Ready to Navigate!

A Methodology for the Estimation
of the Time-to-First-Fix

Estimating and comparing the various GNSS
signals’ time-to-first-fix is an excellent tool
for evaluating the design trades made on GNSS
signal structures and a particularly important
feature for general users in the mass market.
This column describes the various factors that
contribute to delays in a receiver's initial
position fix and proposes a methodology for
estimating time-to-first-fix for various signals
and receiver start conditions.

MARCO ANGHILERI, MATTEO PAONNI, STEFAN
WALLNER, JOSE-ANGEL AVILA-RODRIGUEZ,
BERND EISSFELLER

INSTITUTE OF GEODESY AND NAVIGATION,
UNIVERSITY FAF MUNICH, GERMANY

)

fter three decades of increas-

ingly widespread use, satellite

navigation-based services have

changed significantly, especially
for general users in the mass market.
New technology enablers such as assist-
ed GPS (A-GPS), the use of massively
parallel correlation, and the application
of advanced positioning techniques have
significantly enhanced the time-to-first-
fix (TTFF) and sensitivity of today’s
receivers.

Although these techniques have
increased satisfaction for end users, they
could partially mask many particular
differences expressed among the various
GNSS signals, today and in the future.

These new signals contain many
innovations, including the use of lon-
ger spreading codes, new modulation

techniques, and new navigation mes-
sage structures using channel-coding
techniques.

With such a wide variety of signals, it
is essential to define criteria that enable
us to understand the main differences
among the signals, as well as under
which conditions one would perform
better than others and their relative suit-
ability for particular applications.

Among the different performance
metrics, estimating and comparing the
various signals’ TTFF is an excellent tool
for evaluating the design trades made on
GNSS signal structures, especially those
concerning spreading codes and naviga-
tion messages.

In this article we propose a method-
ology to account for and evaluate what
happens in a conventional receiver
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“behind the scenes,” from the very first moment the receiver is
switched on, until it is “ready to navigate”.

After presenting a theory that may be applied to any GNSS
signal, we discuss simulation results obtained with some GPS
and Galileo signals. Our proposed approach can be seen as an
extension of the methodology described in the article by J. K.
Holmes et alia, listed in the Additional Resources section near
the end of this column, where the results are computed for a
confidence level of 95 percent.

Definition of TTFF

With the expression time-to-first-fix, we generally refer to the
time needed by the receiver to perform the first position fix,
starting from the moment it is switched on.

Usually we distinguish among three different TTFF sce-
narios, depending on the particular status of the receiver when
it is started. We refer to cold, warm, or hot starts according
to the availability and validity of the data required for com-
puting the navigation solution (satellite almanac and ephem-
eris parameters, send time of the received signal, previously
stored PVT solutions). These three cases can be described as
follows:

o Cold Start: No data is stored in the receiver; however, the
position solution can be calculated by a full sky search with-
out the use of any almanac data. For the first position fix,
clock correction and ephemeris data (CED), together with a
GNSS time reference (GST) must be retrieved.

« Warm Start: Valid ephemeris and clock corrections are stored
in the device and the receiver just needs to retrieve the GST
information from the navigation message.

 Hot Start: The warm start conditions apply; in addition,
accurate position and clock error are known. The position
solution can be computed without any information from the
navigation message.

In addition to the availability of navigation data, TTFF per-
formance depends on the number of visible satellites and the
strength of the received signals.

In this study, we performed all our analyses with three
baseline assumptions: (1) received signals have high enough
C/N, (e.g. no bit errors), (2) the number of visible satellites is
always sufficient to allow the receiver to perform a first posi-
tion fix within the standard accuracy requirements; and (3)
the receiver uses parallel processing on all the signals coming
from the different satellites, as is common in a state-of-the-art
receiver today. Under these three conditions the TTFF equals
the time needed to process one of the signals coming from the
different satellites.

In the following sections we present a methodology for the
computation of a 95 percent probability of TTFFE. This method
may be applied to any GNSS signal.

The approach also may be seen as a generalization of J. K.
Holmes’ method, where the TTFF is subdivided into different
contributions, each of which may be estimated separately and
the combination of which produces the final result.

Contributions to the TTFF

The individual contributions to the TTFF trace to the indi-
vidual tasks performed by the receiver from the moment it is
switched on, until the first valid position solution is reported.

Depending on the start condition, the TTFF can be
described as follows:

TTFFcold = Twarm—up + ]:ch + 7:‘mck + TCED+GST + TPVT @

TTFFwarm = Twarm—up + ’l;cq + Ttmck + TGST + TPVT @

TTFFhot = Tacq + Ttmck @

where:

Twmmw: receiver warm-up time

Tacq: acquisition time

T, . settling time for code and carrier tracking

T .p.cs Davigation data read time (clock correction and
ephemeris data or CED plus the GNSS System
Time, GST)

Too time to retrieve the system time reference

T, time to compute the navigation solution

The receiver warm-up time includes all software and hard-
ware initializations carried out from the first moment the
equipment is switched on. Because the performance obviously
depends strongly on the GNSS receiver’s technology, in this
case for our purposes we assumed this warm-up time to be two
seconds for all receivers.

The time to compute the navigation solution is mainly due
to the initialization of the algorithms for the positioning solu-
tion, typically by a Kalman filter or least squares method. Espe-
cially in the cold start case, with no prior knowledge of the user
position, the algorithms are initialized supposing the user to
be located in the center of the Earth.

Because of this assumption the positioning algorithm
requires some iterations to converge to the positioning solu-
tions. The time needed for these iterations is called T,,,. For
a warm start, a very approximate positioning solution can be
used, and thus the T, _ contribution becomes smaller. Finally,

PVT
in the case of a hot start, the time is considered negligible.

Acquisition Time

We turn our discussion to the main contributors of the overall

TTFF calculation and the theory necessary to compute T,
track’ TCED+GST’ and TGST'

We treat the acquisition process as a detection problem,
usually performed in a navigation receiver by measuring the
complex amplitude of the correlator’s output. The test statistic
is thus defined and compared with a predefined fixed threshold,
indicating whether the signal sought is present.

We set the threshold in order to minimize the probability
of false alarms while maintaining a high probability of detec-
tion. As shown in the chapter on GPS receivers by A. J. Van
Dierendonck (see Additional Resources), during the coherent
integration, a number M of intermediate frequency (IF) in-
phase (I) and quad-phase (Q) prompt correlator samples are
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each summed coherently, squared, and then added together,
resulting in the following expression:

)’c:[ZL}J{ZQ} @

where y_ represents the squared summation of the samples.
The number M of samples summed in the coherent integra-
tion is determined using a coherent integration time T.
The final test statistic, y, ., is the non-coherent summation
of K consecutive coherent integrations after squaring:

ch:Z}’Cj:ZK Iz‘] +(ZQ;} ] (s)
j=1 j=t | \i=1 i=1 )
j

We note that Equation (5), commonly known as dwell time,
is the product of T and K and is the time needed to perform
the detection, consisting of coherent and non-coherent inte-
grations. As explained in the article by A. J. Van Dierendonck
cited in Additional Resources, the signal detection problem
is essentially a statistical exercise based on a hypothesis test.
Thus, defining TH as the test threshold, for the hypothesis test
we have:

* Yy >TH under the hypothesis H, (signal is present)
* Yy <TH under the hypothesis H, (signal is not present)

Statistical Method

The probability density functions of the test statistics under
the hypotheses H, and H , as discussed in the article by J. A.
Avila-Rodriguez, are defined as follows:

k1) 1
1 2 *_( NC*K‘I)
P()’NclHl):_(chj e’ .IK—I('V KayNC)’yNCZO (6

2\ Ko
and
Se& 1 n-1
plyne [Hy)=e 2 Zmym »Ine 20 @
n=0 .

where I (x) is the modified Bessel function of the first kind,
and « is the post-correlation signal-to-noise-ratio, defined in
Equation (8):

a =2TC/N, ®)

As is well known, the acquisition is performed following a
two-dimensional search in frequency and code delay. We need
to define the search space and search strategy in order to cor-
rectly estimate the acquisition time.

The search space has to cover the full range of uncertainty
of the code delay and carrier Doppler shift. With respect to the
code delay search space, the range of the possible offset values
depends on the specific code that must be acquired.

The Doppler frequency shift search space, fixed to a maxi-
mum possible Doppler shift, mainly depends on the carrier
frequency of the signal to be acquired, on the particular orbital
characteristics of the associated constellation, and the speed of
the user that is receiving it.

We assume a one-half code chip resolution for the code
delay dimension of the search space. With respect to the Dop-

pler shift resolution, the width of the Doppler bin, the funda-
mental unit here, depends mainly on the integration time, and
can be defined as follows:

§f =2/3T ©

In order to perform simulations, the coherent integration
time, T, as well as the number of non-coherent summations,
K, must be fixed for all the signals under study. In order to
keep the acquisition time as short as possible and maintain the
hypothesis of a “high enough” C/N,, we fix K at 1 for all the
cases. We consider T for all signals as the length of one code
period. Table 1 lists the values chosen for each of the various

signals.
Consequently, we calculate the search space dimension as:
Af AT
N-= NfN,, =—f— (10)
of ot

where Af = 2f M4*is the range of frequency values to be searched.
AT is the range of code shift values to be searched and also
equals the length of the code, while §fand Jt are the frequency
and code shift bin dimensions, respectively.

Under these hypotheses we calculate the search space
dimensions for the five signals analyzed. The results are report-
ed in Table 2.

Because massively parallel correlators or a fast Fourier
transform (FFT) approach (or both) are used in modern GNSS
receivers, the number of dwell times needed to span the full
search space decreases. If P and P, are representing the num-
ber of frequency and code bins that are searched in parallel,
then the total number of parallel correlations needed in the
acquisition process is:

N N/N;

g, &
where P=P P_is the total number of bins that are searched in
parallel in both code and frequency, and N =N N is the total
number of paral-

lel correlations that Signal T [ms]

actually contribute Galileo F1-B 4
to the acquisition Galileo E5a-| 1
time.

In the cases of SO LA :
both warm and hot GPs LiC 10
starts, we consider GP5 L5-15 1

RIS (0N (RI 151k 1. Coherent integration time values

Signal N of [Hz] Ny &t [chips]
Galileo E1-B 50 167 8184 0.5
Galileo E5a-| 10 667 20460 0.5

GPSL1C/A 15 667 2064 0.5

GPS L1C 147 67 20460 0.5

GPS L5-15 11 667 20460 0.5

TABLE 2. Search space dimensions
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Signal Cold Start Warm Start Hot Start
Galileo E1-B 2.07 0.92 0.10
(Galileo E5a-I 0.26 0.15 0.03

GPSL1C/A 0.04 0.02 0.01

GPS L1C 41.02 14.62 1.06

GPS L5-15 0.29 0.16 0.03

TABLE 3. T,4(95%)[s] - Maximum search

Signal Cold Start Warm Start Hot Start
Galileo E1-B 113 0.48 0.05
Galileo E5a-| 0.13 0.08 0.02

GPSL1C/A 0.02 0.01 0.003

GPSL1C 33.21 8.64 0.54

GPS L5-15 0.15 0.08 0.02
TABLE 4. T,,(95%)[s] - Serial search

Signal Cold Start Warm Start Hot Start
Galileo E1-B 0.04 0.03 0.02
Galileo E5a-| 0.03 0.02 0.01

GPS L1 C/A 0.01 0.01 0.003

GPS L1C 0.36 0.28 0.22

GPS L5-I5 0.03 0.02 0.01

TABLE 5. T, (95%)[s] - Hybrid search

cess. In these cases the search space is reduced from that used
for a cold start. The code shift dimension remains unchanged,
while fewer Doppler bins need to be accounted for.

For the purpose of this work, the dynamic variation rate for
a signal transmitted at L-band frequencies has been estimated
at one hertz per second. Therefore, if after 10 minutes a signal
must be reacquired, for example, then the Doppler range to be
scanned would be +600 Hz.

Following the discussion in the article by D. Borio et alia,
we considered three main search strategies: serial search,
maximum search, and hybrid search. Details on these search
techniques can be found under Additional Resources, in the
articles by A. Polydoros et alia, G. E. Corazza, and H. Mathis
et alia, respectively.

The expressions for probability of detection and probability
of false alarm during the acquisition process previously intro-
duced are independent of the search strategy, because we evalu-
ate them within a single cell of the search space.

We build on the expressions presented in the articles by D.
Borio et alia and D. Borio for system detection and false alarm
probabilities in order to evaluate of the acquisition time for the
various search strategies. The system detection probabilities
for the three search strategies previously introduced are the
following:

—11= Ny
pD,Serial = i% pd (12)
P asimun = .[[I_Pfa]Np_lp(yclHl)dyc (13)
TH

1-|1-p [
PD,Hybridle [ pfa] :

1-[1- p, [ I[I_Pfa]N”ﬂP(J’c|Hl)dyc (14)
by fa TH

where p and p,_ are the single cell probabilities of detection
and false alarm.

The acquisition decision is made taking into account the
whole search space; however, the system probabilities just
described are also extremely important, especially in calculat-
ing the time needed to perform the acquisition process. These
probabilities are defined under the two assumptions, (a) that
the single cell probabilities are verified only for one cell of the
search space, and (b) that the random cells are statistically
independent.

Let us now derive the expression for the acquisition time for
the easiest case, corresponding to the maximum search strat-
egy. In this case, the mean time to sweep the whole search space
is given by J. K. Holmes (2007) in the following expression:

T =T,N, +k,T, N, (), 1s)
where T, is the total dwell time, and N is the search space
dimension previously defined, while (p,), is the effective false
alarm probability that takes into account the fact that more
cells are searched in parallel, defined as follows:

(Pfu )p =1—(1—Pfa)P (16)

Moreover, in Equation (15) k T'is the so-called penalty time
needed to verify that the false alarm is really a false alarm and
not a true lock point. For the simulations in this work, k = 3.

Using the mean sweep time, we define the probabifity of
acquisition after n searches of seconds through the search space
as

P, (nT,,)=1-(1-P,) (1)

where P is the system probability of detection for different
search strategies. Therefore, if the required probability of acqui-
sition is higher than the system probability of detection, more
than one sweep of the search space is needed. By fixing a given
probability of acquisition, the corresponding time needed to
acquire the signal with that probability can be calculated.

Statistical Results

In the simulations we performed, we assumed 30,000 corre-
lators for all the three search strategies, common in today’s
navigation receivers. Moreover, we assumed a single cell detec-
tion probability of 0.9 and a single cell false alarm probability
of 107,

The acquisition time for a 95 percent confidence level has
been calculated for the five GNSS signals, applying the three
different search techniques discussed earlier to each of the cold,
warm and hot start cases. Thus, we considered nine different
simulation scenarios for each signal.

We selected a reacquisition time of 30 minutes and 60 sec-
onds, for a warm and hot start, respectively. The results of the
simulations for the Tm(95%) are listed in Tables 3, 4, and 5 for
maximum, serial, and hybrid search strategies, respectively.
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FIGURE 1 Step response of the tracking loops ina GNSS receiver. a) PLLb) FLL ¢) DLL (from the article by J-H Won et alia.)

In the case of hybrid approach, the frequency domain is
searched using an FFT-based method, while a maximum search
is used in the code dimension.

The acquisition time in the case of a “high-enough” signal
to noise ratio is quite short. The only exception is represented
by GPS L1C, where the coherent integration time for LIC is
assumed to be 10 milliseconds, while the search space is the
widest, as shown in Table 2.

As expected, the best performance is achieved for GPS L1 C/
A, due to its shortest code and coherent integration time. Galileo
E5a-T and GPS L5-15 show similar results, while slightly longer
times are needed to acquire Galileo E1-B, because a coherent
integration time of four milliseconds has been considered.

Simulations for the acquisition time in conditions of lower
signal to noise ratio can be found in the article by M. Paonni
et alia (Additional Resources).

Initialization of Tracking Loops

The receiver’s tracking loop (PLL, FLL, and DLL) require,
before entering their stable region, a transient time estimated
by studying their step response. Even if this time is dependent
on the chosen loop bandwidths, generally the settling times of
PLL and DLL are significantly shorter compared to the time
required by the FLL, as shown in Figure 1.

As shown in the Figurel(b), the FLL loop is of second order,
resulting in a curve that oscillates for a few seconds before
reaching the steady state, where the amplitude of the response
equals the amplitude of the input step. In accordance with the
overall approach followed in this work, we read the time value
when the curve’s amplitude remains between 0.95 and 1.05.

In agreement with the results in J. K. Holmes et alia, a value
of 4.8 seconds for the cold and warm start cases has been cho-
sen, while in case of a hot start, this time contribution reduces
significantly to an assumed 0.5 seconds.

Frame Synchronization
In today’s GNSS navigation messages, data is arranged in a
multi-level structure composed of frames, subframes, messages,
pages, and words. See the sidebar entitled “Navigation Message
Architecture and Terminology” for a brief description of the
generic structure of navigation messages.

A common feature of the various types of messages is that,

Type 1 Tu_pe 2
Physical layer|oica1ooco0] Navigation Symbols | p1o1100000|Navigation Symbols
Link-Tayer T Information Bits Information Bits
A

FIGURE 3 Generic structure of two consecutive pages

after retrieving the navigation bits, a validity check, such as a
cyclic redundancy check (CRC), is performed. Considering the
number of bits to which this check applies, together with the
field containing the checksum, the block of navigation symbols
obtained by encoding these bits is called a page.

Usually the page contains also a known sequence of sym-
bols located at the beginning and called the synchronization
— or synch — word. For example all the Galileo I/NAV message
pages begin with the sequence 0101100000.

The search process leading to the identification of the start-
ing point of a valid page is called frame synchronization. This is
generally achieved by the identification of a valid synch word.

The T, is defined as the time between the epoch at which
the first navigation symbol coming from the tracking loop is
available and the epoch of the first successful validity check.

Assuming that no bit errors are encountered, the worst case
causing the longest waiting time is when the first retrieved nav-
igation symbol is located at point A as shown in Figure 3, which
is the second bit of the currently processed page.

In this case T, , is equal to the duration of two pages
minus one bit, while omitting the processing time to compute
the CRC, which can be considered negligible. The relationship
between T, , and the symbol rate is given by:

T =~ (2L 1) )

where L is the number of navigation symbols in one page
and r, is the symbol rate. Equation 18 clarifies the notion that
an increased symbol rate helps to reduce the time needed for
the frame synchronization.

We now consider the special case of the frame synchroni-
zation procedure for the GPS L1C signal. Its message, called
CNAV-2, does not present any synch field because frame syn-
chronization is achieved by overlaying code modulated on the
pilot component of the signal.
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Navigation Message Architecture and Terminology

All data of interest is contained, together with other parameters, in the navi-
gation message transmitted by satellites in the form of a long bit sequence.
Each GNSS has its own terminology for describing these groups of bits and
there are also different logical ways to identify one particular group.

We use the terminology of the European Galileo system, for example, the
F/NAV and call page a sequence of bits whose validity is proven by a cyclic
redundancy check (CRC) located at its end. The page represents the smallest
block of information where a single bit error would cause the whole block to
be considered invalid and therefore discarded.

Forthe page to be valid, the whole block must be received and decoded.
If a receiver starts reading the message one bit after the beginning of the
current page, the message is considered invalid, and one has to wait until
the page has been completed before retrieving the next page of useful
information.

Pages of different types are transmitted sequentially for the duration of
one subframe, which identifies the upper logical group of information.

Due to theirimportance and urgency and unlike some other parameters,
such as almanac data, differential corrections or other system parameters,
the CED and the GST are regularly transmitted within each subframe at a
repetition time given by the subframe length in seconds.

Table 6 shows the repetition interval of CED and GST for some GNSS
signals.

As an example, we take the structure depicted in Figure 2, which is
based on the Galileo I/NAV message. A subframe repeating every 30 sec-
onds is shown. The green pages contain CED, while the grey ones contain the
system time information. Note that, while all the four green pages should be
retrieved for having valid CED, the GST could be retrieved either from page
5 or 6 without distinction.

This sequence has exactly the same length of one frame, or
1800 symbols, and was chosen such that the correlation with
shorter sequences would also allow synchronization. The arti-
cle by J. Rushanan referenced in Additional Resources shows
that a sequence of 100 symbols, transmitted over the course of
one second, is enough to definitively identify where the frame
starts.

In order to be consistent with the approach used in this
work, the values of T, _were computed at the 95 percent con-
fidence level. Table 7 shows the obtained results.

Because the synchronization time presented in Table 6 can
be included in the data read time (discussed in the following
section), the synch time makes no explicit contribution to the
TTFF, as can be also seen in equations (1), (2) and (3).

Navigation Data Read Time

The time required to read the data, described by the terms
T .p.csr@and T, represents the time needed by the receiver
to retrieve the navigation parameters, depending on the start
condition.

We can divide the parameters into two groups, the clock and
ephemeris parameters (CED) and the GNSS system time (GST)
parameters. The former group describes the position of the satel-
lite in its orbit and the satellite clock error, while the latter gives

information about the time at which a particular message was

Signal Navigation Message GST Interval CED Interval
Galileo E1-B [/NAV 155 30s
Galileo E5a-1 F/NAV 105 505

GPSL1C/A NAV 6s 305

GPSL1C CNAV-2 185 185

GPS L5-15 CNAV 6s 245

TABLE 6. Repetition intervals of CED and GST for various GNSS signals

Elapsed Elapsed
' Page Type - Page Type
Time fs] | g LIpe Time [s] e LIpe
1 Page2 - | 16 Page 11
2 CED (2'4) | 17 Pae 16
3 Pages- | | 18 w
4 CED (4'4) 19
- S Page 15
- 6-G5T | —— e
6 Page | | 21 | Pagel-
7 fF) CED({1/4)
Page 79 $
& N 23 | Pageld-
Q & CED {34
|:{| Page /10 : v G4)
= | Page’-GST
11 o 12 26
12 age 1 77 [
13 Pace 14 2% Spare
14 age 20
. | 1 . Spare
15 Page 11 30

FIGURE2 Example structure of a navigation message subframe (Galileo
I/NAV

sent, an essential ref-

) Signal Frame Sync Time [s]
erence point for the T
PRN code ambiguity N 195
resolution. Galileo E5a-| 1.95
In the case of a GPS L1 C/A 11.72
cold start, both CED GPS L1C 100
and time informa- 675 Lo 15 < 86

tion are missing,
while for a warm
start, the availabil-
ity of a valid CED allows us to perform the first position fix
immediately after reading the send time information.

We use a cumulative distribution function (CDF) to esti-
mate the value of the data read time with the 95 percent con-
fidence, in order to add it to the estimates of the other TTFF
contributions. Because the CDF is the integral of the probabil-
ity density function (PDF), we must first estimate the PDF — a
step that we will return to later.

TABLE 7. Frame synchronization time of various GPS

and Galileo signals

Reading a GNSS Nav Message
In order to read the navigation message, we must first make a
table of the time needed to read both CED and GST, considering
all the possible points where the reading process can start.

If the current page contains the parameters required for
the first position we consider also the cases where the reading
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Reading Epoch  Tegp.gst [S] Reading Epoch  Tegp,goy [S]
0 24 16 18

0+ 32 17 17
1 31 18 16
2 30 19 15
2+ 32 20 14
3 31 20+ 32
4 30 21 31
5 29 22 30
6 28 22+ 32
7 27 23 31
8 26 24 30
9 25 25 29
10 24 26 28
11 23 27 27
12 22 28 26
13 21 29 25
14 20 30 24
15 19 31 32

TABLE 8. Time to get navigation data from the Galileo I/NAV message for

different reading epochs

3 Time to read CED and GST

30/
25
20

Teep+gor [5]

10

0 5 10 15 20 25 30
Reading Epoch [s]

FIGURE4 Time to read CED and GST from the Galileo I/NAV message asa

function of the reaching epochs

point is immediately after the beginning of the page. For a page
starting at the time 0, such epoch (implying the loss of the first
bits) will be indicated as 0+.

Table 8 shows the T, ., values referring to the subframe
structure of the Galileo I/NAV message. As we can see, after 30
seconds the time values repeat from the previous subframe.

We plot these values in Figure 4, giving us a rough idea of
the required reading time versus the reading epoch charac-
teristics.

As one can see, the read time decreases linearly, with dis-
continuities if the reading epoch is located just after the begin-
ning of a page of interest (f = 0+, t = 2+, t = 20+ and ¢ = 22+).

The function can be described as follows:

Probability
=
(o)

FIGURE 5 Probability density function of the time to read the Galileo
1/NAV message

x(t) =24 t=0

x(t)=—t+32 0<t<2 (19)
x(t)=—t+34 2<t<20

x(t)=—t+52 20<t<22

x(t)=—t+54 22 <t<30

We now calculate the PDF for f(t) of T, .- The entry
point in the subframe is assumed to be uniformly distributed
over its length in seconds and a count is taken for the frequency
with which each possible T, .. is observed. By normalizing
the occurrences, the searched curve integrates to 1, allowing us
to compute the individual probabilities. The results are shown
in Figure 5.

The mathematical form of the PDF is given by:

L 14<t<24
30
1
—  24<t<30
f(t)=<15 (20)
i 30<t<32
15
0 elsewhere

At this point the 95 percent probability can be obtained
from the following relationship:
TCED+GST

[ f(ydt=0.95 (21)

—o0

F (TCED+GST) =

Still referring to this example, we iteratively solve Equation
21, obtaining T, .., = 31.63 seconds as the final result.

This value represents with 95 percent confidence the time
needed by the receiver to retrieve the CED and GST parameters
from the Galileo I/NAV message. These parameters are neces-
sary for the first position fix, in the case of a cold start.

For the warm start case, only GST needs to be retrieved;
the values for the time required to read these data are shown

in Table 9.
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Reading Epoch Tgsr [s]

Reading Epoch Tasr [s]

0 b 16 10
1 5 17 9
2 4 18 8
3 3 19 7
4 2 20 6
4+ 22 21 5
5 21 22 4
6 20 23 6
7 19 24 2
8 18 24+ 12
9 17 25 1
10 16 26 10
11 15 27 9
12 14 28 8
13 13 29 7
14 12 30 6

TABLE 9. Galileo I/NAV - Time required to obtain the system time refer-
ence for different reading epochs

Accordingly, the plots of the required time to read the data
and of the probability density function change, as presented in
Figure 6 and Figure 7.

Also for the warm start case, the 95 percent probability can
be obtained by iteration from the cumulative distribution func-
tion resulting in T ., = 20.60 seconds.

All these estimates concerning the data read time must be
added to the other contributions in order to come up with the
overall TTFF estimate.

In Table 10 we apply this approach to various GNSS signals
and report the estimated values for T, ., and T
Note that for hot start cases, according to Equation (3), there

is no contribution of the data read time.

Key Notes: Navigation Data Delivery

Versus Retrieval

At this point we want to underline a few aspects regarding the
delivery of the different data messages with respect to the time
required to retrieve them.

For the cold start case, a key factor influencing the perfor-
mance — beside the symbol transmission rate — turns out to
be the repetition rate of the CED data. In fact, the GPS L1C
(CED every 18 seconds) shows the shortest read time.

A similar consideration applies for the warm start, where
the higher repetition rate of the GST information in the GPS
signals compensates for the lower symbol transmission rates.

Simulation Results

According to Equations (1), (2), and (3), and substituting the
estimates obtained following the approach explained in the
previous sections, we come to the final results reported in Table

24 Time to read GST
20
"o 15
"
5\
O0 5 10 15 20 25 30

Reading Epoch [s]

FIGURE 6 Time to read GST from the Galileo I/NAV message as a function of
the reading epochs
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FIGURE? PDF of the time to read the GST from the Galileo I/NAV message
System and Signal Message Teep.gsr [51 957% Tosr [s] 95%
(Cold Start) (Warm Start)

Galileo E1-B [/NAV 31.6 20.6

Galileo E5a-| F/NAV 59.2 37.5

GPSL1C/A NAV 35.5 11.7

GPSL1C CNAV-2 17.6 17.6

GPS L5-I5 CNAV 29.61 11.7

TABLE 10. Estimates of the navigation data read time for different Galileo and GPS

messages

11, Table 12 and Table 13 for cold, warm, and hot starts, respec-
tively. Note that the time contribution due to acquisition refers
to the maximum search strategy.

As can be seen in these three tables, the Galileo E1-B and
GPS L5 signals show the best TTFF performance for the cold
start case, while for the warm and hot start the GPS L1 C/A
code outperforms all other signals.

The very low data rate of the Galileo E5a-I signal results
in a quite long data read time and, as a consequence, its TTFF
performance is the worst for the cold and warm start cases,
where data from the message needs to be retrieved.

For the GPS L1C signal, we can see how the poor perfor-
mance of the acquisition time, due to the long coherent inte-
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System and Signal T,y [5] Toq L8] Tirack [8] Teep-gsr [S] Toyr [s] TTFF gy [s]
Galileo E1-B 2.0 2.07 4.8 31.6 2.0 42.47
Galileo ESA-I 2.0 0.26 4.8 59.2 2.0 68.26

GPS L1 C/A 2.0 0.04 4.8 35.5 2.0 44.34
GPS L1C 2.0 41.02 4.8 17.6 2.0 67.42
GPSL5-15 2.0 0.29 4.8 29.61 2.0 38.70

TABLE 11. Time-to-First-Fix estimates for the receiver cold start

System and Signal T,y [5] Toeq [s] Tack [S] Tgor [s] Tpyr [s] TTFF 4 [5]
Galileo E1-B 2.0 0.92 4.8 20.6 2.0 30.32
Galileo E5A-1 2.0 0.15 4.8 375 2.0 46.45

GPS L1 C/A 2.0 0.02 4.8 11.7 2.0 20.52
GPS L1C 2.0 14.62 4.8 17.6 2.0 41.02
GPS L5-15 2.0 0.16 4.8 11.7 2.0 20.66

TABLE 12. Time-to-first-fix estimates for the receiver warm start

System and Signal Taq [8] Tirack [S] TTFFyq [S] that no bit errors
(alileo E1-B 0.10 0.5 0.60 occurred.
Galileo ESA-I 0.03 0.5 0.53 We extended our
GPS L1 C/A 0.01 05 0.51 analysis to consider
0PS LiC 106 0 156 the be}}aV1or of the
TTFF in low C/N
GPS L5-15 0.03 0.5 0.53 . 0
environments. A

TABLE 13. Time-to-first-fix estimates for the receiver hot start

gration and the length of the PRN codes,
is counterbalanced by a very short data
read time. The GPS L1C signal is, indeed,
presenting the shortest data read time
because of its particular navigation mes-
sage structure, which allows for a very
short ephemeris repetition time.

Conclusion

We have presented a methodology for
the computation of the TTFF for vari-
ous Galileo and GPS signals while dis-
tinguishing the cases of receiver cold,
warm, and hot starts. We also consid-
ered the main contributions to the TTFF,
using simulations, as well as the different
acquisition search strategies.

Because the contribution of acquisi-
tion time to total TTFF can be substan-
tially decreased by employing new algo-
rithms and technologies, a key factor for
a good TTFF performance turns out to
be the design of the navigation message
structure itself.

The estimates presented in the article
were made under the assumption that
signals were received with a high enough
carrier-to-noise ratio density, such

detailed discussion
of these results can
be found in the article by M. Paonni et
alia (Additional Resources).

Individuals who wish to further
investigate the TTFF metric can easily
implement our proposed method using
GNSS performance simulation tools.
We also suggest that this method could
be incorporated into GNSS theoretical
studies, especially those regarding next-
generation systems.
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