand, if after the message decod-
ing some errors remain, the currently 
processed data block must be discarded 
and its content cannot be accessed until 
the next transmission. 

The computation of the TTFFD 
was carried out with a software tool 
simulating the end-to-end transmis-
sion of GNSS messages at symbol level. 
For modeling the transmission chan-
nel, both AWGN and the LMS model 
described previously were used. In this 
way, we can take into account the influ-
ence of the real message structure, of the 
error correction techniques employed, 
and of other signal parameters, such as 
the data rate or the amount of power 
allocated to the data channel.

An example of TTFFD computation 
results is given in Figure 6, where the 
TTFFD of a receiver processing the Gali-
leo E1-OS signal is shown for the case 
when the received data was error-free.

The minimum value for the TTFFD 
(14 seconds) is obtained when the first 
symbol available is right at the beginning 
of Word Type 1 (see Figure 5), which is 
located 20 seconds after the beginning 
of the subframe. If this first symbol is 
skipped, then the TTFFD jumps up to the 
maximum value (32 seconds) because the 
receiver must wait for the current incom-
plete word (about 2 seconds) plus one 
complete subframe (30 seconds). 

If the content of a certain word is 
not relevant in terms of TTFFD, skip-
ping the first symbols has no effect on 
the final result. Indeed, starting from 
the epochs at 2 seconds or 22 seconds, 
the curve only decreases. Skipping the 
first symbol of a word type containing 
the system time reference does not pro-
duce the same jumps as for the CED. 
This can be explained by the fact that 
the subframe contains more than one 
repetition of the “TOW” counter. 

Once the TTFFD function has been 
obtained, three different indicators are 
defined to better characterize the analy-
sis and also allow comparisons among 
different signals: TTFFDavg, TTFFDworst, 
and TTFFD95.The first two indicators 
simply represent the average and the 
highest value that the TTFFD assumes 
over the whole subframe and are equal 
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Demodulation threshold @ CED error rate = 10-2

GPS Galileo

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

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

Total required C/N0  [dBHz] 60.2 38.5 42.9 33.8 42.8 32.7

TABLE 8.  Data demodulation performance of GPS and Galileo signals in LMS channel

FIGURE 5  First-Fix-Data in the Galileo I/NAV 
message

TOW
Clock & Ephemeris Data
Reserved

FIGURE 6  TTFFD of Galileo E1-OS in the case of error free data
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to 25.4 seconds and 32.0 seconds, respectively. The third indica-
tor, TTFFD95, gives the value with a 95 percent confidence and 
is generally considered the most significant indicator.  

To obtain TTFFD95, one has to compute the associated 
probability density function (PDF).  Next, Equation (3), repre-
senting the cumulative distribution function, must be solved 
for the variable TTFFD. 

In the equation, f(t) represents the PDF of the TTFFD. Fig-
ure 7 and Figure 8 show the PDF and CDF, respectively, of the 
computed Galileo E1-OS TTFFD.

In particular, the CDF curve can be used as a figure of 
merit for comparing the TTFFD performance of the GPS and 
Galileo signals. The accompanying figures illustrate the effect 
of the presence of some bit errors in the first-fix-data blocks 
of the received subframe. The signal transmission was simu-
lated in the same urban environment used for the robustness 
assessment. In this case, the statistics were computed with 
an LMS channel realization of 20 minutes, simulating the 
message end-to-end transmission for all the possible receiver 
switch-on epochs (with one-second resolution).

Looking at the TTFFD curve in Figure 9, one can see that 
whenever the bit errors affected a part of the I/NAV subframe 
containing the clock and ephemeris data, the receiver had to wait 
for the next repetition and the curve showed jumps of 30 seconds, 
i.e., the duration of an entire subframe. The presence of bit errors 
and their effect on the TTFFD is also clearly visible in the PDF 
and CDF curves, as shown in Figure 10 and Figure 11, respectively.

We compare the TTFFD performance of the GPS and Galileo 
signals considered in the previous robustness analysis by showing 
the numerical results of the TTFFD computation and the various 

cumulative distribution functions (CDFs). Table 9 and Figure 12
summarize the results of the TTFFD computation in the AWGN 
channel with high line-of-sight (LOS) C/N0, a condition sufficient 
to avoid the presence of bit errors in the received data.

Looking at the results, we can see that the main factor 
affecting the results is the maximum broadcast interval 
between two CED sets. In particular, the GPS L1C signal 
shows a very short TTFFD value (18 seconds). This is under-
standable considering the possibility of combining the data 
from different frames in the navigation message. In fact, the 
overlay code on its pilot component and the fact that the CED 

FIGURE 7  TTFFD probability density function (PDF) when processing the 
Galileo E1-OS signal
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FIGURE 8  TTFFD cumulative distribution function (CDF) when processing 
the Galileo E1-OS signal
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FIGURE 9  TTFFD of Galileo E1-OS in the case of some bit errors affecting 
the CED blocks
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remains constant over a fixed amount 
of time (two hours) allow for this com-
bination. 

Galileo E1-OS and E5b are heav-
ily penalized by the large amount of 
additional content transmitted within 
the 30-second subframe (also giving 
that particular slope to the CDF curve), 
while other signals generally perform 
worse than these because of the lower 
data rates. Table 10 and Figure 13 show 

the results obtained in the LMS channel 
and enable us to complete the analysis, 
taking into account the message robust-
ness of the different signals. 

Comparing the CDF curves obtained 
in the LMS channel with those obtained 
in the AWGN channel, we can see that 
the performance ranking of the various 
signals is maintained, with the excep-
tion of the GPS L1 C/A code. In fact, its 
robustness is known to be critical since 

no FEC is used. Signals transmitted at 
low data rate (L2C and E5a) show strong 
robustness, with the Galileo signal tak-
ing advantage of the presence of the 
block interleaver. 

Galileo signals carrying the I/NAV 
message have the disadvantage of a high 
data rate, which negatively affects the 
message robustness. Sometimes more 
than one message repetition was needed 
to obtain correct data. The GPS L1C sig-
nal demonstrates the best TTFFD per-
formance.  Indeed, its message robust-
ness — achieved from the combination 
of long interleaved blocks, advanced 
FEC (LDPC codes), and moderate data 
— rate gives it a substantial advantage 
over the other signals.

Conclusions
Starting from the need for a clearer 
and more extensive methodology for 
the assessment of GNSS data message 
performance, this article identified 
four fundamental dimensions: capacity, 
accuracy, robustness, and timeliness. 
The GPS L1C signal almost always gives 
the best performance in terms of accu-
racy, robustness (second only to Galileo 
E5a), and timeliness. The great poten-
tial of the Galileo E1-OS/E5b signals in 
terms of high capacity cannot be proper-
ly exploited due to the presence of a large 

TTFFD [s] in AWGN, LOS C/N0 = 45 dBHz

 GPS Galileo

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

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

Average 29.4 51.0 25.5 18.0 25.4 53.0

95% 35.5 59.2 29.6 18.0 31.6 59.4

Worst case 36.0 60.0 30.0 18.5 32.0 60.0

TABLE 9.  TTFFD performance of GPS and Galileo signals in AWGN with LOS C/N0 = 45 dBHz

TTFFD [s] in LMS, LOS C/N0 = 35 dBHz

GPS Galileo

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

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

Average 62.7 50.7 22.7 18.0 28.5 53.0

95% 127.0 59.0 29.0 18.0 53.0 59.4

Worst case 245.0 107.0 53.0 18.5 91.0 60.0

TABLE 10.  TTFFD performance of GPS and Galileo signals in LMS with LOS C/N0 = 35 dBHz

FIGURE 10  PDF of Galileo E1-OS in the case of some bit errors affecting the 
CED blocks
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FIGURE 11  CDF of Galileo E1-OS in the case of some bit errors affecting the 
CED blocks
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FIGURE 12  CDFs of the TTFFD of GPS and Galileo signals in AWGN with LOS 
C/N0 = 45 dBHz
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FIGURE 13  CDFs of the TTFFD of GPS and Galileo signals in LMS with LOS C/
N0 = 35 dBHz
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amount of reserved data and currently 
only reflects the associated limitation in 
terms of message robustness.

The analysis proved that the key fac-
tors for good data-delivery performance 
cannot be identified separately but should 
instead be considered through figures of 
merit that are able to combine the effects of 
the message robustness and its timeliness.

In view of future GNSS signal and 
message design activities, especially if 
these efforts are targeting the optimiza-
tion of the signal performance in terms 
of robustness and TTFF, the following 
recommendations can be made:
•	 Limit the data content to navigation

data or clearly separate data for addi-
tional services in order to be able to 
guarantee high repetition rates for 
the first-fix-data.

•	 In the trade-off of robustness versus
TTFF, keep the data transmission 
rate as low as possible, as this heav-
ily impacts the message robustness. 
This could be possible if the previous 
recommendation to limit data con-
tent is heeded.

•	 Use efficient error protection tech-
niques, such as advanced FEC and 
block interleaving.

•	 Block durations on the order of
some seconds are a good compro-
mise between latency and robustness 

against fading (note strong perfor-
mance of GPS L1C and L5).

•	 Allocate the CED to a specific data
block containing only data that could 
remain invariant over a certain time 
interval (e.g., one to two hours). This 
allows for the reception of partial 
blocks and has a significant positive 
effect on the TTFFD.
Most of these recommendations 

clearly reflect the design characteristics 
of the GPS L1C signal.  However, con-
sidering future designs, we believe that a 
further improvement in terms of robust-
ness or bit rate (and thus TTFF) could 
be achieved, for example, by adopting 
some more advanced FEC techniques 
like those reviewed in the article by 
Anghileri et alia (2011).
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this: 1-cm/sec * (100 seconds) = 1 
meter.

Even if you had to wait 100 seconds 
between position updates (i.e., for 
geometries providing adequate posi-
tion fix coverage), you could maintain 
impressive accuracy, continuously, 
with one-second sequential changes in 
carrier phase.  So, without agreement 
between standards used for different 
constellations, you could continue to 
operate successfully despite scarcity of 
acceptable fix geometry from any sepa-
rate individual constellation. 

On the last day of that GNSS 2011 
conference I had a fortuitous coinci-
dental discussion with Brad Parkinson, 
where I told him about my flight test 
results using that method.  Not sur-
prisingly, he understood it right away, 
instantly recognizing its usefulness for 
dead reckoning.  I later expressed it in 
an online posting:   <http://jamesLfar-
rell.com/gps-gnss/dead-reckoning-by-
gps-carrier-phase>. 

Recently I’ve become aware that this 
opportunity (FINALLY) is coming into 
usage (although many who use it are 
playing their cards close to the vest). 
One group not hiding that usage (also 
not surprisingly) involves the Ohio 
University approach to collision avoid-
ance. The GNSS-12 paper presented 
by Phil Duan <http://ion.org/search/
view_abstract.cfm?jp=p&idno=10234> 
exploits this advantage for anticipa-
tion 100 seconds ahead (e.g., for 100 
seconds before time to closest approach 
for collision avoidance). Combination 
with usage of speed change (rather 
than altitude change) as described in 
another online video <http://www.

youtube.com/watch?v=2X88s4o74c4> 
offers capability far beyond existing 
future plans for automatic dependent 
surveillance–broadcast (ADS-B) 
<http://jamesLfarrell.com/gps-gnss/
collision-avoidance>.

It is my firm conviction that the 
need for dramatic reductions in aircraft 
miss-distance will necessitate adoption 
of this departure from today’s habits.

None of this is intended to imply 
a reduced need for commonality of 
GNSS standards.  This author has been 
on written record advocating standard-
ization, in multiple forums (involving 
not only satnav but all navigation and 
tracking data sources) for decades 
<http://jameslfarrell.com/wp-content/
uploads/2010/06/IONGPS90.pdf>.

The immediate issue is, here-and-
now, as we are forced to wait for 
interoperability or interchangeability 
to emerge, we AREN’T forced to accept 
unsatisfactory performance.

James L. Farrell
Severna Park, Maryland
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