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considered. The main factors that lead to the fise shift and code phase delay are carried out to
different strategies for the Galileo SIS are the o compare the proposed method with the state of the
theBOC (n,m) [1] sub-carriers, the presence of theart acquisition technique. The acquisition
secondary code in the pilot channel and the highgerformance comparisons have also been addressed
data rate in the data channel. These new featurbg means of the so called Receiver Operative
have been designed to guarantee the inteGharacteristic (ROC) curves. The analysis results
operability with the GPS system and betteshow how the two steps acquisition method
performance for indoor positioning. outperforms the classical fast acquisition apprpach
which prove the advantages of the proposed
The next generation of GNSS systems, such aschnique when dealing with weak signals and bit
Galileo [1] and GPS modernization [2], will usetransitions and further prove its validity and
signals with equal code and bit periods, which willeffectiveness.
introduce a potential sign transition in each segme
of the signal processed in the acquisition blo€k. 1I1. SSIGNAL MODEL
FFT is used to perform the circular correlations a
sign transition occurring within the integratioma The signal at the input of the acquisition systém
may cause a splitting of the main peak of the Cros® GNSS receiver is generally an intermediate
Ambiguity Function (CAF) into two smaller lobes frequency (IF) signal, obtained by down converting
along the Doppler shift axis [3]. In general ttésai a Radio Frequency (RF) signal. The SIS transmitted
critical aspect in all the acquisition methods weherby a certain given satellite and received at the
the data are processed in blocks. It is very wetierminal antenna can be written as
known that increasing the coherent integration time

improves the acquisition sensitivity, but the bgns r(t)=Adt-1)c(t-7)s,(t-7)
transition limits the achievable maximum o § ¢ )
performance. Similarly, the acquisition sensitivity cog271(f e + f,)t +§)

could be increased by non-coherent integration,

which is less sensitive to bit transitions but prés  Where4;, is the amplitude of the received GNSS
the side effect of squaring loss [4][5]. In order t signal, whose power is given b = 42 /2 ;
mitigate the CAF peak impairments and increase thgt — 1) is the primary spreading code delayedrby
acquisition sensitivity, in this paper a novel twowith respect to a local code repliag,.(t) .
steps acquisition method is proposed aiming t®enoting withT, the chip intervalc(t) can be
overcome the problem of the CAF peak splittingexpressed as(t) = ¥ c Pr,(t — kT,), wherecy is
The CAF peak splitting along the Doppler shift axisg th chip of the Pseudo Random Noise (PRN)
is cause of errors in the Doppler shift_ estimationsequence with chip rafe. = 1/T. andPr(t) is the
while, as far as the code phase delay is concernqpmtary rectangular pulse with durati®n s, (t) is
this splitting effect produces only a correlationthe sub-carrier used for the Galileo OS on E1. The
amplitude reduction, but its po_sition remainsnavigation data message is indicatedd @s— 1),
unchanged along the code delay axis. fir is the IF at the output of the front end (FE)is

o ) ) the unknown Doppler shift ang is a random
The main idea of this proposed method is to takg§nknown initial phase. It is known that Galileo is

advantage of these two disjoint effects aﬁegthmgt made by the concatenation of a primary and a
CAF along the code delay and Doppler shift axesecondary codes for each pilot channel. The primary
The code delay is recovered in the first acqu"s't'ocodec(t) on E1 is a PRN with the chip rafe of
step, so as to roughly remove the sign transition, 935 MHz and a repetition perid of 4 ms. The

Wh.'le in the $econd acquisition step the DOppleFlavigation data message is modulated with a data
shift estimate is recovered. In order to speedatp b rate of 250 Hz so with a bit duration of 4 ms. This

Lhesedacqwsltlc?[nl:step_s, thTe fas]'E acqu;_sﬂmn;g?r% means that there is a potential data sign transitio
ased on Fast Fourier Transformation (FFT) 8ach code period. In a digital receiver the IF aign

been adopted. is sampled through an Analog to Digital Converter
éADC). The ADC generates a sampled sequence

In order to analyze the performance of th : : .
4 . ) 7(nTs), obtained by sampling(t) at the samplin
proposed method, simulation campaigns have be? qu()ancyfs _ 1/Tsy. Frorrr)1 nov3 on the noFatic?n

addressed. The signal selected for conducting thi _ ; L .
testing activity is the Galileo Open Service (OS)XS[n] = x[nTs] will be adopted to indicate a generic

broadcast on E1, where the spreading code ?ﬁeaq[?;rr:fex[n] to be processed in any digital
modulated by fake data but with the correct rate? '
Histogram plots of the estimated Doppler frequency



The realistic model of the received signal at thelelay estimate anfj; is the Doppler shift estimate

input of the acquisition stage can be written as  in the acquisition stage. In fact when the localeo
replica matches the received signal perfectly, the
yin] =r[n] +7[nN] (2) CAF envelope becomes

wherer[n] = r[nTi] is the signal component and g (r,f,) = Lz_‘fd(nT — r)cos(2m(f,. +
n[n] is AWGN with zero mean and varianeg R " @)
equal toNy B, (B, being the front end bandwidth). £ ynT +¢)ej2ﬂ(f”: +FgInTg

d s

[Il.CAF EVALUATION BY FFT

where the terml(nT; — t)cos 2n(fir + fa)nTs +

By applying the results of the Maximum ) can be written as

Likelihood (ML) estimation theory, it is possible t
show that the best estimates of the propagatiofni= p Inld(nT. -7)co f +f )T + 5
delayr and the Doppler frequency shift, in the BIn] = p.[nld(nT, ~7) cog27(fy: + )T, +4) (5)
presence of additional white Gaussian noise . . ,
(AWGN), are based on the maximization of theW|th the presgnce of a rectangular er.1dow functlon
Cross Ambiguity Function (CAF). In this section?.[n] in the intervaln€[0, L-1] and with unitary
the CAF evaluation using the FFT to performamphtude. In case of bit transition _the fu_nct|on
circular correlation is described [6]. This metried P[nl = p.[n]d[nT; — 7] reverses the sign being a
extremely efficient because it works on vectorain tWo-pulses signal. Equation (4) can be regarded as
parallel way. However this method is sensitive tghe Discrete Time Fourier Transform (DTFT) of a

peak impairments because of bit sign transitions. Sinusoidal function modulated by[n] , which
behaves as a sort of subcarrier. The effect on the

In the FFT-based scheme, a signal vegter CAF peak is to split its power into two different

[y[0], ¥[1],,y[L — 1]] of L samplesis extracted Smaller lobes.
from the incoming SIS and multiplied by a complex

i j2n(fip+fanTs i
test signale _ jZH(’fIFSffd;i 0 o.btal.n the we have simulated the Galileo Open Service E1 data
sequencey;[n] = y[n]e s. This signal = opannel signal (E1-B) containing navigation data

is F_FT-transformed and multiplied by the Comple)ﬁnessage with the symbol rate of 250 symbols/s,
conjugate of the FFT transform of the product @f th\, ich means that there is a possible bit sign

local code replicac(nTs) and the sub-carrier i onsition at each PRN code period.
sp(nTy). Finally the inverse FFT transform is made

so as to obtain the circular correlati®p, (7, f;),
which can be written as

To show this effect in the acquisition searchcspa

R, (T, fy) = IDFT{DFT[q[n]]
[IDFT[c(nT,)s, (TN}

IV.BIT SIGN TRANSITIONSPROBLEM 005

(3) 0.15

Correlation
o

The fast acquisition method based on FFT i g0
extremely efficient, but since its intrinsic natwe
processing blocks of data, it may suffer from peal
splitting impairments due to the presence of lghsi
transitions. In case of the Galileo E1 data channe|t

Doppler bins -5000 0

Delay bins

igure 1: CAF envelope of the Galileo OS signahia E1 band

the bit sign transition could possibly occur in any when no bit transition occurs.
time interval of 4 ms (equivalent of a single code
period). The acquisition experiments have been performed

, _ ] » with a Doppler shifif; of 3500 Hz, a code phase
It is possible to show that the sign transitidlts  ye|ayr of 2 ms and a carrier to noise power density
_not _destroy the poss_|b|I|ty of detectln_g the satd| _ ratioC/N, of 45 dBHz. ThisC/N, value represents
in view, but there might be an error in the se®tti 5 rejatively optimistic situation, which has been
of the estimate pajf = (%, f;), wheret is the code considered to show the CAF peak splitting effect



and then to motivate the modification to the stdte

When we introduce the bit sign transition to the

the art acquisition scheme. In Figure 1, the CAFRignal, the splitting effect of the CAF main lokenc
envelope is evaluated based on the fast acquisitidie clearly seen in Figure 2. In this case the FFT
scheme in case of no presence of bit sign transitio based fasacquisition scheme suffers much from the

Correlation

Doppler bins -8000 0 Delay bins

Figure 2: CAF envelope of the Galileo OS signahia E1 band
when a bit sign transition is present.
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Figure 3: Curves extracted from the CAF envelopease of no
bit sign transition.
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Figure 4: Curves extracted from the CAF envelopease of
with bit sign transition.

peak loss caused by the presence of the bit sign
transition.

In Figures 3 and 4 two plots extracted from the
CAF envelopes of Figure 1 and Figure 2 are given
respectively. The upper curves represent the Cross
Correlation Function (CCF) in the Doppler shift
domain (which is a energy spectrum) at the correct
code delay bin. In Figure 3, it is known that the
CAF peak locates its position correctly along the
code delay and Doppler shift axes respectively
when bit sign transition is not present. When
dealing with the bit transition, in the upper ptgt
Figure 4, it is clearly observed that the CAF piak
divided into two different smaller lobes along the
Doppler shift axis. While from the lower plot of
Figure 4 it is evident that the bit transition doedt
impair the CCF in the code delay domain.

V. TWO STEPSACQUISITION METHOD

In this section, a two steps acquisition scheme is
proposed to overcome the problem of CAF peak
splitting. The idea is to exploit the fact that the
splitting occurs only in the Doppler frequency
domain, while in the code delay domain the peak
position remains almost unchanged. In the firgh ste
the code delay is estimated so as to tentativeiy al
the local code sequence with theata sign
transition, while in the second step the Doppléft sh
is estimated. In other words, the estimated pair
p = (%,f;) is obtained in two consecutive steps.
The first step aims to get estimated code delayeval
7, by using the FFT-based acquisition method. The
Doppler shiftfd,1 is not estimated in this step
because it could be erroneous.

Noise reduction techniques, such as coherent
integration and non-coherent integration, can be
used in order to increase the acquisition sentitivi
The coherently integrated CAF enveldh€7, f,)
evaluated in the first step can be written as

1

_ZlR,y,r (Z_', fd)

S fo) =2

(6)

where R;,, (T, f4) is the iy, contribution in the
coherent integration proces¥; is the number of
the code periods applied to the coherent integratio
process in the first step. Non-coherent integration
can be used after the coherent integration operatio



is made. The non-coherently
envelope G (7,f;) can be written as in the
following

(7)

G(r.f,)= \/%Zﬁ .7

where S, (%, f4) is the iy, coherently integrated

CAF envelope in the non-coherent integration

process;K; is the number of the non-coherently
integrated CAF envelopes.

In the first acquisition step the estimated pai
Pury = (Ev fa1)

Pus = (71, fy,) = argnaG,(7, f,)

P1

(8)

is obtained, but only the valug is retained as
valid. The valuefd,1 is discarded, as possibly
affected by splitting errors (as shown in Figure 4)

In the second step the valtje is used to extract a

integrated CAFor it can be used to refine the delay estimation

obtained in the first step.

Correlation

-5000 0

Frequency bins,step=250Hz Delay bins

Figure 5: CAF envelope of the Galileo OS signal eatdd by
the two steps method forGIN, of 45 dBHz with bit transition.
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new signal vector aligned with the local code. In

Frequency bins

this way the effect of the bit transition practigal
disappears, even if the alignment is not perfect. ™~ ~ T T T T T T T T T T
Coherent and non-coherent integrations can beows: - - - - 4- G- b g
again adopted in the second acquisition step. The | e
coherently integrated CAF envelop&(7,fy) 5 | ' ' ' ' 0
evaluated in the second step can be written as R T S T A R A A
i 1 N, i o o5 1 15 2 25 DesA 45 5 55 6 6.5)( 103
r,f)=— ] T, f Figure 6: Curves extracted from the CAF envelopduetad
SZ( d) N2 ;R'y'r ( d) ©) with the two steps acquisition method with bit sition.
- . The CAF envelope in the search space evaluated in
Similarly, the non-coherently integrated CAF b P

the second stepVg = 1 and K, = 1) is shown in
Figure 5. Two peaks appear now at the correct
frequency valuef; = 3500 Hz). This is due to the
fact that the code delay is zero in the second, step
and then the typical correlation triangle appears n
split at the beginning and at the end of the biisT
result is better highlighted in Figure 6: the upper
curve shows that the CAF peak appears at the
correct Doppler shift positionf{ = 3500 Hz); the
lower curve proves that the local code replicarelig
perfectly to the bit transition position in the sed
step because of the correct recovery of the code
phase delay, in the first step.

envelopeG, (7, f;) in the second step can be written
as

G, (7, fd) = \/Ki Zzlszzl (7, fd) (10)

A new pairpy,, =(£2, fa) is now estimated as

Puz = (£, fy.,) =argmax G,(7, f,)

4 a

and only the frequency value is retained. The delay gince in the ideal case the CAF envelope
estimate should give now a null value, due to th%z(ifa) in the second step should concentrate its

code alignment perfor_med in the seconpl SteFénergy only in the correct bins without peak
Therefore the delay estimate can be now d'scardes%litting we can assume that the Doppler shift



estimatef,; , obtained in the second step should bearrier to noise power density ratity N, of 30
correctly recovered and is equal to the real DapplélBHz. Six code periods have been coherently
shift valuef;. We also assume that the code delajntegratedN = 6, K = 1) for both the classical fast
estimatet, in the second step is correctly located a@cquisition approach and the proposed two steps
the beginning or ending position along the codé@cquisition method. The Monte Carlo simulation
delay axis, that is to sdy is equal to 0 ot (Notice ~€xperiments have been repeatqd for 1000 times and
that L is the number of the samples in a coddhe histograms of the estimatesfgfandt are given
period). In order to achieve the correct code delagespectively.

estimatet, the estimated code delay valdgsand

7, obtained from both acquisition steps should be
considered. If; < 7, thent, < L/2 (Notice thatr

is the real code delay in the signal), therefocan 100
be expressed ag=1%,+1%,; if 74 >1, then
T, > L/2, thereforel can be expressed &s= 7; —
(L —-1,) = (%, +T,) — L. Finally the algorithm to Do o 5000
evaluate the estimation pafi = (%,f;) can be Fetmated Doppler shit ()
summarized as in the following

150

[ Fast acquisition method

50

400

Il Two steps acquisition method
300f

A £ 200
fo=fa,
1001
X N L -5%00 ) 0 . 5000
If 2-2 S _then Estimated Doppler shift (Hz)
n A2 ~ Figure 7: Histograms of the estimated Doppler shifttwo
r=rn+r, cases: the fast acquisition approach and the s st
else acquisition method for é?/l_\l_0 of 30 dBHz with bit sign
transitions.
f=(f+1,)-L
end 300
if 7(0[0, L]then sool.
r Tl 100f
end

00 05 1 15 2 25 3 35 4

Estimated code delay (s) x10°

VI.SIMULATION RESULTSWITH GALILEO 400 ‘ ‘ ‘ ‘
El SI GNAL ’iTwo steps acquisition method

3001

2001

In this section, the behavior of the proposed two
steps acquisition strategy is given in terms of
histograms of the estimated Doppler frequency shift T T
and code delay. In order to assess the acquisition Estimated code defay (s) x10°
performance also ROC curves have been address@dﬁref& Histograms of the eSﬂma(tjedhcode delaywo cases:

; e fast acquisition approach and the two stepsisitign
2? atshteo C::Tt]pa;g;siesiﬁg?]posa%dpgzg;?d Vélitrg;?aeti(s)tnatet method for &C/N, of 30 dBHz with bit sign transitions.
campaigns have been performed simulating the

Gahleo_BOC(l,_l) signals. In pgrnculag, the.GaI!Ieo estimates for the classical fast acquisition apgroa
E1-B signal with both PRNcode and navigation o4 he proposed two steps acquisition technique.

data message has been generated for differeffe upper plot of Figure 7 is the histogram
values of carrier to noise power density rati@valuated by the classical approach which shows
C/N,, Doppler frequency shiff; and location of that the Doppler shift estimates deviate much from
the bit sign transitions along the signal. the correct value fi = 3500 Hz) because of the
CAF peak splitting. The classical acquisition
The simulation scenario selected for the twosstepapproach shows inadequate performance when
acquisition assessment in terms of histogramseof thlealing with bit transition problem. The lower plot
Doppler frequency shift and code delay estimatesf Figure 7 is the histogram of the Doppler shift
considered a Galileo E1 signal with a code delagstimates obtained by the proposed acquisition
T of 2.5 ms, a Doppler shiff; of 3500 Hz and a technique, as can be seen that the achieved Doppler

Figure 7 shows the histograms of the Dopplett shif



shift estimates much more concentrate around titbe code delay in the first acquisition step, so to
correct Doppler shift value. This proposedconsequently recover the correct Doppler shift in
methodology is less affected by the peak splittinghe second step. An example of that is shown in
effect and outperforms the classical acquisitiorFigure 10 for & /N, of 32 dBHz and 2 coherent
approach. integration code period§N =2) and 6 non-
coherent integration operatios = 6). Similarly
Figure 8 shows the comparison of the histogramg the comparison of Figure 9, Figure 10 highlights
of the code delay estimates for both describefow better performance can be achieved by the two

acquisition techniques. The upper histogram of theteps acquisition method with respect to the
code delay estimates is evaluated by the classicghssical fast acquisition scheme.

approach and the lower histogram is achieved by the
proposed technique. It is easily known from Figure 1
8 that the proposed acquisition technique provides oss
much improved detection rate of the code delay ,,
estimates over the classical fast acquisition s
approach.

0.8

A more detailed analysis has been performed by os
evaluating the ROC curve [7], which is the graph of o
the detection probability versus the false alarm
probability, or, equivalently, of the missed deiat
probability versus the false alarm probability. The
presence of bit transitions in the Galileo signals °%¢
reduces the benefits deriving by coherently os;—; e os 05 o7 o5 o5 .
extending the integration time, for such a reason i _ Pa o a0’
the first acquisition step a combination betweemn th Figure 9: Comparison between the fast acquisitfraach

. . . and the two steps acquisition method for a cag&/f= 30
coherent and non-coh(_erent integrations techniques dBHz, N = 2 and K = 10.
over more code periods is suggested. In the
simulation experiments different numbers of the :
coherent and non-coherent integration code periods095
have been chosen to compare the performances’
between different acquisition schemes. Each os
simulated ROC curve reports the comparison of the
performances about different acquisition schemes oo
using the same number of code periods, coherently os
or non-coherently integrated.

0.65

0.6 ¢
¢

fast acquisition approach,no transition,N=2,K=10
—e—fast acquisition approach,with transition,N=2,K=10
——two steps,with transition,N1=2,K1=1O,N2=2,K2=1O

0.75

Figure 9 depicts the acquisition performance oz R
comparison among three cases respectively: the fast | /7 |
acquisition approach with and without data °“*[/ | |
transition on the signal, and the proposed twosstep 01_1 0?2 G o ds de o ve da
acquisition method considering sign reversals Pa x10°
during the correlation. The simulation has beenFigure 10: Comparison between the fast acquisitm@ach
made considering the coherent integration of two 2" the two Ste"ﬁgﬁg”ﬁ"_"’;;‘:@”ﬁfg goraca@’ma‘: 32
Galileo BOC(1,1) code period§N = 2), ten non- T o

coherent integration operatiogs = 10), aC/N,  This trend is clearly even more evident for high
of 30 dBHz and a sampling frequency of about 8.2k /n_ ratios as shown in the comparison of Figure
MHz. The results of Figure 9 show that the o1 for 38 dBHz. For such a high carrier to noise
steps acquisition method provides improvedatip the first acquisition step is generally ahte
acquisition performance in terms of detectionecover the code delay at which the bit sign
probability over the classical fast acquisitionyansition might occur and initialize the second
approach, when the received signal presents tHe welquisition step in a proper way. Figure 11 clearly
known problem of the bit sign transition. shows like in this case, in real situations, whem t
bit transitions occur the two steps acquisition

As the value of carrier to noise power densitiora method could aid the acquisition phase of a GNSS
C/N, increases, less non-coherent integrations af@ceiver.

necessary to achieve a reasonable estimationarate f

__ fast acquisition approach,no transition,N=2,K=6
—e—fast acquisition approach,with transition,N=2,K=6
—— two steps,with transition,N1=2,K1=6,N2=2,K2=6
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Figure 11: Comparison between the fast acquisitigraach
and the two steps acquisition method for a cas&/df=
38dBHz.
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VIlI. CONCLUSION

The presence of data message or a secondary code
which modulates each primary code period reduces
the possibility of increasing the integration timea
coherent way, since data or the secondary code may
lead to sign reversals during the correlation wiado
In order to overcome the peak splitting caused by
such a sign transition on the CAF, an innovative
two steps acquisition method has been proposed and
presented in this paper.

A comparison between this proposed two steps
acquisition method and the classical fast acqarsiti
approach is carried on by simulation campaigns in
terms of histograms of the code phase delay and
Doppler shift estimates as well as ROC curves.
Those simulations have shown how the sign
transition may reduce the detection rate of the
classical acquisition scheme in a significant way,
while the proposed methodology is less affected.

The simulation results also show how the two
steps acquisition method can generally achieve
better performance when the signal modulation
presents a potential sign transition each PRN gerio
which is exactly the situation of the Galileo OS
signal broadcast on the E1 carrier.
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