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	SUMMARY

	This paper discusses the compatibility between LDACS and GNSS, analyzing the compliance of LDACS signal, as defined in LDACS Draft SARPs, with GNSS regulatory framework (ICAO GNSS RFI mask, ITU Resolution 417, ITU-R M.1905).


1. INTRODUCTION

1.1 As part of LDACS preliminary spectrum compatibility analysis, studies on the compatibility of LDACS with other systems in the same or adjacent frequency bands are on-going. For example, compatibility between LDACS and DME/TACAN is analyzed through tests presented in JWGs/8-WP/12, rev 4. JWGs/8-WP/12, rev 4 also points out that compatibility between LDACS and other aeronautical systems in the frequency band 960-1164 MHz such as UAT and 1030-1090 MHz systems (Secondary Surveillance Radar, ACAS, …) should be pursued between ICAO FSMP and ICAO DCIWG PT-T.

1.2 As part of these LDACS spectrum compatibility analysis, SWG/PT-T identified action item SWG15/01 which consists in providing an analysis of the potential impact of LDACS Airborne Station emissions on GNSS above 1164 MHz. This action item echoes a question raised at FSMP about the compatibility between LDACS and ITU Resolution 417. 
1.3 The response to action item SWG15/01, presented in NSP/7-WP/28, analyzed the LDACS spurious emission level in the GNSS L5/E5a frequency band (1164-1215 MHz). It concludes that LDACS power spectral density in the 1164-1215 MHz is below the thermal noise floor level by 16 dB, and therefore LDACS spurious emission impact on GNSS receiver is negligible. However, in addition to LDACS spurious emission, LDACS signal that would be imperfectly rejected by GNSS antenna and RF front-end filter may also have an impact on GNSS receiver.
1.4 The objective of this document is to analyze the compatibility between LDACS and GNSS for civil aviation operations. It is divided in three main parts.
1.4.1 First, regulatory framework in terms of spectrum protection in the L band is investigated. Regulatory framework includes ITU rules as well as constraints defined in ICAO SARPs or RTCA documents on GNSS.
1.4.2 Second, it browses an overview of LDACS characteristics, taken from LDACS Draft SARPS, NSP7/WP28 and JWGs/8-WP/12, rev.4, which are needed to analyze the compatibility between LDACS and GNSS.
1.4.3 Third, it computes a predicted impact of LDACS signals on GNSS. Several situations are investigated: impact of on-board installed LDACS transmitter on on-board GNSS receiver, and impact of LDACS ground station network on on-board GNSS receiver. This impact is interpreted in regards of ITU, ICAO and RTCA regulations.
2. L BAND REGULATORY FRAMEWORK

Four regulation tools from three different regulatory institutions are analyzed in this section:

· ICAO GNSS RFI mask is published in Nov 2020 DFMC GNSS SARPS. It provides the maximum received power from non-aeronautical RFI that can be tolerated by civil aviation GNSS receiver keeping minimum required performance objectives fulfilled 

· RTCA GNSS RFI mask is published in RTCA DO-235C and soon in DO292A. It provides the maximum received power from non-aeronautical RFI that can be tolerated by civil aviation GNSS receiver keeping minimum required performance objectives fulfilled. Note the RTCA Out-of-Band GNSS RFI mask is less constraining than ICAO GNSS RFI mask for some central frequencies. The rationale for that is that some DFMC GNSS receivers manufacturers announced that their receivers may tolerate more powerful RFI than those specified by ICAO RFI mask. The regulatory tool which is taken into account here is the ICAO GNSS RFI mask because it is constraining more the external interference

· ITU R M 1905 defines a protection criterion for GNSS receivers in the L5/E5a frequency band (1164-1215 MHz)
· ITU Resolution 417 provides the maximum EIRP level of AM(R)S transmitting in the L band 960-1164 MHz in order to avoid causing harmful interference to RNSS in the frequency band 1164-1215 MHz.

2.1 ICAO/RTCA GNSS RFI mask

GNSS RFI mask provides the maximum power of a non-aeronautical RFI source which can be tolerated by a GNSS receiver, keeping minimum requirements fulfilled. GNSS RFI mask for DFMC GNSS receiver is represented in Figure 1.

RTCA GNSS RFI mask provides the maximum RFI power used for civil aviation GNSS receiver testing procedures as part of certification process. RTCA GNSS RFI mask is also provided in Figure 1.
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Figure 1: DFMC ICAO SARPs and RTCA RFI Out-of-Band masks (aircraft without on-board satellite transmitter)

Some assumptions must be reminded in order to correctly interpret and use GNSS RFI mask: 

1- GNSS RFI mask is established from the [image: image3.png]C /N,



 link budget analysis with the lowest margin worldwide. The worst [image: image5.png]C /N,



 link budget analysis driving the GNSS RFI mask in the L band corresponds to the SBAS Data Demodulation within the RFI environment of the location 40.8°N, 75.2°W (Pennsylvania)

2- [image: image7.png]C /N,



 link budget from which the RFI mask is derived takes into account the following aeronautical RFI sources:
· Pulsed RFI: DME, TACAN, JTIDS, MIDS.

· Inter and intra system RFI: RFI caused by GNSS signals different from the GNSS signal of interest

· Case emission: RFI caused by cockpit screen devices involuntarily radiating in the GNSS band

3- Ither RFI sources, identified in DO-292 Section 6, are assumed to have a negligible impact on the [image: image9.png]C /N,



 link budget. 
4- Non-aeronautical RFI sources such as on-board PEDs or terrestrial emitters, although inherently impacting GNSS receiver, are not taken into account when deriving the GNSS RFI mask. DO-292A shows that the contribution of these non-aeronautical RFI sources on the [image: image11.png]C /N,



 link budget is not negligible. As a consequence, these RFI sources must be kept in mind when interpreting and using GNSS RFI mask.
5- Because of a lack of inputs concerning LDACS when DFMC GNSS RFI mask was elaborated, LDACS system is not taken into account in the DFMC GNSS RFI mask. As a consequence, one objective of this paper is to analyze the compatibility of LDACS with GNSS RFI mask.
2.2 ITU Resolution 417

ITU Resolution 417 provides the maximum power level that an AM(R)S system can transmit in the frequency band [960-1164] MHz without causing harmful interference on RNSS transmitting in the adjacent band [1164-1215] MHz. These constraints on EIRP level are reminded in Table 1.

	
	Emission in the frequency band 960-1164 MHz
	Emission in the frequency band 1164-1215 MHz

	Center frequency
	<960 MHz
	1091-1119 MHz
	1119-1135 MHz
	1135-1164 MHz
	1164-1197.6 MHz
	1197.6-1215 MHz

	Max ground station transmition level
	51.6 dBW
	Linearly decreasing from 51.6 to 23.6 dBW
	Linearly decreasing from 23.6 to -2.4 dBW
	Linearly decreasing from -2.4 to -68.4 dBW
	-90.8 dBW in any 1 MHz of the frequency band 1164-1197.6 MHz
	-90.8 dBW in any 1 MHz of the frequency band 1197.6-1215 MHz 

	Max airborne station transmition level
	55.3 dBW
	Linearly decreasing from 55.3 to 27.3 dBW
	Linearly decreasing from 27.3 to -1.3 dBW
	Linearly decreasing from -1.3 to -64.7 dBW
	-84 dBW in any 1 MHz of the frequency band 1164-1197.6 MHz
	-92.4 dBW in any 1 MHz of the frequency band 1197.6-1215 MHz 


Table 1: Maximum transmitted power level for AM(R)S in the 960-1164 MHz frequency band (ITU Resolution 417)

These ITU Res 417 maximum EIRP limits are illustrated in Figure 2.
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Figure 2: Maximum transmitted EIRP power level in the frequency band 960-1215 MHz (ITU resolution 417)

Comparing the protection criteria for ITU Resolution 417 and GNSS RFI mask is not straight forward because for ITU Resolution 417 limits emitted EIRP when GNSS RFI masks constrain the received power level.
2.3 ITU-R M.1905
Note that another ITU recommendation provides a protection criterion for RNSS in the frequency band 1164-1215 MHz. Indeed, ITU-R M.1905 provides RNSS protection thresholds in terms of power and power spectral density within 2 receiver altitude regions for the civil aviation receiver. ITU-R M.1905 is broadly based on the same type of analysis that has led to the derivation of ICAO RFI mask.  

ITU-R M.1905 identifies some thresholds of aggregate continuous narrow-band and wideband interference for GNSS receiver acquisition and tracking operations that must not be exceeded to guarantee the fulfilment of GNSS requirements. RFI threshold identified in ITU-R M.1905 are recapped in Table 2.

	
	
	Narrow-band RFI ([image: image14.png]BW < 700 Hz



)
	Wideband RFI ([image: image16.png]BW = 1MHz



)

	Acquisition threshold
	Above 20,000 ft
	-158.7 dBW
	-148.7 dBW/MHz

	
	Below 2,000 ft
	-143 dBW
	-133 dBW/MHz

	Tracking threshold
	Above 20,000 ft
	-154.8 dBW
	-144.8 dBW/MHz

	
	Below 2,000 ft
	-143.1 dBW
	-133.1 dBW/MHz


Table 2: ITU-R M.1905 RFI thresholds

Note that ITU-R M.1905 notes the necessity of further studies for RFI bandwidth between 700 Hz and 1 MHz. Despite the fact that LDACS bandwidth is between 700 Hz and 1 MHz, and therefore these thresholds are not applicable to LDACS for regulatory purpose, these thresholds are used as relevant limits for LDACS/GNSS compatibility.

Because LDACS is a aeronautical system, the application of a 6 dB safety margin, as mentioned by ITU-R M.1905, is not necessary.

3. LDACS RF CHARACTERISTICS

This section summarized LDACS RF characteristics which are needed to conduct the compatibility analysis between LDACS and GNSS. Figures given in this section are taken from Draft LDACS SARPs. 

3.1 LDACS modulation and frequency channels

This section provides description of LDACS signal and frequency channel assignation. 

LDACS is an air - ground system whose aim is to transmit services such as CPDLC, ADS-C, and is a candidate for future applications and services (DCIWG/3-IP01). LDACS signal will be transmitted in the frequency band [960-1164] MHz which has an AM(R)S allocation.

LDACS supports two communication links:

· The Forward link (FL) is ground-to-air link transmitted by a ground station toward the airborne stations, in the band 1110-1156.

· The Reverse link (RL) is the air-to-ground link transmitted by an airborne station toward ground stations in the band 964-1010.
Forward and Reverse links are transmitted on two different frequency bands, as represented in Figure 3.


[image: image17]
Figure 3: LDACS FL and RL frequency bands from draft LDACS SARPs

Frequency isolation between LDACS FL and RL and the RNSS band is respectively 8 and 154 MHz. 

Note also that air to air LDACS services are envisioned.

According to LDACS Draft SARPS, LDACS should use OFDM: the signal is distributed over several orthogonal sub-carriers, each one modulated at low bandwidth. LDACS OFDM utilizes 51 sub-carriers equally spaced by 9.765625 kHz. As a result, the total double-sided occupied bandwidth by one LDACS signal is 51*9.765625=498.046875 kHz. Thus, LDACS channel spacing is set to 500 kHz.

3.2 LDACS RF characteristics

This section provides LDACS RF power characteristics of the FL and RL.

3.2.1 LDACS maximum transmitted EIRP

The maximum LDACS transmitted EIRP for both the FL and RL is recapped in Table 2. The term “EIRP” must be understood as “average EIRP”, in opposition to “instantaneous EIRP”. The difference between average and instantaneous EIRP is further detailed later in this section.

	
	FL (ground to air, 1110-1156)
	RL (air to ground, 964-1010)

	Maximum average transmitted EIRP (dBm)
	44
	41


Table 3: Maximum LDACS EIRP from draft LDACS SARPs

Note that a extended range mode with range up to 400 NM was initially considered, but is no more envisaged currently. 
As an important remark, LDACS transmitter antenna is assumed to be vertically polarized. However, the LDACS transmitter antenna pattern is not yet defined and constrained. SESAR LDACS manual assumes that the omni-directional airborne UAT antenna pattern can be used as an input for LDACS link budgets, but this hypothesis is still pending validation.

3.2.2 LDACS transmit spectral mask

LDACS transmitter mask is represented in Figure 4.

[image: image18.png]Minimum attenaution (dBr)

-20

-30

-40

-50

-60

-70

-80

-90

500 1000 1500 2000 2500 3000 3500 4000 4500
Frequency offset with respect to LDACS channel center frequency (kHz)

5000




Figure 4: LDACS transmitter mask from draft LDACS SARPs

This mask must be interpreted as the minimum attenuation relative to the LDACS passband power density measured at the maximum output power level. From Figure 4, LDACS spurious emissions that can hit the GNSS L5/E5a frequency are attenuated by at least 90 dB relatively to LDACS maximum transmitted power.

This mask does not have a limit bandwidth. However, for computation of Spectral Separation Coefficient, the LDACS PSD must be normalized. Therefore a reasonable limit has been placed to 500 kHz (LDACS channel width), meaning that the EIRP limits given in Table 3 are assumed to be measured on a 500 kHz bandwidth.

3.2.3 LDACS Duty Cycle

According to NSP7/WP28, the LDACS RL (air to ground) duty cycle is expected to be lower than 10%, whereas the FL (ground to air) duty cycle is 100%.

3.2.4 LDACS PAPR

Peak to Average Power Ratio (PAPR) is defined by the ratio between the instantaneous transmitter power of the signal and the average power. The notion of PAPR is illustrated in Figure 5, which represents the instantaneous power of the emitted FL LDACS signal generated by Matlab software generator accessible at https://www.ldacs.com/software/.
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[image: image19]
Figure 5: LDACS FL signal instantaneous I^2+Q^2 power and total duration average I^2+Q^2 power from MATLAB LDACS distribution

As illustrated in Figure 5, the instantaneous power of LDACS signal can be higher than the average power. This is highlighted by left hand figure. As a consequence, it is important to analyze the percentage of time during which the instantaneous power exceeds the average power, or in other words, the cumulative density function of LDACS PAPR. 

Figure 6 shows the complementary cumulative density function (CCDF) of PAPR, taken from LDACS NSP paper JWGs/8-WP/12, rev.4 (left hand) and computed from a signal generated by Matlab LDACS signal software generator (right hand).  This CCDF must be interpreted as the probability that the observed PAPR of a given sample is above a given value [image: image21.png]


. It can be mathematically expressed by (Eq 1).
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	(Eq 1)


Note that LDACS sampling period is 1.6 [image: image24.png]


.


[image: image25]
Figure 6: LDACS PAPR CCDF

In current version of LDACS SARPS, there is no maximum PAPR bound constraint but it is recommended that LDACS FL and RL PAPR should not exceed 11 dB measured directly at the transmitter output.. Considering the 51 OFDM carriers, maximum possible PAPR is 10*log10(51)=17 dB in the exceptional case where all power is conveyed by a single carrier. 

Note that maximum authorized EIRP for a ground station by Resolution 417 at the LDACS FL frequency bounds is:

· 32.6 dBW = 62.6 dBm at 1110 MHz

· -50.19 dBW = -20.19 dBm at 1156 MHz.
LDACS maximum EIRP from ground stations (44 dBm) exceeds the Resolution 417 EIRP limit for frequency above 1124.5 MHz. LDACS uses a OFDM modulation which is part of the class D (emission in which the main carrier is amplitude and angle-modulated either simultaneously or in a pre-established sequence) according to ITU preface. For this class of emission, EIRP limit of Resolution 417 must be interpreted as mean power according to ITU preface Section 8.  Therefore, it is acknowledged in LDACS SARPs that for channels above 1124.5 MHz, the transmitted EIRP must be limited by Resolution 417 for frequency above 1124.5 MHz. 
Another important parameter to analyze is the number of consecutive samples transmitted with a power above the mean power (PAPR>0 dB). Figure 7 shows the complementary cumulative density function of the number of consecutive LDACS samples such that PAPR exceeds x dB. 
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Figure 7: CCDF of the number of consecutive samples exceeding a given power

This figure must be interpreted as follows:

· The probability that more than 10 consecutive LDACS samples (10*1.6=16 µs) exceeds the average power is 4.10-4.
· The probability that more than 3 consecutives LDACS samples (3*1.6=4.8 µs) exceeds the average power plus 6 dB is lower than 10-5.

Then, it can be concluded that the time of continuous emission with a power above the average power is limited. Such a situation would avoid a continuous triggering the GNSS blanker which would be detrimental for GNSS signal processing.   
4. COMPLIANCE OF LDACS WITH GNSS REGULATORY FRAMEWORK

4.1 Received power from LDACS airborne transmitter

In this section, the received power at the GNSS receiver antenna port from LDACS airborne transmitted is computed. This received power is determined from link budget analysis. Link budgets are computed at different relevant frequencies in this section:

· 964 MHz: This is the lower edge of LDACS RL frequency band, leading to the lowest propagation losses and therefore to the highest received power.

· 1010 MHz: This is the upper edge of LDACS RL frequency band, leading to the lowest frequency isolation between LDACS RL and GNSS frequency band.

· 979 MHz: This is the upper edge of LDACS RL frequency band of the initial deployment, according to JWGs/8-WP/12, rev.4.

The different inputs to the link budget are presented below.

4.1.1 LDACS airborne antenna

Currently, there is no requirement nor indication in Draft LDACS SARPs on the nature, shape and location of the LDACS antenna installed on-board the aircraft. Therefore, in this paper, two hypotheses on the location of LDACS airborne antenna are considered:

· Hypothesis 1: As LDACS is an air-ground communication system, the LDACS antenna is installed on the bottom of the aircraft fuselage. Indeed, in order to limit the number of installed antennas, LDACS may re-use antenna of systems operating in the L band such as DME or UAT. As a consequence, this hypothesis is the most probable and would even be recommended in the situation where only LDACS air-to-ground service is planned. If LDACS air-to-air service is envisioned, a bottom LDACS antenna may not fully serve the purpose.

Under these hypotheses, the LDACS antenna pattern is not yet defined. LDACS manual assumes that the LDACS antenna is omni-directional with 0 dBi gain, similarly to UAT antenna which transmits an air-air signal. Another reasonable assumption may consider a typical antenna pattern for a ground-air L blade antenna, as the one represented in Figure 8 adapted from airborne DME antenna gain pattern.
[image: image27.png]



Figure 8: Typical L blade antenna pattern

· Hypothesis 2: The antenna is installed on the top of the fuselage. Such a hypothesis would be relevant if future LDACS service include air to air communications. In this case, the antenna pattern would likely be similar to the one represented in Figure 8. 

As a consequence, under these two hypotheses, ignoring airborne LDACS antenna considerations and only relying on maximum LDACS EIRP values from the draft LDACS SARPs, it is proposed to consider a PAPR of 11 dB in this link budget analysis, resulting in a transmitted EIRP of 52 dBm. The probability to have a PAPR above 11 dB is indeed equal to 10-6. This 10-6 probability value is indeed usually considered as an relevant instantaneous power probability limit when assessing the impact of a system on GNSS performance.

4.1.2 Propagation losses

Free space loss model is adopted even though this model does not model the impact of the fuselage on the propagation. However, when the LDACS antenna is installed on the bottom of the aircraft, we assume in the first place that the impact of the fuselage is covered by the GNSS receiver antenna gain presented below. Propagation losses, for the different frequencies identified above and for different distances between LDACS and GNSS antennas, are presented in Table 4 for Hypothesis 1 (bottom mounted LDACS antenna) and in Table 5 for Hypothesis 2 (top mounted aircraft antenna). For Hypothesis 1 (bottom mounted aircraft antenna), an aircraft fuselage diameter of 4.14 m (fuselage height of A320) is assumed, and the distance between LDACS and GNSS antennas is given by (Eq 2).
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	(Eq 2)
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 is the fuselage height and [image: image32.png]


 is the horizontal distance between LDACS and GNSS antennas.
	 

 

 
	Frequency (MHz)

	
	964
	979
	1010

	Horizontal Distance [image: image34.png]


 between LDACS and GNSS antenna (m)
	0,5
	-44,53
	-44,66
	-44,93

	
	1
	-44,71
	-44,84
	-45,11

	
	2
	-45,37
	-45,51
	-45,78

	
	5
	-48,37
	-48,50
	-48,78

	
	10
	-52,81
	-52,94
	-53,22

	
	20
	-58,33
	-58,46
	-58,73


Table 5: Propagation losses between LDACS and GNSS antennas (Hypothesis 1: Bottom mounted LDACS antenna)

	 

 

 
	Frequency (MHz)

	
	964
	979
	1010

	Distance [image: image36.png]


 between LDACS and GNSS antenna (m)
	0,5
	-26,10
	-26,24
	-26,51

	
	1
	-32,12
	-32,26
	-32,53

	
	2
	-38,14
	-38,28
	-38,55

	
	5
	-46,10
	-46,24
	-46,51

	
	10
	-52,12
	-52,26
	-52,53

	
	20
	-58,14
	-58,28
	-58,55


Table 6: Propagation losses between LDACS and GNSS antennas (Hypothesis 2: Top mounted LDACS antenna)
4.1.3 GNSS receiver antenna pattern

DFMC GNSS receiver antenna is standardized by RTCA DO-373. Maximum GNSS receiver antenna gain, for signals angle of arrival above 0° elevation, is represented in Figure 9.
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Figure 9: Maximum GNSS antenna gain for upper hemisphere

Under Hypothesis 2 (top mounted LDACS antenna), the LDACS signal angle of arrival is 0°. As a consequence, the maximum GNSS antenna gain for that elevation is -3 dB.
Even though there is no testing procedure on the lower hemisphere GNSS antenna pattern, DO-292A provides an assumed antenna pattern for the lower hemisphere, obtained through measurements on a low scale aircraft. This assumed pattern is represented in Figure 10.
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Figure 10: DO292A assumed lower hemisphere GNSS antenna pattern

Under Hypothesis 1 (bottom mounted LDACS antenna), the LDACS elevation angle is given by (Eq 1).

	
	[image: image39.png]—atan(H/dy)




	(Eq 3)


The GNSS receiver antenna gain, for different values of [image: image41.png]


, are recapped in Table 6 under Hypothesis 1 (bottom mounted LDACS antenna). A Cat I antenna is assumed.
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	0,5
	1
	2
	5
	10
	20

	GNSS receiver antenna gain (dBi)
	-10
	-10
	-10
	-10
	-9
	-7,56


Table 7: GNSS receiver antenna gain under hypothesis 1 (bottom mounted LDACS antenna)
As an important remark, the antenna gain measured in Figure 10 assumes a linear polarized signal, whereas Figure 9 provides the gain for a RHCP antenna. As a consequence, and since the LDACS signal is vertically polarized, 3 dB polarization losses should be added in the link budget under hypothesis H2 (top mounted LDACS antenna). Conversely, no polarization losses should be added under hypothesis H1 (bottom mounted LDACS antenna), since this mismatch is already taken into account in the GNSS receiver antenna gain in this case. 

4.1.4 LDACS received power

From the inputs presented above, the LDACS received power ) from LDACS airborne transmitter emitting at max EIRP with PAPR=11 dB is recapped in Table 7 under Hypothesis 1 (bottom mounted antenna) and in Table 8 under Hypothesis 2 (top mounted antenna).

	 
	 
	Frequency (MHz)

	 
	 
	964
	979
	1010

	Distance between LDACS and GNSS antennas (m)
	0,5
	-2,53
	-2,66
	-2,93

	
	1
	-2,71
	-2,84
	-3,11

	
	2
	-3,37
	-3,51
	-3,78

	
	5
	-6,37
	-6,50
	-6,78

	
	10
	-9,81
	-9,94
	-10,22

	
	20
	-13,89
	-14,02
	-14,29


Table 8: Maximum received power (dBm) from LDACS airborne transmitter emitting at max EIRP with extreme PAPR=11 dB at the GNSS antenna port under Hypothesis 1 (bottom mounted antenna)

	 
	 
	Frequency (MHz)

	 
	 
	964
	979
	1010

	Distance between LDACS and GNSS antennas (m)
	0,5
	19,90
	19,76
	19,49

	
	1
	13,88
	13,74
	13,47

	
	2
	7,86
	7,72
	7,45

	
	5
	-0,10
	-0,24
	-0,51

	
	10
	-6,12
	-6,26
	-6,53

	
	20
	-12,14
	-12,28
	-12,55


Table 9: Maximum received power (dBm) from LDACS airborne transmitter emitting at max EIRP with extreme PAPR=11 dB at the GNSS antenna port under Hypothesis 2 (top mounted antenna)

Comparing Table 7 and Table 8, the received power from LDACS airborne transmitter is lower under Hypothesis 1 (bottom mounter antenna), thanks to higher propagation losses and lower GNSS antenna gain.

For comparison purpose, the maximum power authorized by ICAO and RTCA Out-of-Band masks at the frequencies of interest are recapped in Table 9.

	
	Frequency (MHz)

	
	964
	979
	1010

	Maximum authorized received power (ICAO RFI mask, in dBm)
	-22 dBW=8 dBm
	8 dBm
	5.71 dBm

	Maximum authorized received power (RTCA RFI mask, in dBm)
	21 dBm
	21 dBm
	21 dBm


Table 10: Max authorized power by ICAO mask and Resolution 417

Comparing Table 9 with Table 7 and Table 8, some conclusions can be deduced:

· Under Hypothesis 1 (bottom mounted antenna), both ICAO RFI mask and ITU Resolution 417 are respected.

· Under Hypothesis 2 (top mounted antenna), ITU Resolution 417 is respected but ICAO RFI mask power constraint is respected by LDACS RL emitting at max EIRP with extreme PAPR=11 dB only if the horizontal distance between the LDACS and GNSS antennas [image: image44.png]


 is above 2 m. Yet, additional margin could be applied in order to make sure LDACS does not eat a significant portion of the allowable mask.
4.2 GNSS blanker triggering

DFMC GNSS receivers are protected from high power pulsed RFI by a blanking system implemented in the L5/E5a channel. This blanking system operates as follows: when the mean received power over a given duration (typically 1 µs) exceeds the blanking threshold, then the received signal is set to 0, removing the high power pulsed RFI and noise but also the GNSS signal. This loss of the GNSS signal when the blanker is active induces a degradation of the [image: image46.png]C/ND



. However, provided that the blanker is not triggered during a too large amount of time, the recovered [image: image48.png]C/ND



 is sufficient to process GNSS signal in accordance with GNSS minimum requirements. 
The objective of this section is to analyze the probability that the LDACS signal triggers the blanker.

4.2.1 Assumptions on GNSS receiver architecture

The blanker is assumed to operate on the received signal at the output of the RF front-end module. In this analysis, the blanker threshold is set to -90 dBm = -120 dBW.

The combination of antenna, RF and IF filters bring additional frequency rejection. DO-292 assumes a minimum frequency rejection brought by antenna+RF/IF filter. However, new DO-373 standard for DFMC GNSS receiver minimum antenna selectivity is sometimes more selective than assumed DO-292 rejection. This situation is illustrated in Figure 11.
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Figure 11: Minimum selectivity of DO-292 antenna+RF/IF filter and of DO-373 antenna

As a consequence, and for consistency purpose, the total frequency rejection brought by antenna+RF/IF filter which is taken into account in this analysis considers that when the frequency selectivity brought by the DO-373 minimum compliant antenna is more selective than the DO-292 assumption, then the frequency selectivity is equal to the DO-373 minimum antenna rejection. The resulting antenna+RF/IF filter selectivity is shown in Figure 12.
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Figure 12: Minimum antenna+RF/IF selectivity chosen in this analysis

4.2.2 Probability of GNSS blanker threshold exceedance

The received LDACS power at the RFFE output, averaged over 1 µs, can be mathematically expressed by 
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	(Eq 4)


Where

· [image: image53.png]EIRP;, = 42 dBm



 is the maximum transmitted EIRP averaged over 1 µs
· [image: image55.png]PAPR



 is the peak to average power ratio, assumed random in this section. The random variable [image: image57.png]PAPR



 is defined by its CCDF represented in Figure 6.

· [image: image59.png]


 is propagation losses.
· [image: image61.png]Lpotar



 is the polarization losses.

· [image: image63.png]


 is the GNSS receiver antenna gain.
· [image: image65.png]


 represents losses brought by antenna+RF/IF antenna selectivity defined in Figure 12.
Let us denote [image: image67.png]Brn = —90 dBm



 the blanker threshold.

The probability that airborne LDACS signal triggers the blanker is expressed in (Eq 5).
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	(Eq 5)
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 is represented in Figure 13 as a function of horizontal distance between LDACS and GNSS antennas for the different frequencies of interest under assumption 1 (top mounted antenna).
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Figure 13: Probability that LDACS airborne signal triggers blanker
It can be seen from Figure 13 that if the distance between the LDACS antenna and the blanker threshold is above 5 m, the probability to trigger the blanker is below 10-2. In addition, the duty cycle of airborne LDACS RL transmitter is expected to be around 10%, therefore resulting in a very negligible [image: image73.png]C/ND



 degradation.  This would result in a pulse blanker duty cycle below 0.001.
Under hypothesis 2 (bottom mounted antenna), the maximum received power is low enough that the probability to trigger the blanker is below 10-8 at 964 MHz and 979 MHz. At 1010 MHz, the probability to trigger the blanker is below 4.10-4. Therefore, for bottom mounted antenna, the probability that LDACS triggers the blanker is sufficiently low, with a pulse blanker duty cycle below 0.0004, to not induce significant [image: image75.png]C/ND



 degradation.
4.3 Equivalent noise density from LDACS ground stations on GNSS receiver

The objective of this section is to derive the impact of LDACS ground stations on GNSS receiver in terms of additional equivalent white noise. 

The equivalent noise caused by a LDACS signal is given by
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	(Eq 6)


Where

· [image: image79.png]


 is the transmitted power by the LDACS ground station. As a worst, [image: image81.png]EIRP = Pipacs




 is supposed to be equal to 44 dBm even though this value may exceeds Resolution 417 dependings on channel frequency. We consider here PAPR=0 dB.

· [image: image83.png]


 is the transmitter antenna gain in direction of the victim on-board GNSS antenna.
· [image: image85.png]


 is propagation losses (free space loss model is assumed).

· [image: image87.png]


 is the GNSS receiver antenna gain (see Figure 10).

· [image: image89.png]SSC



 is the spectral separation coefficient between the useful GNSS signal PSD and the interfering LDACS signal PSD.
· [image: image91.png]Hprsant



 is the antenna+RF/IF equivalent filter transfer function (see Figure 12).

· [image: image93.png]


 is the LDACS signal normalized power spectral density. In this analysis, [image: image95.png]


 is assumed to have the same shape than the LDACS transmit mask of Figure 4.

· [image: image97.png]


 is the GPS L5/Galileo E5a BPSK local replica normalized power spectral density. Under long code approximation, [image: image99.png]


 is given by (Eq 7).
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The overall LDACS equivalent noise is the aggregate of equivalent noise induced by each LDACS ground station.

4.3.1 Assumptions

4.3.1.1 LDACS ground stations antenna gain

Currently, there is no specification on LDACS ground station antenna pattern, nor on the location of that stations. Therefore, a typical antenna gain pattern used by DME ground stations in the L band is assumed for this analysis. This antenna gain pattern is represented in Figure 14 and upper bounds the DO-292 DME ground station antenna pattern.
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Figure 14: LDACS ground transmitter antenna gain
4.3.1.2 LDACS ground stations locations

The location of LDACS ground station is not defined yet. In this analysis, LDACS ground station locations are inferred from the chart coverage area presented in (Mostafa, 2018). The coverage chart and the deduction of LDACS ground station locations are presented in Figure 15.


[image: image102]
Figure 15: LDACS coverage area (M. Mostafa, 2018) and inferred LDACS ground station locations

4.3.1.3 LDACS signal channel

Currently, there is no frequency assignation to LDACS ground stations. However, the impact of LDACS signal GNSS receiver strongly depends on its carrier frequency. As a matter of fact, Figure 16 represents the evolution of the spectral separation coefficient as a function of the LDACS carrier frequency.  
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Figure 16: SSC as a function of LDACS central frequency

As it can be noticed on Figure 16, the LDACS channel leading to the higher correlation with the GNSS signal is centered on 1151.5 MHz. Because the frequency assignation is hardly predictable, and in order to consider a worst case, all LDACS stations are supposed to transmit at that frequency. Even not realistic, this assumption allows to upper bound the LDACS equivalent noise from ground stations.

Also, we assume here a max LDACS FL EIRP=44 dBm with PAPR=0dB.

4.3.2 Results

The aggregate equivalent noise received at the on-board GNSS receiver antenna port is plotted in Figure 17, when the aircraft is flying at FL400 or at 500 ft AGL. 
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Figure 17: Equivalent noise from LDACS ground stations, when the aircraft is at FL400 (left hand) and at 500 ft AGL (right hand)

The maximum equivalent noise [image: image107.png]


 from LDACS ground stations transmitting at max LDACS FL EIRP =44 dBm with PAPR=0dB is:

· [image: image109.png]


-270.26 dBW/Hz=-210.26 dBW/MHz at FL400
· [image: image111.png]


-240.37 dBW/Hz=-180.37 dBW/MHz at 500 ft AGL.

These values at FL400 and at 500 ft AGL from LDACS ground stations transmitting at max LDACS FL EIRP (44 dBm) must be compared to -201.58 dBW/Hz which is, the maximum equivalent noise that can be tolerated by GNSS receiver to keep minimum requirements fulfilled that has been used to derive ICAO GNSS RFI mask.

Note that these equivalent noise values are well under the power spectral density thresholds of ITU-R M.1905.

As a conclusion, at FL400 and at 500 ft AGL the comparison of the equivalent noise caused by LDACS with the maximum tolerable equivalent noise that can be tolerated by GNSS receiver to keep minimum requirements fulfilled does not raise any concern on the compatibility between LDACS and GNSS.

4.4 Received power from a network of LDACS ground stations

This section computes the aggregate received power from LDACS ground station. The aggregated received power is given by
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	(Eq 8)


Where
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 44 dBm is the maximum transmitted EIRP. We consider here PAPR=0 dB
· [image: image116.png]


 is the transmitter antenna gain, given by Figure 14
· [image: image118.png]


 is propagation losses (free space loss model)
· [image: image120.png]


 is the GNSS receiver antenna gain, given by Figure 10
· [image: image122.png]Lant



 is the frequency isolation brought by the antenna and RF/IF filter, given by Figure 12. As in previous section, all ground LDACS stations are assumed to transmit at 1151.5 MHz. 
Considering these assumptions, the aggregate received power at FL400 and 500 ft AGL is given in Figure 18.
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Figure 18: Aggregate received power from LDACS ground stations, at FL400 and 500 ft AGL

The maximum received power at FL400 and at 500ft AGL from LDACS ground stations transmitting at max LDACS FL EIRP =44 dBm with PAPR=0dB is:
· -193.2 dBW at FL400.
· -163.3 dBW at 500 ft AGL.

Even adding maximum PAPR value of 17 dB, the received power from LDACS ground stations remains well below the maximum power at the GNSS antenna port given by the ICAO mask which is -70 dBm. As a consequence, even though there is a probability that the instantaneous power exceeds the mean power analyzed here, LDACS is not powerful enough to trigger the blanker. As a consequence, from the assumptions on the location of LDACS ground station and transmitter antenna pattern, there is no major concern on the compatibility between LDACS and GNSS.

Similarly, when adding 17 dB PAPR, the maximum received power at 500 ft AGL (-163.3+17=-1462.3 dBW) remains below the ITU-R M.1905 threshold for low-altitude operations. 
5. CONCLUSION

5.1 Received power from LDACS airborne transmitter at GNSS antenna port: two assumptions on the position of the LDACS antenna are presented (top mounted or bottom mounted antennas). Under bottom mounted LDACS antenna hypothesis, the separation between LDACS and GNSS antennas is sufficient such that the received power from LDACS transmitter remains below the GNSS RFI mask. Under top mounted LDACS antenna hypothesis, a separation of several meters is necessary to fulfill the GNSS RFI mask constraint.
5.2 Probability that LDACS on-board transmitted signal triggers GNSS blanker: this probability is very low (inferior to 1%) as long as LDACS and GNSS antennas separation is above several meters (~5 m) for top mounted LDACS antenna hypothesis. This probability is also negligible under bottom mounted LDACS antenna hypothesis.
5.3 LDACS equivalent noise received from ground stations: the received equivalent noise from LDACS ground stations at the receiver antenna port is well below the maximum tolerable equivalent noise by GNSS receiver.
5.4 Also, the aggregate received power from LDACS ground station is not sufficient to trigger GNSS blanker.
6. ACTION BY THE MEETING

The meeting is invited to:

6.1 Note and review the content of this working paper.

6.2 Discuss the relevance of the assumptions considered in this working paper.

6.3 Discuss the interpretation of Resolution 417, and depending on the issue of this discussion, conclude if LDACS ground station transmitted EIRP, as specified in LDACS Draft SARPs, is compliant with Resolution 417. After discussion with ITU experts, it appears that Resolution 417 should be interpreted as an average power constraint and therefore, considerations of current version of LDACS Draft SARPs on this point are valid.
6.4 Decide if any constraint on the airborne LDACS antenna location must be considered in order to respect GNSS RFI mask. 
— END —
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