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Abstract

Civil aviation GNSS receiver must fulfill minimum requirements defined in standardization documents in order to be certified.
International Civil Aviation Organization (ICAO) and Radio Technical Commission for Aeronautics (RTCA) GNSS receiver
requirements on message demodulation, pseudorange accuracyand acquisition performance can be expressed asa function of signal
carrier to noise power spectral density ratio (C/N,); where the minimum C/N, allowing to meet the GNSS receiver required
performance are called thresholds, C/Ny,,. In other words, received GNSS signal C/N, is supposed to exceed particular C/N,
thresholds in order to guarantee that each basic operation of the GNSS receiver (acquisition, tracking, demodulation) meets its
required performance; and civil aviation GNSS receiver manufacturers must guarantee the fulfillment of receiver requirements if the
received signal C/N, is equalto or above the associated requirement threshold.



Certification requirements for Dual Frequency Multi Constellations (DFMC) receivers, which are the new generation of civil aviation
GNSS receivers, are currently being elaborated. The objective of thisarticle is to revise and to adapt the calculation of the acquisition
thresholds for DFMC GNSS receiver. This article starts by presenting acquisition requirements for the current civil aviation GNSS
receiver generation (legacy receiver) and DFMC receiver. This article follows by describing the mathematical method used to derive
the acquisition thresholds and by computing their numerical values for the different processed signals: GPS L1 C/A for the legacy
receiver, GPS L1 C/A, Galileo E1, GPS L5 and Galileo E5a for DFMC receiver. Finally, this article establishes C /N, link budgets
for acquisition to verify thatthe received signal C /N, is above C/N, acquisition threshold atall points in the worlds, and therefore,
thatacquisition requirements can be met worldwide.

1 INTRODUCTION

GNSS is a Radio Navigation Satellite System (RNSS) which can be used as an Aeronautical Radio Navigation System (ARNS) for
some carrier frequency signals. ARNS is by definition a Safety of Life (SoL) system. SoL systems are defined as
radiocommunications services used for safeguarding human life and property (International Telecommunication Union, 2001). SoL
systems have particular protections to ensure they do not suffer from harmfulinterference coming from other radiocommunication
systems (ITU, 2020). In particular, a priority is given to SoL systems in terms of spectrum efficiency and robustness of system
operation if a non-SoL system may create harmfulinterference. Anotherfundamental characteristic of SoL systems is the fulfillment
of safety application-dependent specifications to become certified. Indeed, to be certified GNSS receiver must pass some tests
demonstratingthat their minimum performance is sufficient to achieve a given operation (requirement). Minimum performance and
test procedures are described in certifications documentscalled Minimum Operational Performance Standard (MOPS).

The current generation of civil aviation GNSS receiver is referred as legacy GNSS receiver. This kind of receiver only uses GPS
L1C/A signals to provide positioning and timing service. Its minimum performance is defined through the requirements listed in
DO-229E (Radio Technical Commission for Aeronautics, 2016). Test procedures used to verify the GNSS receiver fulfilment of the
requirements are also described in DO-229E. The derivation of the test procedures is based on analysis assessing the capability of
the receiver to operate in the L1-band radio frequency interference (RFI) environment. This analysis is detailed in DO-235B (Radio
Technical Commission for Aeronautics, 2008). Inthe coming years, a new generation of receiver is going to be used in civil aviation,
referred asdual frequency multi-constellation receiver (DFMC). As a majordifference with legacy receivers, DFMC receivers will
be able to process GPS L5, Galileo E1 and Galileo E5a signals in addition to GPS L1C/A. Analysis of the capability of a DFMC
receiver to operate in presence of RFI is developed in DO-235C (RTCA, 2022) forthe L1/E1 GNSS frequency band RFI environment
andin the future DO-292A (RTCA, 2004) for the L5/E5a GNSS frequency band RFI environment. Test procedures for DFMC will
be developed in ED-259A (Eurocae, 2023), which is expected to be released by end 2023.

Minimum performance requirements of certification documents (ED-259 (Eurocae, 2023) for DFMC receiver, DO-229E (RTCA,
2016)forlegacy receiver)) can often be translated into a minimum carrier to noise power spectral density C /N, requirement. In other
words, minimum performance requirements fora given GNSS signal processing operation should be fulfilled if and only if the GNSS
signal C /N, exceedsa given threshold. Therefore, these thresholds are a major input to the RFI environment analysis.

Among the different signal processing operations performed by a GNSS receiver, acquisition consists in detecting the presence or
absence of a GNSS signal coming from a given satellite. In case of a positive detection, the acquisition module must output a rough
estimation of the code delay and Doppler frequency to initialize tracking loops. Therefore, the acquisition step contributes to the
availability of the GNSS positioning and timing service. The acquisition thresholds are defined by the assumed minimum C /N,
values needed to fulfill time to first fix (TTFF) requirements.

As previously said, the calculation of the acquisition threshold hasa major significance when assessing the capability of the receiver
to meet minimum performance in a nominal RFI environment. As a matterof fact, these performance assessmentsare traditionally
conducted by performing C /N, link budget analysis in the nominal RFI environment. C/N, link budget analysis consists in
comparingthe estimated received signal C /N, in a given RFI environment to the C /N, threshold for the considered GNSS receiver
signal processing operation. A positive C /N, link budget margin should be interpreted asthe capability of the GNSS receiver to meet
minimum requirements for the considered operation in the nominal RFI environment.

GPS L1C/A acquisition thresholds for legacy receiver are computed in DO235B (RTCA, 2008). GPS L1C/A acquisition thresholds
are aligned with the legacy TTFF requirements. Acquisition thresholds for GPS L5 signals were derived in DO292 (RTCA, 2004)



and (C. Hegarty et al., 2003), in (Bastide et al., 2002) for Galileo E5a, and in (Julien et al., 2011) for Galileo E1. However, since
TTFF requirements for DFMC receiver were not issued when these works were published, their assumptions are not aligned with
the up-to-date requirements. The objective of this article is thus to provide acquisition thresholds in line with the new TTFF
requirements of ED-259 (Eurocae, 2023),and to demonstrate the capability of the DFMC GNSS receiver to meet TTFF requirements
under nominal RFI conditions described in DO-235C (RTCA, 2022)for L1-band and DO-292 (RTCA, 2004) for L5-band.

Inorder to achieve these objectives, this article is divided in three main sections. First, DFMC TTFF requirements are presented and
analyzed. From this analysis, a simple strategy to get a first fix is proposed, and the main inputs to acquisition threshold calculation
are determined. Although not optimal, this strategy will be compliant with the TTFF requirements and sets a “minimum” strategy
which can be adopted to fulfill the requirements. Second, the mathematical approach to derive acquisition thresholds is presented.
Acquisition process is conducted at the correlator output. Therefore, this section starts by proposing a mathematical model for the
correlator outputs of the different GNSS signals. This section follows by developing the mathematical equations leading to the
acquisition thresholds. Third, the capability of the receiver to respect TTFF requirements is analyzed, showing that the C /N, link
budget margin is positive atall points in the world.

2  DFMC TTFF REQUIREMENTS

The objective of this section is to present and to analyze TTFF requirements for DFMC receivers in order to propose some inputs
needed to compute acquisition thresholds. DFMC TTFF requirementsare first introduced and discussed. Second,a DFMC acquisition
strategy compliant with the requirements is described in order to propose additional inputs needed to the acquisition threshold
derivation.

2.1 Presentation of DFMC TTFF requirements
Three different DFMC TTFF requirements are analyzed here.
DMS:306:

The equipment shall output a valid position within 5 minutes with a 95% probability of success after power application given the
following conditions:

- Latitude and longitude initialized within 60 nauticalmiles;

- Time anddate initialized within 1 minute;

- Valid GPS and GAL almanacdataavailable and unobstructed satellite visibility;

- Under Normal Acquisition Interference Conditions;

- GPS and GAL signals from Minimum Signal Conditions to Maximum Signal Conditions;

- Valid ionospheric data available.

This requirement is very similar to the legacy TTFF requirement, for which a valid position shall be output with 95% probability of
success using GPS L1C/A signals only. The difference with legacy TTFF requirementis the availability of Galileo signals.

DMS:199:

The equipment shall outputa valid SBAS L5 augmented position within 15 minutes with a 95% probability of success afterpower
application given the following conditions:

- Latitude and longitude initialized within 60 nautical miles;

- Time anddateinitialized within 1 minute;

- Valid GPS, GAL, and SBAS almanacdata and unobstructed satellite visibility;

- Under Normal Acquisition Interference Conditions;

- GPS and GAL signals from Minimum Signal Conditions to Maximum Signal Conditions;

- At least one SBAS L5 signal (PRN code) at Minimum Signal Conditions, without the associated SBAS L1 signal (same

PRN code), broadcastingmessagesaugmenting GPS only.



DMS:210:

The equipment shall outputa valid SBAS L5 augmented position within 15 minutes with a 95% probability of success after power
application given the following conditions:

- Latitudeand longitude initialized within 60 nautical miles;

- Time anddate initialized within 1 minute;

- Valid GPS, GAL, and SBAS almanacdata and unobstructed satellite visibility;

- Under Normal Acquisition Interference Conditions;

- GPS and GAL signals from Minimum Signal Conditions to Maximum Signal Conditions;

- At least one SBAS L5 signal (PRN code) at Minimum Signal Conditions, without the associated SBAS L1 signal (same

PRN code), broadcastingmessagesaugmenting Galileo only.

DMS:199 and DMS:210 are equivalent and request a DFMC navigation solution. The difference between these two requirements is
the constellation augmented by the Satellite Based Augmentation System (SBAS). Indeed, in DMS:199, GPS signals are augmented
by the SBAS, whereas Galileo signals are augmented by SBAS in DMS:210.

Conditions associated to the TTFF requirements can be interpreted asfollows. First, the position andtime are roughly known. This
estimation of the time and position helps the positioning algorithm to output a more precise navigation position in a limited time,
since it limits the number of Doppler bins in the estimation matrix. Second, almanacs are supposed to be known and an open sky
configuration is considered. This condition is important. Indeed, it may help the acquisition process since signals can be acquired in
a decreasing elevation order, or from the highest C/N, valueto the lowest value. Third, normalacquisition interference conditions
are defined in ED-259 (Eurocae, 2023). As part of GNSS receiver testing, interferences are considered by injecting additionalaverage
white gaussian noise (AWGN) into the receiver. Therefore, the interference increases the noise floor term N,. The noise power
spectral density is part of the acquisition threshold, so this condition does not impact the calculation of the acquisition threshold but
rather the definition of the associated certification test. Fourth, GNSS signal are assumed to be from minimum to maximum signal
conditions. Signal conditions are defined in ED-259 in term of minimum and maximum GNSS signal power at the antenna port.
Similar to the previous condition, the GNSS signal power is part of the acquisition threshold, so this condition does not impact the
calculation of noise condition but ratherthe certification test derivation. Fifth, DMS:306 supposesthe knowledge of valid ionospheric
data. This assumption is important to perform integrity monitoring with receiver autonomous integrity monitoring (RAIM) in order
to ensure that the output position is valid. However, it does not impact the calculation of the acquisition threshold. Sixth and last,
DMS:199 and DMS:210 precises the settings for SBAS satellite generation. More precisions are given in ED-259.

2.2 Acquisition strategy compliant with TTFF requirements

An acquisition strategy, compliant with requirements presented in section 2.1, is presented here. From the strategy, some inputs to
the acquisition threshold derivation are proposed. These inputs are:

- Allocated time to acquire each signal: At least four signals are needed to fulfill DMS:306, whereas at least nine signals are
needed to fulfill DMS:199 (four GPS L1C/A signals, four GPS L5 signals, and one SBAS L5 signal) and DMS:210 (four
Galileo E1 signals, four Galileo E5a signals, and one SBAS L5signal). The sum of the allocated timesforeach signal should
notexceed the TTFF: 5 min for DMS:306, 15 min forDMS:210 and DMS:199.

- Probability of successful acquisition of each signal: The probability of successful acquisition of a given signal is the
probability to detect the signal, knowing it is in view, within the allocated time. Considering that the successive acquisitions
are independent from each other, the probability of TTFF success is the product of the probability of successful acquisition
of each targeted individual signal. According to the requirements, the probability of TTFF success must be higher than 0.95.

This section is divided in four paragraphs. First, for each pairof constellation and frequency band, a duration isallocated to compute
a navigation solution. Second, calculation of a first fix fora given constellation and frequency is furtheranalyzed in order to propose
an allocated time to acquire each individual signal. Third, the probability of successful acquisition for individual GNSS signal is
proposed. Fourth, a verification that the time to perform DFMC acquisition doesnot exceed the TTFF for each requirement is done.

2.21  Time allocation for each system

The proposed allocated time to perform a first fix for each pair of constellation and frequency band are summarized in TABLE 1.
Acquisition, tracking and demodulation of at least four signal of a given system must be performed during the associated allocated



time. Note thatat least5 min are required to download the SBAS message. An extra 1 min is added to perform the acquisition of the
SBAS signal.

TABLE 1
Proposed Allocated Time to Perform a First Fix forEach Pair of Constellation and Frequency Band
GPS Galileo SBAS acquisition
and demodulation
Signal L1C/A L5 El E5 L5
Allocated time 5 min 5 min 6.5 min 5 min 6 min

2.2.2  Time allocationfor each signal

The calculation of a first fix fora given core constellation and frequency is performed in three steps.

e Step 1: Afirst GNSS signal is acquired. Once the first space vehicle (SV) is acquired, the receiver clock can be synchronized
with the first acquired GNSS signal. Therefore, the receiver clock contribution to Doppler uncertainty is removed for the
acquisition of subsequent satellites, leading to a smaller Doppler space search.

e Step 2: Subsequentsignals are acquired.

e Step 3: Additional operationsnecessary to compute a first fix are performed. These operationsinclude the launching of the
trackingloops, the removal of false detection (a false detection consists in detecting a signal even though the searched GNSS
signal is not present), demodulation of navigation message, and integrity monitoring to ensure the validity of the output
position. This step allows to guarantee the validity of the first fix, thanksto the time allocation for integrity processing and
signal demodulation.

For the different pairs of constellation/frequency bands, proposed allocated time foreach step is indicated in TABLE 2.

TABLE 2
Sharing of the Allocated Time Between the Different First Fix Computation Steps

Time allocated to | Time allocated to | Time allocated to | Total TTFF
1st SV acquisition | each of the 2nd, 34 | Step 3: | (min)
(s) and 4th SV | Demodulation,
acquisition (s) integrity,
verification, ... (s)
GPS L1C/A 60 30 150* 5
L5 60 30 150* 5
Galileo El 96 48 150* 6.5
E5a 60 30 150* 5

*150sallocated to demodulation, integrity and verification is set on DO-235C (RTCA, 2022) and on DO-292 (RTCA, 2004).

Note thatin DMS:199 and DMS:210, the second systems computing a first fix may take advantage of the first fix computed by the
first system; in other words, GPS may profit from the first fix obtained from Galileo andthe other way around. This benefit is not
considered in this paper. Instead, acquisition thresholds are computed so that each system can perform a standalone acquisition (under
conditions detailed in the requirements).

2.2.3  Probability of successful acquisition of a single satellite signal
Assuming that the acquisition of each individual SV is independent from the other, the probability of successful acquisition of a
given satellite signal is given by Equation (1).

Nacq

Psuccess = 1_[ Pacq,i (1)
i=1



Where P,.,; isthe probability of successfully acquiring SV i in the allocated time,and N, is the totalnumber of SVs to be acquire
in order to comply with TTFF requirements.

TTFF requirements impose Py,cc.ss = 0.95. In addition, to fulfill DMS:306, N,., = 4 SVs are needed, whereas N,., = 9 SVs are
needed to fulfill DMS:210 and DMS:199. The most constrainingrequirements in terms of probability of success are clearly DMS:199
and DMS:210. Inthis paper, it is proposed to set P,., ; to the same value for all satellites. Therefore, the probability to successfully

acquire SV i is given by Equation (2) (with Ny, = 9).

1
E = Paca.i = (Psuccess)Nacq (2)

acq

Inthis article, F,., is rounded up to 0.995.
2.24  Compliancewith TTFF requirements
Inthis section, the compliance of the proposed time allocation with the TTFF requirements is investigated.

Compliance with DMS:306
InDMS:306, 5 Galileo and 5 GPS signals, onboththe L1/E1 and L5/E5a frequency bands, are supposed to be available. Since 5 min

are allocated to compute a first fix with GPS L1C/A signal, and since the probability of successful acquisition is (Pacq)4 =0.98 >
0.95, then this requirement is fulfilled.

Compliance with DMS:199

To fulfill requirement DMS:199, the receiver must perform three operations: calculation of a first fix with GPS L1C/A signals,
calculation of a first fix with GPS L5 andtoacquire and demodulate SBAS signal in order to augment the GPS navigation solution.
Clearly, from the time allocation presented in TABLE 1, these three operationscannot be performed successively without exceeding
the totalacquisition time of DMS:199 (15 min).

Therefore, to be compliant with DMS:199, DFMC first fix operations can take place in that order.

1) Between t=0 s andt=5 min, the receiver computesa first fix with GPS L1C/A signals.

2) Between t=5 min andt=10 min, the receiver computesa first fix with GPS L5 signals.

3) Inparallel of the previous action, the receiver acquires and demodulates SBAS signal between t=9 min and t=15 min.
Figure 1 illustrates this dualfrequency GPS acquisition process.

t=0 1min 2.5min 5min 6 min 7.5min 9min 10 min 15 min
| ! ' | y L | | | »
T f f T f f T T T >
GPS L1C/A first fix GPS L5 first fix

]2~ Verif, g‘/ ifh“ — | Verif,

SV 4 . . . .

acq SVs mtegrity, ... acq SVs mtegrity, ...

acq acq

SBAS acquisition and
demodulation

SBAS SBAS demodulation
acq

Figure 1 GPS Acquisition Strategy Compliant with DMS:199

The limiting resource when computinga first fix is the numberof correlators. In this article, correlator is complex, meaning that one
correlator output corresponds to a pair of in-phase and quadrature phase correlator outputs. The availability of a high number of
correlators is necessary to perform acquisition of GNSS signals. Conversely, oncea GNSS signal is acquired, only a few correlators
are required to track the GNSS signal and to perform demodulation, verification, and integrity monitoring. From Figure 1, even
though the SBAS acquisition and demodulation step starts in parallel of GPS L5 first fix step, SBAS signal acquisition is initiated



after that GPS L5 signals have been acquired. As a consequence, the acquisition strategy presented here should not be over-
demandingin terms of numberof correlators.

In addition, the probability to successfully meet TTFF requirement is (Pacq)g = 0.995° > 0.95. Therefore, this DFMC acquisition
strategy is compliant with DMS:199.

Compliance with DMS:210
To fulfill DMS:210, the receiver must perform three operations: calculation of a first fix with Galileo E1 signals, calculation of a
first fix with Galileo E5a signal, and acquisition and demodulation of SBAS signal in order to augment Galileo navigation solution.

To be compliantwith DMS:210, it is proposed that DFMC acquisition operationstake place in thatorder:
1) Between t=0s andt=6.5 min, the receiver computesa first fix with Galileo signals.
2) Between t=6.5 min and t=11.5 min, the receiver computesa first fix with Galileo E5a signals.
3) Inparallel of the previous action, the receiver acquires and demodulates SBAS signal between t=9 min and t=15 min.

Figure 2 illustrates this dualfrequency Galileo acquisition process.

t=0 96's 2405 6.5min 7.5 min 9 min 11.5 min 15 min
i i i = i I I I >
Galileo E1 first fix Galileo E5a first fix
151 SV acq 2nd _ 4th SVs Verif, 151 zrhd _ Verif,
. . sV 4 . .
acq integrity, ... acq | Svs integrity, ...
acq

SBAS acquisition and
demodulation

SBAS SBAS demodulation
acq

Figure 2 Galileo Acquisition Strategy Compliant with DMS:210

With this strategy, SBAS signal acquisition begins after Galileo E5a signals acquisition ends. Consequently, this strategy should not
be over-demandingin terms of numberof correlators asalready argued for DMS:199 requirement.

In addition, the probability to successfully meet TTFF requirement is (Pacq)9 = 0.995° > 95%. Therefore, this DFMC acquisition
strategy is compliant with DMS:210.

3  ACQUISITION THRESHOLDS DERIVATION

The goal of this section is to derive the acquisition thresholds of DFMC receivers for up to date ED259 requirements. This section
is divided in four parts. First, since acquisition is conducted at the GNSS receiver correlators output, a mathematical model of the
GNSS signals correlator outputis presented. Second, the definition of the signal power used in the acquisition threshold derivation
is presented. Third, the method to acquire each satellite is described. This method, which may be not optimal, hasthe advantage of
being quite simple. Fourth, the mathematical derivation of acquisition threshold is detailed, and the results are presented.

3.1  GNSS signal correlator output model

(Van Dierendonck, 1995) models the GPS L1C/A signal atthe correlator output atepoch k as
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- P, istheGPS L1C/Assignal power atthe antennaport. Cable losses as well asvarious losses due to signal distortion by the
transmitter or propagation channelare assumed to be contained within this term.

- d s thebit of the navigation message.

- ﬁﬁ;,cD is the cross-correlation function between the filtered GPS L1C/A pseudo-random noise (PRN) code and the PRN
signal used for the local replica.

- T, is thecoherentintegration time.

- &,¢& andg, are respectively the difference of code delay, frequency and phase between the receiver GNSS signal and the
estimations used to generate the local replica.

- mny ., andng , are AWGN samples, which power is 02 = %. N, is the noise power spectral density at RFFE output,and
L

p traducesthe impact of the RFFE equivalent filter and correlation on the noise. Denoting Hgp 5 the RFFE filter transfer
functionatbaseband,and S, the power spectral density of the local replica, 5 can be expressed by Equation (4).

b= [ Huraat)'sc, Pay @

GPS L5 and Galileo E5a signals are different from GPS L1C/A signal since they havetwo components, called data and pilot. Each
componentis in quadrature-phase from each other. GPS L5 and Galileo E5a are both BPSK chip modulated with the same chip rate
and,although the PRN code data rateis 10 times higher for GPS L5 and Galileo E5a thanfor GPS L1C/A, they still havea similar
mathematical expression in terms of mathematical model. Therefore, a common correlator output mathematical model is provided,
and common acquisition thresholds will be derived aswell. . (Macabiau et al., 2003) models the correlator output of the pilot and
data components of Galileo E5a and GPS L5 signals as in Equation (5).
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}B, _ _
QP o5y (k) = TS (d(k) hyo () RESE5 (e,) + hyg (K) RES > (sr)) sinc (r[sf T,) sin(s(p) +ng 5k
)
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IF, psa () = f(d () hyo () RESES (e,) + g U RESES® (e,) ) sine (e, T ) cos(e,,) + nf (1)

P _ -
QFs psa (k) = /fTS (40 hyo U RESESS(e,) + hyg () RESES () ) sine (e, T;) sin(e,,) + nf 5 ()

- P, is thetotal GNSS power (data plus pilot components power) atthe antenna port.

- hyis thebit of the data component secondary code.

- hy is thebit of the pilot component secondary code.

- REF5%is the cross-correlation function between the received filtered PRN signal X and the local replica Y. Since data and
pilot use the same modulation, BPSK(10), , then RZ555* = R>25¢ Note thatin reality Galileo E5A doesnot implementa
BPSK(10) modulation for the data and pilot components since the signal really implements the AltBOC modulation;
nevertheless, the approximation is very tight for the purposes of the this work.

- nPsng s, nis and nf ¢ are independent AWGN samples with power o, (different value from GPS L1 C/A due to the

customization of the 8 term).



Galileo E1 signal also have one pilot and one data component. The main differences with GPS L5 and Galileo E5a signal are a
different chip modulation, the absence of the secondary code on the data component and a shorter PRN code (but longer than for
GPS L1 C/A). (Julien etal., 2011) models the data and pilot correlator outputsasin Equation (6).

12, (k) = E(d WRE, (e,) —s, (k)ﬁf;cD(eT)) sinc(e;T;) cos(e,) + nPg, (k)

02, (k) = E (2GOREL, ) (e) — s GOREL, (e)) sinc(me, T;) sin(e,)) + 12 g, ()
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cp,Cp

P
QL (k) = /%(—d (OREL, () + 5. REL, (e,)) sinc(me, T,) sin(e,) + nf g, ()

- Py, is thetotalGalileo E1 power (data plus pilot components power) atthe antennaport.

- s.is theGalileo E1 secondary code of the pilot component.

- Rj} is the cross-correlation function between the received filtered Galileo E1 PRN signal X and the local replica Y.In this
paper, the local replica is BOC(1,1) modulated whereas the received data and pilot components have respectively a
CBOC(6,1,1/11,+) and CBOC(6,1,1/11,-) modulations. This mismatch between the received signal, which is in addition
distorted by RFFE filter, and localreplica induces some additionallosses dependent on the receiver bandwidth.

- N pNG g1, M gr @andnf gy are independent AWGN samples with power o

It can be seen from Equations (4), (5) and (6) thatthe RFFE filter plays a role on the correlation functions of the different received
signals with the corresponding local replica. Figure 3-a represents this cross-correlation function between the received filter signal
and the local replica, when the GNSS signal is GPS L1C/A. Figure 3-b represents the cross-correlation functions between the
received filtered Galileo E1 components (data and pilot)anda BOC(1;1) local replica when the RFFE filter double-sided bandwidth
is set to 12 MHz (minimum receiver bandwidth allowed for Galileo E1 receiver in ED-259).
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Figure 3 Impactof RFFE bandwidth on correlation function

Figure 3 shows thatthe RFFE bandwidth,as well as the mismatch of the local replica with the Galileo E1 signal, induces a loss of
GNSS signal power. Indeed, the peak of the correlation function does not reach 1. This loss of power grows along the RFFE
bandwidth decreases.



3.2 Signal power definition

The received signal power at the antenna port is also impacted by other stages of the GNSS receiver. The recovered signal power
designates the GNSS signal power which is in reality processed by the signal processing module. Itincludes filtering signal losses,
aswell assome signal losses which may occurwithin the receiver. This new definition of the GNSS signal power is considered when
deriving C/N, acquisition threshold.

The RFFE filter and correlation also playsa role on the filtering of the noise as previously said and modelled in the g term. Therefore,
the totalimpact of the RFFE filter and of the correlation, on both the GNSS signal power and noise band-limiting, is characterized
by the band-limiting and mismatch term loss defined by Equation (7) for GPS L5, Galileo E5a and Galileo E1 (where X is either
L5 E5a or E1), and by Equation (8) for GPS L1C/A.
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Figure 4 shows the evolution of band-limiting and mismatch term loss losses as a function of the RFFE bandwidth.
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Figure 4 Band-limiting and local replica mismatch losses as a function of double-sided RFFE bandwidth

Legacy receiver bandwidth is within the range [2 MHz; 20 MHZz], whereas DFMC receiver bandwidth is between 12 MHz and 24
MHz. Therefore, RFFE filtering and mismatch of thelocalreplica with the GNSS signal induce a non-negligible loss on the recovered
signal power. To take into accountthis loss, it is more suitable to define the recovered signal power Cy instead of working with the
power attheantenna port P, , where X denotesthe type of GNSS signal.

Cy=LEP, ©)

3.3 Acquisition description

The acquisition process is based on computingpower samplesatthe correlator output. More specifically, the acquisition detectoris
built adding successive correlator output power samples and using this detector to decide whether the targeted signal is present or
not with the signal characteristics used to compute the correlatoroutputs; usually, this decision is taken by comparingthe detectorto
a threshold. Indeed, the power at the correlator output is significant only if code delay and Doppler frequency of the local replica are
close to those of the received signal (and if the local replica PRN code correspondsto the received signal PRN code). Therefore, the



acquisition is performed by using an acquisition matrix asa support. Each cell of the acquisition matrix represents a pair of Doppler
frequency and code delay values, respectively defined over intervals F (total frequency range) and D (total delay range). For each
cell representing a different Doppler frequency and code delay value, the acquisition detector is usually compared to a threshold: if
the acquisition detector exceedsthe threshold, then a signalis detected, and the verification phase is launched to check if this detection
is a false alarm or not. If the acquisition detector is below the threshold, then no GNSS signal is detected on that cell, and the
acquisition process movesto the nextcell. Forasingle GNSS componentsignalsuchasGPS L1C/A, a potentialacquisition detector
is shown in Figure 5.
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Figure 5 One GNSS component acquisition detector

The acquisition detectorassociated to Figure 5 is mathematically defined by Equation (10).
M

T, = ) (150) + (04 W)’ (10)

k=1
M is the numberof non-coherent summations.

When a pilot componentis available,the acquisition may take benefit of this second GNSS component. Inthis case, an alternative
acquisition detectorcan be built from the correlator outputs of both the pilot and data components,asshown in Figure 6.
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Figure 6 Acquisition detectorfor two components GNSS signal

The acquisition detectorrepresented in Figure 6 can be mathematically expressed by Equation (11).
M

7, =) (1260)" + (Q20)" + (1FW0)" + (0f W) ()
k=1

X is the GNSS signal with a data and a pilot component, either Galileo E1, GPS L5 or Galileo E5a.

3.4 Acquisition thresholds derivation

This section presents the mathematical derivation of the acquisition thresholds associated to the acquisition detectors presented in
section 3.3. This section is divided in three parts. First, the main inputs for this calculation are reminded. Second, a mathematical
expression of the acquisition threshold is proposed. Third, acquisition thresholds are computed and discussed.

3.4.1 Inputs for acquisitionthresholds calculation
Settings thatare necessary to derive acquisition thresholds value include:



- Allocated time to acquire each satellite T, ;
T,..; With i € [1; 4], is the allocated time to acquire the ith SV, and is presented in TABLE 2.

acq,i

- Probability of successful acquisition of a signal F, .,
Fycq s set t00.995 foreach GNSS signal, according to section 2.2.3.

- Uncertainty on the Doppler frequency

Considering uncertainties due to user dynamics, almanac, date and receiver clock drift, DO-292 (RTCA, 2004) estimated
the total uncertainty on velocity at 51 m/s for en-route operations and 300 m/s for ground acquisition, when no clock
synchronization were assumed. These velocity uncertainties can be translated into frequency uncertainties summarized in
TABLE 3. Once the first SV has been acquired, receiver clock can synchronize with the GNSS signal, so the frequency
uncertainty significantly drops for the acquisition of subsequent SVs.

TABLE 3

Doppler uncertainty forthe different GNSS signals

En-route operations On the ground operations
Doppler  uncertainty on | 15tSV acquisition F = 1268 Hz F =41500 Hz
L1/E1 frequency band (Hz) [ 2nd— 4th SV acquisition F = +150 Hz F = +150 Hz
Doppler  uncertainty on | 15tSV acquisition F = 4200 Hz F =41200 Hz
L5/E5a frequency band (Hz) [ 2nd_ 4th SV acquisition F = 4120 Hz F = 4120 Hz

Note thatthe Doppleruncertainties valuesthat have been used in previous acquisition thresholds derivationswere on-ground
frequency uncertainty forthe L1/E1 band,and en-route frequency uncertainty value for L5/E5a signal. In this paper,and to
consider a worst case, on-ground frequency uncertainty value for L5/E5a signal will be considered as well.

- Uncertainty on the GNSS signal code delay
The uncertainty on the code delay is linked with the length of the PRN code.GPS L1C/A codes is 1023 chips long, Galileo
E1 PRN codes are 4092 chips long and GPS L5 and Galileo E5a codesare 10230 chips long. For GPS L1C/A and Galileo
E1, the code delay must be searched browsing the whole PRN code length, for the first and subsequent SVs acquisition.
Concerning GPS L5 and Galileo E5a, the whole PRN code must be browsed aswell for first SV acquisition. However, after
having acquired the first SV, code delay uncertainty may be decreased accordingto (RTCA, 2004) to 7570 chips. TABLE
4 recapsthe code delay uncertainty for the different GNSS signals to acquire.

TABLE 4
Codedelay uncertainty forthe different GNSS to acquire

Code delay uncertainty
GPS L1C/A 15t SV acquisition D = +1023 chips
2nd— 4t SV acquisition D = +1023 chips
Galileo E1 15t SV acquisition D = +4092 chips
2nd _ 4th SV acquisition D = 44092 chips
GPS L5/Galileo E5a 1 SV acquisition D = +10230 chips
2nd— 4t SV acquisition D = +7570 chips

- Number of cells in the acquisition matrix
The numberof cells in the acquisition matrix can be mathematically expressed by Equation (12).
=LXH
tot

N
L=|2 H=|s
~ lsd ~1sf
8d is the width of one code delay bin, and &f is the width of one frequency bin. [. 1 is the ceiling operator.

(12)

The settings for d and §f depend on the maximum acceptable loss of GNSS signal power due to imperfect synchronization
of the local replica with the GNSS received signal. Indeed, the maximum synchronization errors due code delay and
frequency imperfect synchronization are respectively 6d/2 and §f /2. The associated loss of GNSS signal power,



respectively denoted AC, (loss of power due to imperfect code delay synchronization) and AC, (loss of power due to
imperfect frequency synchronization), are given in Equation (13).

my (39)\

RY(0)

_ — sinc2 (L
AC,; = ACy = sinc nZTi (13)

Where T; is the integration time. Acquisition is usually performed by coherent integrating (correlation duration) over one
PRN sequence to avoid finding navigation and secondary code bit transition inside the integration. Therefore, in this article,
T; = 1 ms when acquiring GPS L1C/A, GPS L5 and Galileo E5asignals and T; = 4 ms for Galileo E1 SV acquisition. In

the literature (Bastide et al., 2002) (Julien etal., 2011), &f is often set to i resulting in a maximum power loss because of

frequency miss-synchronization AC; = —0.9 dB. This setting is also adopted in this article.

The code delay is linked to the shape of the cross-correlation function. (RTCA, 2008) sets the size of a code delay cell
width, &, to half a chip, so thatthe loss dueto code delay miss-synchronization AC, does not exceed -2.6 dB (for an infinite
RFFE filter bandwidth).

Concerning Galileo E1 signal, Figure 3 shows that the slope of the correlation function is around three time higher than the
slope of the GPS correlation function. Therefore, (Julien et al., 2011) proposes to divide by three the code delay cell width

compared to the GPS case. Adopting this setting, éd = %Tchipl where T, is the chip period.
TABLE 5 summarizesthe numberof cells in the acquisition matrix.

TABLE 5
Size of theacquisition matrix for the different signals to acquire
Code  delay | Code Number of | Frequency Frequency Number Total
uncertainty D | delay cell | code delay | uncertainty | cell width | of number
width éd | cellsL F 6f frequency | of cells
cellsH Nyt
GPS It SV | 1023 chips T 2046 3000 Hz 500 Hz 6 12276
L1C/A acquisition > chip
2nd — 4t | 1023 chips T 2046 300Hz 500 Hz 1 2046
sV Echlp
acquisition
GalileoE1 | 1%t SV 4092 chips 1 24552 3000 Hz 125Hz 24 589248
acquisition 5 chip
2nd 4t 4092 chips 1 24552 300 Hz 125Hz 3 73656
sV gchlp
acquisition
GPS 1st SV | 10230 chips 1 20460 2400 Hz 500 Hz 5 102300
L5/Galileo | acquisition > chip
E5a 20— 40 | 7570 chips T 15140 240 Hz 500 Hz 1 15140
sV Echlp
acquisition

Note the size of the acquisition matrix for the acquisition of the first Galileo E1 SV is much higher than forthe other signals.
This is mainly due to the lower frequency and code delay cell widths.

Probability of false alarm P,
P, is the probability to detecta GNSS signal in a given cell when the signal is notthere, either because the satellite is not

in view or because the cell’s Doppler and code delay valuesof the local replica do not correspond to the Doppler and code
delay values of the received GNSS signal. The probability of false alarm is setin order to limit the number of false detections
while browsing the whole acquisition matrix.



The probability of falsealarm is set in DO-235B (RTCA, 2008) to 10~3. The mean value of false detections, browsing the
entire acquisition matrix, is then N, P, . Note that for GPS L1C/A 15t SV acquisition, the average number of false detections
is higher than 12. To have fewfalse detectionsis nota problem since the verification process described in section 2.2.2 aims
to detect and remove the false detections. This false alarm value for GPS L1C/A is re-used in this article asan input for
acquisition threshold calculation.

For GPS L5 and Galileo E5a, DO-292 proposesto set P, to 10~* following a simple reasoning. Indeed, since there are 10
times more code delay cells in GPS L5/Galileo E5a acquisition matrix than in GPS L1C/A acquisition matrix and since the
number of frequency cells is lower for GPS L5/Galileo E5a thanfor GPS L1C/A, to set P;, to 10~* does notincrease the

average number of false detections. This P, valueis used for GPS L5/Galileo E5a acquisition in this article.
A finer apportionmentisdone for Galileo E1. Indeed, P, is set so thatthe average number of false detections in Galileo E1

acquisition matrix is the same than in GPS L1C/A acquisition matrix. The probability of false detections, for 15t Galileo E1
SV acquisition and subsequent Galileo E1 SVs acquisition, is thus given by Equation (14).

fop (14)

8‘%,1 =

Where N, ; is the number of cells in the acquisition matrix of the first (i = 1) or subsequent (i = 2) SV of system X.
Values for N5, ; canbeextracted from TABLE 5. Pf; is the probability of false detection for GPS L1C/A acquisition.
Probabilities of false detection for the different systemsand SVs to be acquired are recapped in TABLE 6.

TABLE 6
Probabilities of false detection for the different signals to acquire
Probability of false detection Py,
GPS L1C/A 1stSV acquisition 1073
2nd _ 4th SV acquisition 1073
Galileo E1 15t SV acquisition 2.0810°°
2nd_ 4th SV acquisition 2.7810°°
GPS L5/Galileo E5a 15tSV acquisition 10~*
2nd_ 4th SV acquisition 10~*

Because of the higher number of cells in Galileo E1 acquisition matrix compared to GPS L1C/A, P, must be lower for
Galileo E1 to maintain the same average numberof false detections when the whole acquisition matrix is browsed.

- Number of complex correlators N,
The number of correlators is a key parameter in the calculation of the acquisition thresholds. In this article, correlators are
considered as complex, thus one correlator output refers to a pair of one in-phase and one quadrature phase correlator
outputs. However, there is no requirement on that point. Thus, receiver manufacturers can decide the number of
implemented correlators allocated to acquisition. Instead of speculating on the number of correlators used by the receiver,
this article provides the acquisition threshold asa function of the number of correlators allocated to the acquisition process.

These inputs allow to compute the numberof non-coherent summationson each cell of theacquisition matrix. The number of non-

coherent summations is limited by the maximum time to acquire each satellite T, ;, the number of correlators N,,,. and by the

numberof cells in the acquisition matrix. Also, it dependson the acquisition detectorwhich is used. Indeed, acquisition detector T,

needs correlator outputs of the pilot and data components whereas acquisition detector T, only needs the correlator outputs of the

data component. Therefore, the numberof correlators can be mathematically expressed by Equation (15).
MT _ lNcorrTacq,iJ MTZ _ lNcorrTacq,iJ

15
A 2N oo, (15)



. ]is the floor operator. The time spenton onecell is MT; and is called the dwell time.
From the inputs presented in this section, acquisition thresholds can now be computed.

3.4.2  Theoretical acquisitionthreshold derivation

This section provides a mathematical expression for the acquisition thresholds. The acquisition method presented in this article is
based on a Neyman-Pearson detection test. One potential acquisition detector has been presented is section 3.3 for each signal: T,
for GPS L1C/A and T, for Galileo E1, Galileo E5a and GPS L5 signals. This section is divided in three parts. First, the probability
distribution of the selected acquisition detectors under null and alternative (HO and H1) Neyman Pearson hypothesis is analyzed.
Second, the probability of detection is determined as a function of the GNSS signal C/N,. Third, acquisition thresholds are derived.

Distribution of acquisition detector under hypothesis Ho and Hi

Null hypothesis Ho:

Under null hypothesis Ho, the searched GNSS signal is not present. However, another GNSS signal, different from the searched one,
is assumed to be present, leading to the presence of a cross-correlation term. & ,,,, and & ,q, refers to code and Doppler estimation
errors leading to the highest cross-correlatione; .., = 0 in the worst-case scenario so thatthe interfering GNSS signal induces the
maximum cross-correlation. Under hypothesis Ho, the acquisition detector T, presented in Equation (10) can be reduced as in
Equation (16) for GPS L1C/A

fd(k) Ré‘;]cD( ‘r,max) COS(€<p) + nID,Ll

(16)
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RfDIcD and RfP]CD are the cross-correlation functions between the data andpilot PRN codes with the data PRN code of signal X. P,

is the total power of the interfering GNSS signal.

T, can be normalized by the noise power o2 so that the normalized acquisition detector T, follows a non-central Chi-square
distribution with 2M; degrees of freedom. The non-centrality parameteris given by Equation (17) for GPS L1C/A.
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Similarly, and assuming thatthe contribution of navigation bits and secondary codes are random, uncorrelated and with zero-mean,
it can be shown that the normalized acquisition detector T, = T,/a,2 follows a non-centered Chi-square distribution with 4Mr,
degrees of freedom and non-centrality parameter given by Equation (18).
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K]Tl, with [ € {1; 2}, is the cross-correlation between the interfering signal PRN code and the PRN code of the local replica. The
cross-correlation level between two different PRN codes depends mainly on the length of one PRN code. Consistently with the values
proposed in (RTCA, 2022), (RTCA, 2004)and (Julien et al., 2011), the values used in this article for Kfl and KJT2 are recapped in
TABLE 7.



TABLE 7 Cross-correlation interference
GPS L1C/A Galileo E1 GPS L5/ Galileo E5a
Cross-correlation K]Tl -24.dB -29.5dB -34 dB

~Lis set to 50 dB-Hz for all kinds of signal.
0

Alternative hypothesis H;:

Under alternative hypothesis Hi, the searched signal is supposed to be present which meansthe pair of Doppler frequency and code
delay of the cell being tested correspond to the Doppler frequency and code delay of the received signal. Inthis case, thanksto the
correlatlon properties between PRN codes of the same satellite signal, it can be assumed RX . (e,) « RX . (e)and RX , (&) «

(e).

cp.Ccp cp.Cp cp,.Cp

Cp cp

Under hypothesis H1, the normalized acquisition detector T; follows a non-centered Chi-square distribution with 2M7, degrees of
freedom. In this case, the amplitude of other satellites signals at the correlator output area assumed to be much lower than the
amplitude of the targeted signal and thusthey are neglected. The non-centrality parameteris given in Equation (19).

MT1

P
A= ﬁRéch(er)zsincz(n.gf.Tl-) (19)

Inaddition, e; and &, can be considered as constant overthe dwell time. Therefore, Equation (19) can be reduced to

Rit . (e)\
CI;IL1<RZ D(Z)> sincz(n.ef.Ti) (20)
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Likewise, the normalized acquisition detector T, follows a Chi-square distribution with 4My, degrees of freedom. The non-centrality
parameteris given in Equation (21).

CxRE o (e)? + R, . ()2
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Probability of detection

Knowing the distribution of the acquisition detectors under hypothesis Ho and Hy, it is possible to compute the probability of
detection, B, 4, as a function of the GNSS signal C,/N,, where X is the GNSS signal of interest. The probability of detection is
calculated in two steps. First, the detection threshold is set to respect the false alarm probability. Second, the probability of detection,
which is the probability that the acquisition detectorexceedsthe threshold in presence of the GNSS signal, is computed.

15t Step: The detection threshold T}, 1 € {1;2}, is defined from the distribution of the acquisition detector T, and on the probability
of false alarm P, (see section 3.4.1). T\, 1 € {1; 2} is derived from fundamentalequation (22).

P(T, > Ti|Ho) = Prq (22)
Ithasbeen seen that underhypothesis Ho, T; /o,2 follows a Chi-square distribution with 2LM , degrees of freedom and non-centrality
parameterlgl.Therefore, the detection threshold can be mathematically expressed by Equation (23).

Th = 0'n szl ; (1 — Pfa) (23)

21m,1,}
FX;” is the cumulative density function of a Chi square distrlbutlon with K degrees of freedom and non-centrality parameter A. As

an important remark, the detection threshold does not depend on the characteristics of the searched GNSS signal, in particular its
C/N,.

2" step: Under hypothesisH1, T; /a2 follows a Chi-square distribution with 2lMy, degrees of freedom and non-centrality parameter
/’li’. Note that/lfl depends onthe C/N, of the searched GNSS signal. Inaddition, /1:’ also depends on the synchronization errors ¢,
and . The probability of detection, considering e, and ¢, at fixed values, is given by Equation (24).
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Eventually, e, and &, can be considered as random variables uniformly distributed over [—%d;%d and [—%f;%f]. The average
probability of detection is given by Equation (25).
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Figure 7, Figure 8 and Figure 9 represents the evolution of P, (NL) as a function of C/N, for the different SVs to respectively
0

acquire GPS L1C/A, Galileo E1 and GPS L5 / Galileo E5a signals. Several numbers of correlators are considered. The RFFE
bandwidth is set to 2 MHz for GPS L1C/A, to 12 MHz for Galileo E1, and to 20 MHz for GPS L5 and Galileo E5a.
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Figure 8 Probability of detection for Galileo E1 SVs
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Figure 9 Probability of detection for GPS L5 and Galileo E5a SVs

Acquisition thresholds

The acquisition threshold is the minimum C/N,, value such that the average probability of detection P, (Ni) exceeds the probability
0
of successful acquisition of a signal F,.,. Acquisition threshold is given by Equation (26).
. (C C
Thyeq = Min (N—n P, (N_n) > 0.995) (26)

Figure 10 represents the acquisition thresholds for the different signals to be acquired as part of the first fix determination, asa
function of the number of correlators allocated to the acquisition N.,,.,..
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Figure 10 Acquisition thresholds



The highest acquisition thresholds, for both the first SV acquisition and subsequent SVs acquisition, concerns Galileo E1 signal. This
observation is mainly due to the high numberof cells in the Galileo E1 acquisition matrix (see TABLE 5).

Acquisition thresholds identified in certification documents DO-235C and DO-292 to assess the acquisition performance of GPS
L1C/A, Galileo E1, GPS L5 and Galileo E5a are summarized in TABLE 8.

TABLE 8
Acquisition thresholds identified by standardization
GPS L1C/A Galileo E1 GPS L5/Galileo E5a
1st SV | 2nd — gth gy | 18t SV | 2nd _ gth gy | 1st SV | 2nd . 4th Qv
acquisition acquisition acquisition acquisition acquisition acquisition
Number of | 20 10 400 400 200 200
correlators
NCOTT
Acquisition 324 31.7 34.1 30.6 33 28.5
threshold Th, .,

The numberof correlators is low for GPS L1C/A, as the analysisof GPS L1C/A acquisition thresholds has first been conducted for
GPS L1C/A legacy receiver in late 90’s. The capacity of these receiver in terms on correlator number was lower than the current
receivers. In addition, as GPS L1C/A acquisition thresholds are quite favorable, there is no need to review this assumption on the
number of correlators. Because of acquisition thresholds for Galileo E1, Galileo E5a and GPS L5 are much higher, there is a need to
consider a higher number of correlators in standardization documentin order to limit the acquisition threshold. However, the number
of complex correlators is easily achievable by current GNSS receivers.

4  ASSESSMENT OF ACQUISITION PERFORMANCE

This section demonstrates thatunder nominal RFI environment conditions, carrier to effective noise ratio is above the acquisition
threshold. The objective is to demonstrate that TTFF requirementsare metin this nominal RFI environment, and therefore, to perform
acquisition performance assessment. This section is divided in three parts. First, the definition of carrier to effective noise power
spectral density C/N, ¢ is given as the carrier to noise power spectral density ratio in presence of RFI. Second, the nominal RFI
environments, on both the L1/E1 and L5/E5a bands, are described. Third, the C /N, link budget margin, defined as the difference (in
dB) between the C/N, . and the acquisition thresholds, is calculated. This third part shows that the C/N, link budget margin is
positive.

4.1  Definition of carrier to effective noise power spectral density

This section defines the carrier to effective noise power spectral density in presence of RFI. The RFI impactona GNSS receiver in
civil aviation isusually modelled asthe C /N, degradation observed at the receiver’s correlator output, or equivalently, asanincrease
of the effective N, denoted as N, (. This section is divided in two parts. First, assumptions on the GNSS recovered power C are
recalled. Second, impactof RFI on noise power spectral density is modelled.

411  GNSS recovered power

GNSS recovered power C is defined by Equation (27).
C = Ponss Gant Limp (27)
Where:
P;nss is thereceived power atthe Earth surface. Minimum received power atthe earth surface foreach system is specified
by ICAO Standardsand Recommended Practices (SARPS) (ICAQ, 2006). P;y¢s values for GPS L1C/A, Galileo E1, GPS
L5 and Galileo E5a are summarized in TABLE 9.
TABLE 9 Minimum GNSS received power at Earth surface
GPS L1C/A Galileo E1 GPS L5 Galileo E5a
P.yss (dBW) -158.5 -157.9 -154.9 -155.9




Ly Is theimplementation losses. Implementation lossesare defined in (C. J. Hegarty, 2011)as “decrease of signal to noise
ratio due to bandlimiting, quantization and sampling”. Three parameters must be investigated to estimate an upper bound
of implementation losses: quantization losses, correlation losses due to payload distortion and band-limiting and local
replica mismatch losses. This analysis has been done in DO-235C for GPS L1C/A and Galileo DFMC receiver. For GPS
L5 and Galileo E5a, the implementation losses have been calculated during the development of future released DO292A.
Implementation losses for the different systemsare summarized in TABLE 10 for DFMC receiver.

TABLE 10
Implementation losses
GPS L1C/A Galileo E1 GPS L5 Galileo E5a
Ly (dB) 15 19 12 1.4

G.ne 1S the antenna gain of the GNSS receiver. For civil aviation DFMC GNSS receiver, the antenna is standardized
accordingto DO-373 (RTCA, 2018),and the gain of a GNSS antenna equipped by anaircraftmust have a pattern in-between
a minimum and maximum pattern defined in DO-373. In this analysis, to consider a worst case scenario, the minimum
DFMC antenna gain pattern is considered. According to TTFF requirements presented in section 2.1, valid almanacs are
supposed to be known when acquiring SVs. Therefore, it is proposed to acquire SVs in a decreasing elevation order, as SVs
with the highest elevation are expected to have higher C/N,. The elevation of the highest satellites dependson the GNSS
configuration. To compute the minimum antenna gain at a given position and for a given constellation, the constellation is
run over one orbit period. At each instant, the antenna gain of the highest elevation angle SVs are computed. The minimum
antenna gain for the considered position (for each elevation angle satellite, for example 15t, 2", etc.) will be determined by
takingfirst the minimum antennagain value among allinstants of the orbit period and second, by takingamong all resulting
longitude values for a given latitude the minimum antenna gain (to take into account the Earth orbit drift) As a result, a
minimum antenna gain per satellite elevation angle order as a function of the latitude will be computed. The minimum
antenna gain asa function of the latitude, for GPS and Galileo 24 SVs constellations, is shown in Figure 11.
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Figure 11 Minimum antenna gain

412

Effective noise power spectral density

RFI sources impact on GNSS receiver is often modelled as an increase of the noise floor at the GNSS antenna port (although this
modelling is notaccurate for RFI with bandwidth smaller than the inverse of the correlation integration time). Indeed, signa Is using
code division multiple access (CDMA) spread spectrum techniques are based on the spreading of a useful signal thanks to the
multiplication with the pseudo random noise (PRN) code. In the receiver, the received signal is multiplied by a locally generated
PRN code. The goal of this operation is to remove the PRN code on the useful signal in order to de-spread the useful signal. Other
unwanted components of the received signal, such as RFI, are meanwhile spread by the multiplication with the locally generated



PRN code and are modelled as an AWGN. More details on the behavior of RFI on CDMA receivers can be found in (Johnson &
Erlandson, 1995). The noise power spectral density in presence of RFl is called effective noise power spectral density N, (¢ .This
definition also assumesthat subsequent RFFE elements are considered as ideal (RF filter, IF filter, AGC/ADC), thatthe correlator is
also considered ideal, and thusthat these elements do not distort the GNSS useful signal.

The expression of effective noise depends on the presence or absence of a blanker in the receiver. A blanker is a RFI mitigation
mechanism which removes/blanks part of the incoming signal that fulfills a certain condition; usually to exceed a blankerthreshold.
L5/E5a receiver must indeed use a blanker since, as it will be seen in the next section, nominal RFI environment include high power
pulsed RFI. Expressions of effective noise is given in DO-292 (in presence of a blanker) and in DO-235 (without blanker). They are
respectively recalled in Equations (28) and (29).

N N, . Z Iox < NZPDC 28
oeff =1 _pDC . Ny ' 1-PDC %
X€eContinuous RFI
NO IOX
Noesr = _<1 + z ~ TR (29)
1-BDC X€Continuous RFI NO

- N, is thethermalnoise.

- PDC is the pulse duty cycle. It corresponds to the amount of time that the low noise amplifier (LNA) is saturated and does
notoperatein a linear way.

- I,y is the equivalent noise of a continuous RFI X. The equivalent noise of an RFI source X is defined by the power spectral
density I, , of a AWGN thatwould generate the same power at the correlator output asthe RFI.

- R, is theratio of below saturation (or below blanker) average pulse power density to N,. It quantifiesthe effectof a pulsed
RFI which is not powerful enough to reach the saturatingpoint of the LNA (or to reach the blanker threshold).

- N, is theratio of analogto digital saturation levelto 1 - ¢ noise voltage established by AGC (equalto 1.5 fora 1.5 bit ADC).

- BDC is the blanker duty cycle. It corresponds to the amount of time that the received signal power exceeds the blanker
threshold and thustriggers the blanker.

4.2  Nominal RFI environment
This section describes the nominal RF environment for L1/E1 band and L5/E5 band. RFI sources can be split in two categories:

- Aeronautical RFI: Aeronauticalsources gatherall RFI transmitted from aeronautical systems. Therefore, they havean ITU
(International Telecommunications Union) allocation to transmitin the GNSS band.

- Non-aeronautical RFI: Non-aeronautical RFI sources gather all RFI transmitted by non-aeronautical systems. Nominal RFI
environment only considers involuntary spurious emission from non-aeronautical systems. Jamming is not included in
nominal non-aeronautical RFI environment since it modifies the RFI environment on a time limited period and only on a
limited area. Some acquisition requirements are also imposed to civil aviation DFMC receiver, but out of the scope of this
article.

421 L1/Elband nominal RFI environment
Nominal RFI environmentin L1/E1 frequency band is described in DO-235C. Impact of L1/E1 RFI sources on efficient noise have
been determined in DO-235C (reader is referred to this reference for more details).

Aeronautical RFI includes:

1) AMSS: Some aircrafts have an aeronautical mobile satellite system (AMSS) equipment. This on-board equipment allows
communication between the crew and the ground through satellite communications. AMSS has a frequency allocation in
the [1626-1660] MHz band and thus, AMSS transmission does not directly hit the GNSS L1 band. However, 51" and 7
order intermodulation termsfall into the L1 GNSS band and may degrade the GNSS signal processing. The totalequivalent
noise induced by AMSS is estimatedto be I, 45 = —215.98 dBW /MHz.

2) CaseEmissions: Cockpitdevices screens also radiate unwanted energy in the GNSS L1 band. This aeronautical RFI source
is referred as case emissions. Current cockpit installed equipment are tested and certified according to (Radio Technical
Commission for Aeronautics, 2010) Cat M requirements. In particular, undesired radiation in the GNSS frequency band
from each cockpit equipment device is limited to 53.3 dBuV/m forthis category of equipment, but some measurements that
theses devices do not transmit more than 40 dBuV/m. Newer cockpit devices will be certified accordingto CatP and CatQ



requirements and will be allowed to transmit no more than 40 dBuV/m. The equivalent noise induced by 12 cockpit devices
hasbeen quantified to be I .5 emission = —208.98 dBW /MHz considering a radiated field on 40 dBuV/m per device.

3) Interand intra system RFI: Inter and intra system RFI refers to GNSS signals coming from other GNSS constellations or
from the same constellation but from a different signal of interest. For example, Galileo E1 signals and GPS L1C/A PRN 6
signal actas an RFI on the receiver channelprocessing of GPS L1C/A PRN 2 signal. Inter and intra system RFI has been
updated in DO-235C. Inter/intra system RFI equivalentnoise on GPS L1C/A and Galileo E1 GNSS receivers is shown in
Figure 12.
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Figure 12 ,,,,; on Galileo E1 and GPS L1C/A receiver

Non-aeronauticalsources of thenominal L1/E1 RFI environmentinclude:

e On-board portable electronic devices (PEDs) carried by passengers,

e spurious emission induced by terrestrial emitters.
Equivalent noise of totalnon-aeronautical RFI sources hasbeen estimated to /5, gero = —200.5 dBW /MHz when the receiver is
located on the ground and including a 6dB safety margin.

Other parameters of Equation (28) are set asfollows in DO-235C. Itis supposed that the total power exceeds the saturation threshold
less than 1% of the time, so PDC = 0.01. The L1/E1frequency band is not affected by pulsed RFI in nominal situation, so R, = 0.
Eventually, for a 1.5 bit quantization receiver asused by DFMC receiver, N, is equalto 1.5.

422 L5/E5aband nominal RFI environment

Nominal RFI environment for the L5/E5a frequency band is defined in DO-292. Impact of Aeronautical RFI sources are still under
revision aspart of DO-292A MOPS elaboration. Instead of analyzingthe RFI impactasa function of the receiver location as done
during the revision A of DO-292, RFI sources are here only analyzed ataparticular location (50.5°N;5.5°E) forwhich the link budget
is expected to be the amongthe worst worldwide for ground operation. Nominal RFI environments in the L5/E5a sources include:
- Caseemission: Iy qse emission = —206.43 dBW /MHz
- Inter/intra system RFI at location (37.88°N;75.22°E): I 4,,5s = —202.37 dBW /MHz
- Pulsed RFI caused by aeronautical system: Distance Measurement Equipment (DME), Tactical Air Navigation system
(TCAN), Joint Tactical Information Distribution System (JTIDS) and Multifunctional Information Distribution System
(MIDS). R, and BDC at location (50.5°N;5.5°E) are estimatedat R, = 1.44 and BDC = 0.24.
- Non-aeronautical RFI: I 51 gero = —197.5 dBW/MHz.
- Thethermalnoise is Ny = —200 dBW /MHz



4.3  Link budget analysis

This section computesthe C /N, acquisition link budget margins for the different signals to be acquired. The link budget margin is
defined in (30).

_ C/Nyess
Thye,

The recovered signal power C is computed with (27), and effective noise is computed with (28) or (29) depending on the frequency

band.

43.1 L1/Ellink budget analysis

Upp 30)

Section 4.1 defined the recovered GNSS signal power and section 4.2.1 provided the elementsto compute the efficient noise power
spectral density for DFMC receivers when processing GPS L1C/A, Galileo E1 signals. Therefore, it is now possible to compute the
acquisition C/N, link budget margin as a function of the location of the receiver. Indeed, two parameters of the link budgets vary
with the position of the victim receiver. First, Figure 11 shows a dependency of the highest satellites elevation and thus, of the
receiver antenna gain, with the position of the victim receiver. Second, according to Figure 12, inter and intra system RFI also
dependson the position of the victim receiver. Figure 13 shows the acquisition C /N, link budget margins for first and fourth GPS
L1C/A SVs acquisition. Itis computed comparingthe C/N, .., computed from the recovered signal power of Equation (27) and the
effective noise of Equation (28), with the acquisition threshold derived in section 3.
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Figure 13 Acquisition C /N, link budget margin for GPS L1C/A signal

Figure 13 shows positive C /N, link budget margins. The margin is comfortable forthe first satellite acquisition since the minimum
margin across the world is around 2 dB. Because it is here supposed that SVs are acquired in a decreasing elevation order, second
and third SVs have a link budget margin higher than the fourth SV link budget margin since the minimum antenna gain is higher
(see Figure 11). The margin is lower for the fourth SV acquisition than for 15t SV acquisition since the minimum margin around the
world is 0.18 dB. However, this margin, that has been computed from a worst situation for all the parameters of Equation (28), is
still positive, meaning that the first fix can be performed with GPS L1C/A system within the allocated time and with the targeted
probability of success anywhere around the world. In addition, the majority of current receivers allocate more correlators to the
acquisition than the number considered here. To use more correlators during acquisition should make the acquisition C /N, link
budget margin increase. These positive link budget margins show the compliance of the presented strategy with DMS:306, as well
asthe compliance of the initial acquisition strategy with the obtention of a L1 navigation solution as part of DMS:199 requirement.

Figure 14 shows the acquisition C/N, link budget margins for first and fourth Galileo E1 SVs acquisition.
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Figure 14 Acquisition C /N, link budget margin for Galileo E1 signal

Figure 14 shows comfortable link budget margins for first and subsequent Galileo E1 SVs acquisition process. Therefore, Galileo
E1 receiver should be ableto computea first fix within the allocated time (6.5 min) with the required probability of success. Since
the link budget margins are positive, the presented initial acquisition strategy is therefore compliant with DMS:306, and also
compliant with the obtention of E1 navigation solution aspartof DMS:210 requirement.

4.3.2 L5/E5alink budgetanalysis

Because acquisition C/N, link budget parameters for GPS L5 and Galileo E5a are pending validation, and because they are not
available worldwide but just at one position which is expected to have the smallest link budget margin for ground operations, the
acquisition link budget for Galileo E5a and GPS L5 SVs acquisition are only computed at that point in this work. The acquisition
C /N, link budgets are given in TABLE 11.

TABLE 11 GPS L5 and Galileo E5a acquisition C /N, link budgetanalysis

GPS L5 15tSV acq GPS L54t SV acq | Galileo E5a 15t SV | Galileo E5a 4t SV
acq acq

Received power (dBW) -154,9 -154,9 -155,9 -155,9
Antenna gain (dB) 0,9557 -0,9459 1,037 0,03785
Implementation losses (dB) 1,2 1,2 1,4 1,4
Recovered signal  power
(dBW) -155,14 -157,04 -156,2 -157,26
Case emission RFI (dBW/Hz) -206,43 -206,43 -206,43 -206,43
Inter/intra system RFI
(dBW/Hz2) -203,57 -203,57 -203,57 -203,57
Non aeronautical RFI
(dBW/Hz2) -197,5 -197,5 -197,5 -197,5
BDC 0,32 0,32 0,32 0,32
Ri 1,48 1,48 1,48 1,48
Effective noise (dBW/Hz) -191,40 -191,40 -191,40 -191,40
C/NOeff 36,26 34,35 35,14 34,14
Acquisition threshold 33 28,5 33 28,5
Link budget margin (dB) 3,256435111 5,854835111 2,137735111 5,638585111




The link budget margins computed in TABLE 11 are very comfortable. That confirms the feasibility of ground acquisition in nominal
RFI environment conditions. However, RFI environment at high altitude is expected to be more constraining, because of a higher
numberof ground DME and TACAN beaconsin view from a RF perspective. But athigh altitude, acquisition threshold for the 1%
SV is supposed to be higher thanksto a lower uncertainty onreceiver clock derivation (at high altitude, the receiver indeed performs
a warm start acquisition instead of a cold start acquisition at low altitude) and thus, the number of bins in the acquisition matrix is
expected to be lower. Even though the acquisition threshold is not modified for 4th SV acquisition, the margin is very comfortabl,
and the link budget is still positive at high altitude as well. These positive link budget margins demonstrate the capacity of GNSS
receiver to compute a L5/E5a navigation position with the assumed initial acquisition strategy compliant with DMS:199 and
DMS:210 TTFF requirements.

As a conclusion, all the acquisition C /N, link budget margins are positive. Therefore, DFMC TTFF requirements can be fulfilled
using the acquisition strategy presented in this article.

5 CONCLUSION

The objective of this article is to derive acquisition thresholds compliant with new ED-259 DFMC TTFF requirements. DFMC TTFF
requirements are first presented and analyzed. The innovation is the 15 min DFMC initial acquisition with SBAS L5 augmentation.
From this analysis, an DFMC acquisition strategy is proposed in accordance with DFMC TTFF requirements. This strategy is not
optimalin terms of acquisition performance. However, it hasthe advantage of being simple and guaranteesthe ability to perform a
standalone acquisition for each system in a limited duration. Second, a mathematical derivation of acquisition thresholds is
performed. Acquisition thresholds strongly depends on the size of the acquisition matrix as well as the number of correlators
dedicated to acquisition. The retained acquisition thresholds valuesin standardsare:

- For GPS L1C/A: 32.4 dB-Hz for the 15t SV acquisition (20 correlators), 31.7 dB-Hz for subsequent SVs (10 correlators).
Historically, these acquisition thresholds have been computed considering a low number of correlators. However, DFMC
receiver should have a higher capacity in terms of number of correlators, so these acquisition thresholds may be decreased
by allocating more correlators to the acquisition process.

- For Galileo E1: 34.1 dB-Hz for 15t SV acquisition (400 correlators), 30.6 dB-Hz for the acquisition of subsequent SVs (400
correlators).

- For Galileo E5a and GPS L5: 33 dB-Hz for 15t SV acquisition (200 correlators), 28.5 dB-Hz forsubsequent SV acquisition
(200 correlators).

Note thatthe acquisition threshold values provided here are for cold start acquisition. The acquisition threshold of the 15t SV would
be reduced when considering a warm start acquisition.

Third and last, this article analyzed the capacity of the receiver to meet DFMC requirements under nominal RFI environment,
computing acquisition C /N, link budgets. Link budget margins are positive. The minimum link budget margin is obtained for the
acquisition of the 4t" GPS L1C/A signal, and the link budget margin is 0.2 dB. Margins for acquisition of other signal are more
comfortable: atleast1 dB for Galileo E1 acquisition, and atleast 2.1 dB for Galileo E5 and GPS L5 signals acquisition. As the link
budget margins are all positive, the proposed simple strategy is sufficient to fulfill DFMC TTFF requirements under nominal RFI
environment.

To complete this theoretical assessment, acquisition TTFF performance, demonstrated here through a theoretical approach, mayhbe
completed by receiver testing with Monte Carlo simulations.
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