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Assessment of susceptibility of deployed RA receivers operating in 4200-4400 MHz, while taking into account any civil aviation initiatives on improving RA receivers, in order to study the following compatibility scenarios: 

Unwanted emissions from MFCN operating in 3400-3800 MHz into 4200-4400 MHz radio altimeters band

Impact of blocking of radio altimeters from 3400-3800 MHz MFCN in-band emissions

See scope of WI
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ECC Decision (11)06, EC Decision Commission Implementing Decision (EU) 2019/235
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EECC Art 53
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Current status, timing 
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It is recognised that realistic scenarios and parameters MFCN AAS parameters are needed before compatibility studies can be commenced.

Relevance of each deployment environment for the radio altimeter study in ECC PT1 should be discussed further.

Input contributions are invited on real deployment parameters.

Table 1: Beamforming antenna characteristics for IMT in 1 710-4 990 MHz

		

		

		Rural macro

		Suburban macro

		Urban macro

		Urban small cell (outdoor)/Micro cell 

		Indoor (small cell)



		1

		Base station antenna characteristics



		1.1

		Antenna pattern 

		Refer to the extended AAS model in Table A of Annex 3

		Refer to section 5 of Recommendation ITU-R M.2101 

		N/A



		1.2

		Element gain (dBi) (Note 1)

		6.4

		6.4

		6.4

		6.4

		N/A



		1.3

		Horizontal/vertical 3 dB beam width of single element (degree) 

		90º for H
 65º for V

		90º for H
 65º for V

		90º for H
65º for V

		90º for H
65º for V

		N/A



		1.4

		Horizontal/vertical front‑to‑back ratio (dB)

		30 for both H/V

		30 for both H/V

		30 for both H/V

		30 for both H/V

		N/A



		1.5

		Antenna polarization 

		Linear ±45º

		Linear ±45º

		Linear ±45º

		Linear ±45º

		N/A



		1.6

		Antenna array configuration (Row × Column) (Note 2)

		4 × 8 elements

		4 × 8 elements

		4 × 8 elements

		8 × 8 elements

		N/A



		1.7

		Horizontal/Vertical radiating element/sub-array spacing, dh /dv

		0.5 of wavelength for H, 2.1 of wavelength for V

		0.5 of wavelength for H, 2.1 of wavelength for V

		0.5 of wavelength for H, 2.1 of wavelength for V

		0.5 of wavelength for H, 0.7 of wavelength for V

		N/A



		1.7a

		Number of element rows in sub-array, Msub

		3

		3

		3

		N/A

		N/A



		1.7b

		Vertical radiating element spacing in sub-array, dv,sub

		0.7 of wavelength of V

		0.7 of wavelength of V

		0.7 of wavelength of V

		N/A

		N/A



		1.7c

		Pre-set sub-array down-tilt, θ subtilt (degrees)

		3

		3

		3

		N/A

		N/A



		1.8

		Array Ohmic loss (dB) (Note 1)

		2

		2

		2

		2

		N/A



		1.9

		Conducted power (before Ohmic loss) per antenna element/sub-array (dBm) (Note 5, 6) 

		28

		28

		28

		16

		N/A



		1.10

		Base station horizontal coverage range (degrees)

		±60

		±60

		±60

		±60

		N/A



		1.11

		Base station vertical coverage range (degrees) (Notes 3, 4, 7)

		90-100

		90-100

		90-100

		90-120

		N/A



		1.12

		Mechanical downtilt (degrees) (Note 4)

		3

		6

		6

		10

		N/A



		1.13

		Maximum base station output power/sector (e.i.r.p.) (dBm)

		72.28

		72.28

		72.28

		61.53

		N/A



		Note 1: The element gain in row 1.2 includes the loss given in row 1.8 and is per polarization. This means that this parameter in row 1.8 is not needed for the calculation of the BS composite antenna gain and e.i.r.p. 

Note 2: For the small/micro cell case, 8 × 8 means there are 8 vertical and 8 horizontal radiating elements. For the extended AAS model case, 4 × 8 means there are 4 vertical and 8 horizontal radiating sub-arrays.

Note 3: The vertical coverage range is given in global coordinate system, i.e. 90° being at the horizon.

Note 4: The vertical coverage range in row 1.11 includes the mechanical downtilt given in row 1.12.

Note 5: The conducted power per element assumes 8 × 8 × 2 elements for the micro/small cell case, and 4 x 8 x 2 sub-arrays for the macro case (i.e. power per H/V polarized element). 

Note 6: In sharing studies, the transmit power calculated using row 1.9 is applied to the typical channel bandwidth given in Table 5-1 and 6-1 respectively for the corresponding frequency bands.

Note 7: In sharing studies, the UEs that are below the base station vertical coverage range can be considered to be served by the “lower” bound of the electrical beam, i.e. beam steered towards the max. coverage angle. A minimum BS-UE distance along the ground of 35m should be used for urban/suburban and rural macro environments, 5 m for micro/outdoor small cell, and 2 m for indoor small cell/urban scenarios.





Table 2: Extended AAS model

		Description

		Equation



		Peak normalized element radiation pattern

		





		Peak gain normalized element radiation pattern

		



		Sub-array excitation

		



		Sub-array radiation pattern

		

, where





		Array excitation

		

Where M and N is corresponding to (Row × Column) in Table 1-a, row 1.6.



		Composite array radiation pattern

		

, where



Where M and N is corresponding to (Row × Column) in Table 1-a, row 1.6.





[bookmark: _Toc82525796]3GPP technical specification 

[bookmark: _Toc82525797]Antenna characteristics

[bookmark: _Toc82525798]Antenna pattern

[bookmark: _Toc82525799]Grating lobes

[bookmark: _Toc82525800]Antenna gain

[bookmark: _Toc82525801]In-band emission (e.i.r.p., TRP)

There is no BS in-block limit (see EC/ECC Decisions 3.4-3.8 GHz), Member States/CEPT countries wishing to include a limit in their authorisation or to use a limit for coordination purpose may define such limits on a national basis.
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ECC PT1(20)172 (Minutes of 66th ECC PT1 meeting) and ECC PT1(20)172 ANNEX VIII-16 (LS to ETSI on radio altimeters) (09 /20)

3GPP specification, ongoing action in ETSI, transposition 3GPP spec in ETSI HS: 3GPP TS 38.104, Draft EN 301 908-24 for 5G Base Stations

ECC PT1(21)074 ( ETSI - LS on Unwanted emission in 4200-4400 MHz) (01/21)
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Parameters in Tables 1, 2, 3 and 4 have been copied from Chapter 4 Annex 4.4 of 5D/716. Relevance of each deployment environment for the radio altimeter study in ECC PT1 should be discussed further.

		Table 3: Deployment-related parameters for bands between 3 and 6 GHz

		Rural 
(optional, see Note A below)

		Urban/suburban macro

		Urban small cell (outdoor)/Micro cell

		Indoor (small cell)



		Base station characteristics/Cell structure



		Cell radius / Deployment density (non-AAS) 

		1.2 km / isolated BSs or a cluster of four BSs with the density of 0.001-0.006 BSs/km2 (Note 2)

		Typical cell radius 0.3 km urban / 0.6 km suburban

		1-3 per urban macro cell

<1 per suburban macro site

		Depending on indoor coverage/ capacity demand



		Cell radius / Deployment density (AAS) 

		1.6 km / isolated BSs or a cluster of four BSs with the density of 0.001-0.006 BSs/km2 (Note 2)

		Typical cell radius 0.4 km urban / 0.8 km suburban

(10 BSs/km2 urban / 2.4 BSs/km2 suburban (Note 2))

		1-3 per urban macro cell

<1 per suburban macro site

		Depending on indoor coverage/ capacity demand



		Antenna height 

		35 m

		20 m urban / 25 m suburban

		6 m

		3 m



		
Sectorization

		3 sectors

		3 sectors

		Single sector

		Single sector



		Non-AAS BS Downtilt (Note 1)

		3 degrees

		10 degrees urban / 6 degrees suburban

		n.a.

		n.a.



		Frequency reuse

		1

		1

		1

		1



		Non-AAS BS antenna pattern (Note 1)

		Recommendation ITU-R F.1336 (recommends 3.1) 

ka = 0.7

kp = 0.7

kh = 0.7

kv = 0.3

Horizontal 3 dB beamwidth: 65 degrees

Vertical 3 dB beamwidth: determined from the horizontal beamwidth by equations in Recommendation ITU-R F.1336. Vertical beamwidths of actual antennas may also be used when available.

		Recommendation ITU-R F.1336 (recommends 3.1)

ka = 0.7

kp = 0.7

kh = 0.7

kv = 0.3

Horizontal 3 dB beamwidth: 65 degrees

Vertical 3 dB beamwidth: determined from the horizontal beamwidth by equations in Recommendation ITU-R F.1336. Vertical beamwidths of actual antennas may also be used when available.

		Recommendation ITU-R F.1336 (omni: recommends 2)



		Antenna polarization

		Linear/±45 degrees

		Linear/±45 degrees

		Linear

		Linear



		Indoor base station deployment

		n.a.

		n.a.

		n.a.

		100%



		Indoor base station penetration loss

		n.a.

		n.a.

		n.a.

		Rec. ITU-R P.2109



		Below rooftop base station antenna deployment (Report ITU-R M.2292) (Note 1)

		0%

		Urban: 50%
Suburban: 0%

		100%

		n.a.



		
Non-AAS BS Feeder loss (Note 1)

		3 dB

		3 dB

		3 dB

		3 dB



		Typical channel bandwidth

		40 or 80 or 100 MHz

		40 or 80 or 100 MHz

		 40 or 80 or 100 MHz

		40 or 80 or 100 MHz



		Maximum Non-AAS BS output power (Note 1)

		52 dBm in 40 MHz

55 dBm in 80 MHz

56 dBm 100 MHz

		49 dBm in 40 MHz

52 dBm in 80 MHz

53 dBm in 100MHz

		24 dBm in 40 or 80 or 100MHz

		24 dBm in 40 or 80 or 100MHz



		Maximum base station non-AAS antenna gain (Note 1)

		18 dBi

		18 dBi

		5 dBi

		0 dBi



		Maximum base station output power/sector (e.i.r.p.) (non-AAS BS) (Note 1)

		67 dBm in 40 MHz

70 dBm in 80 MHz

71 dBm in 100 MHz

		64 dBm in 40 MHz

67 dBm in 80 MHz

68 dBm in 100 MHz

		29 dBm in 40 or 80 or 100 MHz

		24 dBm in 40 or 80 or 100 MHz



		Network loading factor (base station load probability X%) (see section 3.4 below and Rec. ITU-R M.2101 Annex 1, section 3.4.1 and 6)

		20%, 50%

		20%, 50%

		20%, 50%

		20%, 50%



		Average base station power/sector (e.i.r.p.) (non-AAS BS) taking into account activity factor (Note 1)

		Use Rec. ITU-R M.2101 (see Section 4.2 below)

		Use Rec. ITU-R M.2101 (see Section 4.2 below)

		Use Rec. ITU-R M.2101 (see Section 4.2 below)

		Use Rec. ITU-R M.2101 (see Section 4.2 below)



		TDD / FDD

		TDD

		TDD

		TDD

		TDD



		BS TDD activity factor

		75%

		75%

		75%

		75%



		Note 1: This parameter is only applicable for non-AAS base stations. Antenna characteristics for AAS base stations (for frequency bands above 1710 MHz) are provided in Table 1-a.

Note 2: “1 BS” = 1 sector in 3-sector cell.





Note A to Table 2 above and Table 3 below: 

For the 3-6 GHz range, contiguous coverage is not expected in this frequency range in rural areas, and any such base stations that may exist in small numbers will be isolated installations at specific locations, and therefore, the rural deployment environment may or may not be included in the sharing and compatibility studies, depending on the area of study. 



Parameters in Tables 1, 2, 3 and 4 have been copied from Chapter 4 Annex 4.4 of 5D/716.Relevance of each deployment environment for the radio altimeter study in ECC PT1 should be discussed further.

Table 4: UE parameters for bands between 3 and 6 GHz

		

		Rural (optional, see Note A above)

		Urban/suburban macro

		Urban small cell (outdoor)/Micro cell

		Indoor (small cell)



		

		User terminal characteristics



		Indoor user terminal usage (Report ITU-R M.2292)

		50%

		70%

		70%

		100%



		Indoor user terminal penetration loss

		Rec. ITU-R P.2109 (traditional building)

		Rec. ITU-R P.2109

		Rec. ITU-R P.2109

		Rec. ITU-R P.2109



		User equipment density for terminals that are transmitting simultaneously

(Note 1)

		3 UEs per BS

		3 UEs per BS

		3 UEs per BS

		3 UEs per BS



		UE height (Note 2)

		Outdoor: 1.5 m

		Outdoor:1.5 m

		Outdoor:1.5 m

		1.5 m



		Average user terminal output power

		Use transmit power control

		Use transmit power control

		Use transmit power control

		Use transmit power control



		Typical antenna gain for user terminals

		−4 dBi

		−4 dBi

		−4 dBi

		−4 dBi



		Body loss 

		4 dB

		4 dB

		4 dB

		4 dB



		UE TDD activity factor

		25%

		25%

		25%

		25%



		

		Transmit power control



		Power control model

		

Refer to Recommendation ITU-R M.2101



		Maximum user terminal output power, PCMAX

		23 dBm

		23 dBm

		23 dBm

		23 dBm



		Transmit power (dBm) target value per RB, P0_PUSCH (Note 3)

		−92.2

		−92.2

		−87.2

		−87.2



		Path loss compensation factor,  (same as “balancing factor” mentioned in Rec. ITU-R M.2101)

		0.8

		0.8

		0.8

		0.8



		Note 1: UEs share equally the channel bandwidth, i.e. each UE is allocated 1/3 of the channel bandwidth (see Rec. ITU-R M.2101, Section 3.4.1, item 1e-f.). In sharing studies, it is assumed that the AAS BS beamforms towards each UE using the entire array.

Note 2: In principle, indoor UEs are distributed over different floors of the building. It should be noted that the number of floors of buildings vary within the environment and among the countries. Moreover, the number of floors of buildings is not related to Macro BS antenna height (parameter given in the Table). In particular in small cities, sub-urban and rural areas, many or most of antennas are installed on masts. Therefore, for outdoor BSs, indoor UEs are assumed to be modelled on the ground floor for the sharing study.

Note 3: The target power is defined per Resource Block (RB), considering 180 kHz RB bandwidth corresponding to 15 kHz subcarrier spacing.
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 It is recognised that realistic scenarios and parameters for RA parameters are needed before compatibility studies can be commenced.
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operating band – worldwide – European – national usages



Within the International Telecommunication Union (ITU) Radio Regulations (RRs) the frequency band 4 200-4 400 MHz is globally allocated to the aeronautical radionavigation service (ARNS) and is reserved exclusively for radio altimeters installed on board aircraft and for the associated transponders on the ground by Radio Regulations Footnote No. 5.438. 

In addition, the frequency band is shared with Wireless Avionics Intra-Communications (WAIC) systems. WRC-15 allocated the frequency band 4 200-4 400 MHz to the aeronautical mobile (route) service (AM(R)S) subject to footnote 5.436 ('The Use of the frequency band 4 200-4 400 MHz by stations in the aeronautical mobile (R) service is reserved exclusively for wireless avionics intra-communication systems that operate in accordance with recognized international aeronautical standards. Such use shall be in accordance with Resolution 424 (WRC 15)'). While not currently operational, standardisation work is underway in ICAO.

The radio altimeter provides accurate height measurements of the ground surface with a high degree of accuracy and integrity during the approach, landing, and climb phases of aircraft operation representing a wide variety of reflectivity. Such information is used for many purposes and the high degree of accuracy and integrity of those measurements must be achieved regardless of the ground surface, such as during final approach and flare guidance in the last stages of automated approach to land. It is also used to determine the particular altitude in which the aircraft can safely land and as an input to the terrain awareness warning system (TAWS), which gives a “pull up” warning at a predetermined altitude and closure rate; and as an input to the collision avoidance equipment and weather radar (predictive wind shear system), auto-throttle (navigation), and flight controls (autopilot).

Radio altimeter systems are designed to operate for the entire life of the aircraft in which they are installed. The installed life can exceed 30 years, resulting in a wide range of equipment age, performance and tolerance.

Radio altimeters are critical sensors used to enable and enhance several safety and navigation functions throughout all phases of flight on all commercial aircraft and a wide range of other civil and military aircraft. Such functions include, but are not limited to, fly-by-wire flight control systems, Automatic Flight Guidance and Control Systems (AFGCS), which perform automated landing flare and rollout in zero visibility conditions, Terrain Awareness Warning Systems (TAWS), Traffic Alert and Collision Avoidance Systems (TCAS) and Airborne Collision Avoidance Systems (ACAS), Wind Shear detection systems,. Radio altimeters are also used on military aircraft, although the use cases and operating requirements for such aircraft vary widely.

Further, as the radio altimeter is the only sensor onboard the aircraft capable of providing a direct measurement of the clearance height above the terrain and any obstacles which may protrude above the terrain, it plays a crucial role in providing situational awareness to the flight crew. The measurements from the radio altimeters are also being provided to the flight crew on their displays and at lower altitudes, a system provides aural callouts to the flight crew of the height above terrain that is entirely dependent on inputs from the radio altimeter. 

ICAO Annex 6 Part 1 Chapter 6 specifies the mandatory carriage of Ground Proximity Warning Systems (GPWS) and TAWS with forward looking terrain functions for certain aircraft weight categories. In addition to these requirements many Administrations’ aviation regulations and airworthiness requirements mandate the carriage of such equipment as it is directly related to airworthiness and certification dispatch requirements of an aircraft.

ICAO Annex 6 Part 1 Chapter 6 states:

“All turbine-engine aeroplanes of a maximum certificated take-off mass in excess of 15 000 kg or authorized to carry more than 30 passengers shall be equipped with a ground proximity warning system which has a forward looking terrain avoidance function. (other paragraphs have similar provisions for different weight categories of aircraft.)”

In commercial and civil aviation, the ubiquitous usage of radio altimeters is not solely a matter of convenience. For many types of aircraft operations, such usage is either explicitly or indirectly required by regulations (ref to EASA Regulation). In addition, operations such as Category II or Category III Instrument Landing System (ILS) approaches require the use of at least one radar altimeter. [make also reference to European Technical Standard Order(ETSO-C87a)] 
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General guidance on Interference Protection Considerations can be found in Chapter 9 of the Handbook on Radio Frequency Spectrum Requirements for Civil Aviation – ICAO spectrum strategy, policy statements and related information (Doc 9718, Volume I)
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(flight, landing) and depending on aircraft category

There are two types of radio altimeters in use: 

Frequency Modulation Continuous Wave (FMCW) modulation, 

Pulsed modulation. 

Frequency Modulation Carrier Wave Altimeters

Operational description

The purpose of a radio altimeter is to provide the aircraft with an accurate, independent and absolute measurement of the minimum distance to the Earth surface below that aircraft. Typically radio altimeters have a measurement range from –6 meters to 6 000 meters (–20 feet to 19,685 feet). However, there are exceptions where some altimeters have a measurement range greater than 15,000 meters (49,213 feet). Radio altimeters are an essential component of aeronautical safety of life systems, including precision approach, landing, ground proximity and collision avoidance systems. Radio altimeters are essential for landing on autopilot, and in low-visibility conditions. Additionally, radio altimeters are employed when landing manually to help alert a pilot when to or automatically engage in a manoeuvre known as a “flare,” which is performed just before touchdown to lessen the force upon landing with the ground. A radio altimeter also functions as part of an aircraft’s terrain avoidance warning system providing predictive forward looking capability on the flight deck, and if necessary a warning, when an aircraft descends beneath a certain altitude or too close to the ground.

Because of the importance of radio altimeters to the safe operation of an aircraft, they are included in the minimum equipment list on aircraft certified for passenger service.  Furthermore, they must be certified at a safety criticality rating or Development Assurance Level (DAL) of “A”, “Where a software/hardware failure would cause and/ or contribute to a catastrophic failure of the aircraft flight control systems” for all transport aircraft and a DAL of “B,” “Where a software/hardware failure would cause and/or contribute to a hazardous/severe failure condition in the flight control systems” for business and regional aircraft. Design assurance level is a safety criticality rating from level A to E, with level A/B being the most critical and requiring the most stringent certification process.

Radio altimeter systems on a single aircraft consist of up to three identical radio altimeter transceiver (Tx/Rx) units with their associated equipment. All Tx/Rx units operate simultaneously and independently from one another. The radio altitude is computed from the time interval a signal, originating from the aircraft, is reflected from the ground. Radio altimeters designed for use in automated landing systems are required to achieve an accuracy of 0.9 meters (3 feet). Several methods utilized either individually or in combination are used to avoid altimeter to altimeter mutual interference. First, the centre frequency of each altimeter can be offset. Second, transmissions can be offset in time. Third, transmissions can be offset by frequency bandwidth and/or modulation period. Using one or a combination of these options will cause the occupied bandwidth on a single aircraft to be greater than the required bandwidth of any single radio altimeter.

Figure 1 shows the location and direction of transmissions of the radio altimeter signal.

FIGURE 1

[image: ] 



Principles of operation

FMCW radio altimeters operate by a Tx/Rx working in conjunction with separate transmit/receive antennas. Operation requires a signal from the transmit antenna to be directed to the ground. When the signal hits the ground it is reflected back to the receive antenna. The system then performs a time calculation to determine the distance between the aircraft and ground, as the altitude of the aircraft is proportional to the time required for the transmitted signal to make the round trip. The frequency modulated (FM) signal produced by the Tx/Rx is not tunable from the flight deck. The calculation is based upon the stipulation that a signal transmitted in the 4 200-4 400 MHz band will return at the same frequency. However, during the time it takes for the signal to travel to the ground and return, the transmitter frequency has changed. The difference between the transmit and receive frequencies (Δf) is directly proportional to the height of the aircraft above the ground and depends on the exact slope of the FMCW modulation (span vs. period) as shown in Figure 2.

As illustrated by Figure 2, an altitude is calculated by determining the difference between the frequency f1 of the reflected signal and the frequency f2 of the signal being transmitted at the instant t2 the reflected signal is received. This difference frequency Δf is directly proportional to the time Δt required for the reflected signal to traverse the distance from the aircraft to the terrain and back to the aircraft.

FIGURE 2

Typical frequency modulation carrier wave radio altimeter transmitted and received signals

[image: ] 

The period of the triangle FMCW waveform could be variable depending upon the altitude.  At every instant, a beat signal is obtained by mixing the transmitted wave (with frequency f2) and the received wave (with frequency f1). The frequency Δf of this signal is equal to:

		Δf = f2 – f1	(1)

Knowing either Δt or Δf, the height above terrain can be calculated using the following formula:



		 	(2)

where:

	Ho:	height above the terrain (m);

	c:	speed of light (m/s);

	ΔT:	measured time difference (s);

	Δf:	measured difference in frequency (Hz);

	df/dt:	transmitters frequency shift per unit time (Hz/s).

Pulsed altimeters

Operational description

Similar to FMCW, pulsed altimeters provide the aircraft with accurate, independent and absolute measurement of the minimum distance to the Earth surface below that aircraft. Typical pulsed radio altimeters have a range of reported altitude from –6 meters to 2 500 meters (–20 feet to 8 200 feet) and an operational altitude of 12 km (39 360 feet). 

Any analysis of the aggregate effects of potential interferers must be computed at the Operational Altitude, where the altimeters continue to search for the ground and are vulnerable to interference that may result in a false altitude track. Functions of pulsed radio altimeters also include precision approach, landing, ground proximity and collision avoidance systems that are essential for landing on autopilot, and in low-visibility conditions, function as part of an aircraft’s terrain avoidance warning system providing predictive forward looking capability on the flight deck, and if necessary a warning, when an aircraft descends beneath a certain altitude or too close to the ground.

Pulsed altimeter principles of operation

The pulsed-type radio altimeter uses a pulse of radio frequency energy transmitted towards the earth to measure the absolute height above the terrain immediately underneath the aircraft. The time difference between the transmitted pulse and the received pulse is measured. Where the velocity of propagations of electrometric energy is known and is a constant the time is proportional to the height of the aircraft.

The function of the pulsed radar altimeter is to provide terrain clearance or altitude between the ground and the bottom of the aircraft. The pulsed altimeter may also provide vertical rate of climb or descent and selectable low altitude warning. Performance characteristics are designed to match particular applications where altitude tracking at high vertical rates may be necessary. Pulsed radar altimeters are also designed to support automatic landing and also auto-hover function on helicopters.
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All radio altimeters antennas use between 35 and 60 degrees of coverage These wide antenna beams are made necessary by the wide range of pitch and roll angles that can be performed by an aircraft in flight. The antenna pattern is essentially cone shaped and is linearly, horizontally polarized. However the actual orientation of the H polarized radiation in terms of pointing N, S, E, W depends entirely on the flight vector of the aircraft. Cross-polarization isolation to vertically polarized signals is not specified in any production radio altimeter antenna and cannot be depended on to provide any measure of protection to the altimeter from interference by choosing a vertically polarized transmission.

The fact that all radio altimeter antennas are necessarily pointed at the Earth’s surface makes the system vulnerable to all possible interference sources illuminated during approach. The altimeter antennas, due to their location on an aircraft, do not have the benefit of being shielded or screened from many of the possible interference sources on the Earth’s surface. Instead it can virtually “see” all possible radiation sources as they escape buildings and via direct transmission from devices operating outside of any structure. 

[bookmark: _Toc82525811]Antenna gain  

All radio altimeters use an antenna design that provides 8 to 13 dBi of gain and between 35 and 60 degrees of coverage to the 3 dB point (half power) of the antenna pattern. The peak gain, as provided in Tables 1 and 2, of the radio altimeter antenna should be used if propagation paths are within ±30° of a vector orthogonal to the bottom of the aircraft. Sharing and compatibility studies shall take into account the fact that aircraft angle position can reach ±45° in roll and ±20° in pitch. Outside this angle range, the gain of the radio altimeter should be based on antenna characteristics (see Tables 1 and 2).
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[bookmark: _Toc82525812]In-band (4.2-4.4 GHz) protection criteria 

 depending on category, altitude, etc… and based on results of measurements of interference threshold 

[bookmark: _Toc82525813]Recommendation ITU-R M.2059

Any compatibility analysis between radio altimeters and other systems must utilize protection criteria for the maximum acceptable degradation for a radio altimeter. There are three primary electromagnetic interference coupling mechanisms between radio altimeters and interfering signals from other transmitters: receiver overload, desensitization, and false altitude generation. Also, both out-of-band and in-band interference can affect a radio altimeter performance. While one or more types of impact are more likely to occur with an in-band vs. out-of band interference source, there are no clear demarcations to determine which type of impact will occur. Therefore, all factors must be accommodated when conducting sharing studies.

Receiver front-end overload occurs when sufficient power from an interfering signal saturates the front-end of a radio altimeter receiver causing the inherent effects of non-linear behaviour; for example, harmonic distortion or intermodulation. A radio altimeter front-end generally has modest selectivity (gradual RF-filter roll-off). Therefore a radio altimeter is susceptible to interference both within its operational swept bandwidth as well as from outside this bandwidth. The potential interference to the radio altimeter front-end will exist whenever: 
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where:
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Note that [image: ] is generally the receiver 1 dB compression point, as referenced to the receiver input port (as opposed to the low noise amplifier (LNA) output). This quantity is a model-dependent property that must be identified uniquely for each altimeter type from its data sheet; the values for candidate altimeters are given in Tables 1 and 2.

The desensitization effect is related to the intensity of the interfering signal that falls into the IF bandwidth of the radio altimeter. What complicates the issue of desensitization of a radio altimeter is that the RF spectrum related to the IF bandwidth by mixing is not constant in time, because radio altimeters operate in a homodyne configuration using a linear frequency-modulated signal. Thus, the impact of interference toward desensitization of a radio altimeter receiver is time dependent according to the technical characteristics of the specific radio altimeter. The effect on a radio altimeter from in-band interference sources is related to the power of the interfering signals in the receiver IF bandwidth.

When considering I, the interference power within IF bandwidth (after mixing the received interference signal with the linear FM chirp), the radio altimeter performance is considered degraded when the interfering signal causes a noise floor increase within the RA receiver of 1 dB. 

This corresponds to an I/N of –6 dB where the effective receiver thermal noise power, that should be considered to conduct the protection analysis within the IF bandwidth of the radio altimeter, is given by:
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with:
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In determining compatibility based on desensitization within the IF bandwidth, the interference power threshold[image: ] at which the radio altimeter performance starts to degrade is defined as:
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The Interference Duty Cycle is the ratio of [image: ] (the interference power within the IF bandwidth) to [image: ] (the total interference power received). It describes the effect of mixing a fixed-frequency interference signal with a linear FM waveform followed by subsequent IF low pass filtering.

To define the Interference Duty Cycle, several additional parameters have to be defined:

[image: ]

For fixed-frequency interference sources, the Interference Duty Cycle is defined by:
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provided that:
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The minimum and maximum sweep frequency, [image: ] and [image: ] respectively, can be located anywhere in the band  4 200 to 4 400 MHz, provided that the sweep bandwidth and adjacent band protection criteria are not violated. The amount of interference signal power that is captured by the IF of the receiver is proportional to Rs (the Interference Duty Cycle). 

Thus the relation between [image: ] and the RF-referred interference threshold [image: ] is then defined by:
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Should the calculated aggregated interference exceed the threshold at which desensitization of the receiver occurs ([image: ]) then harmful interference would occur. In cases where the interference is not continuously transmitted or where the interference frequency changes with time, the transmitted interference should be treated as if it was a continuously transmitting source because interference generated by any variable waveform has the opportunity to cause either the loss of any single altitude measurement (due to degraded performance) or cause a false altitude computation to occur for any single measurement that in turn is included in the overall estimate of the altitude. Altitude measurements made inaccurate via increases in noise level or false altitudes generate “out of bounds” values that seriously offset an altitude measurement that would otherwise have been accurate.

A false altitude report is a serious radio altimeter error that may cause critical aircraft systems such as ground proximity warning, weather radar, traffic collision avoidance system (TCAS), flight controls and other critical systems to respond inappropriately. In the case of FMCW-based radio altimeters, false altitude reports occur when interference signals are detected as frequency components during spectral frequency analysis of the overall IF bandwidth.

Thus, the received interference power must be adjusted by the amount of time the interference signal is present in the final signal processing bandwidth, which is the detector bandwidth. The resulting interference power at the detector stage is then given by:
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Where a 100 Hz detection bandwidth is considered representative:

[image: ]

If the magnitude of the spectral components caused by the interference signal rises above the detection threshold of the altimeter ([image: ]), then they may falsely be regarded as valid altitudes by the altimeter and there will be no means to exclude them from the altitude calculation.

In practice, [image: ] (the interference power at the detector) would cause false target spectral components within the FMCW receiver signal processing chain if it exceeds the protection threshold [image: ]
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Formally:

[image: ]

Potential spectral components of the interferer lie within the overall IF bandwidth [image: ] and hence may be processed in the detector when:
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where: 
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In addition, in no case shall the power spectral density of the Interferer ([image: ]) be greater than the P1dB Power Spectral Density limit of the FMCW Receiver ([image: ]):
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with: 
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where: 
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where:
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Radio altimeters are operational during all phases of flight, including ground manoeuvres. Thus, when considering sharing scenarios, it is important that all the possible interference sources are aggregated appropriately. Various scenarios from ground level up to 12 km should be considered in sharing studies. The total interference to the radio altimeter will depend on the number and the spectrum characteristics of interference sources, their spatial distribution, and their relative antenna gains. Due to the altitude above ground at which aircraft fly, the impact of aggregated interference located on the ground could be substantial and could create harmful interference to the radio altimeter. 

The peak gain, as provided in Tables 1 and 2 of the radio altimeter antenna should be used if propagation paths are within ±30° of a vector orthogonal to the bottom of the aircraft. Sharing studies shall also take into account the fact that aircraft altitudes can reach ±45° in roll and ±20° in pitch. Outside of this range, the gain of the radio altimeter antenna should be based on the antenna characteristics (see Tables 1 and 2). In determining the propagation path loss with terrestrial systems, direct line-of-sight propagation must be used due to the unobstructed path between the ground and an aircraft flying overhead. If the calculated worst aggregate interference exceeds any of the protection criteria defined below for desensitization, front-end overload, false altitudes or power spectral density, then harmful interference will be present in the radio altimeter.

Due to the fact that radio altimeters provide a safety-of-life service, harmful interference needs to be avoided when the aircraft is in operation. In order to avoid harmful interference the following protection criteria have to be fulfilled in flight critical operating scenarios:

[image: ]

Due to the critical safety-of-life function performed by radio altimeters, an additional safety margin added to the protection criteria may be necessary as a means to maintain the high reliability requirements of this application. The level of the safety margin, if any, to be applied to radio altimeters operating in the band 4 200-4 400 MHz, is to be established on the basis of further study.
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TBD

AVSI report
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TBD
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depending on category, altitude, etc… and based on results of measurement of interference threshold
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Not addressed
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TBD

AVSI report
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TBD

[bookmark: _Toc82525820]Standardization (SARPS; EUROCAE)

[bookmark: _Toc82525821]Current standards 

The current Minimum Performance Standards for Low Range Radio (RADAR) Altimeters is EUROCAE ED-30 (published in 1980). This standard is recognised in European Technical Standard Order (ETSO) C87a. However, many currently deployed radio altimeters received approval of compliance against earlier standards, such as EUROCAE MPS 1/WG6/74 or RTCA DO-155 (both published in 1974).  

[bookmark: _Toc82525822]Update of standards

EUROCAE Working Group 119 and RTCA Special Committee 239 jointly work on the development of technically identical documents (ED-30A/DO-155A), which will supersede the current ED-30 and DO-155.The target for publication is December 31, 2022.

[bookmark: _Toc82525823]Retrofit, timing

Aviation is a highly regulated and highly standardised industry. The publication of a new Minimum Operational Performance Standard (MOPS) is followed by recognition of the standard by the leading aviation authorities (EASA in Europe, FAA in the US) through publication of a new (European) Technical Standard Order (ETSO/TSO). Manufacturers of radio altimeter equipment apply with EASA or the FAA to obtain authorisation to manufacture against the new standard, This application must be supported by evidence that the radio altimeter not only meets the criteria of the new MOPS, but has also been designed in accordance with the appropriate development assurance level, meets standards for Airborne Electronic Hardware (AEH) and Software development, has been designed commensurate with the applicable failure classification for probability of failure of the hardware, and has been tested in against the applicable environmental conditions and test procedures. This process can easily take several years to accomplish, depending on the magnitude of the change.

This process of ETSO or TSO authorisation is followed by the certification of the installation of the newly designed radio altimeter at aircraft level. This follows an equally regulated and structured process. Given the many systems on board that rely on data provided by the radio altimeter, with each individual interface required to be verified and validated, this process requires considerable effort and time from the aircraft manufacturers. In particular where the radio altimeter provides input to systems critical to the safety of the flight, such as flight control systems or flight guidance systems ('autopilot'), the installation of a new or modified type of radio altimeter, compliance with the applicable Certification Specifications (e.g. CS-25 for large aeroplanes, CS-AWO for all-weather operations) implies a time and resource consuming effort, including many hours of testing in laboratories, simulators, in the aircraft on the ground (using ground test equipment) and in flight. 

Large aircraft manufacturers often offer their customers options with regards to the installation of avionics, whereby the operator of the airplane can sign their own contracts with the manufacturers of avionics equipment and have the equipment provided to the aircraft manufacturer for installation as Buyer Furnished Equipment (BFE). The downside of offering customers to provide BFE is that the process of certification will have to be conducted for each new of modified model of radio altimeter on each type or family of aircraft. In the case of Airbus, for example, who offer their customers the option to choose from three radio altimeter manufacturers and have six or more aircraft types that they produce or still support, certification may have to be obtained for at least 18 different combinations (in practice, even more combinations are possible, as the same model of aircraft may be delivered in different configurations). Each of these applications for airworthiness certification can last many months to several years, depending on the criticality of the system and its complexity. 

The last step in the process to equip aircraft with new radio altimeters is with the operators. For operators of large aeroplanes, the margins are low in comparison with other industries. The operating cost of their aircraft is considerable in relation to the revenues and consequently, they maximise the efficient use of their aircraft. It is not uncommon for a commercial airline to operate their aircraft for up to 18 hours a day.

With short turnaround times, aircraft operators do not risk any delay with the maintenance of their aircraft. Maintenance is highly optimised and any modification to an aircraft implies a risk of delay. Furthermore, the installation of new, or modified equipment requires a considerable amount of testing on each individual aircraft that is being modified. Therefore, the installation of modified equipment is carefully planned in scheduled maintenance tasks. Scheduled maintenance is generally categorised in four cases: 

Daily maintenance.

'A-checks' that are scheduled monthly to bi-monthly and typically last about a day (24 hours).

'C-checks' that are scheduled roughly every 18 months and typically last one to two weeks.

'D-checks' that are scheduled roughly every four to five years and could last months.

The installation of a new or modified radio altimeter will likely be considered too risky to be performed in daily checks or even A-checks. If any problem occurs with the installation and subsequent testing, the continuity of the operation can no longer be assured. It is therefore likely that operators will opt to have the new or modified radio altimeter installed during the C-checks, i.e., on an 18-month interval. The planning for such a C-check starts 6 months to a year before the actual check is performed. Hence one will have to account for at least two years before the new or modified aircraft can be installed.

Considering the above, it is reasonable to assume that a retrofit campaign, from the publication of the new MOPS and the start of the development of the new or modified radio altimeters, to installation of those in the fleet of an airline operator, takes at least six years in the most optimistic scenario, although 8-10 years seems more realistic.

[bookmark: _Toc82525824]Lessons learnt from others regions / national initiatives

The response from competent spectrum regulators and aviation authorities around the world has varied. In essence, three approaches may be identified:

Firstly, there are states that have implemented measures that are aimed at reducing the probability of interference occurring by imposing limitations on the deployment of 5G base stations at aerodromes and in areas surrounding aerodromes. Examples include the measures applied in France, Canada and Japan. While this approach is likely to considerably reduce the risk of interference, it is having an impact on the deployment of 5G base stations in large areas. This is particularly concerning to telecommunication providers if the airport is located in or very near larger cities, for example in the case of Paris Orly. 

One could further argue that the community that is likely to be operating closest to 5G base stations, namely helicopter operators performing military operations, medical evacuations, law enforcement operations are still exposed and other types of operations at low altitudes are still being exposed.

In the United States, the Federal Aviation Authority (FAA) has started to implement measures intended at mitigating the risk of interference by prohibiting certain types of operations for which the use of reliable radio altimeter data is considered critical. In the particular context of the debate in the United States, this approach is understandable, but it will have considerable impact on flight operations. Many of these procedures however have been implemented due to the evident safety benefits that they provide. Hence a careful assessment is required to assess whether the safety benefits achieved through mitigating the risk of potential interference outweigh the benefits that the execution of these operations bring to aviation safety. 

Moreover, there are aircraft designs where the reliance on radio altimeters is such that potential interference could also jeopardise safety on procedures other than those that are prohibited. See examples in section 6 below.

It is not unlikely however, that other states will follow the example set by the FAA.

Lastly there are states that have allowed 5G base stations to be deployed without imposing restrictions on the type of 5G base station or its EIRP when located at or near an aerodrome or imposing restrictions on flight operations.

Note: It should be mentioned that in the EU, the protection of the environment of an aerodrome to accommodate safe operation of aircraft, including ensuring the absence of harmful interference is the responsibility of each individual Member State. The European Union Aviation Safety Agency (EASA) has no jurisdiction in this area other than ensuring a standardised application of the applicable regulations. 
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Reference is made to RTCA Paper No. 274-20/PMC-2073, available from RTCA.org and AVSI document 76S2-REP-03, available from AVSI.aero



[bookmark: _Toc82525828]Regional, Business Aviation, and General Aviation Aircraft

Reference is made to RTCA Paper No. 274-20/PMC-2073, available from RTCA.org and AVSI document 76S2-REP-03, available from AVSI.aero
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Reference is made to RTCA Paper No. 274-20/PMC-2073, available from RTCA.org and AVSI document 76S2-REP-03, available from AVSI.aero
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[bookmark: _Toc82525831]Commercial Aircraft

Reference is made to RTCA Paper No. 274-20/PMC-2073, available from RTCA.org and AVSI document 76S2-REP-03, available from AVSI.aero



[bookmark: _Toc82525832]Regional, Business Aviation, and General Aviation Aircraft

Reference is made to RTCA Paper No. 274-20/PMC-2073, available from RTCA.org and AVSI document 76S2-REP-03, available from AVSI.aero
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Reference is made to RTCA Paper No. 274-20/PMC-2073, available from RTCA.org and AVSI document 76S2-REP-03, available from AVSI.aero
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Classification of failure conditions in aviation

For the assessment of risks associated with failures of equipment or systems, or malfunctioning thereof, aviation has a well-established classification scheme with defined criteria. For EASA, these have been specified in the Acceptable Means of Compliance to the Certification Specifications (e.g. CS 25-1309 for large aeroplanes). The FAA criteria are similar. For a better understanding of the description of interference scenarios, it is essential to obtain an appreciation of the classification scheme.

Manufacturers of aircraft (formally the Type Certificate Holders) perform the initial assessment of the risks and categorise and classify every possible failure that can be foreseen to occur in the lifetime of the entire fleet of aircraft of a particular design. Whenever a change is introduced to an aircraft, this process is repeated for the risks that may be introduced by the change.

The assessment made by the manufacturers is then shared with the competent authority for the State of Design for approval. In the case of EU based manufacturers, this is EASA. In most cases, the assessment is also shared with foreign authorities, who validate the certification of any product before accepting it to be registered in their country or region.

In performing the classification of failure conditions, the aircraft manufacturers consider the following:

- Effect on the aeroplane

- Effect on occupants, excluding the flight crew (pilots)

- Effect on the flight crew

The table below, taken from the AMC to CS 25.1309 of CS 25 at amendment 26, shows the relationship between the severity of the effects and the classification of the failure conditions:

[image: ]

There is also a relationship between the classification of failure effects and the allowable probability of such a failure occurring. It is obvious that failures that have a negligible effect on safety are allowed to occur more often than failures that have more severe effects. The relationship between the classification of failures and the allowable probability is shown in the table below:

[image: ]

For catastrophic failure conditions additional criteria apply ensuring that:

(1) No single failure will result in a catastrophic failure condition; and

(2) Each catastrophic failure condition is extremely improbable.

(3) Given that a single latent failure has occurred on a given flight, each catastrophic failure condition, resulting from two failures, either of which is latent for more than one flight, is remote.

For completeness, it is worth mentioning that separate development assurance criteria apply for items like software and complex airborne electronic hardware where it is not possible to quantify the probability of failures. These items need to be developed in accordance with specific processes for the item to comply with Development Assurance Levels.

Aircraft in service are continuously being monitored to ensure their continued airworthiness. If the continued airworthiness cannot be assured, for example if the probability associated with a given failure condition is not being met, corrective actions are taken to rectify the problem and mitigate the risk. 

Aviation authorities are bound by specific rules related to mandating operators to implement any corrective action. This is to protect the industry against abuse of power. In general, aviation authorities may take regulatory steps to mandate corrective action when the failure classification is assessed as either Hazardous or Catastrophic, but there are exceptions for specific cases.
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It is difficult to generalise the effect of interference on aircraft without entering into specific details as the design and complexity of aircraft vary considerably. Consequently, the effect of interference may vary as well.

For the cruise phase, two systems may be affected by interference of the radio altimeter:

Firstly, a system that alerts against imminent risk of collision with terrain and obstacles. This system, referred to as the Terrain Awareness and Warning System (TAWS), relies heavily on inputs obtained from the radio altimeter. Early versions of this system were notoriously unreliable, and it has taken decades for flight crews to gain confidence in the appropriateness of the alerts that it provides. Regrettably many lives have been lost that could have been saved if the pilots had not questioned the proper functioning of this system. The current TAWS systems are very dependable. The failure condition associated with erroneous alerting of this system is MAJOR.

The second system that may be affected is a system that alerts against imminent risk of collision with other aircraft. This Traffic Collision Avoidance System (TCAS) is desensitised at lower altitudes to prevent it from instructing an instruction to the flight crew to descend into the ground and to avoid undue alerts when the aircraft is in final approach. The system relies on inputs from the radio altimeter to determine when it should be desensitised. The failure condition associated with erroneous operation of this systems is MAJOR.

[bookmark: _Toc82525837]Regional, Business Aviation, and General Aviation Aircraft

Regional aircraft used for short haul commercial transport are generally equipped with the same systems described above. 

The high end of business aviation is also equipped with similar systems, the low end may be less well equipped, although an increasing number of aircraft are benefitting from the availability and affordability of such safety enhancing systems.

General aviation is generally less dependent on the use of radio altimeters and often not equipped with such systems.



[bookmark: _Toc82525838]Helicopter

Helicopters may utilise radio altimeters for various purposes, including for functions that allow the helicopter to hover on the autopilot. In general, the failure classifications associated with these functions are no more than MAJOR.

There is one exception. More recent helicopters that are designed to perform search and rescue (SAR) operations are equipped with systems that allow the automatic execution of SAR flight patterns. These systems rely on the input from radio altimeters to maintain a given altitude. The manufacturers' assessment of the effect of erroneous radio altimeter behaviour on these systems is HAZARDOUS.
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[bookmark: _Toc82525840]Commercial Aircraft

On modern large aeroplanes, the landing is not often executed manually anymore. The majority of landings is executed by the automation. And even if the landing is executed manually, due to the size of the aircraft, the flight crews fully rely on the data provided by the radio altimeter to understand the actual height above the terrain or the runway.

The main concern with aircraft being provided with erroneous radio altimeter data or loss of radio altimeter data is with the execution of the flare. The flare is the pitch up movement of the aircraft just before touchdown that reduces the vertical speed and ensures a 'soft' touch down. The data provided by the radio altimeter is essential to determine the height above the runway at which the flare is initiated.

There are three possible failure cases related to the execution of the flare:

- The flare is executed prematurely. An example of this is an accident with a Boeing 737 operated by Turkish Airlines on an approach to Schiphol Airport near Amsterdam. Faulty radio altimeter information caused the autothrottle, the system that controls the power provided by the engines, to assume that the flare had initiated and retarded the throttles to the idle position. The aircraft subsequently lost airspeed, stalled and crashed into a field short of the runway, with multiple fatalities.

- The flare is not executed. In a scenario where the radio altimeter would fail such that it would provide a height above terrain that his higher than the actual height, the aircraft will not flare and hit the runway at a much higher vertical speed than its undercarriage can sustain. 

- The aircraft enters into a long flare. In this particular scenario, the aircraft initiates but does not complete the flare or it executes the flare too slowly. The effect is that it continues to fly past the point where it should have landed and the remaining length of the runway may be too short to come to a full stop.

All three scenarios could be caused by erroneous radio altimeter. Some aircraft have sophisticated protection mechanisms that protect against a premature or long flare, but many don't. The risks associated with the impact of erroneous behaviour of the radio altimeter or the loss of radio altimeter data ranges from MAJOR on aircraft that have implemented protections, to CATASTROPHIC on those that don't.

The radio altimeter often also provides inputs to systems to determine whether the aircraft is actually on the ground. In aviation terms, this is the 'Weight on Wheels' signal. Many aircraft rely on inputs of a variety of sensors to make this determination, but in some commonly used aircraft, the simultaneous loss of all radio altimeters (NCD) causes various systems to assume that the aircraft is actually flying at or above 2500 ft height above terrain. Where this occurs, the impact could be considerable:

- Means to brake the aircraft after landing or during a rejected take off, such as ground spoilers and thrust reversers may not deploy. On wet or contaminated runways, the associated failure effect is CATASTROPHIC.

- Means to provide lateral control of the aircraft during the roll-out or take off roll may not have sufficient authority to ensure that the aircraft remains on the runway. The associated effect is again CATASTROPHIC.

Other systems that are affected have associated failure classifications ranging from MAJOR to HAZARDOUS.

[bookmark: _Toc82525841]Regional, Business Aviation, and General Aviation Aircraft

The more sophisticated larger regional aircraft that are used for short haul commercial transport and high end business aviation aircraft may suffer from the same effects as described above, in particular in relation to the flare. Protections for premature flare and long flare are uncommon in these designs. The failure conditions again being potentially CATASTROPHIC.

To what extent the erroneous data or the loss of radio altimeter affects the approach, take off and landing in other ways is still subject of investigation.

The smaller regional aircraft and the lower end of business aviation may be less susceptible to erroneous radio altimeter data or loss of such data as the level of automation is lower and they are not equipped to perform the most critical and demanding automated landings. Consequently, the associated failure classification is MAJOR, or occasionally HAZARDOUS at most.

In general aviation, most, if not all landings are executed manually. Due to the smaller size of the aircraft and the fact that the landing is almost exclusively executed in visual conditions, assessing the height above terrain is not a major concern.

More recently, a low number of general aviation aircraft have been equipped with systems that will enable the aircraft to perform an automated landing in the case that the pilot is incapacitated. Like larger commercial aeroplanes, these rely on radio altimeter inputs to execute the flare and landing. The number of aircraft equipped with these systems however is low, and the probability of pilot incapacitation is also relatively low. Hence these systems have not been assessed so far.

[bookmark: _Toc82525842]Helicopter

Landings with helicopters are executed manually by the pilot. A radio altimeter is an aid to the pilot in the execution of the approach and landing, but the criticality of the function is lower than on larger fixed wing aircraft where the approach and landing is executed automatically. In general the failure condition associated with erroneous radio altimeter data or the failure thereof is not more severe than MAJOR.

A special consideration for larger rotorcraft is the execution of the so-called CAT A departure procedure. The execution of this procedure, which includes a few points at which the pilot would have to make critical decisions relies heavily on data provided by the radio altimeter. Erroneous output from the radio altimeter is classified as MAJOR to HAZARDOUS. 

[bookmark: _Toc82525843]Results: blocking of radio altimeters 
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See section 6

[bookmark: _Toc82525846]Regional, Business Aviation, and General Aviation Aircraft

See section 6
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See section 6

[bookmark: _Toc82525848]Landing (depending on categories)

[bookmark: _Toc82525849]Commercial Aircraft

See section 6

[bookmark: _Toc82525850]Regional, Business Aviation, and General Aviation Aircraft

See section 6
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See section 6

[bookmark: _Toc82525852]Conclusions and follow-up

the results of this study could trigger further actions as appropriate from ECC or other entities
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Asia:

Japan

national measures to avoid radio altimeters interference

The telecommunications administration (Ministry of Internal Affairs and Communications: MIC) conducted sharing study between RAs and 5G systems. The report was published in July 2018.



CEPT countries:

0. France 

0. Finland
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Test setup

Test location

The test was performed at Norwegian International Airport Bergen-Flesland (BGO)
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Figure 1: Location of the test base station at BGO

The test was performed using a commercial Ericsson 5G base station operating in the band 3700-3800 MHz. The base station is mounted on top of the roof of the terminal building (Terminal 2), and there were not made any changes in sector directions of the base station for testing purposes. This base station uses active antenna systems (AAS) antennas.
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Figure 2: Distance to Touchdown Zone approx. 495m

Antenna with azimuth 250° points directly towards touchdown zone at the runway (RWY 35). The sector 150°, due to AAS, may influence the flight instruments during approach, therefore it has been sheduled to an emergency shutdown too, in case of any abnormalities under the test. 
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Avstand ca. 495m fra antenna

Location of 5G base station

For landing RWY 35 two sectors are active, 150° and 250° 

Radiated power from antenna: max 100W pr element. 

In real ca. 2 x 95W.



Figure 3: Detailed information about location of runway (RWY) and touchdown zone

Test prerequisites and procedure

The test prerequisites and procedure were developed by Avinor and Air Traffic Control. 

The following prerequisites was required to perform test:

All parties participating in the test (Air Traffic Control, Norwegian Communications Authority, Telia) must be in constant contact on-line during the entire test period.

Air Traffic Control Tower (ATCT) Flesland frequency TWR (VHF/AM): 119,100 MHz

Weather:

minimum visibility:	10 km

cloud base minimum:	3000 ft

Flight control should separate aircrafts participating in the test from the other ones if it is needed.

Do not enable 5G test-signal before touchdown of the previous plane unless it is also a part of the test.

Flight control (tower frequency) immediately forwards the request to immediate shut down 5G base station in case pilot of the aircraft participating in the test requests it.

Test procedure:

Nkom monitoring ATCT frequency and “Flightradar24” to clarify when the aircraft participating in the test is entering the test area.

When the aircraft participating in the test is in position, enable the 5G base station at full power towards the aircraft.

Turn of the 5G test-signal when the aircraft under test has touched down.

Setup of the 5G base station

The commercial 5G base station was set to test mode for emulation of approx. 100% traffic load. The 5G base station was still operational, when 5 handsets onboard the aircraft successfully connected to the base station during the test, after the landing. The use of beam forming during test mode is uncertain since it was not possible to measure it. 

Table 1: Antenna parameters

		Antenna: Ericsson AIR3239 B78G



		Base station longitude

		5° 13' 39.92" E



		Base station latitude

		60° 17' 20.8" N



		Vertical beamwidth

		9.5° +/- 2°



		Horizontal beamwidth

		65° +/- 5°



		Front to back ratio

		25 dB



		Antenna gain

		15,9 dBi



		Antenna sectors azimuth

		60°, 150°, 250°



		Antenna tilt

		6°



		Antenna altitude AGL

		19 m



		Base Station altitude ASL

		50 m
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Figure 4: Antenna AIR3239 radiation pattern



Table 2: Test setup of Telia 5G base station

		Radio: Ericsson Baseband 6630



		Test mode

		Air Interface Load Generator



		Coverage mode

		Macro



		Power nominal

		44,77 dBm



		Power radiated

		60,67 dBm



		Modulation

		256 QAM



		Downlink frequency

		3700-3800MHz





Aircraft types participating in the test

Aircrafts participating in the test are representative for Norwegian airports. The test consisted of aircrafts which are representative for aircrafts and helicopters landing at Norwegian airports. 

Helicopters

Sikorsky S-92A

Airbus H145 (Eurocopter EC145)

NH Industries NH90

Passenger aircrafts

De Havilland Canada/Bombardier DHC-8-400

De Havilland Canada/Bombardier DHC-8-300

Boeing 737-705

Airbus A320-232

Embraer E190-E2

Radar types used in the test

Three different radio altimeters were used during the test: Sperry SPER RT 300, Honywell KRA 405 B and Rockwell Collins LRA-900. For two of the aircrafts (NH90 and Airbus A320neo) the type of radar altimeter was not identified.

Table 3: Radar types mounted in the aircrafts participating in the test

		Aircraft

		Radar type



		Sikorsky S-92

		Sperry SPER RT 300



		Airbus H145

		Honeywell KRA 405B



		NH90

		Unknown



		DHC-8-300

		Sperry SPER RT 300



		DHC-8-Q400

		2x Honeywell KRA 405B



		B737-700

		2x Rockwell Collins LRA-900



		A320neo

		Unknown



		Embraer E190-E2

		Honeywell KRA 405B





Test results

Test time and weather conditions

Test date: 			15. April 2021

Test time: 			07:00 – 13:00 (05:00-11:00 UTC)

Weather conditions: 	CAVOK (Clouds and Visibility OK)

				Wind: 5 kn, 350°

				Visibility: 10+ km

Position of Nkom's monitoring point

Table 4: Position of measurement point

		Position

		Latitude

		Longitude



		True position of antenna az. 250° of Telia's 5G base station

		60° 17' 19.608"

		5° 13' 37.956"



		Nkom position (MP1)

		60° 17' 4.668"

		5° 13' 44.472"
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Figure 5: Location of Nkom's measurement point

Readout from Nkom's and Telia's monitors

Table 5: Nkom's instrumentation

		Instrument

		Usage



		R&S EB500 (1)

		Telia 5G base station test mode logging



		R&S EB500 (2)

		Visual verification of Telia 5G base station test mode 



		R&S PR200

		ATCT monitoring channel, verification of flights
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Figure 6: Signal measured in Nkoms position
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Figure 7: Power rapported by base station software

Test log

Table 6: Test log

		Aircraft type

		Landing

		Comment



		Sikorsky S-92A

		ILS RWY 35

		No abnormalities. Status of Rad-Alt continuously monitored



		DHC-8-400

		ILS RWY 35

		No abnormalities. Status of Rad-Alt continuously monitored



		Boeing B737-705

		ILS RWY 35

(auto-landing)

		No abnormalities.

Auto-landing on RWY 35.



		DHC-8-300

		Visual RWY 17

		No abnormalities. Status of Rad-Alt and EGPWS continuously monitored 



		DHC-8-400

		Visual RWY 17

		No comments from crew  all OK.



		H145 HEMS

		ILS Y RWY 35

		Route shown in Figure 8

Helicopter exposes for 5G signal ca. 10 NM from the airport, it means ca. from establishing of ILS connection. After passing TDZ:

- hover taxi RWY 35

- exit RWY @ A6,

- holding for other departing traffic 

- enter RWY @ A7,

- departure (visual) RWY 35 

- return to base



		Airbus A320-232

		ILS RWY 35

		No comments from crew  all OK



		Embraer E190-E2

		Visual RWY 35

		No comments from crew  all OK 

Base station notes 2 connections from the mobile device located onboard aircraft



		NH90

		Low approach RWY 35

		No comments from crew  all OK 



		Sikorsky S-92A

		Departure RWY 35

enter RWY @ A7

		No abnormalities. Status of Rad-Alt continuously monitored
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[bookmark: _Ref77076067][bookmark: _Ref77076126]Figure 8: Path of the H145 HEMS - red cross indicates estabilishing of ILS connection (picture from "Flightradar24")

Conclusions

The tests were carried out with a wide range of aircrafts representative for aircrafts landing at Norwegian airports

Test results showed no abnormalities on the Radio Altimeters during the test.

During the test the base station transmitted 100% of power with help of the air interface load generator. The aircrafts participating in the test have passed by antennas of the base station at the distance of less than 500 m taxiing along the runway, while helicopters using helipad passed antennas at distances of 200 m.

During the test pilots have been instructed to continuously observe radio altimeters and other systems related to start and landing operations. There were not reported any abnormalities or signs of interference towards radio altimeters and related systems, such as EGPWS (Enhanced Ground Proximity Warning System).

There were no reports related to interference or errors of TCAS/ACAS (Traffic Collision Avoidance System/Airborne Collision Avoidance System), auto-landing functions or "cockpit call-outs".

It is worth to point out, that most of the aircrafts used in the test are relative new ones.



[bookmark: _Toc82525855]Description of preliminary trials on one type of helicopter of the French gendarmerie

Purpose

The aim of the test is to assess the impact of the 5G NR mobile network on the operational behaviour of altimeter installed onboard the EC135 helicopters of the French gendarmerie. 

The helicopter flew at different distances from the 5G NR base station, at multiple altitudes and roll and pitch angles in such a way as to get configurations which would ease the radio altimeter disturbances.

No specific instrumentation or aircraft modifications were performed for this test.

Configurations

Prior to the flight and in order to increase the probability of being disturbed, half a day was spent refining the actual position of the main lobe of the 5G NR Base station’s antenna by an ANFR instrumented vehicle. Following these measurements, the direction of the main lobe was marked on the ground by the presence of the ANFR vehicle at point B, visible from the helicopter in flight.

The 5G NR base station was configured to provide the maximum worst-case 78dBm eirp on a 60 MHz channel in the 3640-3710 MHz frequency range.

In the test, a DGPS was used to record the coordinates and altitude of the helicopter. 5G signal level is recorded by the 5G test UE in the helicopter.

Flight analysis

All the test points were completed except for the first part of run #2 "fixed beam" where the 5G could not be continuously activated by user equipment on the ground. The three 5G NR user equipment on the ground had in turn overheated (high data rates causing the chips to overheat and an outside temperature of 35°C), so this run was interrupted to continue with run #3 "free beam", leaving time to find the nominal operation of user equipment on the ground and to complete run #2. Below, the GPS tracks of the helicopter and the different test configurations.

Table 7: 

		Test runs

		5G NR base station

		UE on ground

		UE on board



		1 – Identification

		OFF

		OFF

		OFF



		2 – «fixed beam»

		ON

		ON

		OFF



		3 – «free beam»

		ON

		OFF

		ON



		4 – 1500 ft flight

		ON

		OFF

		ON
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Figure 9: GPS trajectories of the helicopter during runs 1 to 4

As an indication and from the barometric measurements (not accurate) taken by the recorder on board the EC135, the altitude indication throughout the flight. The same colour code as the GPS tracks above has been kept to facilitate the understanding of the flight profile.
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Figure 10: 

Conclusion of the test

No disturbance to the radio altimeter on board the EC135 of the French gendarmerie was detected during the flight, when using the 5G in the configuration for the test flight. In view of these in-flight observations, the emission of 5G NR base station had no impact on the operational behaviour of the radio altimeter fitted on the French gendarmerie's EC135 helicopters, which gives us a good level of confidence in the resilience of this type of radio altimeter to conduct its missions.
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TABLE 1

Analogue radio altimeters

Radio Radio Radio Radio Radio Radio Units
altimeter Al altimeter A2 altimeter A3 altimeter A4 altimeter AS altimeter A6

Transmitter
Nominal centre frequency 4300 4300 4300 4300 4300 4300 MHz
Transmitted power 0.600 1 0.1t00.25 100 5 40 W (peak)
Modulation (FMCW or FMCW FMCW FMCW Pulsed Pulsed Pulsed

Pulsed)

Chirp bandwidth

excluding temperature 104 132.8 133 Not applicable | Not applicable | Not applicable MHz
drift

—6 to +6 000
. —4.6 to +2 500 —6 to +2 438
— + + +

Range of reported altitude (-15 10 +8 200) | (=20 to +8 000) Jr(192(; ;g) 1524 (5 000) 1524 (5 000) 457 (1 500) metres/(feet)
Operational altitude 12 12 20 12 12 12 km
z&’;‘:‘“"‘al femperature | g0 10 470° | -55°t0+70° | -40°to+71° | -55°t0+70° | —55°t0+70° | —55°t0+70° Celsius
- - No crystal No crystal . . . o
Frequency stability 100 reference reference Not applicable | Not applicable | Not applicable ppm/°C
Maximum frequency drift

over the operational =15 =15 +20 Not applicable | Not applicable | Not applicable MHz
temperature range

Typical number of

altimeter systems Upto3 Upto3 Upto3 Upto3 Upto3 Upto3 Per aircraft

installed on an aircraft
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TABLE 1 (continued)

Radio Radio Radio Radio Radio Radio Units
altimeter Al altimeter A2 altimeter A3 altimeter A4 altimeter AS altimeter A6
Centre frequency offset
between individual radio 5 5 0 Not applicable | Not applicable | Not applicable MHz
altimeter systems
. Hz or pps
Waveform repetition 12Hz to
frequency 49 to 51 Hz 150 Hz 1623 Hz 10 000 pps 20 000 pps 6 000 pps (pulse per
second)

Pulse width Not applicable | Not applicable | Not applicable 130 200 75 ns
3 dB emission bandwidth 110 162.8 171 8 7 15 MHz
20 dB emission
bandwidth 120 170 181 44 29 51 MHz
40 dB emission
bandwidth 180 180 191 130 108 131 MHz
Receiver
Sensitivity* -120 <-113 <-120 —95 —95 95 dBm
Noise Figure 10 6 6 10 10 10 dB
P; - Input Power
Threshold Receiver -30 -53 —56 —40 —40 —40 dBm
Overload
—3 dB Intermediate
Frequency (IF) bandwidth 2 0.25 0.025to 2 9.2 6.0 16 MHz
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TABLE 1 (end)

Radio Radio Radio Radio Radio Radio Unit
altimeter Al altimeter A2 altimeter A3 altimeter A4 altimeter AS altimeter A6 nits
Antenna
10 typical, but
Antenna gain 10 10 typical, different 13 11 11 dBi
9.5 minimum antenna could
be used
Cable loss (single path) 6 6 2t07 6 6 6 dB
—3 dB beam width 40 to 60 55 45 to 60 35 45 45 degrees

*  For some of the radio altimeters listed above, the receiver noise power level, calculated based upon IF bandwidth and noise figure, is higher than the receiver
sensitivity level. In these cases, the detector bandwidth of the radio altimeter, which is generally lower than the IF bandwidth, determines the receiver
sensitivity level.
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TABLE 2

Digital radio altimeters

Radio altimeter D1 Radio altimeter D2 Radio altimeter D3 Radio altimeter D4 Units
Transmitter
Nominal centre 4300 4300 4300 4300 MHz
frequency
Transmitted power

0.400 0.100 0.1to1 5 W (peak

(peak) (peak)
Modulation FMCW FMCW FMCW Pulsed
Chirp bandwidth
excluding temperature 150 176.8 133 Not applicable MHz
drift
Range of reported —6to+1 676 —6to+1 737 —6 to 6 000 —6to 2424 Metres/(feet)
altitude (=20 to +5 500) (20 to +5 700) (20 to +19 685) (20 to +8 000) ctresifed
Operational altitude 12 12 20 12 km
Temperature range —40 to +70 —40 to +70 —40to+71 —40to + 71 Celsius
Frequency stability +50 +30 +5 Not applicable ppm
Maximum frequency
drift over the operational +0.22 +0.129 +0.22 Not applicable MHz
temperature range
Typical number of 2o0r3 2or3 lor2 lor2 Per aircraft
systems fitted
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TABLE 2 (continued)

Radio altimeter D1 Radio altimeter D2 Radio altimeter D3 Radio altimeter D4 Units
Frequency span set System installation
according to installed number (1,2,3)
SDI (offset 2.5, 0, or determines a frequency
+2.5 MHz). Waveform offset of -5 MHz,
Sharing principle for timing adjusted on 0 MHz or +5 MHz.
dual and triplex radio receipt of interference. Each system number Not applicable Not applicable
altimeter installations Signal processing used selects a linear
to mitigate effect of frequency hop pattern to
cross over IF pulse. avoid mutual
interference among
aircraft
Pulse width Not applicable Not applicable Not applicable 30 or 225 ns
‘Waveform repetition 143 Hz 1000 Hz 100 Hz to 4 700 Hz 25 000 pps Hz or pps
frequency Fixed Fixed (pulses per second)
3 dB emission
bandwidth 150 177 175 Sor3l MHz
20 dB emission
bandwidth 153 180 185 26 or 105 MHz
40 dB emission
bandwidth 180 190 196 106 or 195 MHz
Receiver
Sensitivity* <-114 <-125 <-120 95 dBm
Noise figure 8 9 8to 12 10 dB
P, g Input Power
-30 —43 53 —40 dBm

Threshold Receiver
Overload
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TABLE 2 (end)

Radio altimeter D1 Radio altimeter D2 Radio altimeter D3 Radio altimeter D4 Units
;Tfe(cilljeltllg;r([?}?)dlate 0‘31.2 MHZ, 1.95 MHz 0.1t02.0 30 MHz
bandwidth (LPF — Single sided)
Antenna
Antenna gain 11 10 8to 1l 13 dBi
Cable loss (single path) 6 (10 max) 0 2t07 0to2 dB
—3 dB beam width 40 to 60 45 to 60 45 to 60 45 degrees

*  For some of the radio altimeters listed above, the receiver noise power level, calculated based upon IF bandwidth and noise figure, is higher than the receiver

sensitivity level. In these cases, the detector bandwidth of the radio altimeter, which is generally lower than the IF bandwidth, determines the receiver sensitivity
level.
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Iy = Z (Ii,RF * FDR i,RF)
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]RF:

PT,RFZ

Ii,RFI

FDR; gy

Total peak interference signal power at receiver input (the sum of all individual
interference contributors at the antenna output after considering the cable loss
and the frequency dependent rejection (FDR) factor (mW)

Input power threshold at which receiver front-end overload occurs (mW)

Power of the i" interference source at the input to the receiver after considering
cable loss (mW)

Receiver front-end FDR factor given by the filter characteristics shown in
Table 3 below, representing the attenuation to be applied to the i"™ interference
signal (see Recommendation ITU-R SM.337).
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TABLE 3

RF selectivity for radio altimeters

Interference frequency REF filter attenuation
(MHz) (dB)
<4200 Attenuated at 24 dB per octave
to a maximum of 40 dB
4200 0
4300 0
4 400 0
>4 400 Attenuated at 24 dB per octave
to a maximum of 40 dB
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B IF bandwidth of the radio altimeter (MHz)
Nr: Noise figure at receiver input (dB).
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fi: Lowest swept frequency of the radio altimeter (MHz)

f>: Highest swept frequency of the radio altimeter (MHz)
Bg:  Chirp bandwidth

feir  Centre frequency of an interference source (MHz).
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Ip: Interference power at the detector
Bs:  Chirp bandwidth.
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Irpy = —143 dBm considering 100 Hz detector bandwidth following the instantaneous
altimeter LO frequency.
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If Ip < Irrs  then no spectral components and no false targets would exist.

IfIp> Irrs  then spectral components would exist causing false altitudes.
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feir  Centre frequency of the potential interference source (MHz)

froi:  Any instantaneous frequency between f; and £, defined in § 2.2 above.
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Ipsp< P1apsp
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Ipsp = Pr;—10 log(B;)
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Prp: received interference power at f.; (dBm)
B;:  the —40 dB bandwidth of the interferer (Hz)

Piagsp = Prrr—10 log(Br )
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Prgrr Input Threshold Receiver Overload (see Tables 1 and 2).
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Desensitization: I/N=-6dB
Front End Overload: I < P g as defined in Tables 1 and 2

False Altitudes (for FMCW Altimeters only):

Ip < Irp4, where Irpy = —-143 dBm/100 Hz following the
instantaneous altimeter local oscillator






image47.tmp

Effect on No effect on Slight Significant Large Normally with
Aeroplane operational reduction in reduction in reduction in hull loss
capabilities or functional functional functional
safety capabilities or | capabilities or | capabilities or
safety margins | safety margins | safety margins
§ Effect on Inconvenience Physical Physical Serious or Multiple
E Occupants discomfort distress, fatal injury to a fatalities
o excluding possibly small number
= Flight Crew including of passengers
; injuries or cabin crew
E Effect on No effect on Slight increase Physical Physical Fatalities or
3 Flight Crew flight crew in workload discomfort or distress or incapacitation
a significant excessive
increase in workload
workload impairs ability
to perform
tasks
Classification of No Safety Minor Major Hazardous Catastrophic
Failure Conditions Effect
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Classification of No Safety Minor Major Hazardous Catastrophic
Failure Effect
Conditions
Allowable No Probability <-Probable-> <--Remote--> Extremely Extremely
Qualitative Requirement P Improbable
Probability Remote
Allowable No Probability N > N > N
Quantitative Requirement
Probability:
Average <103 <10® <107 <10
Probability per
Flight Hour on
Note 1

the Order of:

Note 1: A numerical probability range is provided here as a reference.

standard simply by using current commonly-accepted industry practice.

The applicant is not required to

perform a quantitative analysis, nor substantiate by such an analysis, that this numerical criteria has been
met for minor failure conditions. Current transport category aeroplane products are regarded as meeting this
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HRD108_1133308> cabx
210415-12:19:05 10.232.166.151 21.0a MSRBS_NODE_MODEL_20.02_453.28212.68_577c stopfile-/tmp/4097

INFO: cabx is not applicable on RCS nodes. Using invxrf instead. Type *h inv" for more details on available options.
Checking available boards on node. ..

Collecting RCS board data .

gt /rop/A20716415 09306645 VD108 1133308 xni gz Jericssonlog/amos/mosheli logfiies/pti722071ogs moshell/putiles/ie 333 166.
Set rop/Azosiasis. oots- sone tROIOR 1133308.wal 55 /ericoson Lo amos/moshel1 Logtiies/pt17aso/Logs-moshell/puriles/10.333 106
§et /rop/A20110415.1000- 1015-HRD108 1133308, xml g /ericsaon/ Log/ amos/acshell Logfiles/pt17219/ logs-moshell/patiles/10.232. 166,

Coliecting ™ dat:

FRU UM BOARD ST FAULT OPER WATNT STAT PROOICTMMOER  REV  SERTAL

85-1 900160 886636 TORE TON OFF OFF KOUI37BAB/A1 | RIF | TDIBTsA041
ARS-1 fru 2048 AIR3239878G 1 OFF O OFF N/A KRD9O1149/11  R1A 55797548
ARS-2 fru 2040 AIR3239B78G 1 OFF O OFF N/A KRO9O1149/11  RIA 557957547
ARS-3 fru 2050 AIR3239B78G 1 OFF ON OFF WA KRD901149/11 RIA  E557957561

nérouses
W e wa seisszn wawa wa Cobporeinleet (Peh38-1)

FROUw BOARD RGP T (wdbm) VoW (RL) R (dbw) Ues/aes Sector/antennatroup/Ceils (staterCellida bcis)

SE-AAS-1 NRC-11333081010
SE-ARS-2 NRC-11333081020

SE-AAS-3 NRC-11333081030
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