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	Purpose/Objective: 
This document will provide a validation of ITU-R M.2059’s radio altimeter characteristics with measured radio altimeter data 

	Abstract: 
Due to various national efforts over the last several years, there is a limited amount of measured radio altimeter data publicly available, and it would be useful to compare this data with the contents of ITU-R M.2059 as a validation.  This effort may help in discussions in how to apply the data in ITU-R M.2059 in sharing studies.  
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1	Introduction
Recommendation ITU-R M.2059 was approved in 2015 and provides characteristics of radio altimeters, a system that operates under the aeronautical radionavigation service, including background information of how the system is used on aircraft.  The characteristics include three protection criteria to ensure the operations of this system that is critical for the safe operation of aircraft.  Since the publication of Rec. ITU-R M. 2059, some radio altimeter data has been published, and it is useful to validate datacompare characteristics within Rec. ITU-R M.2059 with this data. 
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1. [bookmark: dbreak][bookmark: irecnoe]Introduction
Recommendation ITU-R M.2059 (Rec. ITU-R M.2059), Operational and Technical Characteristics and Protection Criteria of Radio Altimeters (RAs), was approved in 2015 and provides characteristics of RAs, a system that operates under the aeronautical radionavigation service, including background information of how the system is used on aircraft. The characteristics include three protection criteria to ensure the operations of this system that is critical for the safe operation of aircraft.  Since the publication of Rec. ITU-R M.2059, some RA data has been published, and it is useful to compare characteristics within Rec. ITU-R M.2059 with this data.

ANNEX 1:  Description [TBD]
ANNEX 2:  Description [TBD]


2. Summary: [To be developed in future meetings.]

ANNEX 1
A1-1 ITU-R Recommendation M.2059 Operational and Technical Characteristics and Protection Criteria of RAs 
A1-1.1 Radio Altimeter Description
As described in Rec. ITU-R M.2059, the basic function of the RA is to provide accurate height measurements over a range of reported altitudes above the Earth surface with a high degree of accuracy and integrity during the approach, landing, and climb phases of aircraft operation.  These operations can occur over surfaces with a wide variety of reflectivity, which may impact are accounted for in the RA performance requirements. The distance measured by the radio altimeter is referred to as Height above Terrain (HAT), which is the distance from the terrain to the aircraft.  This is a different measurement than to altitude which is referenced to mean sea-level.	Comment by CTIA: See revised text to differentiate other altitude measurements that are not direct HAT measurements.
The information provided by the altimeter not only gives the flight crew (pilots) situational awareness, it also can be used by many other onboard safety systems.  These systems can include automatic throttles (navigation), thrust reversers (used to stop the aircraft on the runway), terrain awareness warning systems (TAWS), traffic alert and collision avoidance systemterrain collision avoidance system (TCAS), the predictive wind shear system, as well as the autopilot, which includes numerous automatic landing systems.
Altimeters can be installed on a variety of aircraft and connect to any combination of the systems mentioned above, the aircraft types that an altimeter may be installed from range from small single pilot aircraft, small ‘business’ aircraft including jets, regional commercial airliners, and large airliners.  RAs are also installed on a variety of helicopters.
Installation details vary by the aircraft types, but one, two, or three altimeters may be installed on aircraft.  Typically, large airliners have two or three altimeters installed and operated simultaneously to ensure that the required precision data is available for aircraft systems.
A1-1.2 Radio Altimeter Characteristics
The RA model specific parameters contained in Rec. ITU-R M.2059 utilized in protection criteria calculations discussed in Section 2.3 are provided below in Table A1-1.
Table A1-1: Select RA Model Specific Parameters
	Parameter
	Units
	RA Model

	
	
	A1
	A2
	A3
	A4
	A5
	A6
	D1
	D2
	D3
	D4

	Input Power Threshold
()
	dBm
	-30
	-53
	-56
	-40
	-40
	-40
	-30
	-43
	-53
	-40

	Detection Threshold
() (Note 1)
	dBm / 100 Hz
	-143
	-143
	-143
	
	
	
	-143
	-143
	-143
	

	Cable Loss	Comment by ASRI: Doug, 

Comment thread was deleted by rejecting deletion.

Ok with adding back cable loss and changing the reference point to the receive antenna connector port.

M2059 states the cable losses are one way so they don’t get halved, but you are correct the AVSI data is 3 dB each direction.
(
	dB
	6
	6
	2
	6
	6
	6
	6
	0
	2
	0

	IF bandwidth
()
	MHz
	2
	0.25
	2
	9.2
	6
	16
	0.312
	1.95
	2
	30

	Noise Figure
()
	dB
	10
	6
	6
	10
	10
	10
	8
	9
	8
	10

	Chirp Bandwidth
() (Note 1)
	MHz
	104
	132.8
	133
	
	
	
	150
	176.8
	133
	

	Note 1: Models with a listed  and are FMCW RAs, and models without are pulsed RAs


A1-1.3 Radio Altimeter Protection Criteria
There are three protection criteria described in Rec. ITU-R M.2059, Receiver Desensitization, Receiver Front-end Overload, and False Altitude Generation.
A1-1.3.1 Receiver Desensitization
Receiver desensitization occurs when the interfering signal causes a noise floor increase within the RA receiver of 1 dB; an interference to noise ratio of -6 dB. The thermal noise power (approx. −114 dBm/MHz), cable loss (), noise figure at the receiver input , IF bandwidth , and chirp bandwidth  must be considered to calculate the receiver desensitization at the receive antenna connector port (). The  is bounded over the frequency range 4 200‑4 400 MHz, calculated using Equation A1-1 for frequency modulated carrier wave (FMCW) RAs, calculated using Equation A1‑2 for the pulsed RAs, and provided in Table A1-2 for each specified RA model.
For FMCW RAs:
      		Comment by Doug Hyslop: The second annex below uses the second equation, 2.3-2 for all RAs	Comment by AT&T: This is derived from eqtn 8 in 2059 which is for fixed frequency interference that falls within sweep of FMCW IF. Agree with CTIA proposal to use more general equation.	Comment by ASRI: I don’t understand why we wouldn’t use the formulas in 2059 what is incorrect about them? 2059 defines the formula to calculate receiver desensitization of FMCW RAs and a formula for Pulsed, it also clearly defines which RA’s are pulsed vs FMCW. 	Comment by Doug Hyslop: The fixed frequency reference, and discussion of duty cycle, appears to reference a narrowband interferer such that the interferer is only present in a portion of the chirp bandwidth.  A wideband AWGN interferer would be present throughout the chirp bandwidth and be persistent in the IF.  So it seems simpler to use equation 5 given the nature of the interferer	Comment by ASRI: I’m going to reference the ITU text to help my understanding:

“The Interference Duty Cycle is the ratio of … the interference power within the IF bandwidth to … 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.

… (formulas and stuff) ...

For fixed-frequency interference sources, the Interference Duty Cycle is defined by:

… (formulas and stuff) …

The amount of interference signal power that is captured by the IF of the receiver is proportional to … the Interference Duty Cycle. Thus the relation between interference power threshold and the RF-referred interference threshold … is then defined by:

… (formulas and stuff) … “

From this it seems as though a wideband AWGN source (a fixed-frequency source covering the entire chirp bandwidth) would satisfy these conditions and therefore the formula should apply. Ok to continue additional discussions for further clarification.
		
Equation A1-1
For pulsed RAs:
 
Equation A1-2

INSERTION OF NEW TABLE:
[image: ]
Table A1-2: Radio Altimeter Model Specific Receiver Desensitization	Comment by Doug Hyslop: Suggest replacing this table with the one inserted above, based on equation 5 in M.2059	Comment by AT&T: Agreed. ATT has verified CTIA calcs.	Comment by ASRI: The chirp bandwidth impacts the RA desensitization value, why is it removed? See also comment above

Fine with updating the table to include more info like the NF, Source, etc but this is already included in table 2.2-1, should we duplicate the info? Seems unnecessary but no problem with doing it.	Comment by Doug Hyslop: See explanation above about fixed frequency interferer bandwidth	Comment by ASRI: Will update table to include cable loss and account for the conclusion of the above comment thread 
	Parameter
	Units
	RA Model

	
	
	A1
	A2
	A3
	A4
	A5
	A6
	D1
	D2
	D3
	D4

	
	dBm /
BW
	-92.8 / 
104 MHz
	-95.8 /
132.8 MHz
	-95.8 / 
133 MHz
	-100.4 / 
9.2 MHz
	-102.2 / 
6 MHz
	-98.0 / 
16 MHz
	-93.2 /
150 MHz
	-91.5 / 
176.8 MHz
	-93.8 / 
133 MHz
	-95.2 /
30 MHz

	
	dBm / MHz
	-113
	-117
	-117
	-110
	-110
	-110
	-115
	-114
	-115
	-110


A1-1.3.2 Receiver Front-end Overload
Receiver front-end overload occurs when sufficient power from an interfering signal saturates the front-end of a RA receiver. The input power threshold () , and frequency dependent rejection factor () must be considered to calculate the receiver front-end overload at the receive antenna connector port as a function of frequency (). The  is calculated using Equation A1-3:

Equation A1-3
where:
:		Frequency of interest in MHz.
:	Frequency dependent rejection factor, in dB. This factor is modelled as an attenuation of 24 dB per octave up to a maximum of 40 dB and is defined by Equation A1-4
Note: The following formula assumes 24 dB per octave indicates 24 dB of attenuation is realized at 8 800 MHz (at a frequency ratio of 2:1 compared to 4 400 MHz) and 2 100 MHz (at a frequency ratio of 1:2 compared to 4 200 MHz) 
	
	 	,	for ≤ 4 200
				,					for 4 200 < < 4 400
				,	for ≥ 4 400
			
Equation A1-4  
A1-1.3.3 False Altitude Generation
Unique to FMCW RA’s, false altitude generation occurs when interference signals are detected as frequency components during spectral frequency analysis of the overall IF bandwidth. This occurs when the received interference power at the RA detector is greater than the detection threshold () of the RA. The  for all FMCW RA models is ‑143 dBm/100 Hz. The  must be considered to calculate the false altitude generation at the receive antenna connector port . The  is bounded over the frequency range 4 200‑4 400 MHz, calculated using Equation A1‑5, and provided in Table A1-2 for each specified RA model.
			
				
Equation A1-5
Table A1-2: Radio Altimeter Model Specific False Altitude Generation
	Parameter
	Units
	RA Model

	
	
	A1
	A2
	A3
	D1
	D2
	D3

	
	dBm /
BW
	-79.8 / 
104 MHz
	-78.8 /
132.8 MHz
	-82.8 / 
133 MHz
	-78.2 /
150 MHz
	-83.5 / 
176.8 MHz
	-82.8 / 
133 MHz

	
	dBm / MHz
	-100
	-100
	-104
	-100
	-106
	-106



A1-2 RA Measured Data
A1-2.1 RA Measured Data Background
As a result of spectrum allocation changes in many administrations, there was a need to better understand the behaviour of RAs due to interference from adjacent and nearby frequency bands.  Much of this data is considered proprietary, but some data was publicly released by the aviation industry. The data is not comprehensive and only provides a snapshot to individual units that were tested.  Publicly available RA test data is available in three volumes of the AVSI AFE 76s2 Report (AVSI Report)[footnoteRef:1], the first volume[footnoteRef:2] specifically provides data regarding the 3 700‑3 980 MHz frequency band, the second volume provides data regarding interference into the 4 200‑4 400 MHz frequency band, and the third volume is a collection of additional test results of RAs from altimeter manufacturers.  [1:  Data is published at https://avsi.aero/avsi-publishes-volume-iii-of-the-afe-76s2-report/ ]  [2:  This volume also contains some compatibility analysis studies that will not be used in this document, only the radio altimeter data will be extracted] 

A1-2.2 [bookmark: _Hlk190954584]AVSI AFE 76s2 Report Vol I & II Data
The AVSI Reports Vol I & II provide RA “breakpoints” which are when an RA under defined test conditions specified in AVSI Vol I. The criteria to determine the breakpoint is the lowest measured RF interference power that causes any one of the following to be true: 
· [Mean Error Criterion (Section 2.3.4.1): “The AUT (Altimeter Under Test) was considered to “break” (…) when the mean error exceeds 0.5%”;] 	Comment by Doug Hyslop: Mean error requires a long duration exposure to the interferer as was seen in the lab tests.  Flight scenarios are multi-millisecond exposures.  This criterion should not be used in selecting breakpoints.	Comment by Doug Hyslop: Deleting, there is no reference provided to an aviation requirement for an error condition with a height error of +/- 0.5%.
ARINC 707 requires: “The radio altimeter accuracy should, when measured in accordance with RTCA DO-
155, be within 1.5 feet or 2%, whichever is greater, at the indicated altitude
throughout the range of -20 to 2,500 feet altitude.”
Nearly all RAs flown today are certified under FAA TSO C87, from 1966, which requires an accuracy of +/- 3 ft below 100 ft (3%), an accuracy of up to 3% up to 500 ft, and an accuracy up to 5% above 500 ft.	Comment by ASRI: This is a criteria measured in AVSI and should be stated, not omitted. This statement is explaining what AVSI considered as a breakpoint. This statement does not indicate if or if not the criteria is valid. 
Proposal: Retain (Put in square brackets for now)
· Percentile Criterion (Section 2.3.4.2): (…) “when the 1st percentile trace drops below -2% or the 99th percentile trace exceeds +2%”; 
· No Computed Data (NCD) criterion (Section 2.3.4.3): (…) “any height reading label NCD during the RF power ON period”.
The breakpoints are defined for testing at specific frequencies outside the RA frequency range of operation as well as frequencies within the RA band. The breakpoint covers in-band interference from unwanted and/or spurious emissions, as well as the out-of-band fundamental interference caused by signals within the frequency band 3 700‑3 980 MHz. 
[The provided breakpoints for each RA model can be converted to an Interference Tolerance Threshold (ITT) to provide the closest possible comparison to the ,  protection criteriaindicated in Rec. ITU-R M.2059. To convert the breakpoints in the AVSI Reports Equation A1-6 is used.	Comment by ASRI: FROM Doug
This text should be deleted.  This paper is comparing the measured breakpoint from AVSI testing against the theoretical breakpoint in M.2059.  Worsening test data by 6 dB no longer reflects the RA’s breakpoint.  	Comment by ASRI: FROM AT&T 
Agreed...the variations are +/- and should not be used as margins to AVSI confuse the comparison, if similar factors were not used in M.2059.
Temperature effects were not included in M2059 chars	Comment by ASRI: FROM ASRI
These factors need to be included.

The U&T factor 
This is used to ensure the population of RAs under the model tested are accounted for under all operational environments, without these factors it is impossible to statistically bound the performance of all the RAs associated with the tested model. If this is the case the results are only valid for the single unit under test, at one single operating environment. Comparing one single test article provides no statistically useful information.

M.2059 criteria accounted for all operational environments the RA may be exposed to.

In order to compare as close as possible the RAs performance must be under the same conditions, and these factors allow for that.

The BTI factor. 
The power that actually causes the RA to fail exists between the step size between the last working condition and the following failure condition. The true power could be .1 dB after the last failure condition but you only see it when you add 1 dB which means you would be falsely reporting the failure condition almost 1 dB higher. This Backoff factor must be accounted for that reason to ensure. 

The EE factor
The test conductors determined that due to the lab setup there was approximately 1 dB in error between the value measured and the value actually received. This error factor should also be considered

These are independent of safety margin which has not even been mentioned in the analysis. It just so happens when combined they result in 6 dB.	Comment by ASRI: FROM Doug
The U&T factor is adding more margin on top of test conditions that are already more extreme than the prior WAIC testing that validated the WAIC coexistence with RAs.  WAIC testing used 4 dB less loop loss than the C-Band testing in Vols. I and II (92 versus 96, Vol. III in some cases used higher loop loss than 96), and did not include the total of 6 dB from U&T, BTI, and EE that were only added to IMT coexistence testing - this was a test environment that was 10 dB worse for IMT than for WAIC.  There was also no safety margin applied for WAIC, so the overall evaluation of WAIC was a total of 16 dB more relaxed than the environment included in the RTCA 2020 report.
-M.2059 criteria are defined as the point of 1 dB of impact, which is a breakpoint condition, so we should be comparing against the breakpoints observed in test data. 	Comment by ASRI: FROM ASRI
Additional discussion needed. This document focuses on the testing done in these reports, and the data cannot be conflated with testing in other reports that aren’t even discussed in this document. If these factors are not considered the AVSI data is not comparable to 2059 protection criteria.

Material put in brackets for now as well as subsequent related content

Equation A1-6
Where:
· : The ITT at the input to the RA transceiver receive port. The ITT is defined for a specific height and frequency offset as the highest power for which performance is still acceptable (dBm/MHz); 
· : The breakpoint of the RA (dBm/MHz); 
· : A  -to-  backoff factor that accounts for the step-size used in the AVSI testing (dB)[footnoteRef:3];  [3:  This factor accounts for the fact discrete step sizes in power are used to find a  and therefore the power associated with the ITT needs to be reduced by the discrete test step sizes used in testing.  ] 

· : An experimental error factor (dB)[footnoteRef:4];  [4:  This factor accounts for equipment measurement error. ] 

· : A unit-to-unit and temperature interference tolerance performance variation factor (dB)[footnoteRef:5].] [5:  This factor accounts for two elements, one, statistical deviations in performance among the population of RAs of which the single tested model falls within, and two, statistical deviations in performance accounting for temperature impacts since the models were tested at room temperature but operate in an environment of -X°C to +Y°C. ] 

The [ITT and] breakpoints are derived considering an interference source bandwidth of 100 MHz in the 3 700‑3 980 MHz frequency range, and an interference source bandwidth of 160 MHz in the 4 200‑4 400 MHz frequency range. [The necessary constants to convert the RA breakpoints to ITTs for the listed RA models are provided in Table A1-3.]
Table A1-3: Constants for Equation A1-6
	Parameter
	Unit
	Value

	
	dB
	1

	
	dB
	1

	
	dB
	4

	
	dB
	3


For example, the provided breakpoint of model F at 3750 MHz at 200 ft of -13 dBm/100 MHz found in Table 3‑1 of AVSI Report Vol II can be converted to an ITT resulting in a value of ‑39 [-16] dBm/MHz. 
Table A1-4 takes all the provided breakpoints provided within Table 3-1 and Table 4-2 of the AVSI Report Vol I & II and converts them into ITTs for comparative validation purposes performed in Section A1-4.
[bookmark: _Hlk190363613]Table A1-4: AVSI AFE 76s2 Report Vol I & II RA Model Specific Calculated Interference Tolerance Thresholds Summarized	Comment by ASRI: Actions to do:
1. Update table OOB thersholds to be channel power (dBm)
2. Await result regarding BP to ITT conversions and update

Actions taken:
1. Added footnote 5 about test conditions at 200 ft
	AVSI Vol I & II RA Model Specific Calculated Interference Tolerance Thresholds Summarized (dBm/MHz)

	
	Model

	
	UC 1
	UC 2

	Simulated Altitude (ft)
	Frequency 
(MHz)
	F
	L
	T
	X
	Y
	A
	I
	S
	V

	200
	3750
	-39
	NC
	NC
	NC
	-35
	NC / NC*
	-56 / -56*
	NC / NC*
	-76 / -68*

	
	3850
	-41
	NC
	NC
	NC
	-34
	NC / NC*
	-76 / -56*
	NC / NC*
	-66 / -64*

	
	3930
	-42
	NC
	NC
	-32
	-31
	NC / NC*
	-58 / -54*
	NC / NC*
	-68 / -63*

	
	4300
	-73
	-80
	-68
	-64
	-70
	-71 / -71*
	-112 / -96*
	-70 / -71*
	-92 / -90*

	1000
	3750
	-46
	NC
	NC
	NC
	-41
	NC
	-57
	NC
	-86

	
	3850
	-47
	NC
	NC
	-34
	-40
	NC
	-54
	NC
	-72

	
	3930
	-50
	NC
	NC
	-40
	-43
	-33
	-51
	NC
	-76

	
	4300
	-85
	-79
	-75
	-85
	-84
	-76
	-101
	-80
	-103

	2000
	3750
	 
	 
	 
	 
	 
	-36
	-54
	NC
	-94

	
	3850
	 
	 
	 
	 
	 
	-41
	-53
	NC
	-81

	
	3930
	 
	 
	 
	 
	 
	-46
	-51
	NC
	-89

	
	4300
	 
	 
	 
	 
	 
	-89
	-97
	-92
	-119

	5000
	3750
	-53
	-35
	 
	-37
	-51
	 
	 
	 
	 

	
	3850
	-54
	NC
	 
	-52
	-51
	 
	 
	 
	 

	
	3930
	-56
	NC
	 
	-50
	-52
	 
	 
	 
	 

	
	4300
	-107
	-94
	 
	-104
	-107
	 
	 
	 
	 

	7000
	3750
	 
	 
	NC
	 
	 
	 
	 
	 
	 

	
	3850
	 
	 
	-33
	 
	 
	 
	 
	 
	 

	
	3930
	 
	 
	-40
	 
	 
	 
	 
	 
	 

	
	4300
	 
	 
	-97
	 
	 
	 
	 
	 
	 

	Note 1: An empty cell within the table indicates no data was collected for the conditions of that cell
Note 2: A reported value of “NC” indicates an ITT cannot be calculated because the highest testable power level was insufficient to induce a failure criterion as defined in the AVSI reports.
Note 3: The UC 1 and UC 2 subheadings in the table group altimeters according to their use case as defined in the AVSI Reports
Note 4: The AVSI report also defines a UC 3 category which uses the same radio altimeter models as in UC 2. UC 3 radio altimeters are tested at a simulated altitude of 200 ft, under a different set of test conditions. UC 3 results are included in this table denoted with an asterisk character (*). 
Note 5: The test condition for UC1 and UC2 RAs at a simulated altitude of 200 ft also considered the victim test RA to be within 350 ft of other transmitting RA sources. 


A1-3 [bookmark: _Hlk190363696]Comparison of Rec. ITU-R M.2059 and AVSI Report Data
A1-3.1 [bookmark: _Hlk190363680]Comparison over the frequency range 4 200‑4 400 MHz
All the protection criteria provided in Rec. ITU-R M.2059 are applicable over the 4 200‑4 400 MHz frequency range and thus can be compared to the AVSI [calculated ITT] over the same frequency range, i.e. the AVSI Report Vol II data points at 4 300 MHz. Table A1-5 provides statistics for the Rec. ITU-R M.2059 protection criteria and AVSI Report data over the 4 200‑4 400 MHz frequency range.
Table A1-5: Statistics for the Rec. ITU-R M.2059 Protection Criteria and AVSI Reports Data Over the 4 200‑4 400 MHz Frequency Range	Comment by ASRI: Action to do:
1. Await result regarding BP to ITT conversions and update
	[bookmark: _Hlk190363500]Data Set
	Sample Size
	Minimum (dBm/MHz)
	Maximum (dBm/MHz)
	Range (dB)

	Receiver Desensitization
	10
	-114
	-110
	4

	False Altitude Generation
	6
	-106
	-106
	0

	Front-end Overload Note 1
	10
	-76
	-50
	26

	UC 1 ITT at 200 ft
	5
	-74
	-58
	16

	UC 2 ITT at 200 ft [(WCLS)]
	4
	-106
	-64
	42

	UC 2[/3] ITT at 200 ft
	4
	-90
	-65
	25

	UC 1 ITT at 1000 ft
	5
	-79
	-69
	10

	UC 2ITT at 1000 ft
	4
	-97
	-70
	27

	UC 2 ITT at 2000 ft
	4
	-113
	-83
	30

	UC 1 ITT at 5000 ft
	4
	-101
	-86
	13

	UC 1 ITT at 7000 ft
	1
	-91
	-91
	0

	Note 1: Front-end Overload is specified in dBm in Rec. ITU-R M.2059; this is expressed as the full input power level causing overload, and can be compared to the full channel power level in  the data collected in the AVSI Report.


Figures A1-1 through A1-4 plot the range of performance collected in Table A1-5 for each data set. Several RA model specific data from Rec. ITU-R M.2059 is also overlayed on the figure to aid in any data set comparison.
[image: A graph of a bar chart

AI-generated content may be incorrect.]	Comment by ASRI: Adding legend points and lines would clutter this plot to a point where it is unreadable. Can we keep it as is? The intent is to show range of performance for each UC at each tested altitude independent of model specific trends. 

Ok with adding additional model specific trend plots
Figure A1-1: , , , and AVSI Report Data at 4 300 MHz 
– Statistics Bar Graph

[image: ]
Figure A1-2:  and AVSI Report Data at 4 300 MHz
– Plotted as a Function of Reported Altitude

[image: ]
Figure A1-3:  and AVSI Report Data at 4 300 MHz
– Plotted as a Function of Reported Altitude

[image: ]
Figure A1-4:  and AVSI Report Data at 4 300 MHz
– Plotted as a Function of Reported Altitude
From Figure A1-1, it is clear that there is a variety of performance characteristics among the tested radio altimeters. [TBD based on updates]
From figure A1-2, comparing  to AVSI Report Data, [TBD based on updates].
From figure A1-3, comparing  to AVSI Report Data, [TBD based on updates].
From figure A1-4, comparing  to AVSI Report Data, [TBD based on updates].

A1-3.2 Comparison over the frequency range 3 700‑3 980 MHz
The front-end overload protection criteria in Rec. ITU-R M.2059 applicable over the 3 700‑3 980 MHz frequency range can be compared to the AVSI calculated ITTs over the same frequency range, i.e. the AVSI Report Vol I data points at 3 750, 3 850, and 3 930 MHz. Table A1-6 provides comparisons for the Rec. ITU-R M.2059 and AVSI Report measured data over the 3 700‑3 980 MHz frequency range.	Comment by ASRI: Why was protection criteria changed to thresholds? M.2059 provides protection criteria	Comment by Doug Hyslop: M.2059 refers to the threshold of receiver desensitization, and the input power threshold receiver overload; the word thresholds seemed a more clear description of what we are comparing	Comment by AT&T: And the central question is  under what operating assumptions do the thresholds appropriately serve as protection criteria 	Comment by ASRI: Is the new proposal acceptable?
Table A1-6: Statistics for Rec. ITU-R M.2059 Protection Criteria and AVSI Reports for 100 MHz Interfering Signals Centered at 3 750, 3 850, and 3 930 MHz	Comment by ASRI: Actions to do:
1. Update table OOB thresholds to be channel power (dBm)
2. Await result regarding BP to ITT conversions and update

Actions taken:
1. Added footnote 5 about test conditions at 200 ft
	Data Set
	Sample Size
	Minimum (dBm/MHz)
	Maximum (dBm/MHz)
	Range (dB)

	Frequency: 3 750 MHz

	Front-end Overload Note 1
	10
	-72.1
	-46.1
	26

	UC 1 ITT at 200 ft WCLS	Comment by ASRI: Add as note like in table A1-4
	5
	-33
	>-29
	>4

	UC 2 ITT at 200 ft WCLS
	4
	-70
	>-50
	>20

	UC 2/3 ITT at 200 ft
	4
	-62
	>-50
	>12

	UC 1 ITT at 1000 ft
	5
	-40
	>-35
	>5

	UC 2/3 ITT at 1000 ft
	4
	-40
	>-35
	>5

	UC 2/3 ITT at 2000 ft
	4
	-88
	>-30
	>58

	UC 1 ITT at 5000 ft
	4
	-47
	-29
	18

	UC 1 ITT at 7000 ft
	1
	NC
	NC
	NC

	Frequency: 3 850 MHz

	Front-end Overload Note 1
	10
	-73.0
	-47.0
	26

	UC 1 ITT at 200 ft
	5
	-41
	>-34
	>7

	UC 2 ITT at 200 ft
	4
	-76
	>-66
	>10

	UC 3 ITT at 200 ft
	4
	-64
	>-56
	>8

	UC 1 ITT at 1000 ft
	5
	-47
	>-34
	>13

	UC 2 ITT at 1000 ft
	4
	-47
	>-34
	>13

	UC 2 ITT at 2000 ft
	4
	-81
	>-41
	>40

	UC 1 ITT at 5000 ft
	4
	-54
	>-51
	>3

	UC 1 ITT at 7000 ft
	1
	-33
	-33
	0

	Frequency: 3 930 MHz

	Front-end Overload Note 1
	10
	-73.7
	-47.7
	26

	UC 1 ITT at 200 ft
	5
	-42
	>-31
	>11

	UC 2 ITT at 200 ft
	4
	-68
	>-58
	>10

	UC 3 ITT at 200 ft
	4
	-63
	>-54
	>9

	UC 1 ITT at 1000 ft
	5
	-50
	>-40
	>10

	UC 2 ITT at 1000 ft
	4
	-50
	>-40
	>10

	UC 2 ITT at 2000 ft
	4
	-89
	>-46
	>43

	UC 1 ITT at 5000 ft
	4
	-56
	>-50
	>6

	UC 1 ITT at 7000 ft
	1
	-40
	-40
	0

	Note 1: Front-end Overload is specified in dBm in Rec. ITU-R M.2059; however, this analysis assumes that power is spread over a 100 MHz interfering signal so the data can be compared to the data collected in the AVSI Report.
Note 2: Statistics captured with a > indicate the maximum or range is greater than the amount indicated but not quantifiable because an ITT cannot be calculated because the highest testable power level was insufficient to induce a failure criterion as defined in the AVSI reports.
Note 3: A reported value of “NC” indicates a value cannot be calculated because the highest testable power level was insufficient to induce a failure criterion as defined in the AVSI reports.
Note 4: The test condition for UC1 and UC2 RAs at a simulated altitude of 200 ft also considered the victim test RA to be within 350 ft of other transmitting RA sources.


Figures A1-5 and A1-6 plot the range of performance for each data set detailed in Table A1-6 for a 100 MHz interfering signal centred at 3 750 MHz. 	Comment by AT&T: The WCLS test conditions and thus measured results are not a valid comparison to M.2059 thresholds. The WCLS condition is also not valid for cross border scenarios.  	Comment by ASRI: Does the commentor also support removing UC1 data? See comment above. 

The WCLS does not preclude a cross border interference scenario. An IMT BS in one country could interfere with an RA in a different country in this configuration if the interference tolerance is low enough. We cannot assume an outcome.	Comment by Doug Hyslop: UC1 at 200 ft has the same limitation of test conditions as UC2 at 200 ft.  Both sets of test data should have the caveat added that the test conditions apply for an airplane over the runway threshold, 350 ft away from taxiing airplanes.  	Comment by AT&T: Can add the explanation same as UC2 200ft to the table, but for comparison plots can include UC1 because there is not other 200ft test data, unlike UC2.
For cross border, the 200ft WCLS configuration occurs when airplane is 350 ft from airport traffic in one country, but the IMT base station in the other country would far enough away, so that airplane at 200ft but ends up very close to the IMT BS in the other country is the more vulnerable configuration.	Comment by ASRI: We cannot assume that the systems are far enough away from each other to prevent an interference outcome? If the interference tolerance is low enough an IMT base station 10 km away could cause interference and that could be in another country. It’s not valid to assume that just because an aircraft is close to the ground it isn’t susceptible to interference from a far away source. 
Figures A1-7 and A1-8 plot the range of performance for each data set detailed in Table A1-6 for a 100 MHz interfering signal centred at 3 850 MHz. 
Figures A1-9 and A1-10 plot the range of performance for each data set detailed in Table A1-6 for a 100 MHz interfering signal centred at 3 930 MHz.
All RA model specific data from Rec. Rec. ITU-R M.2059 are overlayed on the figures to aid in any data set comparison.
	Comment by ASRI: You can’t compare AVSI at dBm/100 MHz to 2059 at dBm/MHz that’s incorrectly and artificially separating the comparison by 20 dB?	Comment by AT&T: Had an error in the data sheet for one of the RAs. See corrected plot. The plot is in dBm	Comment by ASRI: Needs visual improvements, but fine with the concept.	Comment by AT&T: Plots are rough drafts...definetly need cleaning up for final
[image: ]
Figure A1-5:  and AVSI Report Data for a 100 MHz Interfering Signal Centred at 3 750 MHz – Statistics Bar Graph

[image: ]
Figure A1-6:  and AVSI Report Data for a 100 MHz Interfering Signal Centred at 3 750 MHz – Plotted as a Function of Reported Altitude


Figure A1-5 shows [TBD based on updates]
Figure A1-6 shows [TBD based on updates]

[image: ]
Figure A1-7:  and AVSI Report Data for a 100 MHz Interfering Signal Centred at 3 850 MHz – Statistics Bar Graph
[INSERT PLOT]
Figure A1-8:  and AVSI Report Data for a 100 MHz Interfering Signal Centred at 3 850 MHz – Plotted as a Function of Reported Altitude

Figure A1-7 shows [TBD based on updates]
Figure A1-8 shows [TBD based on updates]

[image: ]
Figure A1-7:  and AVSI Report Data for a 100 MHz Interfering Signal Centred at 3 930 MHz – Statistics Bar Graph
[image: ] 
Figure A1-8:  and AVSI Report Data for a 100 MHz Interfering Signal Centred at 3 930 MHz – Plotted as a Function of Reported Altitude
Figure A1-9 shows [TBD based on updates]
Figure A1-10 shows [TBD based on updates]
A1-4 Observations of Section 4 Comparisons
When comparing the AVSI tested radio altimeter data and the Rec. ITU-R M.2059 , ,  within the 4200-4400 MHz frequency band, there is [TBD based on updates]
Comparisons of AVSI tested radio altimeter data and Rec. ITU-R M.2059 data within the 3750 to 3930 MHz frequency ranges show [TBD based on updates]
A1-5 Conclusions
The AVSI data is not an exact match of Rec. ITU-R M.2059 altimeters. The Rec. ITU-R M.2059 altimeters were meant to be representative of radio altimeters installed on a variety of aircraft, the information from AVSI provides more insight into the types and performance of radio altimeters through its categorisation of the tested altimeters in “Usage Categories.”   All the tested altimeters for Usage Category 1 do show [a trend] of higher interference tolerance at lower altitudes below 2000 ft in the 4200-4400 MHz frequency band (Figures A1-1 through A1-4), but that is not as apparent in Usage Category 2 [at or above 2000 ft. ]	Comment by ASRI: We cannot exclude UC2 because UC1 was tested under the same conditions and we agree that UC1 data is ok	Comment by Doug Hyslop: Suggest applying same caveat to UC1 and UC2 at 200 ft, only applicable for airplane within 350 ft of taxiing aircraft	Comment by AT&T: We are not excluding UC2, they are the same models as in UC3 just not under WCLS at 200ft. We are using the 200ft data for those model that AVSI provides. UC1 200ft WCLS data does not change the conlcusions 
The AVSI testing is a very small sample of radio altimeters and limits the conclusions that may be drawn as a result. However, several general characteristics can be observed.  The AVSI testing is also limited in the number of frequencies tested.
When new radio altimeter standards that are currently under development, new ITU documentation should be developed that provides a higher fidelity radio altimeter model (or models) to be used in sharing and compatibility studies.



ANNEX 2

This Annex provides a technical analysis of recent aviation testing of Radio Altimeter (RA) performance for various altitudes.
Radio Altimeter Performance Analysis
Aviation industry test data assessing RA susceptibility to in-band signals within 4200-4400 MHz and signals outside of the RA band show improved tolerance at lower heights relative to the thresholds in M.2059. One example of this test data is the aviation industry measurements performed by the Aerospace Vehicle Systems Institute (AVSI), a cooperative research environment that includes major aerospace companies and government organizations. These measurement data sets are publicly available (https://avsi.aero/afe76s2-report/). 	Comment by ASRI: #1
Drawing a conclusion about all RAs with limited data. Incorrectly associates the test data with protection criteria.  
Proposal: Rewrite, 
Aviation industry test data provides data for a limited set of radio altimeters under specific sets of test conditions providing information on performance in the presence of interference for the frequency ranges 4200 - 4400 MHz (RA IB) and 3700 - 3980 MHz (RA OOB)	Comment by CTIA: We disagree with the limited set of RAs; the RAs tested are the current RAs in production and flown by all five RA manufacturers; it is a wide representation.  Volume III also provides test results for center frequencies within 3000-5000 MHz.	Comment by ASRI: Wording much better, waiting on final agreed data presentation to confirm conclusions	Comment by ASRI: Wording may need to be more specific depending on conclusions / observations but ok for now as a placeholder
It should be noted that the performance depicted in Rec. ITU-R M.2059 was developed for a condition in which the receiver was operating in a thermal noise-limited environment.  By definition, if the receiver’s desired signal level is near thermal noise such that a 1 dB noise rise over thermal may impact the receiver’s performance, then this receiver is operating near the edge of its coverage range.  An RA operating at its maximum height limit above terrain would resemble this operating condition.  An RA operating at a lower height above terrain receives a much stronger desired signal level than the signal at the maximum height;[footnoteRef:6] in this operating condition, a 1 dB rise over thermal noise may not impact the receiver performance.  Comparing the aviation test data at a range of heights to the characteristics in Rec. ITU-R M.2059 may help identify whether corrections to M.2059 for lower heights are warranted.  	Comment by ASRI: #2
This statement is not true, the entirety of M.2059 was not developed ‘specific to the edge of coverage’
Proposal: delete	Comment by CTIA: Added explanatory text to address the concern.	Comment by ASRI: clarity is much better, this may only apply to desense but not other performance? Needs further discussion.	Comment by ASRI: Three criteria are provided in M.2059 and the thermal noise condition doesn’t apply to all of them. This needs further discussion	Comment by ASRI: Specific to FMCW edits made in footnote	Comment by Doug Hyslop: Good edit [6:  For example, the external loop loss incurred by the RA transmission of an FMCW signal at a height of 7,000 feet is 120 dB, versus a loop loss of 89 dB at 200 feet, a difference of 31 dB.  RTCA DO-155, Appendix B, Figure 4.] 


RA Receiver Susceptibility to In-band Signals Using Publicly Available Measurement Data
The aviation measurements of RA susceptibility to in-band signals, for the maximum test height versus performance at 200 feet, is shown in Table 1.[footnoteRef:7]  The performance at 200 ft was 14 to 40 dB better than at the maximum test height. .     	Comment by ASRI: You get the same deltas if you do or don’t include the factors which still need further discussion. For a self comparison delta the factors cancel out so not pressed if they are not included here but we still need to be consistent what we are calling a breakpoint.	Comment by Doug Hyslop: To be sure we understand, are you adding the 6 dB U&T etc. to M.2059 thresholds as well?  The M.2059 thresholds are theoretically derived, not test data?	Comment by ASRI: No, I’m only talking about these U&T, EE, BBtoITT, regarding AVSI data. Use of the word breakpoint here is fine, but ASRI doesn’t believe breakpoints are comparable to the 2059 protection criteria but ITT’s are	Comment by ASRI: #6
This statement cannot be drawn for all Radio altimeters and all heights, only a limited and discrete number of altitudes were tested and there were instances where performance worsened at lower altitudes.
Proposal: Delete	Comment by CTIA: Deleted. [7:  AVSI, AFE 76s2 Report Derivation of Radar Altimeter Interference Tolerance Masks Volume II: Spurious Test Results, Doc ID 76s2-REP-04, Dec. 2021, Tables 4-4 and 4-18.  The breakpoint, recorded in dBm/160 MHz in the tables, was converted to dBm/MHz by adding 22 dB (10*log(160) = 22 dB).  The factors AVSI added for backoff, temperature, unit-to-unit variation, and experimental error are not included.] 


Table 1: RA Receiver Performance in the Presence of In-band Signals is Better at Low Aircraft Altitude[footnoteRef:9] 	Comment by ASRI: #10
Conflates Receiver Overload with conditions in AVSI that are different.
Proposal: state what was tested and don’t conflate different elements.	Comment by CTIA: Yes, some sections were conflated, fixed.	Comment by ASRI: Footnote edited	Comment by Doug Hyslop: Partially accepting [9:  The table presents performance of RAs installed in larger single-aisle and wide-body commercial air transport airplanes. The RAs presented were considered in the recent multi-stakeholder coexistence study conducted by CEPT culminating in ECC Report 362. ] 

 [image: ]	Comment by ASRI: #11
Title is overload, table says desense, neither were tested in AVSI, table provides no additional information on how to calculate this information. Not traceable to footnote information.
Proposal: Resolve all issues to make information traceable and verifiable	Comment by CTIA: Streamlined and edited.
The Rec. ITU-R M.2059 receiver desensitization thresholds are shown in Table 2, derived from M.2059’s equation 5.

Table 2: RA Desensitization Threshold from M.2059	Comment by ASRI: Fine with this presentation, still need to clarify why FMCW chirp bandwidth was not accounted for	Comment by Doug Hyslop: Dialogue continuing with earlier comment
[image: ]

Figure 1 compares the AVSI 200 ft thresholds to the M.2059 receiver desensitization thresholds.  The test data was at least 36 dB better than the M.2059 thresholds.

Figure 1: AVSI UC1 In-band Comparison at 200 ft to M.2059 Desense Thresholds
[image: ]	Comment by ASRI: Ok with the presentation, could the models not be linked together with line though? It tries to show a relation that isn’t actually a trend	Comment by Doug Hyslop: Revised	Comment by ASRI: Thanks, should information on other altitudes be expressed too, it was included in the table 1 above

RA Receiver Susceptibility to Out-of-band Signals Using Publicly Available Measurement Data
The AVSI Volume I report provided RA susceptibility measurements to out-of-band, 100 MHz wide signals centered at 3750, 3850, and 3930 MHz.  The AVSI Volume III report provided RA manufacturer-provided measurements over a broader range of center frequencies from 3000 to 5000 MHz.  The worst breakpoint for the worst center frequency tested for each RA in both test reports is shown in Table 3, along with the range of center frequencies tested.
Table 3: AVSI Volume I and III RA Susceptibility to Out-of-band Signals[footnoteRef:11]	Comment by ASRI: Add a column (or multiple) for other altitudes, it is not clear when if at all this delta between 2059 and AVSI starts?

Concerns still remain on the factors.

For comparison purposes can all units be made the same? Either presented as dBm/MHz or dBm.

A note needs to be provided that the ME > 0.5% breakpoint is not considered/included in this table or a column needs to be included with the mean error. 	Comment by Doug Hyslop: Revised table with more information and simplified to dBm total channel power, edited footnote	Comment by ASRI: ARINC 707 or FAA TSO C87 cover many but not all RA installs, additionally airframers may require additional performance requirements. Cannot generalize that the ME criterion is invalid given its not in 2 requirements documents.
Proposal: End sentence at “… was not used in the table.” [11:  AVSI, AFE 76s2 Report Derivation of Radar Altimeter Interference Tolerance Masks Volume I: Introduction, Test Procedures, and Fundamental Test Results, Doc ID 76s2-REP-03, Dec. 2021.  AFE 76s2 Report Derivation of Radar Altimeter Interference Tolerance Masks Volume III: Manufacturer-Provided Test Results, AVSI, Doc ID 76s2-REP-05, Apr 2022.  A reported value of “NB” indicates the highest testable power level was insufficient to induce a failure criterion.  The criterion of mean +/- 0.5% error was not used in the table given lack of basis in ARINC 707 or FAA TSO C87.] 

[image: ]
Rec. ITU-R M.2059 provided a modest frequency dependent rejection factor, shown for the center frequencies above, in Table 4.
Table 4: Rec. ITU-R M.2059 Frequency Dependent Rejection
[image: ]
The M.2059 input power thresholds ranged from -55.6 to -26.1 dBm.  The AVSI out-of-band susceptibility measurements of commercial/transport RAs at low height above terrain exceeded the thresholds in M.2059 by wide margins.  At maximum height, the RA performance was near that of the best-performing RAs in M.2059.	Comment by ASRI: Input power thresholds were defined at 4200 and 4400 to compare accurately at different frequencies the FDR factor should also be accounted for.	Comment by Doug Hyslop: Added M.2059 FDR and text underneath describing the delta	Comment by ASRI: Generally happy with the edits, but I think the input power thresholds don’t change rather the front-end overload value changes. 

	Comment by ASRI: #13
Relative statement not clear?
Proposal: Provide more objective statistics, there is no information to understand what significantly different means, better/worse? 	Comment by CTIA: Deleted.



	Comment by ASRI: #16
Calculations between Annex 1 and 2 for M.2059 protection criteria are different. Verify the calculation and agree on an approach. 
Proposal: Use detailed equation in Annex 1 to calculate M.2059 protection criteria.

Table presentation seems to associate AVSI models to M.2059 models, this is not the case
Proposal: Clearly de-link the models from each document, they are not related.

See also comment #11	Comment by CTIA: Updated to address.
	Comment by ASRI: #17
Present data sets as a whole, comparing the best and worst sets causes confusion
Proposal: just present data sets as a whole and avoid best and worst comparisons	Comment by CTIA: Updated.













Based on publicly available data from aviation industry testing, more up-to-date measurements of altimeter performance are available and should be used in sharing and compatibility studies.[footnoteRef:16] [Finally, while some administrations have been implementing RA filters/retrofits to improve their RF blocking performance on categories of airplanes, those filters cannot be assumed to be installed on all aircraft and should only be modelled as part of a sensitivity analysis.[footnoteRef:17]]	Comment by ASRI: #23
The conclusions in the other regional groups clearly indicated the exclusions on the conditions of the results. i.e. this conclusion only applies to this very specific set of radio altimeters specifically at the tested altitudes under the conditions tested
Proposal: Clarify exclusion of conclusions, i.e. not applicable to all RAs	Comment by CTIA: We need to collaboratively find a way forward on addressing this issue, as each Annex should speak for itself.  Happy to work on text that clear explains the analysis completed here and what it was focused on. [16:  The recent multi-stakeholder coexistence study conducted by CEPT culminating in ECC Report 362, with robust aviation and wireless industry participation, relied on the publicly available AVSI data to derive the pass/fail thresholds.  The report did not rely on M.2059 guidance.]  [17:  The publicly available aviation data pre-dates all filter/retrofit programs.] 


	Comment by ASRI: #25
All above comments similarly apply to this section	Comment by CTIA: Deleted.
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F -16 -56 40
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RA Model

Max 

Altitude 

Tested

 Max 

Altitude 

Desense

Desense 

at 200 ft

Delta 

F 5000 ft -101 -67 34

L 5000 ft -88 -74 14

T 7000 ft -91 -62 29

X 5000 ft -98 -58 40

Y 5000 ft -101 -64 37
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AVSI 

Model

AVSI at 

200 ft

M.2059 

Five 

Worst

Delta 

X -58 -107 49

T -62 -108 46

Y -64 -109 45

F -67 -111 44

L -74 -117 43
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