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[bookmark: dbreak]Introduction and Proposal

	[bookmark: drec]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 Recommendation was developed to support characteristics necessary to support WRC-15 agenda item 1.15 that considered regulatory actions to support Wireless Avionics Intra-Communications (or WAIC).  Over the last several meetings, Working Party 5B has been studying how measured radio altimeter data compares to that in Recommendation ITU-R M.2059. 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 Recommendation ITU-R M. 2059, some radio altimeter data has been published, and it is useful to compare characteristics within Recommendation ITU-R M.2059 with this data. In this contribution, the United States provides feedback on the analysis submitted to the prior meeting (see 5B/516).  The United States supports Working Party 5B’s ongoing studies on this topic, which will help provide the technical justification for a update to Recommendation ITU-R M.2059 in a future meeting of Working Party 5B.
Discussion
Contribution 5B/516 compared Rec. ITU-R M.2059 radio altimeter (RA) performance information against the measured data provided in the AVSI reports and drew conclusions regarding the improvement of RA performance at lower heights above ground.  One of the difficulties in comparing measurements to the theoretical figures contained in the Recommendation is due the fact that RAs in operation experience intra-system interference that affect the receiver sensitivity relative to the thermal noise considerations of Rec. ITU-R M.2059.  Thus, a separate correction must be made to M.2059 thresholds to account for intra-system interference.

Rec. ITU-R M.2059 Theoretical Thresholds.
Rec. ITU-R M.2059 defined RA performance based on the receiver’s behavior when limited only by thermal noise and the receiver’s internal noise figure.  In operation, the RA is exposed to self-interference from several sources.  By ignoring these other intra-system effects, Rec. ITU-R M.2059 arrives at an artificially defined receiver performance that would not exist in actual equipment operation.  
Sources of RA Self-interference
An RA in operation is exposed to up to four sources of intra-system interference.
· Transmitter/receiver isolation within the RA.
If the RA transmitter component is not properly shielded within the RA housing, then leakage of fundamental and unwanted emissions may directly impact the RA receiver.[footnoteRef:1]  These emissions would contribute to receiver desensitization and receiver overload at all heights, and measurements would differ from the Rec. ITU-R M.2059 thresholds at the RA operational height. [1:  https://learnemc.com/practical-em-shielding ] 

· Imperfect isolation between the RA transmitting and receiving antennas.
Most RA manufacturers provide antenna isolation guidance in the RA installation manual, requiring a minimum separation distance between the transmitting and receiving antennas to reduce the coupled interference into the receiver.  For example, ARINC 707 provides guidance that isolation of at least 75 dB should be provided between the transmitting and receiving antennas for single RA installations.[footnoteRef:2]   [2:  ARINC Characteristic 707-7, Radio Altimeter, April 6, 2009, Section 2.13, at 11.] 

· Multiple RA installations on aircraft.
Aircraft with two or three RAs installed for redundancy will have multiple co-located transmitters and receivers.  For example, ARINC 707 notes a reduced antenna transmit-receive isolation of 60 dB for multi-RA installations.[footnoteRef:3] [3:  Ibid, at 11.] 

· Worst Case Landing Scenario (WCLS).  
Airplanes on an airport taxiway or parked on the apron are equipped with RAs that operate continuously when the aircraft has power applied.  AVSI assessed the potential for interference from RAs at airports and termed this scenario the WCLS.  The AVSI measurement conditions for the UC2 measurements at 200 feet included signals emulating the RA interference from many airplanes at an airport.  When interpreting the AVSI measured results, this WCLS definition must be considered, and UC2 measurements at 200 feet should only be applied to coexistence scenarios where the victim airplane is located within close physical proximity of the many airplanes on the taxiway and apron.  When the victim airplane is farther from the airport taxiway, the interference contributions from the airplanes on the ground become much weaker, and the UC3 measurements should be employed instead.  Therefore, the UC2 200 ft data only applies to airplanes that are physically close to the airplanes on the taxiway and apron.[footnoteRef:4] [4:  AFE76s2 Report: Derivation of Radar Altimeter Interference Tolerance Masks Volume I: Introduction, Test Procedures, and Fundamental Test Results, 6 December 2021, Issue 1.0, Document ID: 76S2-REP-03, section 2.1.3.1 at 2-7.] 

AVSI Testing Included Partial Self-interference
The AVSI test setup simulated three of the four self-interference sources, excluding the self-interference between the transmit and receive antennas for the same RA.[footnoteRef:5]  Excluding this source of self-interference would make the laboratory test results somewhat better than what would be expected in an actual installation.   [5:  Ibid, section 2.1, Figure 2-1, at 2-1.  The figure does not show a coupled, attenuated path from the RA’s transmit port to the receive port to reflect the RA’s transmit/receive antenna isolation.  ] 

Frequency Modulated Continuous Wave (FMCW) RAs were subjected to the three remaining sources of interference at the 200 ft operating height for UC1 and UC2 measurements.  Measurements at 200 ft were repeated for Models A, I, S and V RAs without the WCLS interference to model RA performance when away from the airport; these measurements were termed UC3.  Model I was the only single RA installation and did not include other RA interference on the same aircraft.[footnoteRef:6]  Model V was the only pulsed RA tested; per AVSI, the on-board interference from a second RA was not simulated because the waveform was not expected to experience performance impacts from self-interference.[footnoteRef:7] [6:  Ibid, Table 2-1 at 2-2.]  [7:  Ibid, at 2-3.] 

Self-Interference Impacts Receiver Performance.
This section focuses on the FMCW RAs as the predominant RA in the AVSI data set.  The Rec. ITU-R M.2059 receiver noise floor for the FMCW RAs, calculated within a 1 MHz bandwidth, is shown in Figure 1.  Representative bandwidths are used for simple comparison to test data, given the unknown specifications of the RAs tested by AVSI.
Figure 1: M.2059 FMCW Receiver Noise Floor
[image: ]
The receiver noise floor varies from -110 to -114 dBm/MHz depending on the assumed noise figure.  No intra-system interference is considered in the calculations.
The AVSI test setup included intra-system interference from other RAs installed on the same airplane, simulated using voltage-controlled oscillators.  The exact power level injected into the RA receiver is not provided in the test report.  Based on FCC certification tests of RAs in production in the United States, a typical unwanted emissions level within the RA band appears to be -26 dBm/MHz.  Figure 2 provides the estimated receiver noise plus interference level for an FMCW RA under test conditions like those in the AVSI reports – reflecting intra-system interference from two other RAs on the same airplane, and intra-chassis interference, but ignoring the transmit/receive antenna isolation for the unit under test.  
Figure 2: Estimated AVSI FMCW Receiver N+I Levels
[image: ]
In testing, the RA models F, L, T, X and Y exhibited breakpoints ranging from -88 to -101 dBm/MHz, ranging from 3.7 to 7 dB higher than Figure 2.  This delta relative to the Figure 2 estimate is likely attributed to differences in the applied transmit/receive isolation in the AVSI test setup per RA; differences in internal shielding of components within the RA, increasing self-noise in some models during testing not reflected above; and the unknown VCO power level that AVSI injected into the RA receiver under test to simulate the other two RAs onboard the airplane.  Higher levels of intra-system interference in operation would raise the breakpoint due to external interference.
Figure 2 is informative of the impact of RA intra-system interference on receiver performance.  Comparing the Rec. ITU-R M.2059 theoretical RA performance to the AVSI measurements at the maximum height tested showed deltas ranging from 9 to 26 dB, as shown in Figure 3.  The RA test data demonstrates that the theoretical, thermal-noise-limited thresholds in M.2059 are not reflective of the RA operational environment; intra-system interference impacts RA receiver performance.

Figure 3: M.2059 and AVSI UC1 Comparison
[image: ]
The derivation of IRI from test data should consider the operational height performance of the RA under test; an RA with considerable self-impairment will show a lesser relative improvement at lower heights than an RA that is more resilient to intra-system interference.  This reflects its greater impairment when operating at the operational height limit.  However, the impaired RA will show a similar overall improvement, at 200 ft, relative to the theoretical Rec. ITU-R M.2059 RA performance, as shown in Figure 4.
Figure 4: RA Performance Improvement at Low Heights versus M.2059
[image: ]
Model L showed the lowest improvement at 200 ft test height relative to its maximum height, of 14 dB.  However, when compared to the best Rec. ITU-R M.2059 threshold, Model L performed 36 dB better – a considerable improvement.  Model L’s performance at maximum height was impaired by self-interference, but the stronger desired signal at 200 ft provided a considerable improvement relative to the Rec. ITU-R M.2059 noise-limited thresholds.
General Aviation RAs Show Similar Results
Figure 5 provides a comparison of the maximum and minimum height measurements for the GA RAs away from the airport taxiway (UC3 at 200 ft).  The figure confirms a similar impact from intra-system interference that is not reflected in the M.2059 theoretical thresholds.  
Figure 5: General Aviation RA Comparison to Rec. ITU-R M.2059
[image: ]

Conclusions
The Rec. ITU-R M.2059 receiver thresholds do not reflect the realistic intra-system interference impacts present in RA operations onboard aircraft.  Thus, to improve the applicability of Rec. ITU-R M.2059 thresholds for use in sharing and compatibility studies, the recommendation would need to be updated to correct for the impacts of both intra-system interference and the improvement seen at lower heights given the increased desired signal strength.  
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M.2059 

RA Model

Receiver 

Noise Floor 

(dBm/MHz) RA Model

Max BP 

(dBm/MHz)

A1 -110 F -101

A2 -114 L -88

A3 -114 T -91

D1 -112 X -98

D2 -111 Y -101

D3 -112
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RA Model

Max Height BP 

(dBm/MHz)

BP at 200 ft 

(dBm/MHz)

Delta from Max 

Height (dB)

Delta from Best 

M.2059

F -101 -67 34 43

L -88 -74 14 36

T -91 -62 29 48

X -98 -58 40 52

Y -101 -64 37 46
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RA Model RA Type

Max Height BP 

(dBm/MHz)

BP at 200 ft 

(dBm/MHz)

Delta from Max 

Height (dB)

Delta from 

Best M.2059

A FMCW -83 -65 18 45

I FMCW -91 -90 1 20

S FMCW -86 -65 21 45

V Pulsed -113 -84 29 26
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M.2059 

RA Model

Noise Figure 

(dB)

Receiver 

Noise Floor 

(dBm/MHz)

A1 10 -110

A2 6 -114

A3 6 -114

D1 8 -112

D2 9 -111

D3 8 to 12 -112
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Parameter

Thermal Noise 

(M.2059)

Triple Install 

Upper Bound

Triple Install 

Lower Bound Units Calculations

Thermal Noise -114 -114 -114 dBm/MHza

Noise Figure 6 6 6 dB b

Other RA emissions N/A -26 -26 dBm/MHzc

# Other RAs 0 2 2 number d

Tx Cable Loss N/A 3 3 dB e

Tx-Rx Ant Isolation N/A 60 70 dB f

Rx cable loss N/A 3 3 dB g

Other RA Noise N/A -89 -99 dBm/MHzh = c + 20*log(d) - e - f - g

Rx I+N -108 -89 -98.5 dBm/MHzi = 10*log((10^(a+b)/10) + 10^(h/10))

1 dB noise rise -107 -88 -97.5 dBm/MHzj = 10*log((10^(i/10) + 10^(k/10))

Breakpoint -114 -95 -104.5 dBm/MHzk = i - 6


