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Abstract

Modern global navigation satellite system L5/E5a code families offer
improved correlation properties, with lower auto-correlation sidelobes and
cross-correlations, compared with legacy Global Positioning System L1 coarse/
acquisition (C/A) codes. However, these codes encounter unique L5/E5a inter-
ference environments, particularly those including interference due to pulses
from distance-measuring equipment and tactical air navigation systems. In civil
aviation, temporal blanking is the assumed countermeasure. In temporal blank-
ing, incoming samples are set to zero when the peak envelope power exceeds
a threshold, blanking the codes within the sampled signals and affecting their
correlation with non-blanked replicas. Through extensive simulations, this
study analyzes L5/E5a code properties under blanking duty cycle (bdc) values of
0%-75% over a 1-ms integration time. Results indicate reduced auto-correlation
and cross-correlation protections, although these effects remain superior to
those of L1 C/A codes until bdc reaches approximately 60%. Further increases
in bdc to 75%, likely due to increasing air traffic, diminish these advantages.
Additionally, simulations show that Doppler residuals have a minimal impact

on L5/E5a correlation properties.
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1 | INTRODUCTION

In 1999, the United States announced its intention to radiate a new Global
Positioning System (GPS) signal in the L5 band centered at 1176.45 MHz, GPS
L5, with advanced design features such as the introduction of a data component
GPS L5I and a dataless (pilot) component GPS L5Q (IS-GPS-705J, 2022). In the
same year, the European Space Agency initiated the definition phase of a new
navigation satellite system called Galileo, which provides navigation signals on
three frequencies, including the E5 band centered at 1191.795 MHz (European
Space Agency, 1999). Specifically, the E5a signal is also centered in the L5 band
and comprises the data/pilot pair E5a-I/Q (Falcone et al., 2017). Both GPS L5 and
Galileo E5a are direct-sequence spread-spectrum signals using code division mul-
tiple access (CDMA). CDMA allows the receiver to identify the satellite sending
a signal and to determine the code delay and Doppler frequency of the received
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global navigation satellite system (GNSS) signals by means of a correlation oper-
ation (Kaplan & Hegarty, 2005). For both the GPS L5 and Galileo E5a signals,
the families of codes used to achieve this goal were carefully chosen to have
excellent correlation properties, thereby minimizing the probability of missed or
false detections.

Since then, some properties of the GPS L5I/Q and Galileo E5a-1/Q codes have
been analyzed. For GPS L5 codes, the maximum auto-correlation secondary peak
was found to be —29.2 dB for L5I and -29.0 dB for L5Q, with the cross-correlation
peak at —26.4 dB for L51 and -26.5 dB for L5Q (Macabiau et al., 2002; Tran, 2004).
For Galileo E5a, the maximum auto-correlation secondary peak was -28.9 dB for
E5a-Tand -28.7 dB for E5a-Q, and the cross-correlation peak was —26.0 dB for E5a-I
and -25.5 dB for E5a-Q (Miret, 2005; Gao, 2008). Thus, both the GPS L5 and Galileo
E5a signals provide better auto- and cross-correlation protection than the legacy
GPS L1 coarse/acquisition (C/A) pseudorandom noise (PRN) codes, which have a
maximum auto-correlation secondary peak and cross-correlation peak of approxi-
mately -24 dB (Morton et al., 2003; Foucras et al., 2017). Betz et al. (2006) provided
a broader summary of the correlation properties of several GNSS code families,
including L5 and E5a, with a code length of 10,230 chips.

In addition to improved correlation protection, the L5/E5a signals also provide
improved multipath performance, protection against narrowband interference,
and ionospheric delay correction when combined with signal measurements from
other bands. For these reasons, GPS L5 and Galileo E5a signals are of special inter-
est for civil aviation, and the next generation of airborne GNSS receivers, with
dual-frequency multi-constellation (DFMC) capabilities, will be able to process
both signals (Tran, 2004; Novella et al., 2022).

However, the GNSS L5/E5a radio frequency interference (RFI) environment
is dominated by existing pulsed systems such as distance-measuring equipment
(DME), tactical air navigation (TACAN) systems, the Joint Tactical Information
Distribution System (JTIDS), and the Multifunctional Information Distribution
System (MIDS), which co-exist in the L5/E5 GNSS frequency band and impact the
nominal processing of GNSS receivers. In the context of civil aviation, a long thread
of activities has led to an elaboration of various standards by the International Civil
Aviation Organization, the Radio Technical Commission for Aeronautics (RTCA),
and the European Organization for Civil Aviation Equipment to determine and
bound the vulnerability of DFMC GNSS receivers to these RFI sources in the L5/
E5a band. In the standards, a temporal blanker is assumed to be implemented in
the radio frequency front-end (RFFE) block of the GNSS DFMC receiver to mit-
igate the impact of the pulsed RFI observed in the L5/E5a band (RTCA, 2004).
The role of the blanker is to set the incoming signal samples to zero whenever the
peak envelope power of a received pulse exceeds a fixed threshold (Hegarty et al.,
2000; Grabowski & Hegarty, 2002; Garcia-Pena et al., 2019; Garcia-Pena, Macabiau,
Julien et al., 2020; Garcia-Pena, Macabiau, Novella et al., 2020). Depending on the
RFI scenario (e.g., number of beacons, received power at the aircraft level, pulse
time of arrival, etc.), the blanking duty cycle (bdc), i.e., the percentage of samples
set to zero by the blanker, is determined. A worst-case scenario was found in RTCA
DO-292 at Harrisburg, PA, at a high altitude (flight level [FL] 400), where bdc
reached up to 63%, owing to a high number of DME/TACAN beacons (RTCA, 2004).

In the blanking process, parts of the useful incoming GNSS signal are also
blanked as well as the incoming L5I/Q and E5a-I/Q codes, which are later cor-
related with unblanked code replicas in the acquisition and tracking stages.
Therefore, the results found in the literature concerning the GPS L5I/Q and
Galileo E5a-1/Q code properties are no longer applicable in the presence of a
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blanker. Furthermore, in practice, GNSS signals are always received with addi-
tional Doppler residuals caused by satellite and receiver motion, which cause a
frequency offset between the incoming signal and the local replica (Van Diggelen,
2009). Therefore, the auto- and cross-correlation properties must be investigated
in the presence of Doppler residuals.

In the literature, the auto- and cross-correlation properties have been thoroughly
assessed for the GPS L1 C/A Gold codes (Gold, 1967) and Galileo E1 signals. These
properties have been addressed in previous studies, particularly in the presence
of Doppler offsets (Spilker, 1996; Soualle et al., 2005; Wallner et al., 2007; Soualle,
2009; Qaisar & Dempster, 2011). Foucras et al. (2017) expanded this discussion by
providing comprehensive statistics on the auto- and cross-correlation properties
with Doppler residuals ranging from -10 to 10 kHz for all pairs of GPS L1 and
Galileo E1 codes.

However, for the L5/E5a band, to the authors’ best knowledge, the only works
that consider Doppler residuals are those of Spilker and Van Dierendonck (2001)
for L5 and Gao and Enge (2012) for E5a. The former study examined the impact
of Doppler shifts on L5 codes, but the analysis was limited to a few selected L5
codes, with correlation properties assessed at a Doppler step of 1 kHz. Gao and
Enge (2012) provided correlation properties in the presence of Doppler residuals
ranging from -10 to 10 kHz, but this work was limited to the first two test sat-
ellites of the Galileo E5a system, Galileo In-Orbit Validation Elements, which
are no longer active. Therefore, the literature still lacks an exhaustive study on
the auto- and cross-correlation properties of the L5/E5a code in the presence of
Doppler residuals and, more importantly, in the presence of blanking for future
DFMC civil aviation receivers. In this work, statistics on the auto-correlation
main peak, auto-correlation secondary peak, and cross-correlation peak (includ-
ing maximum values and quantiles) are provided, with a primary focus on
the impact of blanking, with bdc ranging from 0% to 75% (covering the RTCA
DO-292 worst-case scenario). This paper also examines the L5/E5a code prop-
erties in the presence of Doppler residuals ranging from -10 to 10 kHz in the
no-blanking case.

This paper is organized as follows. Section 2 presents the motivation for this
work and explains its focus. Section 3 provides an overview of the GPS L5/
Galileo E5a signal structures and describes a generic airborne GNSS DFMC
receiver. Section 4 introduces the simulation methodology used to obtain statis-
tics on the GPS L5 and Galileo E5a code properties in the presence of Doppler
residuals or blanking. Section 5 presents and discusses simulation results for the
auto-correlation and cross-correlation of GPS L5 and Galileo E5a. Finally, the
study is concluded in Section 6.

2 | MOTIVATION AND DOPPLER RESIDUAL

This study is motivated by the omnipresence of DME/TACAN RFI signals in
the GNSS L5/E5a band. Indeed, the number of received RFI pulses at airborne
GNSS DFMC receivers may be very high, as each DME/TACAN ground beacon in
the aircraft radio line of sight can simultaneously respond to the interrogations of
multiple aircraft, potentially triggering the blanker multiple times. Therefore, the
GNSS L5/E5a code properties must be investigated in blanking conditions, that is,
by correlating a blanked and an unblanked version of the code replica. The num-
ber of blanked samples is determined by the worst-case scenario initially defined
in the standards (2004), where up to 63% of the received signal is assumed to be
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blanked at Harrisburg, PA, i.e., bdc = 0.63 (RTCA, 2004). However, air traffic vol-
ume grows every year and is expected to exceed the pre-COVID-19 pandemic level
by 2025 (Airbus, 2024), indicating that higher bdc values may be found in in the
near future. Moreover, two recent experimental studies have shown in-phase/
quadrature (I/Q) sample recordings exhibiting high blanking levels due to the
presence of strong DME/TACAN multipath signals (Zeta Associates, 2019, 2021),
which are currently not considered in the RTCA DO-292 worst-case derivation. For
these reasons, the GNSS L5/E5a code properties are investigated in this study for
bdc values not simply ranging from 0% to 63% but from 0% to 75%, to anticipate the
worst values of bdc.

GNSS code properties are classically evaluated in the presence of Doppler residu-
als. This is the case for the properties of GNSS L1/E1 code, as indicated in Section 1
(Spilker, 1996; Soualle et al., 2005; Wallner et al., 2007; Soualle, 2009; Qaisar &
Dempster, 2011; Foucras et al., 2017). However, simulation results have shown that
the effect of Doppler residuals is negligible when considering the GNSS L5/E5a
code families (simulation results shown in Section 5). Therefore, this study primar-
ily focuses on the blanking effect only.

3 | SIGNAL DEFINITION AND GENERIC AIRBORNE
GNSS DFMC RECEIVER SCHEME

3.1 | GPS L5 and Galileo E5a Signal Definition

The GPS L5 signal transmitted by satellite i is a quadrature phase shift key-
ing (QPSK) modulation applied to the L5 carrier, consisting of both data and pilot
channels. The mathematical model of this signal is as follows:

sts(0) =Ad! (1) ¢§ 5 (8) b3, (1) cos(27 f 5t )+ Ac o (D) cPi (D sin (22 f5t) (1)

In this equation, A is the signal amplitude, where the minimum total power
of the received GPS L5 signal is either -157 dBW (block III/IIIF) or —157.9 dBW
(block IIF) for both the data and pilot channels (IS-GPS-705J, 2022). The term d!
represents the L5 navigation message encoded by a convolutional forward error
correction (FEC) encoder with a V2 rate for satellite i. The original L5 navigation
message has a data rate of 50 bps, whereas d' has a final rate of 100 sps after encod-
ing, resulting in a symbol duration of 10 ms. The sequences cj; and cj;, are the
10-bit and 20-bit secondary Neuman-Hofman codes (Neuman & Hofman, 1971),
respectively, encoded in the polar non-return-to-zero level (P/NRZ/L) form. These
codes are clocked at a rate of 1 kHz, giving each bit a duration of 1 ms. Meanwhile,
ci";l and cf‘SiQ represent the primary data and pilot component PRN codes specific
to satellite i, respectively. The codes, also in the P/NRZ/L form, are 10,230 chips
long and are clocked at a rate of 10.23 MHz, resulting in a code period of 1 ms.
Finally, the carrier frequency for the L5 band, denoted as f; ., is 1176.45 MHz.

The cf,, and ci’SQ PRN codes are generated as the modulo-2 sum of two differ-
ent sequences generated by two linear feedback shift registers (LFSRs). Detailed
information on the GPS L5 code generation process can be found in IS-GPS-705]
(2022). The correlation properties of 37 GPS L5 codes retrieved from Macabiau et al.
(2002) and Tran (2004), which do not consider Doppler residuals or blanking, are
summarized in Table 1.

The Galileo E5a signal is transmitted as part of the multiplexing of Galileo E5a
and ES5Db signals, constituting the wideband Galileo E5 signal. Each E5a and E5b
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TABLE 1

cPs; and CESQ Code Properties Without Considering Doppler Residuals or Blanker

Max. Auto-Correlation Sidelobe (dB) Max. Cross-Correlation (dB)
Chst ciso Crst CESQ
-29.2 -29.0 -26.4 -26.5

signal consists of two components, the data component and the pilot component.
The four components are transmitted at the same time, while being separated in
frequency owing to an alternative binary offset carrier (Alt-BOC) modulation (OS
SIS ICD, 2023; Rebeyrol, 2007).

Because of the widely split spectrum generated by the Alt-BOC modulation, it is
possible to receive the E5a (or E5b) signal as a pure QPSK(10) signal as long as the
front-end filter of the receiver has a bandwidth of less than 51.15 MHz (Tawk et al.,
2012). As future airborne DFMC receivers are expected to operate with a front-filter
frequency of 12-20 MHz (RTCA 2004), only the pure QPSK(10) is considered for
this analysis. Under this assumption, the Galileo E5a signal radiated by satellite i
is modeled as follows:

st (D =Adi(t)esl (Dbl (t)cos (27 f5t )+ Acggw(t)cg’;w (D)sin (27 f, 5t )
@)

In this equation, A denotes the signal amplitude, with the minimum total
power of the received Galileo E5a signal being -155.25 dBW for the data and pilot
components combined (OS SIS ICD, 2023). The term d! refers to the E5a naviga-
tion message, which is encoded with a convolutional FEC encoder with a V2 rate for
satellite i. The original E5a navigation message has a data rate of 25 bps, and d' has
a final rate of 50 sps after encoding, resulting in a symbol duration of 20 ms. The
sequences s, ; and cgs, o correspond to 20-bit and 100-bit secondary codes,
respectively, encoded via the P/NRZ/L format. These codes are clocked at 1 kHz;
thus, each bit lasts 1 ms. cg’sia_l and c,‘;’sia_o are the primary data and pilot compo-
nent PRN codes, respectively, for satellite i. These primary codes, also in P/NRZ/L
format, are 10,230 chips long and are clocked at 10.23 MHz, resulting in a code
period of 1 ms.

The cbg, ;, and cf. «—o PRN codes are generated as a combination of two
m-sequences, truncated to the appropriate length. The two m-sequences are gen-
erated by two parallel LFSRs of 14 cells, without any shift. The full Galileo E5a
code generation is provided in OS SIS ICD (2023). The Galileo E5a code properties
retrieved from Miret (2005) and Gao (2008), which do not consider Doppler resid-
uals or blanking, are summarized in Table 2.

An additional set of assumptions regarding the signal definition is considered
in this paper to assess the impact of blanking on the code properties. First, the
navigation data d are always assumed to remain constant at unity during the
integration time. Second, the secondary codes cj,;, ¢, ¢yl ., and c}S::iSWQ
are also assumed to be equal to unity during the integration time. An analysis of
the secondary Neuman-Hofman codes (Neuman & Hofman, 1971) ¢}, and Cls0
with respect to acquisition, bit synchronization, and narrowband interference pro-
tection has been reported by Zou et al. (2009), and an analysis of the secondary
Galileo E5a codes cz’ga_ ; and cz:;a_Q with respect to acquisition has been reported
by Shivaramaiah et al. (2008).
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TABLE 2
chs, yand chs «_o Code Properties Without Considering Doppler Residuals or Blanker

Max. Auto-Correlation Sidelobe (dB) Max. Cross-Correlation (dB)
cgsa—l c}gsa—Q c§5a_[ cgsa—Q
-28.9 -28.7 -26.0 -25.5
> A
(9$' ‘ 7/
Antenna

1

T; JTi

AGC/ADC
Blanker

FIGURE 1 Generic airborne civil aviation GNSS receiver block scheme

3.2 | Generic Airborne GNSS DFMC Receiver Scheme

In this section, the structure of a generic airborne civil aviation GNSS receiver,
along with the behavior and impact of its components, is introduced. Figure 1 pres-
ents the generic DFMC receiver structure.

The signal reception process begins at the antenna, which captures all of the
in-band incoming signals, corresponding to a mixture of GNSS signals and unde-
sirable RFI signals. The signals received at the antenna port, indicated as point A
in Figure 1, are then passed to the RFFE block.

Multiple operations are performed in the RFFE block. First, the received signals
are amplified, shifted from their original carrier frequency to a lower intermediate
frequency, and filtered by the radio frequency/intermediate frequency (RF/IF) filter
to obtain the signal at point B in Figure 1. The resulting signal is then digitized by an
analog-to-digital converter (ADC) coupled with an automatic gain controller (AGC),
which is responsible for minimizing the losses caused by quantization (Bastide et al.,
2003). The temporal blanker is then introduced at this point (RTCA, 2004).

The temporal blanker is the countermeasure selected by civil aviation standards
to mitigate the impact of pulsed RFI, such as DME/TACAN or JTIDS/MIDS sig-
nals. Note that the final implementation depends on the receiver manufacturer,
as the exact structure of the temporal blanker is not standardized; three possi-
ble blanker implementations have been reported by Garcia-Pena et al. (2019;
Garcia-Pena, Macabiau, Julien et al., 2020; Garcia-Pena, Macabiau, Novella et al.,
2020). The temporal blanker is a device that blanks (sets to zero) the I/Q time
samples of the incoming signal (mixture of signals) that have an instantaneous
power envelope over a fixed threshold (RTCA, 2004). Figure 2(a) illustrates the
instantaneous blanker application defined in RTCA (2004), where the blanking
threshold is expressed in volts (V), and Figure 2(b) shows the normalized instanta-
neous power envelope along with durations.

At the RFFE block output, the digitized and blanked mix of GNSS and RFI sig-
nals at point C is fed to the correlator, which multiplies the signal by two local rep-
licas (a sinusoid and an unblanked code) and coherently accumulates the resulting
signal for T, seconds, where T; is the coherent integration time. At this stage, the
simulations are processed, and the impact of the Doppler residuals and blanking is
analyzed, as discussed in the following sections.
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FIGURE 2 (a)lllustration of the RTCA DO-292 instantaneous blanker behavior over a DME
signal; (b) normalized instantaneous power envelope of a DME/TACAN signal

Finally, at the output of the GNSS DFMC correlator (point D in Figure 1), the
basic operations of the GNSS receiver, i.e., the acquisition, tracking, and demodula-
tion of the GNSS signals, are performed, and the position, velocity, and time (PVT)
are retrieved.

4 | SIMULATION METHODOLOGY

This section presents the simulation methodology used to evaluate the code cor-
relation properties in the presence of a blanker. The goal of the simulation is to
provide detailed statistics on these properties, focusing on the maximum values
and quantiles (90%, 95%, 99%, 99.9%, 99.99%, and 99.999%) of the auto-correlation
sidelobes and cross-correlation values. Additionally, the impact of Doppler residu-
als is assessed in the no-blanking scenario.

To ensure realistic conditions reflective of aviation applications, the simulation
parameters were carefully selected. For instance, bdc values up to 75% were simu-
lated to cover the worst-case scenario found in the RTCA DO-292, corresponding
to a bdc of 63% near Harrisburg, PA, at FL400. The simulation settings are detailed
as follows:

« The simulation included all 210 code pairs assigned in IS-GPS-705J (2022) for
the GPS L51/Q code family and the 50 code pairs assigned in OS SIS ICD (2023)
for the Galileo E5a-1/Q code family.

 bdc values of 0%-75% were tested with a 15% step to comprehensively cover
possible scenarios, including the RTCA worst-case scenario.

« For the 0% bdc scenario, Doppler residuals between -10 kHz and 10 kHz were
evaluated, with a 50-Hz step.

« All possible code delays were tested with a 1-chip step.

« An integration time of 1 ms was used for each simulation.

The methodology for obtaining the quantiles and maximum values consists of
four main steps:

1. Select bdc and the code pair.

20

25
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2. Perform operations on the incoming code (application of blanking or Doppler
residuals).

3. Apply a correlation operation with code replica.

4. Determine the maximum values and quantiles.

The four steps are detailed below.

1. Select bdc and the code pair: A bdc value is chosen from a range of 0%-75%
with a 15% step, and a GPS L5 or Galileo E5a code pair (cP*i,cP*j) is selected,
where i = j for auto-correlation and i j for cross-correlation. The indices i and
Jj denote the incoming code and replica generated by the receiver, respectively.

2. Perform operations on the incoming code
2-a. Blanking (bdc higher than 0%)

2-a-1. Determine the number of chips/blocks to be blanked: The number of chips
N, to be blanked is determined as follows:

N, = bdc-10230 | 3)

where ’__l indicates rounding up to the nearest integer. Given that DME/TACAN
RFI signals are the main contributor to bdc (RTCA, 2004), this paper assumes that
blanked chips are grouped into blocks of 200 chips, hereafter referred to as blanked
blocks. The length of each blanked block (200 chips) approximately corresponds
to the duration of one DME/TACAN pulse pair (20 us), as depicted in Figure 2(b).

The total number of blanked blocks required to obtain N, blanked chips is cal-
culated as follows:

N, =[N, /200] (4)

It must be noted that one blanked block may contain fewer than 200 chips to
reach exactly N,.

2-a-2. Determine the starting indices of the blanked blocks: The starting indices of
the N, blanked blocks are randomly chosen, following a uniform distribution over
the 10,230 chips while ensuring that the blocks do not overlap. This random process
is repeated 100 times to ensure a sufficient number of different sets of the blanked
block starting indices for extracting maximum values and selected quantiles.

2-b. Doppler residuals (0% bdc only)

Doppler residuals, i.e., sinusoids with frequencies equal to the offsets between
the received signals and the local carrier replicas, ranging from -10 kHz to 10 kHz
are applied to the incoming codes with a 50-Hz step.

3. Apply a correlation operation with code replica: For each set of blanked block
starting indices, the incoming code c¢P is blanked. Figure 3 illustrates the blanking

process for the incoming code, where two blocks of 200 chips are blanked in 05’517 I
for demonstration purposes.
The blanked or frequency-shifted code c¢P! |Nb is then multiplied by the

non-blanked, non-shifted local replica ¢P/ in the frequency domain, which cor-
responds to the cross-ambiguity function (CAF) in the time domain, denoted as
S The calculation is performed in the frequency domain, as it directly provides
results for all code delays with a step of one chip (Borre et al., 2007). The mathe-
matical model of S, ; is given as follows:

‘IFFT(FFT(cg’;iY Iy, ) FFT (e8!, ))

St =

5
b 10230 )
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where we have the following:

« FFT and IFFT represent the fast Fourier transform and inverse fast Fourier
transform, respectively.

« FFT" denotes the complex conjugate of FFT.

. cé’(”;y and cé’(’{ y are the i-th and j-th codes of code family X (GPS L5 or Galileo
E5a) and channel Y (I or Q), respectively.

. s(t)|Nb is a signal s(t) blanked for N, blanked blocks.

« n denotes the n-th iteration with random sets of starting indices for blanked
blocks.

4. Determine the maximum values and quantiles: For each bdc value, steps 1-3
are repeated to analyze all code pairs (i, j). For each pair, the CAF S, ;(f},) is cal-

culated across all 100 sets of blanked block starting indices. These values are stored
in a large list, along with the S, ; values from all other code pairs. The entire list
is then sorted in ascending order, allowing the selected quantiles and maximum
values to be directly retrieved. Auto-correlation values are obtained via code pairs
(i, i), whereas cross-correlation values are determined via code pairs (i, j),, j

Steps 1-4 are repeated for each bdc setting to obtain the complete statistics on the
GPS L5 and Galileo E5a code properties. Note that all derivations are conducted
in the discrete domain, as the difference between discrete and continuous models
with respect to the CAF is negligible (Foucras et al., 2017).

¢t ; incoming code

NS -

100 200 300 400 500 600 700 800 900 1000 10000 10100 10230

cs ; incoming code with Doppler residuals of fp = 10kH =

100 200 300 400 500 600 700 800 900 1000 10000 10100 10230

¢ ; incoming code blanked

Chip

FIGURE 3 Application of Doppler residuals and blanking for GPS L5I PRN 1 code, ch‘Slf I
where 10-kHz Doppler residual is applied and two blocks of 200 chips are blanked

£ Block N, ! Block1 Block N,
i 1 1 1 5 1 1 ? 1 1 1 L
100 200 300 400 500 600 700 800 900 1000 10000 10100 10230
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5 | RESULTS

This section presents the auto-correlation and cross-correlation properties of
the GPS L5I/Q and Galileo E5a-1/Q codes. This section is divided into two main
parts: the first subsection focuses on the auto-correlation main peaks and sidelo-
bes, whereas the second section focuses on the cross-correlation values. In each
subsection, we confirm that the classical results from the literature are retrieved
when the effects of blanking and Doppler residuals are not considered. Then, the
correlation properties are presented, accounting only for Doppler residuals, and
finally, the impact of blanking for civil aviation applications is discussed.

5.1 | Auto-Correlation Results

In this subsection, the auto-correlation properties, specifically the main peaks
and sidelobes, are investigated. If the auto-correlation main peaks are degraded,
the minimal detection threshold used by the receiver must be lowered accord-
ingly, while ensuring that the sidelobes are not mistakenly identified as the main
peak. Otherwise, an incoming signal with a low carrier-to-noise density ratio
(C/N,) will not be detected. The auto-correlation main peaks of the GPS L5I/Q
and Galileo E5a-1/Q code families in the presence of a blanker are provided
in Table 3.

The auto-correlation main peak values in Table 3 indicate that GPS L5I/Q and
Galileo E5a-1/Q lose the same amount of auto-correlation power, as the same
percentage of samples is set to zero with the implementation of a blanker. The
auto-correlation main peak values decrease significantly as bdc increases, falling
to -8.0 dB in the RTCA DO-292 worst-case scenario (bdc ~ 60%) and reaching
-12.0 dB at 75% bdc.

Tables 4-7 present statistics for the auto-correlation sidelobes in the presence
of blanking (from 0% to 75%) for GPS L5I and L5Q and Galileo E5a-I and E5a-Q,
respectively. A quantile q indicates that q% of the autocorrelation sidelobes for a
given bdc are below the value indicated in the table for any code pair (cP, ¢P), any
code delays that are multitudes of 1 chip, and any random blanking block indices.
For example, from the 95% quantile considering 30% bdc (line 2, column 4) of
Table 4, it can be interpreted that 95% of the auto-correlation sidelobes for any
pair (cP%,cP') of GPS L5I codes are below -35.8 dB. It should be noted that the
first column of each table (bdc = 0% with Doppler) is dedicated to the properties
in the presence of Doppler residuals ranging from -10 kHz to 10 kHz without
a blanker.

From the simulation results, four conclusions can be drawn:

1. From Tables 4-7, we observe that the maximum auto-correlation sidelobe
values, without Doppler and blanking effects, are nearly identical to those
reported in the literature, varying by up to 0.4 dB, except for GPS L5I, which

TABLE 3
GPS L51/Q and Galileo E5a-1/Q Auto-Correlation Main Peak Results in the Presence of a Blanker

Auto-correlation main peak (dB)
bdc 0% 15% 30% 45% 60% 75%

€515 Chons Chsarrs Chsa—g 0.0 -1.4 -3.1 -5.2 -8.0 -12.0
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TABLE 4
GPS L5I Auto-Correlation Sidelobe (dB) Results in the Presence of a Blanker

bdc 0%
s with Doppler  *% 15%  30%  45% = 60%  75%
90% -36.5 -35.8 -36.5 -37.3 -38.3 -39.7 -41.8
95% -353 —344  -350 -358 -369  -38.3  -40.3
99% -33.4 -32.2 -32.9 -33.6 -34.6 -35.9 -38.0
99.9% -31.7 -304 -30.9 -31.6 -32.5 -33.8 -35.8
99.99% -30.4 -29.2 -29.6 -30.3 -31.2 -32.4 -34.4
99.999% -29.4 287 -288  -293  -301 -314  -333
Maximum -27.7 -28.2 -26.7 -26.7 -27.2 -28.2 -30.3

TABLE 5

GPS L5Q Auto-Correlation Sidelobe (dB) Results in the Presence of a Blanker

i bdc with :’)T‘;pp o "% 15% 30%  45% 60% 75%

90% -36.5 358  -365 -37.3  -383  -39.7  -41.8

95% -353 344  -350 358  -369  -382  -40.3

99% -33.4 -322  -329  -336  -346  -359  -380

99.9% -31.6 -303 -30.9 -31.6 -32.5 -33.8 -358

99.99% -30.4 290  -29.6  -302  -311  -324  -344

99.999% -29.4 286 -287 -292  -301  -314  -333

Maximum -27.5 286 267 -27.0 -27.8  -282  -30.3
TABLE 6

Galileo E5a-I Auto-Correlation Sidelobe (dB) Results in the Presence of a Blanker

—_— bdc with gﬁppler 0% 15%  30%  45%  60%  75%
90% -36.5 -358  -365 -373 385  -39.9  -418

95% -35.3 -343  -349  -358  -369  -383  -403

99% -334 318  -326  -33.5 345 -359  -38.0
99.9% -31.6 -300  -306 -314  -324  -338  -357
99.99% -30.4 290  -294  -301  -31.0  -323  -343
99.999% 294 286  -286 -291 300 -313  -332
Maximum 275 286  -267 -27.0 277  -286  -30.7

shows a 1-dB difference. This discrepancy can be attributed to the different
number of codes analyzed in our simulations compared with previous studies.
Figure 4 presents the maximum auto-correlation sidelobe for each PRN, with
PRN 164 exhibiting the highest value of -28.2 dB. When only the first 37 GPS
L5I codes are assessed, as shown in Figure 4, the maximum auto-correlation
sidelobe is -29.2 dB, which matches the value reported in the literature, as
indicated in Table 1.

2. In the first columns of Tables 4-7 (bdc = 0% with Doppler), which consider the
impact of Doppler residuals ([-10, 10] kHz), the effect on the auto-correlation
sidelobes is minor: the maximum sidelobes increase by up to 1.1 dB for GPS
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TABLE 7
Galileo E5a-Q Auto-Correlation Sidelobe (dB) Results in the Presence of a Blanker

bdc 0%
s with Doppler  *% 15%  30%  45% = 60%  75%
90% -36.5 -35.8 -36.5 -37.3 -38.5 -39.9 -41.8
95% -353 —343  -349  -358  -369  -38.3  -40.3
99% -33.4 -31.8 -32.6 -33.5 -34.5 -35.9 -38.0
99.9% -31.6 -29.9 -30.6 -31.3 -32.4 -33.8 -35.7
99.99% -30.3 -29.1 -29.4 -30.1 -31.0 -32.3 -34.3
99.999% -29.3 287  -286  -29.1  -300 -31.3  -333
Maximum -27.7 -28.6 -26.8 -27.2 -27.5 -28.5 -30.9

L51 Auto-Correlation Secondary Peak Values
T T T T T

T T T T T T T T T T T
-28 | H
-28.2 dB (PRN 1-210)
-285
-29
-29.5
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-30.5 H
1 | 1 1 | | 1 1 ! L L 1 | L | | L 1 L |
N ,\'\ q:\ ".)\ b:\ b\ Q;\ ,\'\ Q)'\ q\ ,\Q\ '\,\'\ '\q:\ (b'\ .\b&\ \6\ ,\Q)\ (\\ ,\Q)\ ,\Q)\ "],Q\ (L,\G
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FIGURE 4 Maximum auto-correlation sidelobes for PRN codes

The maximum auto-correlation sidelobe was observed to be -29.2 dB for PRNs 1-37, consistent
with the value reported in the literature; meanwhile, the maximum value increases to -28.2 dB
when the entire set of 210 PRN codes is examined.

L5Q and Galileo E5a-I (Tables 5 and 6) and by 0.5 dB and 0.8 dB for GPS L5I
and Galileo E5a-Q code families, respectively (Tables 4 and 7). This increase
is significantly smaller than that observed for the GPS L1 C/A code family,
where the increase can reach up to 4.8 dB (Foucras et al., 2017) owing to the
greater code length (10,230 chips) and higher chipping rate (10.23 Mcps)
of L5/E5a codes. The 4.8-dB increase for L1 C/A was also confirmed by the
MATLAB simulations used in this work, by merely changing the analyzed
codes from L5/E5a to L1 C/A.

. In Tables 4-7, the auto-correlation sidelobes at each quantile, except for

the maximum values, generally decrease as bdc increases. For example, in
the worst-case scenario defined in the RTCA DO-292 (bdc ~ 60%), the 90%
quantiles of auto-correlation sidelobes are suppressed by approximately
4 dB for all of the L5/E5a code families. In contrast, the maximum sidelobes
experience the greatest increases at a bdc of 15%, increasing by 1.5 dB to
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FIGURE 5 GPS L5I auto-correlation sidelobe statistics (dB) for selected quantiles in the
presence of a blanker
The dashed line represents the auto-correlation protection level.

1.9 dB. As bdc exceeds 15%, the maximum sidelobes begin to steadily decrease,
becoming nearly equal to the 0% bdc case at 60% bdc. Further increasing the
bdc to 75% results in the maximum sidelobes being reduced by approximately
2 dB compared with the 0% bdc case.

4. Auto-correlation protection, defined as the margin between the auto-
correlation main peak and the maximum sidelobe, consistently decreases
as bdc increases, as shown in Figure 5. This decline is mainly due to the
significant reduction in the main peak, which can decrease by up to 12 dB
at a bdc of 75%, compared with increases in the maximum sidelobes, or a
relatively small decrease at a bdc of 75%. As a result, protection levels fall
from 28.6 dB (28.2 dB for L5I) at a bdc of 0% to 20.2-20.6dB at a bdc of 60%,
decreasing further to 18.3-18.9 dB at a bdc of 75%, thereby increasing the risk
of acquiring the sidelobe instead of the main peak. Despite this reduction,
L5/E5a code families demonstrate better or equivalent auto-correlation
protection levels up to a bdc of 60% compared with L1 C/A codes, which
have a maximum auto-correlation sidelobe of approximately -19.2 dB in
the presence of Doppler residuals (Foucras et al., 2017). Although Doppler
residuals were not considered, L5/E5a codes with 60% bdc still maintain
superior or comparable protection levels compared with L1 C/A codes, even
in the presence of Doppler residuals, owing to the minimal impact of Doppler
residuals on L5/E5a codes.
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5.2 | Cross-Correlation Results

In this subsection, the cross-correlation code properties obtained from our
simulation results are introduced and compared with the results obtained for
auto-correlation properties. Cross-correlation properties are crucial for ensuring
that weak signals are not masked by the noise generated by cross-correlation with
stronger signals during the acquisition stage (Qaisar & Dempster, 2007).

Tables 8-11 present simulation results for selected quantiles of cross-correlation
values in the presence of blanking (from 0% to 75%) for GPS L5I and L5Q and

TABLE 8
GPS L5I Cross-Correlation (dB) Results in the Presence of a Blanker

bdc 0%
quantiiss e 0% 15%  30%  45% = 60%  75%
90% -36.5 358  -36.5 -37.3  -383  -397  -418
95% -35.3 -34.4 -35.0 -35.8 -36.9 -38.2 -40.3
99% -334 -32.2 -329 -33.6 -34.5 -35.9 -38.0
99.9% -31.7 -303  -309 -31.6 -325 -338  -358
99.99% -30.4 -28.8 -29.4 -30.2 -31.1 -32.4 -34.4
99.999% -29.3 -27.8 -28.4 -29.1 -30.0 -31.3 -33.3
Maximum -26.4 -26.4 -25.4 -25.4 -26.6 -27.2 -29.9

TABLE 9

GPS L5Q Cross-Correlation (dB) Results in the Presence of a Blanker

o bdc with :’)T‘;ppler 0% 15%  30%  45%  60%  75%

90% -36.5 358  -365 -37.3 383  -39.7  -41.8

95% -35.3 344  -350 -358 -369 -382  -40.3

99% -334 322 -329  -33.6 345 -359  -380

99.9% 317 303  -309 -31.6 -32.5 -338  -358

99.99% -30.4 288 294  -302 -311 -32.4 -34.4

99.999% 293 278 284 291  -30.0 -313  -333

Maximum -26.3 264  -252  -258 266 271  -29.7
TABLE 10

Galileo E5a-I Cross-Correlation (dB) Results in the Presence of a Blanker

S bdc with ](Z‘;pp o % 15% 30%  45% 60% 75%
90% -36.5 357  -364  -37.3  -383  -39.7  -41.8

95% -353 -341  -349 357  -368 -382  -40.3

99% -33.4 317 -324 333 -344  -358  -37.9
99.9% -31.6 297  -303 -312 -322  -337  -357
99.99% -30.2 283  -290 -29.8  -30.8  -322  -343
99.999% -29.0 272  -27.9  -287  -29.7 -311  -332

Maximum -25.7 -25.7 -25.0 -25.8 -26.1 -28.1 -29.4
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TABLE 11
Galileo E5a-Q Cross-Correlation (dB) Results in the Presence of a Blanker

bdc 0%
s with Doppler  *% 15%  30%  45% = 60%  75%
90% -36.5 -35.7 -36.4 -37.3 -38.3 -39.7 -41.8
95% -35.3 -34.1 -34.9 -35.7 -36.8 -38.2 -40.3
99% -33.4 -31.7 -32.4 -33.3 -34.4 -35.8 -37.9
99.9% -31.6 -29.7 -304 -31.2 -32.2 -33.7 -35.7
99.99% -30.2 -28.3 -29.0 -29.8 -30.8 -32.2 -34.3
99.999% -29.0 272  -279  -287 -298 311  -332
Maximum -26.2 -26.2 -24.9 -25.5 -26.3 -27.8 -30.1

Galileo E5a-I and E5a-Q, respectively. As in Section 5.1, the first column presents
results for Doppler residuals ([-10, 10] kHz) only. The second column of each table
is dedicated to the properties observed without blanking, allowing for a compari-
son with results found in the literature.

The following conclusions can be drawn from the simulations results:

1.

From Tables 8-11, we retrieved cross-correlation peaks for L5/E5a codes that
closely match those reported in the literature, with differences of up to 0.7 dB
in the absence of Doppler and blanker effects. This variance is also due to
the different number of codes analyzed in our simulations compared with
previous studies, as discussed in Section 5.1.

. In the first columns (bdc = 0%) of Tables 8-11, where only Doppler residuals

are considered, it is shown that Doppler residuals in the range of [-10, 10] kHz
have a negligible effect on the maximum cross-correlation values, causing an
increase of less than 0.1 dB. This behavior contrasts with the GPS L1 C/A case,
where the same range of Doppler residuals can cause the cross-correlation
peak to increase by as much as 4.9 dB (Foucras et al., 2017).

. In Tables 8-11, although the blanking process with a 15% bdc increases the

maximum cross-correlation values by up to 1.3 dB, further increases in bdc
beyond 15% result in a consistent decrease in cross-correlation peaks across
all quantiles. In the RTCA DO-292 worst-case scenario (bdc ~ 60%), the
maximum cross-correlations decrease by up to 2.4 dB compared with the 0%
bdc case for E5a-I codes.

. The dashed line in Figure 6 shows that higher bdc levels lead to lower cross-

correlation protection, defined as the margin between the auto-correlation
peak and the maximum cross-correlation values. This reduction occurs
because the cross-correlation peaks experience relatively small changes
compared with the significant reduction in the main auto-correlation peak,
which can decrease by up to 8 dB in the RTCA DO-292 worst-case scenario.
Cross-correlation protection levels decrease from approximately 26 dB at
0% bdc to slightly above the L1 C/A cross-correlation protection level of
19.1 dB (Foucras et al., 2017) around the RTCA DO-292 worst-case scenario.
The protection levels further decrease to just above 17 dB at a bdc of 75%.
This decline in cross-correlation protection increases the risk of mistakenly
acquiring the cross-correlation peak instead of the auto-correlation
main peak.
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FIGURE 6 Galileo E5a-Q cross-correlation (dB) for selected quantiles in the presence of a
blanker
The dashed line represents the correlation protection levels against cross-correlations.

6 | CONCLUSION

In this work, extensive simulations were performed to provide a statistical descrip-
tion of the auto-correlation and cross-correlation properties for the GPS L5I/Q and
Galileo E5a-1/Q code families. First, the simulation results were found to be almost
identical to the classical results for auto-correlation and cross-correlation found in
the literature for GPS L5I/Q and Galileo E5a-1/Q, excluding the effects of Doppler
residuals and blanking. The minor differences observed can be attributed to the
different sets of codes used in this study compared with the literature. Second,
statistics on the auto- and cross-correlation properties were provided while con-
sidering Doppler residuals only, within a classical range of [-10, 10] kHz. The
findings indicate that Doppler residuals have a minimal impact on the correlation
properties, owing to the greater code length and higher chipping rate of L5/E5a
codes compared with those of L1 C/A. Notably, in the presence of Doppler resid-
uals, the cross-correlation peaks remained the same, except for GPS L5Q, which
exhibited a slight increase of less than 0.1 dB. These results are significantly better
than those of the legacy GPS L1 C/A code family, where the increase in the max-
imum auto-correlation sidelobe and cross-correlation due to Doppler frequency
in the same range can reach approximately 4.9 dB for an integration time of 1 ms
(Foucras et al., 2017). Finally, this statistical description of the auto-correlation and
cross-correlation properties was completed with the introduction of the blanker for
the civil aviation context, where the bdc in the RTCA DO-292 worst-case scenario
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can reach 63% (RTCA, 2004). For bdc values ranging from 0% to 75%, the most
significant impact of the blanker was observed for the auto-correlation main peak,
which can decrease by almost 8 dB in the worst-case scenario (bdc ~ 60%). In con-
trast, the maximum auto-correlation sidelobes increase by less than 1.9 dB, and the
cross-correlation peaks increase by less than 1.3 dB for both L5 and E5a, resulting in
a reduction in protection against auto-correlation sidelobes and cross-correlations
to 20.2-20.6 dB and 19.1-20.1 dB, respectively, in the worst-case scenario and to
18.3-18.9 dB and 17.4-18.1 dB at a bdc of 75%. In this scenario, a possible solution
could be to lower the acquisition threshold to ensure that even the weakest signal
is acquired in the presence of Doppler residuals and blanker. The simulations fur-
ther demonstrated that although the correlation protection levels of L5/E5a codes
decrease as bdc increases, they remain superior or comparable to the protection
levels of the L1 C/A code family without blanking, even in the RTCA DO-292
worst-case scenario. However, further increases in bdc due to the rising trend in
air traffic volume may diminish the correlation advantages that L5/E5a codes hold
over L1 C/A codes. A study of the potentially positive effects of longer integration
times on GNSS L5/E5a code properties in the presence of a blanker, as specified in
civil aviation standards, is left for future work.
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