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ABSTRACT introduced [1, 2] to distinguish the effects of the interference

The extreme weakness of a GNSS (Global Navigation SatélPectral shape from effects due to interfering power. These
lite System) signal makes it vulnerable to almost every kin@arameters were first introduced by J.W. Betz in [1, 2] and
of interferences, that can be radically different in terms ofthen widely accepted as reliable and effective measures of
time and frequency characteristics. For this reason the delnterference degradation. In particular, both Galileo Signal
velopment of a consistent theory allowing comparative analJask Force and ESA adopted them to investigate mutual sys-
ysis was needed and the concepts of effedfiyily and tem interference betwgaen GPS a.nq_Gallleo slgnals. _

SSCs (Spectral Separation Coefficients) were introduced a'e performance of signal acquisition, carrier tracking and
reliable measures of the interfering degradations. Howevefata demodulation essentially depends on the SNIR (Signal
these parameters were defined only in the analog domai® Noise and Interference Ratio) at the output of each corre-
not considering specific features due to digital synthesis. I#tor in a receiver. Two different but related post-correlation
this article an alternative derivation for the analog case andguantities, the coherent output SNIR and the non-coherent
the extension to digital devices are provided. The analysi$NIR, can be defined. Coherent output SNIR is defined un-
is particularly focused on the acquisition block, the first el-der the hypothesis of knowing the phase of the received sig-
ement of a GNSS receiver that provides a roughly estimated@l that can thus be perfectly aligned with the local signal
code delay and Doppler shift. The innovative approach pref€plica. The coherent output SNIR is an important indica-
sented in the paper is based on the fact that effeciiso tor of the received signal quality and we will show that, for
and SCCs are interpreted in terms of ROCs (Receiver Opegaussian interference, the ROCs (Receiver Operative Charac-
ative Characteristics) showing how the system performancg_erlstlcs) are essentially determined by this parameter. Non-

strictly depends on these parameters. coherent output SNIR is defined under the assumption that
the phase of the received signal is unknown and a non-
1. INTRODUCTION coherent correlation is employed. This implies that the re-

ceiver signal is multiplied by two orthogonal sinusoids at
One of the main problems connected to GNSS (Global Navthe same frequency and the signals obtained at the in-phase
igation Satellite System) is the evaluation of the impact ofand quadrature branches are squared and summed providing
different interferences on the receiving device. The extremg correlation independent from the initial phase. The non-
weakness of a GNSS signal makes it vulnerable to differcoherent output SNIR is evaluated over this correlation.
ent kinds of interfering, like spurious and out-of-band emis-Although the coherent and non-coherent output SNIR are
sions that can be originated by telecommunication systemgistinct quantities, [1] shows that they can both be deter-
either operating in adjacent bands or working at frequenciemined from the effectiveC/No. In absence of interference
relatively far from the GPS ones. Since several types of inthe effectiveC/No corresponds to the tradition&l/No at
terference, potentially widely different in terms of time andthe receiver input, whereas, when non-white interference is
frequency characteristics, can affect GNSS receivers, the dgresent, it can be interpreted as the carrier to noise density
velopment of a consistent theory, allowing comparative analratio caused by an equivalent white noise that would yield to
ysis, was needed. In addition the acquisition and the trackhe same output SNIRs.
ing processes within the GNSS receiver modify the shape at is important to highlight that in [1] the concepts of SNIR
the interfering, either mitigating or amplifying its impact and and therefore of the SSCs where not directly related to the re-
a reliable measure of the interfering degradation should ageiver functional blocks. In addition, such parameters were
count these interactions. derived in the analog domain without taking into account the
Different parameters have been investigated in order to quagpecific features of digital receivers (like as example the sam-
tify the effect of interference on the signal quality, and in par-pling rate). The innovative contribution of this paper can be
ticular a quantity called “effectiv€ /Np” was introduced to  then summarized into two points:
reflect the effect of interference at the input of the receiver,
avoiding receiver-specific details such as integration time ande the paper provides the definition and the analysis of the
the use of coherent or non-coherent processing. Furthermore effectiveC/Ng and SSCs for digital receivers. The final
a parameter called spectral separation coefficient (SSC) was equation will be easier to compute with respect to what
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Figure 2: The basic analog non-coherent acquisition scheme
Figure 1: First stage of a GNSS receiver

In the analog receiver the signal(t) directly enters the ac-
quisition block and it is processed in order to find a rough es-

reported in [1] L
e the paper explains and analyzes the meaning and tr;umatlon of the Doppler frequency and of the code delay. In a

effects of effectiveC/No, SNIR and SSCs considering cﬁgitgl receiver theyg(t) is sampled at the frequendy = T
the impact of such parameters on the acquisition blociPtaining:

(which is the first functional block of a digital GNSS re- nl = va(nTs) = xa[n] + Na[nl +isln

ceiver). It has been proved that the acquisition perfor- Vel ]_yB( s 3[2] an[f] B[e] .
mance directly depends on SNIR and so on SSCs. = s[n—To] cos2(fo+ fo)n+ ) + ne[n] +ig[n]

The paper is organized as follows: in Section 2 the basigvherexg[n|, ng[n] andig[n] are the sampled versions of the
signal model is reported for both digital and analog devicesuseful signal, the noise and the interferimg = 1&/Ts is the
introducing the basic notation used in the paper; Section 3ode delay expressed in terms of the sampling intefyal
reviews Betz's theory using a different derivation with re- fo = f&8Tsand fp = f3Ts are the digital local and Doppler fre-
spect to [1]: the correlation operation is interpreted as aguencies. The noisgg[n] is in general a band-pass random
equivalent filtering and the analog output coherent SNIR iyrocess with flat spectral densi%wofs - %o The factorfs

S

evaluated using linear system properties. In Sections 4 a ; ; .
5.the eﬁeqtiveC/ No and the SSCs definition are extended tor]C(,;lfiI gﬁ Lc;/tgr? %nglplg?gg %ﬁﬁg’gﬂ?a?#.pq_%seesatrci) aﬁ(e;;g?nt]"“p“
digital devices and related to the ROCs as indicators of SYShould be evaluated by multiplying the spectral density by
tem performance. Some simulations support the theoretmﬁre noise band expressed in terms of numerical frequencies.
analysis in 6 and finally Section 7 concludes the paper. In the following the sample index will be indicated with

2 SIGNAL MODEL and the digital frequency witlfy.
According to [7], the signal obtained by demodulating the 3. ANALOG SCCs

output of the front-end (see Figure 1) is given by According to [1] the interfering entering the acquisition

_ . block should be a zero mean, wide sense stationary, gaussian

Ya(t) =xa(t) J;nB(t) N 'B(;) A _ random process. These hypotheses guarantee that the corre-
=s(t — 15) cog2n(f5 + f5)t + 6) + Na(t) +is(t) lator outputs, before the squaring operation are still gaussian
where: and therefore the false alarm and detection probabilities have

) ) the same theoretical expressions with or without interference.
e s(t) = Ac(t)d(t) is the GNSS signal composed by the | the rest of the paper these properties will be assumed and
PRN sequence(t) and the navigation messad). Ais 3 more detailed interpretation will be provided in Section 5

the amplitude of(t) since bothc(t) andd(t) are BPSK  for the digital case. In Figure 2 the basic scheme of an analog
signals. In this analysis the filter used to recoygltt) is  non-coherent acquisition block is presented: the input signal
supposed to have a flat frequency response over its bagt) is multiplied by two orthogonal sinusoids for different
and therefore neglected. In [1] the effect of transmissioRajues of the frequenci that accounts for both local and
and receptlon.fllters is taken into aCCOUI’I_t but the re.sultgoppﬂer frequencieS. The Signa' is then mu|t|p||ed by alocal
do not essentially change. In the following the naviga-code replica delayed of and integrated oveT, the inte-
tion messagel(t) will be considered constant over the gration interval. The outputs of the in-phase and quadrature
interval used for the acquisition processing. ways are squared and summed providing the non-coherent
e 1§ is the GNSS signal delayf§ and f§ are respectively correlation. The multiplication by the local code with vari-
the analog local and Doppler frequenci@ss a random  able delay and the successive integration can be interpreted
phase introduced by the communication channel; as an equivalent filtering whose impulse response is given by
e ng(t) is the noise contribution with flat spectral density he(t) = %c(—t), wherec(t) is the local code replica of length
No/2; . S _ T. he(t) behaves like a low-pass filter and this consideration
e ig(t) is the interfering signal with non-flat spectral den- allows to use the linear system properties in order to evaluate
sity. the coherent output SNIR.
The noise and the interfering random processes are supposéthen the frequencip does not match the sum of the local
independent. The frequendyg can be either close to zero or and Doppler frequencies or the delay under test is not cor-
not [5][6], according to the adopted demodulation schemerect, the signal is almost completely removed, due to the PRN
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code properties, so only the case of perfect alignment is con- ]
sidered. For this reasdfy = f§+ f3 is assumed,; this condi- X X NZ )
tion is quite unrealistic since the local and Doppler frequen- . r0
cies are generally recovered with an error within the width of y,[n] cos (27F,n) /

the Doppler bin, that is the step used to explore all the pos———] Eil gegg:‘;o,

sible signal frequencies. However it has been proved [4] that -

this frequency uncertainty can be modeled as an additional sin (277 ,n) ]
loss that reduces the output SNIRs and that can be analyzed 0% X —> 0
separately. N o=

When the conditiorip = f§ + f3 is achieved the signals on

the two branches of the acquisition, after the sinusoids mulgjgyre 3: The basic digital non-coherent acquisition scheme
tiplication, assume the following expressions:

yi(t) = %s(t—rg) COSQJF%,]I(t)Jr}iI(t) 1) with Hc(f) andC(f) Fourier Transforms oh¢(t) andc(t)

2 respectively. The equivalent band of the acquisition block is
given by
yo(t) 1s(t 1§) Sin6 + 1!7 (t)+ 1i () B !
=—5s— 5 5 acq= —fg575
R TR Gl

In expressions (1) and (2) the high frequency components . . .
of the signal have been neglected since they will be elimi@nd the effective/No is defined as

nated by the code equivalent filtem (t) andng(t) are ob- < c

0 = pcBac
NO)eff a

tained demodulating the noise components and it is possible
to show that they are independent and with spectral density

No. Sincen(t) andno(t) have a flat spectrum within the c (B2 5 (f\df

bands of the GNSS receivers and of the equivalent code fil- _ Wof—ﬁr/Z s()

ter, they can be treated as white gaussian noisg) and B2 g fvdf+ S P2 G (f)Ge(F)d f
ig(t) are two independent not-white gaussian random pro- P2 Cs(NdT+ 55 752G ()G(T)
cesses with spectral densi®yG (f) whereC is the power (4)

of the two signals an@; () is their normalized power spec-
tral density (PSD). In the following the factdry/2 will be
ignored without changing the analysis results, since it affect

From (4) it is clear that the impact of the interference is pro-
gortional to the power independent factor

both signal and noise components. From Equations (1) and B /2
(2) and using the equivalent filter representation it is possible ks = G (f)Gs(f)df
to eval_uate the outputs of the correlators before the squaring —B/2
operations: Such factor is called Spectral Separation Coefficient and it
1 accounts the interaction of the interfering spectrum with the
Al(t,0) =y (t) xhe(t) =y (t) * =c(-t) acquisition device, providing a quantitative measure of the
T interfering impact.
1
i ) i When a digital GNSS receiver is considered, all the classical
Finally the coherent output SNIR is defined as analog operations are replaced by their numerical equivalent.
5 5 Considering Figure 3, it is easy to notice that all the oper-
|E[Ai(18,0)]] |E [Ao(18,6)]| ations are performed between digital signals and the analog

Pc = T Aol a3 integrations have been replaced by summations Mveam-

6 Var{)u (15, 9)} 6 Var{)‘Q(TO’ 6)} ples. Also in the case of digital acquisition the code integra-
tion can be interpreted as a digital filtering with an equivalent
pulse responskc[n] = &c[—n], wherec[n] is the digital
rsion of the PRN code.

Proceeding in the same way exposed in Section 3 it is pos-
5 sible to show that, when the conditidfy, = fo + fp is
N%T fB'/Z Gs(f)d f} achieved, the signals before the code correlation assume the

By means of some algebra, considering the useful sigltial .
as a deterministic process and using the linear system proég
erties, the following expression fgx. is obtained:

“B/2 .
Pec= following form:
P2, Gs(D)dt+ & 17, G (1)Gs(f)d f ) . .
_ _ _ . yi[n] = =s[n— o] cosO + = ni[n] + =i [n]
where B is the equivalent two-sided band of the receiver, 2 2 2
C = A2 is the power of the useful received sigrsa) and 1 1 1
Gs(f) is the normalized code PSD given by yo[n| = —5s[n—To]sin® + 5[N] + 5iqn]

, 1 5 where s[n| is the digitalized version of the received sig-
Gs(f) = TIHe(F)[" = £ [C(T)] nal, i [n] andng[n] are two independent gaussian processes
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with spectral densityy over the digital receiver ban@® =  the SSCs and the coherent output SNIR are directly linked to

B Ts, andij[n] andig[n] two independent non-white ran- the ROCs.

dom signals with powe€; and normalized spectral density The acquisition block tests different values of code delay and

G (eJZ’de). yi[n] andyg[n] are then processed by the equiv- Doppler frequency producing a random variable, often indi-

alent digital filter having impulse responisgn], leadingto  cated with cell, for each pair of these parameters and forming

the search space. The detection of the satefifedepends

on the value of the search space in the “correct” cell, that is

the one that matches both code delay and Doppler frequency:

only if this value passes a fixed threshddhe exact detec-

o _ tion is obtained. It can be shown [3] that if the in-phase and
Aq[n. 6] = yqIn] «he[n] = yo[n] « TC[_n} quadrature components, before the squaring blocks, are inde-

And finally, in the same way of (3), a digital coherent outputP€ndent gaussian random variables with variangg then

SNIR can be defined j[he false ala_rm and detection probabilities assume the follow-

ing expressions:

N[t 6] =[] el = i) « -1

o o JEAT0 82 E[lto, 6]

pc = ga Var{A/[10,0]} & Var{Ag[To,6]} Pfa(\/t):exp{—z\;tz } )
out

to 7 Z+a? za
Puei(M :/ ex {}| <>dz 8
) Ve Ugut P 2Uc?ut ° Ggut (®)

with @ = /uf + p. 1 anduq are the means of the random

variables on the in-phase and quadrature ways in case of per-

5. ) ) fect delay/frequency alignment. In case of missed alignment

whereC = A aS fthe. power of the useful received signal the gaussian variables are supposed to be zero nganis

sin] and Gs(e/2™) is the normalized digital code PSD the modified Bessel function of zero order.

given by Gs(e/2™f) = N|H (el2™d) |2 = L|C(el?2™) |2 The Betz’s hypotheses reported in Section 3 guarantee that

with He (ejZm‘d) and c(eJZTrfd) DTFTs (Discrete Time the random variables before the squaring are gaussian with

Fourier Transforms) offic[n] andcin] respectively.lqu is the 2670 mean when the code delay and the Doppler frequency

digital SSC that is given by are not maf[ched. Furthermore the variamgg can be ex-
pressed as:

B2 , . d
d __ 2mf, 2mf BF/2 )
= G (/M) Gg (e!<™Md) d f 5 No T G
le /_Brd/2 | ( ) S( ) d ( ) ogut _ N fs/_Brd/z GS (eIZIde) d .I:d + N klds (9)

and doing some algebra it results

d . 2
VR [ es (e 0t

Pec = —5a :
ff;réiz Gs (i2ma) d fy + - Tok

For the digital SSCs it is possible to use the Parceval equality, 4
to express Equation (5) avoiding the integral. In fact we have

W = Touty/ P4 cosb

N—-1
lqu=n 3 RinRn 6) o — Gy e sine 10)
where R[n] = éE[zf}mh[k]i.[k—nﬂ and Rgn] = azoout\/;g

%Zﬁ;w c[k|clk — n] are the normalized autocorrelations of
the interference components and the code. The summation
(6) is performed only of—N; N — 1] sinceRg[n] is non-zero
only on this interval.

The effectiveC /Ny becomes

IiEnquations (9) and (10) prove that the ROCs in presence of
interference are completely determined by the knowledge of
the SSCs and of the output coherent SNIR.

Equations (7) and (8) refer to the acquisition block of Fig-
ure 3, however more complex systems could be employed,
for example by introducing non-coherent averaging or multi-

.pd/2 .
c\ N% ]fgrﬁré/z Gs (el?d) d fg threshold detection methods. Also inthese cases itis possible
(N) Iz - S A to show that the false alarm and detection probabilities de-
0/etf |75, Gs(e19M) d g + JoKs pend only ono2, anda, that are strictly related to the output

coherent SNIR and to the SSCs by (9) and (10), that result
5. ROC ANALYSIS AND SSCS INTERPRETATION still valid: in this sense the SSCs are a system independent

The efficiency of an acquisition block is measured by thecasure of the interfering impact.

ROC (Receiver Operative Characteristics), curves reporting 6. SIMULATION RESULTS

the false alarm versus the detection probability of the system. ’

The false alarm and the detection probabilities measure thehe presented analysis has been supported by simulations.
capability of the system of correctly finding the GNSS signalAn acquisition system like the one represented in Figure
coming from the satellit&\{. The presence of an interfer- 3 has been implemented and both false alarm and detec-
ence impacts the ROC reducing the detection probability fotion probabilities have been evaluated using error count tech-
a fixed value of false alarm. In this section we highlight howniques. The system has been fed with the useful signal, white
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Galileo - BOC(1,1)

TR el dva Table 1: Simulation parameters
oo/ o ] C/N, Galileo 30dB-Hz
S C/Ny GPS 36dB-Hz
o8k '!‘ ] samples per chip 4
.y | sampling frequency fs=4.092MHz
= Low-pass interference cut-off  fo = 0.125f
goﬁ i frequency

Band-pass interference [0.125f5; 0.375f]
} frequency interval

=T = T

o
o

Detection

Interference to noise ratio 0dB
04 i
L CI / (NO fs)
03 a
= = ROC in absence of interference -
02 '@ Low—pacs nerference — Monte Carlo simetaton | | Table 2: SSCs values, pure number
= Band-pass interference - theoretical values -
o lx . . . ® Band-pass interference — Monte Carlo simulation G PS Ga“leo
o0 0 s e aampbaniy T %% 00t Low-pass interference 3.198| 0.617
Band-pass interference0.337 | 1.661

Figure 4: ROC curves for the BOC(1,1) Galileo signal

BOC(1,1) that presents a zero at those frequencies and the
ROCs worsen. On the contrary the Galileo signal is more
fragile respect to interference centered on its side lobes.
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7. CONCLUSIONS

In this paper the theory relative to the SSCs has been pre-
sented and extended for digital GNSS receivers. These pa-
rameters are essential for the determination of the system
performance and can be used as reliable measure of the inter-
fering impact over the acquisition block. Simulations prove

e
3

o
o

Detection probability
»,
L

o o

B
»—
~

I ;’ | the consistency of the developed theory.
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