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1. INTRODUCTION

With the advent of the new global navigation satellite
system (GNSS), such as the European Galileo and the
Chinese Compass, new signals and new modulations have
been introduced in order to guarantee the coexistence and
interoperability with existent systems, like the American
GPS, and to fully exploit the technologies currently available.

An example of those new signals is the coherent adaptive
subcarrier modulation (CASM) that will be used for the
transmission of the Galileo signal on the El frequency.
CASM combines three different signals in a constant ampli-
tude modulation that allows the use of efficient class C
amplifiers [1, 2].

The three signals combined in the CASM are denoted as
the A, B, and C channels. The first one is used for public-
regulated service (PRS), whereas the latter two will provide
the open service (OS). The B and C channels have two
different roles: the first one, denoted data channel, will carry
the navigation message whereas the second one, denoted
pilot channel, will be used for determining the pseudoranges
between the satellites and the receiver. The B and C signals
will be transmitted at the same time, at the same frequency,
and they will be separated only by different codes [3]. The
A signal is not completely defined by the galileo interface

control document [1] but will probably be separated in
frequency as for the A signal emitted by Giove-A [4], the first
experimental satellite of the Galileo constellation.

The presence of new modulations allows one to adopt
special techniques specifically tailored to acquire and track
new signals.

One solution, when acquiring composite GNSS signals
such as the Galileo E1 OS modulation, consists in ignoring
the data channel and processing only the pilot signal. In this
way only half of the useful power is employed and the GNSS
receiver could not be able to acquire and track signals that
would be easily processed if all the useful power were used.
Pilot and data channel combining allows recovering all the
available power improving the acquisition performance and
providing more reliable signal detection. For these reasons
the design of signal combing techniques is critical for the
efficient acquisition of the new GNSS signals.

In this paper, Galileo E1 OS signals are considered
and in particular two acquisition strategies for the efficient
combining of data and pilot channels are analyzed. In the
first strategy, called noncoherent combining, the received
signal is correlated separately with the pilot and data local
replicas. The correlation outputs are then squared and
summed. This strategy essentially exploits the principle
of noncoherent integration [5-7] employed to extend the
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integration period over the bit duration. Its use for data and
pilot combining is reported by [8], however its performance
in terms of false alarm and detection probabilities has been
only marginally investigated.

The second strategy consists in multiplying the received
signal by two new signals, obtained by summing and
subtracting the data and pilot local replicas, respectively.
Then, the maximum of the two correlations is adopted as
decision variable. This strategy can be seen as an extension
of the (b—c) technique proposed by [9, 10] in which only
the correlation with the difference between data and pilot
codes was considered. This second strategy implements the
Maximum Likelihood estimator for the code delay, the
Doppler frequency, and the relative phase between data and
pilot channels, and, to the best of our knowledge, has never
been applied to the E1 OS signals. This strategy allows
the coherent combining of data and pilot channels and it
will be denoted as coherent channel combining with sign
recovery. The proposed method is the adaptation of the
acquisition strategy proposed in [11] to the Galileo E1 OS
signal. In particular [11] considered the case of data and pilot
components transmitted with a £90 degree phase difference.
Moreover, [11] only proposed the method without providing
any analytical characterization of its performance.

Both strategies have been analyzed in terms of false alarm
and detection probabilities and closed-form expressions for
the probabilities of coherent channel combining with sign
recovery have been derived. To the best of our knowledge
these expressions have never been derived before and repre-
sent one of the innovative contributions of this paper. More-
over, these formulas are general and can be easily adapted to
the case of other modulations, for example, for the GPS L5
case that has been analyzed only by simulations [11].

In the analysis the coherent integration time is limited
to a single code period. In this way the acquisition block
has not to deal with the problem of bit transitions that
can occur every 4 milliseconds. Moreover, an integration
time of 4 milliseconds should be sufficient to acquire GNSS
signals in high to moderate C/Ny conditions. The problem
of bit transitions can be overcome by using noncoherent
integrations. The integration time can be also increased
by considering the pilot channel alone and exploiting the
structure imposed by its secondary code [11]. These issues
are however out of the scope of this paper.

Monte Carlo techniques have been used for supporting
the theoretical analysis: simulations and analytical expres-
sions agree well proving the effectiveness of the developed
theory.

From the analysis it emerges that the coherent combining
always outperforms noncoherent combining and thus it
should be adopted for the joint acquisition of data and pilot
channels.

This work is organized as follows: Section 2 introduces
the CASM and provides a model for Galileo E1 OS signals.
In Section3 the noncoherent and coherent combining
algorithms are described and the expressions for false alarm
and detection probabilities are derived. In Section 4 the
derived formulas are validated by Monte Carlo simulations.
Finally, the conclusions are presented in Section 5.

2. SIGNAL AND SYSTEM MODEL

The signal at the input of a Galileo receiver, in one-path
additive Gaussian noise environment, can be written as

L
rRe(t) = > A[2Priyi(t) + nre(t) (1)

i=1

that is the sum of L useful signals, emitted by L different
satellites and with power Pg;, and of a noise term #rp(t). Each
signal y;(t), in the Galileo E1 band, is given by [1, 2]:

yi(t)

- ?[eB,i(t —70,) —eci(t — 10;)]cos(2m (fre + fai)t + 6;)

1
—g[ZeA,i(t—TO,i)+eA,i(t—To,i)es,i(t—To,i)ec,i(t—To,i)]
x sin (27 (fre + fai)t+ 0i),
(2)

where

(1) ea,i(t), epi(t) and ec,i(t) are the three useful signals
emitted on the E1 frequencies and corresponding to
the A, B, and C channels, respectively, and e4 () is
a restricted access signal for PRS whereas ep;(¢) and
ec,i(t) are the data and pilot signals for OS;

(ii) 70,i» fa,i» and 0; are the delay, the Doppler frequency,
and the phase introduced by the transmission chan-
nel;

(iii) fre = 1575.42 MHz is the E1 central frequency.

ea,i(t), epi(t), and ec;(t) are real binary sequences that
assume value in the set {—1,1}. These three signals are
combined according to the CASM in order to obtain a
constant envelope signal y;(t). This result is achieved by
introducing the term proportional to the three useful signals
in (2).

The input signal (1) is recovered by the receiver antenna,
downconverted, and filtered by the receiver front end. A
low-IF receiver is assumed. In mass-market receivers the
bandwidth of the front-end filter is generally limited to a few
MHz and thus the components depending on the PRS signal
in (2) can be considered eliminated by the filtering process.
This is due to the fact that a BOC(15,2.5) modulation [2, 4]
is employed for the PRS signal. This modulation splits the
PRS signal power far from the E1 central frequency where
the power spectral densities (PSD) of the OS signals are
concentrated. In this way, the received signal, before the
analog-to-digital (AD) conversion, is given by

L
re(t) = D 2P 7,(t) + mie(t)
o1

S (3)
= ;vaR,i?[eB,i(t - 10,i) — ec,i(t — 70,i) ]

x cos2m (fir + fai)t+ 60;) + (1),
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where fir is the receiver intermediate frequency and #p(t)
is the downconverted and filtered noise component. In (3)
the effect of the front-end filtering on the OS components is
considered negligible.

Finally, (3) is sampled and AD is converted, obtaining,
by neglecting the quantization impact, the following signal
model:

L
re(nTy) = > \2Pri¥,(nTs) + nip (nTy)

i=1

L
V2
= Z\IZPR,i7[€B,i(nTs - 70,) — ec,i(nTs — 10,1) |
i-1

x cos (27 (fip + fai)nTs + 6;) + e (nTy).
(4)

In the following, the notation x[n] = x(nT;) will indicate
a discrete-time sequence x[n], obtained by sampling a
continuous-time signal x(t) with a sampling frequency f; =
1/T;. For this reason (4) can be rewritten as

o -$E o] ¥)

X cos(2nF} on + 0;) + nip[n),

where C; = (4/9)Pg; and Fg,o = (fir + f4,)Ts. C; represents
the total power of the i th received signal since the term

<e3,i[n — %] - ec,i[n - %])cos(Zan),on +6;) (6)

S

has unitary power. The spectral characteristics of #g[n]
depend on the type of filtering along with the sampling and
decimation strategy adopted in the front end. A convenient
choice is to sample the IF signal with a sampling frequency
fs = 2By, where Byp is the one-sided front-end bandwidth.
In this case, it is easily shown that the noise variance becomes

No fs
2

ofr = E{nie()} = E{nip(nT)} = = NoBir, (7)

where Ny/2 is the Power Spectral Density of the IF noise. The
autocorrelation function

Rig[m] = E{nielnlme(n +m]} = ofd[m] (8)

implies that the discrete-time random process #p[n] is a
classical independent and identically distributed (iid) wide-
sense stationary (WSS) random process, or a white sequence.
0[m] is the Kronecker delta. From now on, this signal model
is adopted and the system performance is expressed in terms
of Carrier-to-Noise Ratio C;/Nj.

Both data and pilot signals in (5) can be represented as
the product of three terms

ep/ciln] = cpscilnlsg(nldpcilnl, 9)

where cp/ci[n] is a spreading code of length N, = 4092, sg[n]
is the subcarrier signal that in the Galileo OS signal is the
BOC(1,1), and dp/c,[n] is the navigation message for the
data signal and the secondary code in the pilot case. dp/ci[1]
is constant over one code period. Hereinafter the product
between the code and the subcarrier will be denoted as

ep/ciln] = cpcilnlsg(nl. (10)

As a result of code orthogonality, the different Galileo codes
are analyzed separately by the receiver, and thus hereinafter
the case of a single satellite is considered and the index i is
dropped. Thus the resulting signal is

rie[n]

_ \/6(63 [n— 7] _ec[n— %])COS(Z?TFD)OT’Z+9)+7’]IF[7’1]-
(11)

3. OSSIGNALS ACQUISITION

In traditional GPS receivers the delay and the Doppler
frequencies of received signals are estimated by using the
correlation with local signal replicas opportunely delayed
and modulated. In the acquisition stage, the code delay and
Doppler frequency are estimated as the ones that make the
correlation with the local replica pass a fixed threshold. In
the Galileo E1 case however this strategy cannot be directly
employed since two different signals are present. Moreover,
due to the navigation message on the data channel and to the
secondary code on the pilot channel, these two components
can be either summed or subtracted.

In this Section, we analyze two possible strategies for
signal acquisition for Galileo OS signals. The performance
of the two algorithms is evaluated in terms of false alarm
and detection probabilities that are the probabilities that the
decision variable passes a fixed threshold under two different
hypotheses:

(Ho) the signal is present and correctly aligned with the
local replica;

(H,) the signal is absent or not correctly aligned with local
replica.

The plot of the detection probability versus the false alarm
probability is called receiver operating characteristic (ROC)
and it completely defines the system performance [12]. The
ROCs are usually employed for comparative analysis, as
effective metric for characterizing an acquisition system [5,
6]. For these reasons they are adopted in this work and used
as basis for the analysis of the two acquisition algorithms
considered in the paper.

3.1. Pilot and data noncoherent combining

The conceptual scheme for the acquisition of Galileo E1
signals, with the noncoherent combination of data and pilot
channels, is depicted in Figure 1. The received signal is
multiplied by two orthogonal sinusoids at the frequency Fp,
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FiGure 1: Conceptual scheme of the Galileo OS signals acquisition with noncoherent combining.

leading to the in-phase (I) and quadrature (Q) components.
These signals are then split in two different branches
where the correlations with the data and pilot codes are
evaluated. The cross-correlations from the two branches are
noncoherently combined leading to the decision variable

Suc(Fp,7) = [Rp(Fp,7) |” + [Re(Fo, 7) |, (12)
where
R (Fp, 1) Z relnle [ ] exp {j2nFpn},
Rc(Fp, 1) Z re[n]e [ ] exp {j2nFpn}

(13)

are the cross-correlations of the received signal with the data
and pilot replicas delayed by 7 and modulated by Fp. In
(13) N denotes the number of samples used to integrate the
received signal over one-code period. More specifically, N is
given by | T.- f;], where T, = 4 milliseconds is the duration
of one code period, f; is the sampling frequency, and
[ -] denotes the floor operator. Since the cross-correlations
Rp(Fp, 1) and Rc(Fp, T) have been obtained from the input
signal rp[n], they also depends on 7y, Fpy, and 0, the
parameters that characterize rig[n]. The dependence on these
parameters has not been explicitly reported in (13) for the
ease of notation.

The multiplication by the complex exponential in (13) is
implemented in Figure (1) by the multiplication with the two
orthogonal sinusoids.

In Appendix A it is shown that Rg(Fp, ) and R¢(Fp, 7)
are two complex Gaussian random variables that, due to the
orthogonality properties of Galileo codes [3], are approx-
imatively independent. Thus IRB(FD,T)I2 and |Rc(FD,T)|2

are two y* random variables with 2 degrees of freedom.
From this consideration and (12), Spc(Fp, ) is a y* random
variable with 4 degrees of freedom.

In order the determine the ROC, the two following
probabilities have to be evaluated:

PES(B) = P(Suc(Fp,T) > BIHY),

Py(B) = P(Suc(Fp, ) > BIHo).

When the signal is not present or not correctly aligned it is
possible to assume [5, 6] that both Rg(Fp, 1) and R¢(Fp, T)
are zero mean. Thus S,.(Fp, 7) is a central Xz random vari-
able, whose distribution is completely characterized by the
variance of Rg(Fp, ) and of Rc(Fp, 7). From (13) we have

Var{Rg(Fp, 1)}

(14)

= Var{Rc(Fp, 1)}
1N T
= Var{N ,:Zo re[n]es [n - i] exp {jZﬂFDn}}

Nofs NoBir
N

(15)

ZVar{rIF[n ZVar NiE ”l]}—

Equation (15) directly derives from the noise model reported
in Section 2. In this case it is assumed that the input noise
is a white sequence. In a real GNSS receivers the front end
can introduce some correlation among the different noise
samples. This correlation causes a correlation loss [13] that
would affect both noise and signal components. This effect
could be included in the analysis but it would introduce
no further insight and thus, for the sake of clarity, it is not
considered in this context.
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Since both Rp(Fp, 7) and R¢(Fp, 7) are complex random
variables with iid real and imaginary parts, the variance (15)
is equally divided between the two components and thus we
can define

,  Nofs NoBr

TN T N (16)

o} is the variance of the real and of the imaginary parts of
Rp(Fp, 1) and Rc(Fp, 7). Given these premises and exploiting
the fact that S,.(Fp, ) is a central XZ random variable it is
possible to derive the false alarm probability [14]

ng(ﬁ)=exp{—fT%}(1+%). (17)

When the signal is present and correctly aligned Syc(Fp, 1)
is a noncentral x?> random variable with noncentrality

parameter
A= |E{Rs(Fp, 1)} |”+ | E{Re(Fp, 7)}|” =2 | E{Rs (Fp, 7)} |’
(18)
that assumes the following expression [13, 15]:
C sin?(7NAF) 2 C
=—— K (A1) = =, 19
2 (nNAF)* (A1)~ 5 (19)

where

(i) AF = Fpy — Fp is the difference between the Doppler
frequencies of the received signal and of the local
replica;

(i) At = (19 — 1)/Ts is the difference between the
delays of the received signal and of the local replica,
normalized with respect to the sampling interval;

(iii) K(+) is the correlation between the incoming code,
filtered by the frontend, and the code generated at the
receiver.

When the Doppler frequency and the delay of the local
replica match the ones of the received signal, the loss
(sin?(mNAF)/(rNAF)*)K2(A1) can be assumed negligible
and A ~ C/2.

From these considerations it is possible to evaluate the
detection probability [14, 16]

ch(ﬁ) QZ \/72)\/7

where Q,(-,-) is the Generalized Marcum Q function of
order 2 [16, 17], defined as

+o0 2 2
Kfljb xK exp{ _ X ;a }IK_I(ax)dx
(21)

2CN
Nofs’

Nofs /)’
(20)

Qk(a,b) =

where Ix_1(-) is the modified Bessel function of first kind
and order K — 1 [18].

3.2. Pilot and data coherent combining with
sign recovery

By considering (11) and by collecting the navigation message
of the data channel, it is possible to rewrite the received signal
rie[n] as

rie[n]
-calo-3]

+ nie[n].

] )cos(ZnFD,on+6)

(22)

Expressed in this form, (22) indicates that the navigation
message dg[n] is spread by the equivalent pseudorandom
sequence

dc[n]
dg[n]

= ep[n] - ec[n]. (23)

eeq[n]
Since the navigation message dg[n] and the secondary code
dc[n] are constant over one code period and since they

can assume only two values, —1 and 1, only two equivalent
spreading sequences are possible

eeql] = {63[71] —ec[n], (24)

eg[n] +ecln].

In the coherent combining scheme, the received signal is
correlated with both equivalent codes: the equivalent code
that maximizes the cross-correlation is likely the correct one.
Based on this principle the decision variable is given by

Smi(Fp,7) = max { |R* (Fp, 1) |%, |R™ (Fp, 1) |}, (25)

where

R+(FD3 T)

N-1
= I%IZ T’IF[H]{EB[” - %] +EC[” - %]}exp (j2nFpn),
n=0 § s

R™ (FDJ T)

= ;]tgm;[n]{eg [n - %] —ec [n - %]}exp (j2nFpn).
(26)

This kind of algorithm is based on the Maximum Likelihood
estimator for the code delay, Doppler frequency, and relative
sign between data and pilot channels, since, as shown in
Appendix B, the maximization of the correlation function,
with respect to the delay 7, the frequency Fp, and the
ratio dc[n]/dg[n], corresponds to the maximization of the
likelihood function evaluated for the received signal rp[n].
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F1GURE 2: Conceptual scheme of the Galileo OS signals acquisition with coherent combining.

The acquisition scheme with coherent combining is
reported in Figure 2: the received signal is correlated with the
two equivalent codes and the decision variable is obtained by
choosing the maximum of the two cross-correlations. It has
to be noted that the variables R* (Fp, ) and R~ (Fp, t) can be
obtained by opportunely combining the cross-correlations
with the data and the pilot codes

N-1
1 _ .
R*(Fp,1) = N Z rie[nles [n — %] exp (j2nFpn)
n=0 $

N-1

1
+ N%VIF[H]EC

[n - %] exp (j2nFpn)
= RB(FD,T) +RC(FD)T))
(27)

Ts] exp (j2nFpn)

e
R (Fp,7) = N. Z rie[n]es [n —
n=0
1 N T
- = Z re(nlec [n - —] exp (j2nFpn)
N = T
= RB (FD, T) — Rc(FD, T).
(28)

In this way the coherent combining algorithm can be
implemented with a computational load similar to the one
required by the noncoherent combining strategy.

From (28) and (27) it clearly emerges that R*(Fp, )
and R (Fp,t) are linear combinations of Rg(Fp,t) and
Rc(Fp, 7). Thus, since Rg(Fp, ) and R¢(Fp, T) are complex
Gaussian random variables, R*(Fp, 7) and R~ (Fp, 7) are also
complex and Gaussian.

The ROC for the coherent combining strategy can be
easily obtained by determining the false alarm and detection
probability of the variables |R*(Fp,7)|* and |R™(Fp,1)|*.
In fact it can be easily shown that the false alarm and the
detection probabilities of the decision variable S,,;(Fp, T) are
given by

P(Sml(FD)T) >ﬁ)
= P(max {|R*(Fp,7)|", |R"(Fp,7) |’} > B)

=1 —P(max{|R+(FD,T)|2, |R_(FDsT)|2} <p)

1 P(|R*(Fp, 1) |* < B, |R"(Fp, 1) |> < B)

1-P(|R*(Fp,7)|* < B)P(| R (Fp,1)|* < B).
(29)

The last line in (29) has been obtained by exploiting the
independence between IRJr(FD,‘L’)I2 and |R™ (FD,‘L’)I2 that
derives from the independence of R*(Fp,7) and R~ (Fp, 7).
In fact we have

E{R*(Fp,7)[R™ (Fp,7)]"}
= E{[Rp(Fp, ) + Rc(Fp,7)][Rp (Fp,7) — Rc(Fp,7)]"}
— E[|Rs(Fp,7) |* = |Ro(Fpy7) | ]

=0.
(30)

Equation (30) is zero since IR (Fp, 7)|* and |Rc(Fp, 7)|? are
equally distributed and the difference of their mean cancels
out. From (30) R*(Fp,7) and R (Fp, 1) are uncorrelated
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and, since they are both Gaussian random variables, inde-
pendent. For these reasons |R*(Fp, T)I2 and |R™ (Fp, T)|2 are
also independent.

Since R*(Fp,7) and R (Fp,7) are Gaussian random
variables, |R*(Fp,7)|* and |R™(Fp,7)|* are x? distributed
with two degrees of freedom. When the signal is absent, or
the local replicas are not aligned with the received signal, then
IRJr(FD,T)I2 and |R™ (FD,T)I2 are both central XZ random
variables [14] and the false alarm probability of Su(Fp, 1)
is

2

Pg‘l(ﬂ) =1- [1 —exp{ - B }] . (31)

407

Equation (31) has been obtained by substituting the cumu-
lative density function (cdf) of central y? random variables
[14] into (29). It can be noted that the exponential in (31)
depends on 40?2 instead of 207 as for (17). This is due to the
fact that the equivalent code (24) has twice the power of the
single pilot and data codes.

When the Galileo signal is present and correctly aligned
with the local replica, IR*(Fp,7)|* and |R™(Fp,7)|* are no
more central Xz random variables, and the noncentrality
parameters A, and A_ have to be determined. A, and A_
can be obtained by determining the mean of R*(Fp, ) and
R~ (Fp,7) under the hypothesis that the local equivalent
code matches or not the navigation bit. In particular we
have

E[R"(Fp,7)]

=E{Ry(Fp,7) + Re(Fp, 1)}

( _ =sin(ZNAF)
ZE{RB(FD’T)}_\/Ei(nNAF) K(A71) .
~ e dcinl
= Ve D dgln] T
e dcln] _
° g T
(32)
and similarly
E[Ri(FD;[)]
= E{RB(FD,T) —Rc(FD,T)}
_ =sin(rNAF)
ZE{RB(FD’T)}_\/Ei(nNAF) K(AT) .
~ 1 cin [
- ~/C if dln] 1
. dc[n] _
0 g
(33)

From these considerations it emerges that the decision
variable Sy (Fp, 7), under the hypothesis of presence of signal

7

TaBLE 1: Simulation parameters.
Parameter Value
Sampling frequency f: = 4.092 MHz
Intermediate frequency fir = % = 1.023MHz
Receiver bandwidth Bir = % = 2.046 MHz
Code rate 1.023-10° chip/s
Code length 4092 chip
Integration time NTs = 4ms

and correct alignment, is given by the maximum between
a central y* and a noncentral y* random variables with
two degrees of freedom. The noncentrality parameter of the
noncentral y? random variable is given by

_ Csinz(nNAF)

(ANAF) K*(A1) ~ C. (34)

Given these premises it is finally possible to express the
detection probability

e -1~ (1o [ | [1-0 (o)

| N e
(35)

where Q; (-, -) is the Marcum Q function of order 1.

4. SIMULATION ANALYSIS

In order to validate the theoretical analysis developed in
the previous sections, the Galileo E1 OS has been simulated
according to the parameters reported in [1] and acquired
according to the two methods considered in this work. The
simulation parameters are reported in Table 1. More in detail
a GNSS signal has been simulated according to model (11).
The spreading codes from [1] has been used to generate the
Galileo E1 OS signals, and the acquisition systems depicted
in Figures 1 and 2 have been implemented in order to
evaluate the decision statistics (12) and (25). The false
alarm and detection probabilities have been estimated by
verifying if the decision variables, under both (H;) and (Hy)
hypotheses, passed or not the decision threshold obtained by
inverting (20) and (31). 2-10° trials have been used for the
estimation process. Frequency and delay errors have not been
simulated and, for the evaluation of the detection probability,
the incoming signal has been considered perfectly aligned
with local replica. These errors were not considered in the
theoretical model and thus they have not been considered in
the simulation scheme as well. The impact of frequency and
delay residual errors has been extensively studied in [15] and
can be easily included in the models developed in previous
sections. This topic is however out of the scope of this paper.
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The simulations results are reported in Figures 3, 4, and
5, where the cases of C/Ny = 25,30, and 35 dB-Hz have
been considered. These C/N, values have been chosen since
they represent marginally strong and weak signal conditions.
The probabilities evaluated by Monte Carlo simulations
match the theoretical models developed in previous sections
and the theoretical and simulated ROCs overlap in all
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FiGUure 5: Simulated and theoretical ROCs for noncoherent and
coherent acquisition systems. C/Ny = 35 dB-Hz.

the considered cases. Simulations effectively support the
theoretical models proving the effectiveness of the analysis
developed in Section 3.

It can be noted, from Figures 3, 4, and 5, that the coherent
acquisition algorithm always outperforms the noncoherent
combining strategy. Moreover, it can be observed that the
two methods tend to have similar performance for low C/Np.
This performance degradation of coherent combing with
sign recovery is probably due to the fact that, for low C/Ny,
the estimation of the relative phase between data and pilot
becomes unreliable preventing an effective combination of
the two channels transmitted for the Galileo E1 OS.

5. CONCLUSIONS

In this paper, two different acquisition strategies for the
acquisition of the Galileo E1 OS signals have been considered
and deeply analyzed. The first strategy, the noncoherent
combining, is from the literature whereas the analysis of the
second one, coherent combining with sign recovery, is new
and represents the innovative contribution of this paper. An
analytical model for the false alarm and detection probabil-
ities of both algorithms has been derived and Monte Carlo
simulations have been used for supporting the theoretical
analysis. From the theoretical model and simulations it is
shown that the coherent combining algorithm outperforms
the noncoherent combing proving the effectiveness of the
proposed method. Thus, provided that both algorithms
require similar computational loads, the coherent combining
acquisition algorithm results in preferable to noncoherent
combining and should be adopted for the joint acquisition
of the E1 OS data and pilot channels.
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APPENDICES

A. INDEPENDENCE OF THE RANDOM
VARIABLES AT THE OUTPUT OF THE DATA AND
PILOT CORRELATORS

In this appendix we show that the random variables,
obtained by correlating the input Galileo signal with the local
replicas of the data and pilot channels, are approximatively
independent. The proof is based on the correlation proper-
ties of Galileo memory codes [3].

From (11) the signal at the input of the Galileo receiver
is the sum of a useful term and of white Gaussian noise.
This input sequence is correlated with local replicas of the
data and pilot primary codes, opportunely delayed and
modulated, and for each satellite, a pair of random variables
is obtained:

R TFD :727’112[” |:

z rie[n [

] exp {j2nFpn},

Re(r,Fp) = %]exp{ﬂﬂFDn}.

(A.1)

Since rip[n] is the sum of a deterministic component and
white Gaussian noise and since both Rg(7, Fp) and R (1, Fp)
are linear transformations of ri[n], then their independence
can be proven by considering

N 1

Xp(1,Fp) = Z nielnle [ %] exp {j2nFpn},

Z = [n]e [

Xc(1,Fp) = %]exp{jZnFDn}

(A.2)

that are obtained from the noise component of . Since the
input noise is assumed to be zero mean and since the useful
signal component determines the mean of the correlation
function, it is possible to write Xp(7,Fp) = Rg(r,Fp) —
E{Rp(7,Fp)} and Xc(7,Fp) = Rc(7,Fp) — E{Rc(7,Fp)}.
Thus the independence of Xp(7, Fp) and Xc¢(7, Fp) implies
the independence of Rg(7, Fp) and R¢(7, Fp). By defining

11 [0]
(1]
M= Mg :
| e [N — 1]
[ 1 0 0
0 exp{j2nFp} ... 0
Ex = >
0 0 . exp {j2nFp(N — 1)}

(A.3)

it is then possible to rewrite (A.2) as

Xp(1,Fp) = %MTEXB,
) (A.4)
Xc(T,FD) = NMTE,CC,

and the covariance between X3 and X becomes
E[Xg(z,Fp)X& (t,Fp)] = E[X¥ (r,Fp)Xp (7, Fp)]

CHEEM*MTE,B]

1

=l
1

= ﬁCHE}jE[M*MT]EXB

_ UIZF CHEH _ GIZF CH
= N2 ExExB—ﬁ B

~ 0.
(A.5)

The covariance (A.5) is almost zero for the quasi-
orthogonality of the Galileo memory codes. In (A.5) the fact
that EME, = Iy and E{M*M"} = oIy has been used. Iy is
the N X N identity matrix.

From (A.5) Xg(1,Fp) and X¢(7, Fp) can be considered
uncorrelated and thus, since they are Gaussian random
variables, independent.

B. MAXIMUM LIKELIHOOD ESTIMATOR

In this appendix, the Maximum Likelihood estimator for the
delay 79, the Doppler frequency Fp,y, and the relative phase
between the Galileo E1 OS data and pilot channel is derived.
Its connection with the coherent acquisition block with sign
recovery is also shown.

In this context the signal presence is assumed and the
signal parameters are treated as unknown constants. By
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considering (22) and by assuming #r[n] a white Gaussian
sequence, it is possible to derive the joint probability density
function of the set {rg[n] }fj;ol :

1) = (27101213)1\]/2 exp { ~Sito [ ;;;(T,FD,S)]Z }
(B.1)
where
@)
i (7, Fp, S)
) ﬁdB[i_%] (EB[Z"%] —S?c[i—%sDcos(anDHe),
(B.2)

(ii) S = dcli — 1/Ts)/dpli — 1/T5] is the relative phase
between the data and the pilot channels and can
assume two values: —1 and 1,

(iii) r; is the i th component of the vector 7.

The Likelihood function for the set (7, Fp, S) is given by

oC(T, FD, S)

B 1 SN e li] - ﬂi(T,FD»S)]Z
= (271’0"121:)N/2 exp{ 202,
(B.3)

and its maximization is obtained by maximizing the argu-
ment of the exponential in (B.3). Thus the Maximum
Likelihood estimator for (7, Fp, S) is given by

(7,Fp,S)

N-1 N-1 N-1 ;
=arg min [ rIZF[i]—ZZ wi(T, FD,S)rIF[i]+Z ui(7, Fp,S) ]
~LiZo i=0 i=0
(B.4)

The term >~ ' rZ[i] does not depend on (7, Fp,$) and thus

can be dropped. Moreover,

N-1 ,
> ui(1,Fp,S)
i=0
N-1 2
T . 2 .
= Z C(eg[z - —] —Sec[z - —]) cos*(2mFpi + 0)
i=0 $ T
N T T 1 1
=Ci:0<2—2SeB [z—i]ec [l_iD [5+Ecos(4ﬂFD1+26)]
N-ley
=2C [f + =cos(4nFpi+ 29)]
pare 2 2
N T Tl 1
- 28C 1:073 [l - i]EC [l - i] |:E+5COS(47TFD1'+0):|
~ CN,

(B.5)

where the orthogonality between eg[i—1/T;] and ec[i—1/T5]
and the fact that the summation in (B.5) acts as a lowpass
filter have been exploited. Equation (B.5) shows that also the
term 3N o' ui(, Fp, S)* is approximatively independent from
the parameters (7, Fp, S) and thus (B.4) becomes

N-1
(7,Fp,S) = arg max > uilT, Fp, S)rieli]
=0

N-1

. T
= arggg?g;m:[z]dg [z - i]

X (EB [i - %] — Séc[i— %])cos(ZﬂFm# 0)

N-1
= argmaxd reli
gT,FD,S Bi:ZO 1e[1]

x (EB[i - %] - SEC[i— %])cos(ZnFDi+ 0).
: : (B.6)

Since the navigation bit dp is supposed constant over one-
code period it can be moved out the summation in (B.6).
Equation (B.6) represents the expression for the maximum
likelihood estimator for (7, Fp, S), however it can be applied
only under the hypothesis of knowing the bit dg and the
phase 6. In order to remove the dependence from those two
parameters the cost function considered in (B.6) is usually
modified according to the following methodology. Since all
the terms in the last summation of (B.6) are real signals, it is
possible to rewrite (B.6) as follows:

(‘?)P\D) §)
N-1 . .
= argg}%’)g Re{dg ,‘:Z()rll:[l] (eB [1 - i] - Sec[z - iD
X exp (j2mFpi + je)},

(B.7)
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that is, the real part of a complex scalar product. Equation
(B.7) can be further expanded as

(‘?)ﬁDas\)
N-1 . .
= argmax Re{[%rlp[i] (EB [i - i] - Séc[i— i])

X exp {jZﬂFDi}}exp {j9+j(l _dB)Z}}’
(B.8)
where the terms in square brackets do not depend on the

phase 0 and on the sign dp. Since dg takes values in {—1,1}
it has been expressed as

dy =eXp5Lj(1 —dg)g}. (B.9)

The summation in (B.8) is a complex number that can be
expressed in terms of phase and amplitude as

[t%lm:[i] (EB [i - %] - Séc[i - %]) exp {janDi}]

N

= AS(T’FD’ S) exp {j¢S(T>FD’ S) }
(B.10)

In this way (B.8) can be rewritten as
(7,Fp,S)
= arg max As(, Fp, S)
7,Fp,
) L s
X [R{e{ exp {jos(7,Fp,S)} exp {]6 +j(1- dB)EHn
(B.11)

If the phase 6 and the sign dp are unknown, they can be
estimated by maximizing (B.11) also with respect to these
two parameters. Equation (B.11) is maximized with respect
to 0 and dp when the condition

exp Ljgs(t, Fp, S)} exp {j0+j(1 - dB)%} —1 (B12)

is verified. By substituting (B.12) into (B.11), the joint
estimator for the delay 7y, the Doppler frequency Fp, and
the relative phase S becomes

~

(‘?) D> §)

=arg max Ag(7, Fp,S)
T,FD,S

izomp[i] (EB [i—%] —Séc[i— %]) exp (j2mFpi)
(B.13)

that is a form of quadrature or incoherent matched filter
[19]. The estimator (B.13) is equivalent to the coherent
acquisition block with sign recovery

(%\)ﬁD) §)

2

N-1
=arg max Zrlp [i] (EB [i—i] —Sec [i—l] ) exp(j2nFpi)
T, Dy i=0 TS TS
(B.14)
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