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	SUMMARY

	The DFMC SBAS SARPs Sub-group (DS2) of ICAO NSP is developing SARPs for DFMC SBAS. SARPs include interference masks to be developed for SBAS L5 signal. The attached paper (ICAO NSP DS2#14-1) includes first contributions towards the establishing of the L5/E5a interference mask. This document is based on the interference mask and methodology included in RTCA DO-292. Revision A of RTCA DO-292 containing a new L5/E5a interference mask is to be released by RTCA SC-159 WG6 in March 2019 taking into account the new radio-frequency environment under which GNSS system transmitting L5/E5a signals are operating. The work on the interference mask carried out by DS2 is tightly linked to the work to be done by RTCA SC-159 WG6 and coordination of work is ongoing.

DS2 is asking for feedback on the described methodology. 

Actions for the meeting are listed in section 2.




INTRODUCTION
The DFMC SBAS SARPs Sub-group (DS2) of ICAO NSP is developing SARPs for DFMC SBAS. SARPs include interference masks to be developed for SBAS L5 signal. The attached paper (ICAO NSP DS2#14-1) includes first contributions towards the establishing of the L5/E5a interference mask. This document is mainly based on the interference mask and methodology included in RTCA DO-292. Revision A of RTCA DO-292 containing a new L5/E5a interference mask is to be released by RTCA SC-159 WG6 in March 2019 taking into account the new radio-frequency environment under which GNSS system transmitting L5/E5a signals are operating. The work on the interference mask carried out by DS2 is tightly linked to the work to be done by RTCA SC-159 WG6 and coordination of work is ongoing.
Since the aeronautical spectrum experts of ICAO FSMP WG are meeting in advance of November 2018 ICAO NSP, this paper is presented to ask for early feedback on the described methodology. 
ACTION BY THE MEETING
The meeting is invited to:
note and review the contents of this working paper;
provide feed-back by 28 September on the proposed for the L5/E5a Aggregate Non-Aeronautical Interference Mask and the methodology presented to derive the mask. This feedback will be used by DS2 in its next meeting on 3-4 October
volunteer expertise on the following topics to coordinate between spectrum experts and DS2:
1. Confirmation that the SBAS scenarios imply the weakest margins
2. Consolidation of the theory behind the computation of the above-blanker blanker duty cycle (PDC)  and below-blanker interfering-signal-to-thermal-noise ratio (RI).
3. Consolidation of the values of PDC and RI for low altitude scenarios
4. Consolidation of the margins taken in this analysis for the link budget analysis
5. Consolidation of SBAS scenario assumption (link budget with lowest or second lowest)
6. Consolidation of assumption for high latitude area
7. Use of the latest US and European DME/TACAN databases
8. Investigation of the cases between 1600ft and FL400
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	[bookmark: summary_box]SUMMARY 
The interference mask applying to the GPS L1 C/A signal has been well known for many years. It is assumed that this L1 mask also applies to Galileo E1 signals. However, there is no L5/E5a interference mask at the moment that has been endorsed by the community.

A proposal of L5/E5a interference mask is given in RTCA DO292. This document was written in 2004 and a revision of this document is underway at RTCA with an expected completion date planned in March 2019.

The objective of this paper is to provide a first contribution towards the establishing of the L5/E5a interference mask (see section 5). 
The final objective is to have a finalised proposal for the ICAO NSP/5 meeting in November 2018.
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1. Introduction 
1.1 DFMC SBAS SARPs and Galileo SARPs are currently being finalised. As part of the elements that have to be included in the SARPs are the so-called interference masks. The interference mask applying to the GPS L1 C/A signal has been well known for many years. It is assumed that this L1 mask also applies to Galileo E1 signals. However, there is no endorsed L5/E5a interference mask at the moment that has been endorsed by the community.  
1.2 A significant piece of work related to this topic has been performed in the frame of [RTCA DO292], in which a proposal of L5/E5a interference mask is given. This document was written in 2004 and a revision of this document is underway at RTCA with an expected completion date planned in March 2019.
1.3 The objective of this paper is to provide a first contribution towards the establishing of the L5/E5a interference mask. The final objective is to have a finalised proposal for the ICAO NSP/5 meeting in November 2018.
1.4 It is reminded here that the notion of “interference mask” is associated to 2 types of mask:
1.4.1 The so-called “out-of-band interference mask” that represents the mandatory rejection capability of the combination of the antenna and RF front-end for signals being out of the L5/E5a band
1.4.2 The so-called “in- and near-band interference mask” that represents the maximum tolerable aggregate non-aeronautical interference arriving in- and near-band.
1.5 The present document will focus on the establishing of the “in- and near-band interference mask”. For the purpose of simplification, even if this mask is meant only at representing the maximum tolerable aggregate non-aeronautical interference, it will be referred to as “interference mask”


2. [bookmark: _Ref514834187]Source of Aeronautical Interference and their impact on a L5/E5a on-board receiver
2.1 As shown in the [RTCA DO292], the interference environment of aeronautical origin in the L5 band is quite different from the one in the L1 band. In particular, it includes a very strong presence of pulsed interference coming from aeronautical systems (DME/TACAN beacons and on-board transponders, ATC) and military systems (JTIDS/MIDS), which effect on the GNSS receiver will depend upon the altitude of the aircraft.
2.2 [bookmark: _Ref514829114]It is well known that the amplitude of the pulses received by the airborne GNSS receiver can be significantly above the GNSS signal level. It can thus strongly affect the processing of the GNSS signal. As a consequence, [RTCA DO292] proposed that airborne equipment use as a minimum mitigation method against pulsed interference a so-called temporal blanker. Temporal blanker functions by zeroing all incoming samples that are above a given threshold. The contribution of interference to the reduction of the C/N0 of the received useful signal at the correlator output when considering the use of a temporal blanker is then associated to 2 phenomena: the actual effect of the signal blanking that will remove some useful signal, and the effect of the interference that are passing below the blanker threshold and thus contribute to an increase of the background noise.
2.3 [bookmark: _Ref514834980]The equation used to determine the effective increase of the thermal noise due to the presence of interference when a temporal blanker is used is given by [RTCA DO292] as:
[image: ]
where :
·  is the total above-blanker blanker duty cycle assuming that all pulsed interference sources are independent
·  is the below-blanker interfering-signal-to-thermal-noise ratio
·  is the thermal noise generated by the RF front-end assumed to be -200 dBW/Hz
·  are all the wideband (non-pulsed) continuous RFI contributions
2.4 JTIDS/MIDS are military communication systems that operate with the [969 -1206] MHz band. Although not an aeronautical source of interference, it is still considered as such here since it is a type of system that has an allocation in the L5/E5a ARNS band. Its characteristics are described, for instance, in [RTCA DO292]. It uses both TDMA and frequency-hoping. [RTCA DO292] mentions that some specific scenarios have been agreed between the FAA and DoD for peacetime coordinated operations: the so-called “Case 8” for all GPS/WAAS scenarios and the “Case 1” for some LAAS landing scenarios. These different cases are described in [RTCA DO292], which also provides their contribution in terms of PDC and  (the case of 37 carriers is considered as a worst-case) as given below. 
[image: ]
2.5 DME/TACAN beacons also operated in the [969 -1215] MHz band. The DME/TACAN beacons impact on the GNSS receiver depend upon the characteristics of the DME/TACAN beacon network and characteristics. In particular, it is well known that the DME/TACAN-induced degradation will be more significant with altitude, as more and more DME/TACAN beacons are visible from the aircraft. 
2.6 [RTCA DO292] provides a fine analysis on the US case and also some results regarding Europe regarding this degradation. As a result, DME/TACAN degradation hotspots have been found in both US and Europe at FL400. However, it is likely that the DME/TACAN database in the US and Europe have evolved since the writing of [RTCA DO292] in 2004. This is known to the authors for Europe, and the US database is currently being reviewed. [RTCA DO292] also analysed the specific case of low-altitude degradation at the Ronald Reagan National airport in Washington DC as an example of worst low-altitude case (it has 6 nearby in-band TACAN beacons). The worst-case contribution of DME/TACAN to PDC and Ri in the US according to [RTCA DO292] were assessed to be:
· At FL400: PDC = 0.6221 and Ri=0.5424
· At 1600ft: PDC = 0.2259 and Ri=0.0703
· At 720ft: PDC = 0.298 and Ri=0.1341
· At 250ft: PDC = 0.2168 and Ri=0.1284
2.7 DME on-board interrogators are also contributing to the degradation of the received signal C/N0, although at a lowest level than DME/TACAN beacons, mostly due to their spectral separation with the L5/E5a band. The worst-case contribution of DME/TACAN on-board interrogator to PDC and Ri were assessed in [RTCA DO292] to be: PDC = 0.0026 and Ri=0.002
2.8 Out-of-band ATC surveillance systems coming from the ground, the on-board equipment and nearby aircrafts is the last significant pulsed interference source that has been considered by [RTCA DO292]. The worst-case contribution of these systems was assessed in the [RTCA DO292] to be:
[image: ]
2.9 [bookmark: _Ref514834741]Inter- and intra-system interference (also referred to as IGNSS) is also a source of continuous interference affecting the reception of the GNSS signal of interest. [RTCA DO292] assessed its contribution, however using only a limited number of systems known at the time. As a consequence, a new assessment of this source of degradation has been performed using the following systems: GPS, Galileo, BeiDou, NavIC, QZSS, and all known and foreseen SBAS systems (WAAS, EGNOS, MSAS, GAGAN, KAAS, SDCM, and an African SBAS), as given in the appendix. The resulting evaluation of the IGNSS leads to the figure below. The worst case is located at (7.5°N,117.5°E) in South East Asia with a value of -200.99 dBW/Hz. 
2.10 Note that this value has to be consolidated as the simulation assumes an average receiver antenna gain pattern similar to the one taken in [RTCA DO235B] for the L1 IGNSS assessment. Note also that differently to [RTCA DO235B] methodology, no implementation losses are considered to apply to the interfering signals as in [RTCA DO235B] analysis as it is known that they highly dependent upon the receiver RF front-end configuration (type of ADC, bandwidth, sampling frequency) and the incoming signals.
[image: ]
Figure 1 – IGNSS to be considered for the L5/E5a Receivers
3. L5/E5a receiver considerations
3.1 For simplification purposes, the GPS L5, Galileo E5a signals are assumed to be QPSK(10) signals. This oversees the ALTBOC multiplexing scheme used by Galileo that slightly modifies the actual Power Spectral Density (PSD) of the Galileo E5a signal. However, this has a negligible consequence. In the rest of this paper, if the consequence is assessed as non-negligible, it will be mentioned. The SBAS L5 signals are assumed to be BPSK(10)-modulated. 
3.2 The GPS L5, Galileo E5a and SBAS L5 receivers are assumed to be QPSK(10) and BPSK(10) receivers. They are thus generating locally a BPSK(10) signal to process the signal (for both the data and pilot components of the GPS and Galileo signals, and for the SBAS signal). The receivers are also assumed to be using a temporal blanking mechanism as described earlier in section 2.2.
3.3 The GPS, Galileo and SBAS receivers are assumed to have an RF front-end bandwidth that is anything between 12 and 24 MHz (double-sided). Moreover, the receiver is assumed to have a 3-bit quantizer adapted to the use of a temporal blanker.
3.4 Based on the above, the implementation losses considered for each type of receiver includes the effect of the ADC, the effect of receiver band-limiting (worst-case being an RF front-end bandwidth of 12 MHz), the mismatch between the incoming and locally-generated modulation (specifically for Galileo E5a) and correlation losses due to payload distortions is given by:
· GPS L5 receiver: 2dB
· Galileo E5a receiver: 2.5dB (higher than GPS L5 due to the use of ALTBOC modulation)
· SBAS L5 receiver: 2.5dB (higher than GPS L5 due to higher correlation losses due to payload)
3.5 The airborne antenna gain pattern is assumed to be according to the minimum gain allowed by the L1/L5 DFMC antenna MOPS developed by RTCA which latest version (adopted after FRAC but not yet published). It is represented below:
[image: ]
Figure 2 – Minimum L5 Antenna Gain
3.6 The considered minimum received power for each system are as follows:
· GPS L5 receiver: -155 dBW at 5° at the output of a 3dBi linearly polarized antenna
· Galileo E5a receiver: -155.25 dBW at 5° at the output of an ideal 0dBi RHCP antenna. The reference antenna chosen to define this minimum power level implies that extra polarization losses can occur, especially at low elevation angle where a real RHCP antenna can be close to a linearly polarized antenna. As a consequence, a polarization loss factor is take into account to represent this effect. Assuming that the transmitting satellite have an ellipticity not worse than 1.2 dB, the polarization loss should be lower than 0.55dB.
· SBAS L5 receiver: -158dBW at 5° at the output of a 3dBi linearly polarized antenna


3.7 [bookmark: _Ref514835118]Finally, the L5/E5a receiver is assumed to have the minimum performance according to [RTCA DO292]:
· Acquisition threshold for the 1st satellite of a given core constellation: 29.3 dB-Hz
· Acquisition threshold for the 2nd satellite of a given core constellation: 28.3 dB-Hz
· Tracking threshold: 27 dB-Hz
· SBAS data demodulation threshold: 30 dB-Hz


4. Methodology
4.1 [bookmark: _Ref514836669]The proposed methodology to define the L5/E5a interference mask is as follows:
1. First, a link budget analysis is performed for all considered systems (GPS, Galileo, SBAS) based on different limiting scenarios (high altitude, transition altitude, low altitude) using only the sources of interference presented in section 2, since they are recognized sources of interference coming from systems present in an ARNS band. Note that when performing this link budget analysis:
· Since the DME/TACAN database is only known to the authors in Europe and to some extent in the US (based on [RTCA DO292] for the latter), the link budget will only be based on these areas.
· 2 types of margins will be included in this link budget analysis:
· One related to the uncertainties associated to the assessment of the DME/TACAN impact on a GNSS receiver. As recommended by the [RTCA DO292], a 1dB margin will be added to the high-altitude scenario. The same margin will also be used for the low altitude scenario.
· One related to the uncertainties on the GNSS and SBAS programs in the L5 band. With the increase of the number of GNSS-related projects currently taking place, a 0.5 dB margin is taken on the evaluation of the IGNSS given in section 2.8
	The link budget analysis will thus follow the table shown below.

2. The above-mentioned link budget analysis should exhibit positive margins (in terms of worst-case C/N0 versus threshold). These margins will be considered as representative of the maximum amount of aggregate continuous interference tolerable coming from non-aeronautical systems (besides JTIDS/MIDS). As a consequence, the smallest margin of all link budget analysis will be representative of the most fragile link and will thus be the base for the definition of the L5/E5a interference mask. 
Table 1 – Template for Link Budget Analysis Considering only Aeronautical Interference
	Line Number
	
	Type of Signal /
Processing Operation

	1
	Minimum Received Power (dBW)
	

	2
	Minimum antenna Gain associated to the processed signal (dB)
	

	3
	Implementation Losses and Polarization Losses
	

	4
	Minimum Recovered C (dBW)
	=(1)+(2)+(3)

	5
	Ignss (dBW/Hz) (includes a 0.5 dB margin)
	

	6
	Blanker Duty Cycle (%)
	

	7
	Pulsed interference RI
	

	8
	Effective N0 (dBW/Hz) (includes an extra 1dB to take into account BDC and RI uncertainties)
	See equation in section 2.3

	9
	Minimum effective C/N0 of total signal (dB-Hz)
	=(4)-(8)

	10
	Threshold (dB-Hz)
	From section 3.7

	11
	Margin (dB)
	=(9)-(10)


4.2 It is understood that initial analyses have shown that the weakest link budget analysis is associated to the SBAS L5 demodulation link budget. The main reason for this is the lower minimum signal power of SBAS compared to GPS L5 and Galileo E5a as well as the higher SBAS demodulation threshold compared to the acquisition and tracking thresholds for core constellation signals. As a consequence, only the SBAS link budgets are shown below.
4.2.1 Note that in the SBAS scenarios, the link budgets are computed based on the second lowest visible GEO.
4.3 The link budget at high altitude (FL400) for SBAS L5 is first computed.
4.3.1 The results over Europe is shown in the figures below. Although it is given as a figure, it is computed for every point of a 2.5°x2.5° resolution (but with a 0.5°x0.5° resolution over the DME/TACAN hot spot) following the template described in section 4.1. The lowest margin appears to be 1dB in Europe.
[image: ]
Figure 3 – SBAS L5 Link Budget Analysis at FL400 over Europe
4.3.2 The link budget results for WAAS over the US is only shown as a table as the authors do not have access to the US database. The link budget is thus performed at the location of the hot spot given by [RTCA DO292] (thus based on a 2004 DME/TACAN database). The link budget exhibits a 0.61 dB margin. It thus seems more constraining than the European link budget.



Table 1 – WAAS L5 Link Budget at US Hot Sport
	Line Number
	
	Type of Signal /
Processing Operation

	1
	Minimum Received Power (dBW)
	-158

	2
	Minimum antenna Gain associated to the processed signal (dB)
	+0.1

	3
	Implementation Losses and Polarization Losses
	2

	4
	Minimum Recovered C (dBW)
	-159.9

	5
	Ignss (dBW/Hz) (includes a 0.5 dB margin)
	-203.1

	6
	Blanker Duty Cycle (%)
	0.6527

	7
	Pulsed interference RI
	0.9628

	8
	Effective N0 (dBW/Hz) (includes an extra 1dB to take into account BDC and RI uncertainties)
	-190.51

	9
	Minimum effective C/N0 of total signal (dB-Hz)
	30.61

	10
	Threshold (dB-Hz)
	30

	11
	Margin (dB)
	0.61



4.4 The link budget analysis at low elevation is split into three scenarios, as performed in [RTCA DO292]: transition elevation (1600ft representing a FAF), 720ft (representing a NPA HAT) and 250 ft (representing a CatI approach and NPA 250 HAT). For these 3 scenarios, the values used by the [RTCA DO292] for the PDC and RI of the different sources of interference at the Washington Ronald Reagan national airport (see section 2) will be assumed valid for any geographical location. This is a very significant approximation, but it allows having a first overview of the link budget for any point of the areas of interest, rather than only in one specific location. Refinement will be possible at a later stage once worst-case airport locations have been identified.
4.4.1 The link budgets for the 3 low altitude scenarios provide the following minimum margins (although maps were drawn, only the worst case is shown here): 
1. Transition altitude (1600ft):
· US (without Alaska): 3.0 dB
· Europe: 1.03 dB
2. 720 ft:
· US (without Alaska): 4.0 dB
· Europe: 1.86 dB
3. 250ft
· US (without Alaska): 4.5 dB
· Europe: 2.35 dB

4.4.2 It can be noted that there is less margin in Europe. The main reason for this is that this low margin is associated to high latitude locations in Europe while the US analysis discards the high latitude locations. It also brings into our attention that it might be overly pessimistic to consider that the DME/TACAN degradation in these areas will be similar to the ones in Washington Ronald Reagan national airport. This will be tackled at a later stage once low altitude DME/TACAN degradation models are refined.
5. Proposed Preliminary L5/E5a Interference Mask
5.1 Based on the margin provided above for each considered scenario, it is then necessary to compute the maximum acceptable equivalent noise PSD created by aggregate non-aeronautical continuous interference that would bring the link budget margin to 0dB. This will constitute the interference mask. To do so, the following formula needs to be used:
[image: ]
5.2 The use of the above equation leads to the following preliminary proposed maximum acceptable equivalent noise Power Spectral Density (PSD) created by aggregate non-aeronautical continuous interference:
· 250ft: -196.99 dBW/Hz
· 720ft: -197.93 dBW/Hz
· 1600ft: -199.13 dBW/Hz
· FL400: -199.58 dBW/Hz
5.3 The values given above are representative of the maximum acceptable equivalent noise PSD created by all aggregate non-aeronautical continuous interference as a function of the aircraft altitude. It can be seen that it varies by 2.6 dB between the 250ft scenario and the high-altitude scenario.
6. Conclusions and Way Forward
6.1 This paper provides a methodology to compute the L5/E5a interference mask. This methodology has been followed for the European and US areas (without Alaska) based on both [RTCA DO292] and new simulations. 
6.2 The L5/E5a interference mask is for now provided as a function of the aircraft altitude. As expected, the L5/E5a interference mask is decreasing with increasing altitude. It is however important to note that there is a lack of analysis between the 1600ft scenario and the high-altitude scenario. This will have to be performed to make sure that there is no specific phenomenon.


6.3 The present analysis has to be seen as a first step towards the proposal of a final L5/E5a interference mask since many parameters have to be consolidated. Among these parameters are:
· Confirmation that the SBAS scenarios imply the weakest margins
· Consolidation of the theory behind the computation of PDC and RI.
· Consolidation of the values of PDC and RI for low altitude scenarios
· Consolidation of the margins taken in this analysis for the link budget analysis
· Consolidation of SBAS scenario assumption (link budget with lowest or second lowest)
· Consolidation of assumption for high latitude area
· Use of the latest US and European DME/TACAN databases
· Investigation of the cases between 1600ft and FL400
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Appendix – Characteristics of Considered GNSS Systems in the L5/E5a Band
	System
	Signal
	Modulation
	Freq. (MHz)
	Constellation
	Tx BW (MHz)
	Max Power (dBW)
	Specific Assumption

	BeiDou
	B2 low data 
	ACE-BOC(15,10)
	1191.795
	27 MEO +3 IGSO +5 GEO
	40,92
	-145
	3 GEOs that also broadcast SBAS L5

	
	B2 low pilot
	
	
	
	
	
	

	
	B2 high data
	
	
	
	
	
	

	
	B2 high pilot
	
	
	
	
	
	

	
	SBAS
	BPSK(10)
	1176.45
	
	
	-150.5
	

	Galileo
	E5a data
	ALTBOC(15,10)
	1191.795
	30 MEO
	40,92
	-145
	

	
	E5a pilot
	
	
	
	
	
	

	
	E5b data
	
	
	
	
	
	

	
	E5b pilot
	
	
	
	
	
	

	GPS
	L5 Data
	QPSK(10)
	1176.45
	30 MEO
	30,69
	-147
	Large constellation

	
	L5 Pilot
	
	
	
	
	
	

	QZSS
	L5 data
	QPSK(10)
	1176,45
	3 HEO + 4 GEO
	24
	-147
	Number of GEO and HEO is only an assumption

	
	L5 pilot
	
	
	
	
	
	

	
	L5 – SBAS
	BPSK(10)
	
	
	
	-150.5
	

	EGNOS
	SBAS
	BPSK(10)
	1176.45
	3 GEO
	4
	-150.5
	

	WAAS
	SBAS
	BPSK(10)
	1176.45
	3 GEO
	24
	-150,5
	

	GAGAN
	SBAS
	BPSK(10)
	1176.45
	3 GEO
	24
	-150,5
	

	MSAS
	SBAS
	BPSK(10)
	1176.45
	2 GEO
	24
	-150,5
	Assumed to be a subpart of QZSS GEO

	SDCM
	SBAS
	BPSK(10)
	1176.45
	3 GEO
	24
	-150.5
	

	KASS
	SBAS
	BPSK(10)
	1176.45
	2 GEO
	24
	-150,5
	

	African SBAS1
	SBAS
	BPSK(10)
	1176.45
	2 GEO
	24
	-150,5
	

	African SBAS2
	SBAS
	BPSK(10)
	1176.45
	2 GEO
	24
	-150,5
	

	NavIC
	SPS
	BPSK(1)
	1176.45
	3 GEOs + 4 IGSOs
	24
	-154
	

	
	RS
	BOC(5,2)
	
	
	24
	-150
	



— END —
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