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	SUMMARY

	Radio altimeter (RA) interference susceptibility characteristics are measured under Japanese Sub-6 mobile communications system frequency conditions. Japanese Sub-6 5G frequency bands are located between 3.7–4.1 and 4.5–4.6 GHz and on both sides of the RA band with the 100-MHz guard band. The in- and out-band electromagnetic interference susceptibility of the 12 RAs for large fixed-wing aircraft and the 8 RAs for the medium and small fixed-wing aircraft and the helicopters are evaluated. The measurement procedures and the interference criteria are fundamentally same as the those of described in the RTCA 5G Interference Assessment Report [1]. ARINC429 altitude output or the analog voltage output are obtained and evaluated. The out-band interference threshold values of the RAs for the large fixed-wing aircraft are −22 dBm at 200 ft, −29 dBm at 1000 ft, −37 dBm at more than 2000 ft. In addition, the out-band interference threshold values of the RAs for the medium and small fixed-wing aircraft and helicopters are −56 dBm at 200 ft, −66 dBm at 1000 ft, −77 dBm at 2000 ft.


1. INTRODUCTION

This paper briefly summarizes the radio altimeter (RA) interference susceptibility test results under Japanese Sub-6 5G mobile communications system conditions. The frequency band 3.7–4.1 GHz and 4.5–4.6 GHz are currently assigned for the 5G mobile system in Japan, but detailed interference tolerance characteristics are not enough reported in these frequency bands. The guard band is 100 MHz on both sides of the RA band, which is narrower than that of the United States and most other countries [2]-[4]. The purpose of the test is to clarify the difference in interference characteristics at the narrower guard band. First, RAs for the interference susceptibility test are described, whereupon the test procedures and measurement conditions are discussed. Finally, the threshold values and interference tolerance mask (ITM) are discussed based on the obtained results. 

2. DISCUSSION

3. Radio altimeter under measurement

Table I summarizes the RAs and loop loss parameters used for the test. There are 20 RAs in total, including 12 (five models) for the large fixed-wing aircraft and 8 (three models) for the medium and small fixed-wing aircraft and helicopters. The tested altimeter is described as (RA model)-(Parts number)-(Serial number). For instance, three different parts numbers, which includes B-1, B-2 and B-3, are examined for the RA model B. In addition, different serial numbers, B-2-1 and B-2-2, are tested for the RA parts number B-2. The ranging method of all RAs for the large fixed-wing aircraft are FMCW (frequency-modulated continuous-wave) modulation. RAs for the large fixed aircraft include Rockwell Collins LRA-700, LRA-900, Honeywell ALA-52A, ALA-52B, Thales ERT-550, which are typical RA models installed in large fixed-wing aircraft operated in Japan.

Regarding the RAs for the medium and small fixed-wing aircraft and helicopters, both FMCW and pulsed RAs are investigated. RAs for the medium and small fixed-wing aircraft and helicopters include Honeywell KRA-405B, RT-300 and Rockwell Collins ALT-55B.

Loop loss values are determined by the RTCA DO-155 Appendix B. (Antenna beam width: 60 degrees, antenna gain: 12). However, the altitude outputs of some RAs are not stable with nominal loop loss values, particularly in high-altitude regions. In this case, the loop loss values are reduced until a stable altitude output is obtained.  The loop loss values used for the test are shown in the actual section of Table I.

Table I. Radio altimeters and loop loss values

	Used aircraft
	Altimeter
	Modulation
	Maximum Altitude
	Loop loss (dB) actual/nominal for the test

	
	
	
	
	200 ft
	1000 ft
	2000 ft
	5000 ft
	7000 ft

	Large fixed-wing aircraft
	A-1
	FMCW
	5500 ft
	96/96
	110/110
	116/116
	124/124
	

	
	B-1-1
	FMCW
	5500 ft
	96/96
	110/110
	116/116
	124/124
	

	
	B-1-2
	FMCW
	5500 ft
	96/96
	110/110
	116/116
	124/124
	

	
	B-2-1
	FMCW
	5500 ft
	96/96
	110/110
	116/116
	124/124
	

	
	B-2-2
	FMCW
	5500 ft
	96/96
	110/110
	116/116
	124/124
	

	
	B-3
	FMCW
	5500 ft
	96/96
	110/110
	116/116
	124/124
	

	
	C-1
	FMCW
	2500 ft
	96/96
	110/110
	116/116
	
	

	
	C-2
	FMCW
	2500 ft
	96/96
	110/110
	116/116
	
	

	
	D-1
	FMCW
	5500 ft
	96/96
	110/110
	116/116
	124/124
	

	
	D-2
	FMCW
	7500 ft
	96/96
	110/110
	116/116
	124/124
	127/127

	
	E-1
	FMCW
	7500 ft
	96/96
	110/110
	116/116
	121/124
	120/127

	
	E-2
	FMCW
	7500 ft
	96/96
	110/110
	116/116
	121/124
	120/127

	Medium and small fixed wing aircraft/

helicopters
	F-1
	FMCW
	2500 ft
	96/96
	110/110
	116/116
	
	

	
	F-2
	FMCW
	2500 ft
	96/96
	110/110
	116/116
	
	

	
	G-1-1
	Pulse
	2500 ft
	97/97
	109/118
	112/123
	
	

	
	G-1-2
	Pulse
	2500 ft
	97/97
	111/118
	118/123
	
	

	
	G-2
	Pulse
	2500 ft
	97/97
	118/118
	123/123
	
	

	
	G-3
	Pulse
	2500 ft
	97/97
	110/118
	117/123
	
	

	
	G-4
	Pulse
	2500 ft
	97/97
	113/118
	120/123
	
	

	
	H-1
	FMCW
	2500 ft
	96/96
	110/110
	116/116
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Figure 1. Block diagram of the radio altimeter interference susceptibility test set-up.
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Figure 2. Overview of the radio altimeter interference susceptibility test set-up.

4. Measurement setup

Susceptibility to electromagnetic interference is evaluated based on the RTCA DO-155 test set-up [5]. Fig. 1 and 2 show a block diagram and an overview of the test set-up, respectively. The test system comprises the RA under the test, the fixed/step attenuators, the optical delay line (RFOptic ODL), the 3 dB hybrid and the dual-channel vector signal generator (Anritsu MG3710E). The transmitting signal of the RA altimeter is connected to the attenuator and delay line, while the transmitting RA signal is combined with the interference signal in the 3 dB hybrid. The mixed signal is then returned to the RA's receiving port. The altimeter's altitude output, which is the ARINC429 label 164/165 signal or the analog voltage, is monitored and recorded. The
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Figure 3. Frequency characteristics of the band-stop filter for the out-band test.

Table II. Test parameters

	Item
	Parameters

	Altitude (ft)
	200, 1000, 2000 or 5000 or 7000

	Interference signal
	AWGN (In-band)
5GNR signal NR-FR1-TM1.1 (Out-band)

	Interference signal bandwidth (MHz)
	200 (In-band)
100 (Out-band)

	Interference signal frequency (GHz)
	4.2−4.4 GHz (In-band)
3.8−3.9 GHz, 3.9−4.0 GHz, 4.0−4.1 GHz, 4.5−4.6 GHz 
(Out-band)

	Interference signal power
	−130 - −45 dBm/MHz (In-band)
−80 - −5 dBm (Out-band)

	Interference signal power sweep step
	10 dB for the initial sweep, 1 dB for the detailed sweep

	Interference signal injection time
	20 seconds on, 10 seconds off

	Band-stop filter for RA band
	× (In-band)
○ (Out-band)

	Interference criteria 
	Mean altitude error > 0.5 %  

CDF 1st percentile < −2 % or the CDF 99th percentile > +2 %. 

NCD


ARINC429 signal is monitored for almost all RAs except the G and H models. To obtain the analog voltage, the 24-bit vertical resolution digitizer is used (National Instruments NI-9229). Furthermore, the spectrum is monitored using a signal analyzer (Keysight technologies N9918B).

Table II shows the test parameters, with a test altitude of between 200, 1000 and 2000/5000/5000 ft. The test altitude is determined by the optical delay line and attenuators. The delay line generates the time delay. The external loop loss is calibrated between the RA transmitting and receiving ports at each test. There are two test modes. One is the in-band test, which evaluates the effect due to spurious emissions from the 5G system. In 
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Figure 4. Typical measured results for the out-band test.

(Mean error threshold: −23 dBm. CDF error threshold: −23 dBm, NCD: −12 dBm)

this case, the additive white Gaussian noise (AWGN) is assumed as the spurious signal. The bandwidth of the AWGN is 200 MHz, which covers all RA bands. Another is the out-band test, which evaluates the effect due to the in-band spurious signal from the signal. (NR-FR1-TM1.1) is employed as the interference signal. The 5GNR signal has a bandwidth of 100 MHz band signals. There are four parameters for the out-band interference signal frequency conditions; 3.8−3.9, 3.9−4.0, 4.0−4.1 and 4.5−4.6 GHz respectively, along with the Japanese 5G mobile system frequency allocations. The in-band interference signal power varies between −130 and −45 dBm/MHz. Furthermore, the out-of-band interference signal power varies between −80 and −5 dBm. The interference signal is an intermittent signal, with 20 seconds on and ten seconds off. The band-stop filter is used for the out-band test to eliminate the adjacent noise generated by the nonlinear characteristics of the vector signal generator. The frequency characteristics of the band-stop filter is shown in Fig. 3.
The interference criteria are the same as described in the RTCA 5G Interference Assessment Report [1] and AVSI AFE 76s2 Report Volume I [2] and II [3]. 

1. Mean error: the interference power at which the mean altitude error exceeds 0.5 %.

2. CDF (cumulative distribution function) error: where fewer than 98 % of all data points in the RF power-on interval fall within 2 %.

3. NCD: altitude output labeled with NCD.

Fig. 4 shows the example of RA altitude output data for the out-band test. The horizontal and vertical axes is the measured altitude/out-band signal power (dBm/MHz) and the data number, respectively. The interference signal power varies between around −33 and −7 dBm. As shown in the figure, the RA altitude output is affected as the interference signal power increases.

5. Measurement results

5.1.1 RAs for large fixed-wing aircraft

Table III shows the in-band test results of RAs for large fixed-wing aircraft. It is confirmed that the RAs with the same model number have similar interference susceptibility characteristics, even if the parts numbers are 

Table III. In-band test results of RAs for large fixed-wing aircraft 

(Unit: dBm/MHz)

	Altimeter

/Altitude
	200 ft
	1000 ft
	2000 ft
	5000 ft+

	
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD

	A-1
	N/B
	N/B
	-64
	-80
	-78
	-75
	-86
	-85
	-82
	-93
	-91
	-88

	B-1-1
	-56
	N/B
	N/B
	-78
	-76
	N/B
	
	
	
	-94
	-91
	-86

	B-1-2
	-59
	-58
	N/B
	-81
	-79
	-72
	-91
	-89
	-88
	-97
	-95
	-90

	B-2-1
	-56
	N/B
	N/B
	-78
	-76
	-65
	
	
	
	-93
	-91
	-85

	B-2-2
	-59
	-57
	N/B
	-79
	-78
	N/B
	-91
	-89
	-87
	-96
	-94
	-89

	B-3
	N/B
	N/B
	N/B
	-77
	-76
	N/B
	-88
	-86
	-84
	-94
	-91
	-86

	C-1
	-77
	-76
	N/B
	-93
	-90
	N/B
	-82
	-80
	N/B
	
	
	

	C-2
	-78
	-76
	N/B
	-97
	-93
	N/B
	-95
	-90
	N/B
	
	
	

	D-1
	-61
	-61
	N/B
	-69
	-68
	-62
	-74
	74
	-68
	-84
	-83
	-74

	D-2
	-61
	-61
	N/B
	-68
	-66
	-63
	-73
	-72
	-69
	-82
-84
	-80
-83
	-75
-77

	E-1
	-62
	-62
	-52
	-75
	-75
	-72
	-81
	-81
	-76
	-88
-87
	-84
-83
	-87
-81

	E-2
	-65
	-65
	N/B
	-78
	-78
	N/B
	-84
	-83
	N/B
	-90
-89
	-86
-86
	-83
-85

	ITM
	-84
	-103
	-101
	-103 (5000 ft), -95 (7000 ft)

	ITM described in RTCA report

Category 1
	-80
	-85
	
	-107 (5000 ft), -97 (7000 ft)


* RA B-1-1 and B-2-1 are not measured at 2000 ft due to the time limitation.

* The results of RA D-2 and E more than 5000 ft includes both 5000 and 7000 ft (top and bottom rows).

differ. The ITM values are derived from all the measured results. The ITM is –6 dB from the breaking point, taking uncertainties into account. By comparing the obtained ITM with the ITM descried in the RTCA report Category 1, close values are obtained at 200 ft and more than 5000 ft. Conversely, the difference is 18 dB at 1000 ft. This is because the RA C results determine the ITM at 2000 ft and RA C may not be included in the RTCA report.

Tables IV, V, VI and VII show the out-band test results of RAs for large fixed-wing aircraft at 200, 1000, 2000 and more than 5000 ft, respectively. The interference susceptibility characteristics differ depending on the RA models, but the same part number has similar characteristics. RA D-1 and D-2 have differing maximum altitudes, even if they are the same RA model. By comparing the ITM obtained with that described in the RTCA report Category 1 at the center frequencies of 3.85 and 3.95GHz (3.93 GHz), the difference peaks at 7 dB at less than 5000 ft. The measured ITM is generally lower than those of the RTCA report, however, those value are very close. At 7000 ft, the difference peaks at 27 dB, but this may be due to the RA selection for the test. 

In addition, regarding the way the ITM difference depends on the guard band, the 100-MHz guard band results show a maximum 2 dB less than those of the 200 MHz guard band results. Although the difference is currently small, the difference after the modification to improve electromagnetic interference susceptibility going forward is implemented must be monitored. This is because the cut-off characteristics of the RF front-end filter are not the same at guard bands of 100 MHz and more than 200 MHz.

Table IV. Out-band test results of RAs for large fixed-wing aircraft at 200 ft

 (Unit: dBm)

	Altimeter

/Altitude
	Center Frequency:

3.85 GHz
	Center Frequency:

3.95 GHz
	Center Frequency:

4.05 GHz
	Center Frequency:

4.55 GHz

	
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD

	A-1
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	-16
	-16
	N/B

	B-1-1
	-11
	-10
	N/B
	-17
	-16
	N/B
	-17
	-16
	N/B
	-13
	-12
	N/B

	B-1-2
	N/B
	N/B
	N/B
	-9
	N/B
	N/B
	-14
	-13
	N/B
	-18
	-17
	N/B

	B-2-1
	-14
	-13
	N/B
	-18
	-17
	N/B
	-18
	-17
	N/B
	-15
	-13
	N/B

	B-2-2
	-12
	-11
	N/B
	-19
	-18
	N/B
	-19
	-18
	N/B
	-14
	-12
	N/B

	B-3
	-16
	-15
	N/B
	-18
	-17
	N/B
	-19
	-18
	N/B
	-9
	N/B
	N/B

	C-1
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	-14
	-13
	N/B
	-12
	N/B
	N/B

	C-2
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	-12
	N/B
	N/B
	N/B
	N/B
	N/B

	D-1
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B

	D-2
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	-5
	-5
	-5

	E-1
	-19
	-17
	-12
	-20
	-19
	-14
	-18
	-16
	-13
	-10
	-8
	-6

	E-2
	-22
	-20
	-13
	-22
	-20
	-17
	-22
	-21
	-17
	-17
	-17
	-14

	ITM
	-28
	-28
	-28
	-24

	ITM described in RTCA report

Category 1
	-21
	-22 (Center frequency:3.93 GHz)
	
	


Table V. Out-band test results of RAs for large fixed-wing aircraft at 1000 ft

 (Unit: dBm)

	Altimeter

/Altitude
	Center Frequency:

3.85 GHz
	Center Frequency:

3.95 GHz
	Center Frequency:

4.05 GHz
	Center Frequency:

4.55 GHz

	
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD

	A-1
	N/B
	N/B
	N/B
	-10
	-9
	N/B
	-13
	-11
	N/B
	-23
	-23
	-17

	B-1-1
	-15
	-14
	N/B
	-22
	-20
	N/B
	-21
	-20
	N/B
	-18
	-16
	N/B

	B-1-2
	N/B
	N/B
	N/B
	-13
	-12
	N/B
	-18
	-17
	N/B
	-22
	-21
	-11

	B-2-1
	-18
	-17
	N/B
	-22
	-21
	N/B
	-22
	-21
	N/B
	-18
	-15
	N/B

	B-2-2
	-16
	-15
	N/B
	-23
	-22
	-10.9
	-23
	-23
	-12
	-19
	-16
	N/B

	B-3
	-20
	-18
	N/B
	-22
	-21
	N/B
	-23
	-21
	N/B
	-12
	-11
	N/B

	C-1
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	-15
	-13
	N/B
	-15
	-12
	N/B

	C-2
	N/B
	N/B
	N/B
	-15
	-12
	N/B
	-18
	-14
	N/B
	-15
	-13
	N/B

	D-1
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	-16
	N/B
	N/B
	N/B

	D-2
	N/B
	N/B
	N/B
	-8
	N/B
	-8
	N/B
	N/B
	-18
	N/B
	N/B
	-5

	E-1
	-25
	-23
	-20
	-28
	-26
	-24
	-25
	-23
	-21
	-15
	-13
	-11

	E-2
	-28
	-25
	-23
	-28
	-26
	-25
	-29
	-28
	-26
	-24
	-23
	-22

	ITM
	-34
	-34
	-35
	-30

	ITM described in RTCA report

Category 1
	-27
	-30 (Center frequency:3.93 GHz)
	
	


Table VI. Out-band test results of RAs for large fixed-wing aircraft at 2000 ft

 (Unit: dBm)

	Altimeter

/Altitude
	Center Frequency:

3.85 GHz
	Center Frequency:

3.95 GHz
	Center Frequency:

4.05 GHz
	Center Frequency:

4.55 GHz

	
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD

	A-1
	N/B
	N/B
	N/B
	-13
	-11
	N/B
	-16
	-13
	-9
	-31
	-31
	-31

	B-1-1
	
	
	
	
	
	
	
	
	
	
	
	

	B-1-2
	-9
	N/B
	N/B
	-17
	-14
	-10
	-22
	-20
	-16
	-26
	-24
	-20

	B-2-1
	
	
	
	
	
	
	
	
	
	
	
	

	B-2-2
	-20
	-18
	-14
	-27
	-25
	-20
	-27
	-25
	-21
	-20
	-18
	-11

	B-3
	24
	-21
	-17
	-26
	-24
	-20
	-27
	-25
	-20
	-16
	-14
	-11

	C-1
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	-16
	N/B
	N/B
	-15
	-12
	N/B

	C-2
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	-12
	N/B
	N/B
	N/B
	N/B
	N/B

	D-1
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	N/B
	-18
	N/B
	N/B
	N/B

	D-2
	N/B
	N/B
	N/B
	-12
	-11
	-12
	-21
	-20
	-21
	N/B
	N/B
	-9

	E-1
	-29
	-27
	-22
	-30
	-28
	-26
	-28
	-26
	-23
	-17
	-16
	-13

	E-2
	-31
	-29
	-26
	-31
	-30
	-27
	-32
	-31
	-29
	-27
	-26
	-25

	ITM
	-37
	-37
	-38
	-37

	ITM described in RTCA report

Category 1
	
	
	
	


* RA B-1-1 and B-2-1 are not measured at 2000 ft due to the time limitation.

Table VII. Out-band test results of RAs for large fixed-wing aircraft at more than 5000 ft

 (Unit: dBm)

	Altimeter

/Altitude
	Center Frequency:

3.85 GHz
	Center Frequency:

3.95 GHz
	Center Frequency:

4.05 GHz
	Center Frequency:

4.55 GHz

	
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD

	A-1
	-8
	N/B
	N/B
	-15
	-12
	-9
	-18
	-15
	-12
	-30
	-26
	-23

	B-1-1
	-21
	-18
	-13
	-27
	-24
	-19
	-27
	-24
	-19
	-23
	-20
	-13

	B-1-2
	-11
	-8
	N/B
	-19
	-15
	-10
	-24
	-21
	-16
	-28
	-24
	-20

	B-2-1
	-24
	-20
	-16
	-28
	-24
	-20
	-27
	-24
	-19
	-22
	-20
	N/B

	B-2-2
	-22
	-18
	-14
	-28
	-25
	-21
	-29
	-25
	-21
	-22
	-20
	-10

	B-3
	-25
	-22
	-18
	-28
	-25
	-20
	-29
	-25
	-20
	-18
	-16
	N/B

	C-1
	
	
	
	
	
	
	
	
	
	
	
	

	C-2
	
	
	
	
	
	
	
	
	
	
	
	

	D-1
	N/B
	N/B
	N/B
	N/B
	N/B
	-12
	-24
	N/B
	-24
	N/B
	N/B
	N/B

	D-2
	-5
-6
	N/B
N/B
	-5
-6
	-17
-18
	N/B
N/B
	-17
-18
	-25
-26
	N/B
N/B
	-25
-26
	N/B
N/B
	N/B
N/B
	-14
-15

	E-1
	-32
-32
	-30
-29
	-26
-28
	-34
-33
	-32
-31
	-29
-31
	-31
-31
	-29
-28
	-27
-28
	-20
-20
	-18
-18
	-17
-17

	E-2
	-35
-34
	-32
-32
	-30
-32
	-35
-34
	-32
-31
	-30
-29
	-37
-36
	-34
-33
	-31
-32
	-31
-30
	-28
-28
	-26
-26

	ITM
	-41 (5000 ft), -40 (7000 ft)
	-41 (5000 ft), -40 (7000 ft)
	-43 (5000 ft), -42 (7000 ft)
	-37(5000 ft), -36(7000 ft)

	ITM described in RTCA report

Category 1
	-34 (5000 ft), -13 (7000 ft)
	-36 (5000 ft), -20 (7000 ft) (Center frequency:3.93 GHz)
	
	


* The results of RA D-2 and E more than 5000 ft includes both 5000 and 7000 ft (top and bottom rows).

5.1.2 RAs for medium and small fixed-wing aircraft and helicopters

Table VIII shows the in-band test results of RAs for medium and small fixed-wing aircraft and helicopters. By comparing the ITM obtained with the ITM described in the RTCA report Categories 2 and 3, the differences are 17 dB at 200 ft, 4 dB at 1000 ft, 2 dB at 2000 ft. The in-band test in the RTCA report has the own ship VCOs, but the difference is less than 4 dB at more than 1000 ft.

Tables IX, X and XI show the out-band test results of RAs for medium and small fixed-wing aircraft and helicopters at 200, 1000 and 2000 ft, respectively. Since RA G is tested with slightly different loop loss values of more than 1000 ft, this may lead to variation in threshold values. RA G-2, which tests with nominal loop loss values, was most affected at 1000 and 2000 ft. By comparing the obtained ITM with the ITM descried in the RTCA report Categories 2 and 3 at the center frequencies of 3.85 and 3.95GHz (3.93 GHz), the difference peaks at 7 dB. 

Regarding the dependence of the ITM difference on the guard band, the 100-MHz guard band results show 9 dB less than those of the 200-MHz guard band results at 200 ft. In addition, ITM difference at 1000 and 2000 ft are 13 and 7 dB, respectively. The interference signal with a lower-100-MHz guard band is more sensitive than the higher-100-MHz guard band. It is confirmed that the difference in interference susceptibility characteristics depending on the frequency of the RAs for medium and small fixed-wing aircraft and helicopters exceeds those for large fixed-wing aircraft. When an external filter is added to these RAs to improve the interference characteristics in future, the amount of improvement when the guard band is 100 MHz must be considered.

Table VIII. In-band test results of Ras for medium and small fixed-wing aircraft and helicopters.

 (Unit: dBm/MHz)

	Altimeter

/Altitude
	200 ft
	1000 ft
	2000 ft

	
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD

	F-1
	-83
	-83
	-74
	-89
	-88
	-76
	-91
	-87
	-82

	F-2
	-89
	-89
	-73
	-89
	-88
	-75
	-90
	-89
	-80

	G-1-1
	-88
	-81
	
	-101
	-98
	
	-106
	-105
	

	G-1-2
	-87
	-80
	
	-90
	-90
	
	-102
	-102
	

	G-2
	-84
	-77
	
	-99
	-98
	
	-106
	-104
	

	G-3
	-82
	-80
	
	-92
	-92
	
	-103
	-103
	

	G-4
	-81
	-74
	
	-95
	-94
	
	-106
	-106
	

	H-1
	-70
	-69
	
	-82
	-79
	
	-85
	-81
	

	ITM
	-95
	-107
	-112

	ITM described in RTCA report

Category 2, 3
	-112
	-103
	-119


* NCD is not evaluated for RA G and H.

Table IX. Out-band test results of RAs for medium and small fixed-wing aircraft and helicopters at 200 ft. (Unit: dBm)

	Altimeter

/Altitude
	Center Frequency:

3.85 GHz
	Center Frequency:

3.95 GHz
	Center Frequency:

4.05 GHz
	Center Frequency:

4.55 GHz

	
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD

	F-1
	-30
	-30
	N/B
	-28
	-28
	N/B
	-29
	-30
	N/B
	-26
	-26
	N/B

	F-2
	-29
	-28
	N/B
	-28
	-28
	N/B
	-30
	-30
	N/B
	-25
	-25
	N/B

	G-1-1
	-18
	-15
	
	-31
	N/B
	
	-46
	-43
	
	-30
	-27
	

	G-1-2
	-44
	-42
	
	-47
	-44
	
	-56
	-52
	
	-32
	-30
	

	G-2
	-34
	-38
	
	-43
	-37
	
	-52
	-46
	
	-37
	-22
	

	G-3
	-39
	-33
	
	-45
	-40
	
	-55
	-50
	
	-36
	-32
	

	G-4
	-38
	-35
	
	-47
	-43
	
	-55
	-51
	
	-47
	-43
	

	H-1
	N/B
	N/B
	
	N/B
	N/B
	
	N/B
	N/B
	
	-7
	N/B
	

	ITM
	-50
	-53
	-62
	-53

	ITM described in RTCA report

Category 2, 3
	-56
	-48(Center frequency:3.93 GHz)
	
	


* NCD is not evaluated for RA G and H.

Table X. Out-band test results of RAs for medium and small fixed-wing aircraft and helicopters at 1000 ft.

 (Unit: dBm)

	Altimeter

/Altitude
	Center Frequency:

3.85 GHz
	Center Frequency:

3.95 GHz
	Center Frequency:

4.05 GHz
	Center Frequency:

4.55 GHz

	
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD

	F-1
	-30
	-22
	N/B
	-28
	-23
	N/B
	-29
	-28
	N/B
	-27
	-25
	N/B

	F-2
	-29
	-23
	N/B
	-30
	-25
	N/B
	-31
	-29
	N/B
	-26
	-25
	N/B

	G-1-1
	-27
	-25
	
	-41
	-40
	
	-58
	-57
	
	-40
	-39
	

	G-1-2
	-48
	-44
	
	-52
	-48
	
	-64
	-59
	
	-38
	-33
	

	G-2
	-39
	-20
	
	-53
	-24
	
	-66
	-23
	
	-45
	-26
	

	G-3
	-39
	-37
	
	-47
	-35
	
	-58
	-49
	
	-36
	-28
	

	G-4
	-39
	-38
	
	-52
	-48
	
	-62
	59
	
	-50
	-47
	

	H-1
	N/B
	N/B
	
	N/B
	N/B
	
	N/B
	N/B
	
	-10
	-10
	

	ITM
	-54
	-59
	-72
	-56

	ITM described in RTCA report

Category 2, 3
	-52
	-56(Center frequency:3.93 GHz)
	
	


* NCD is not evaluated for RA G and H.

Table XI. Out-band test results of Ras for medium and small fixed-wing aircraft and helicopters at 2000 ft 

(Unit: dBm)

	Altimeter

/Altitude
	Center Frequency:

3.85 GHz
	Center Frequency:

3.95 GHz
	Center Frequency:

4.05 GHz
	Center Frequency:

4.55 GHz

	
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD
	Mean Error
	CDF

Error
	NCD

	F-1
	-29
	-28
	N/B
	-28
	-26
	N/B
	-29
	-28
	N/B
	-26
	-25
	-9

	F-2
	-28
	-27
	N/B
	-29
	-28
	N/B
	-30
	-29
	N/B
	-25
	-24
	-9

	G-1-1
	-28
	-27
	
	-47
	-46
	
	-64
	-63
	
	-45
	-44
	

	G-1-2
	-51
	-51
	
	-56
	-55
	
	-68
	-67
	
	-40
	-39
	

	G-2
	-50
	-49
	
	-66
	-66
	
	-77
	-76
	
	-60
	-60
	

	G-3
	-50
	-50
	
	-43
	-43
	
	-60
	-60
	
	-53
	-52
	

	G-4
	-46
	-46
	
	-70
	-65
	
	-66
	-66
	
	-69
	-65
	

	H-1
	N/B
	N/B
	
	N/B
	N/B
	
	N/B
	N/B
	
	-13
	-10
	

	ITM
	-57
	-76
	-83
	-75

	ITM described in RTCA report

Category 2, 3
	-61
	-69(Center frequency:3.93 GHz)
	
	


* NCD is not evaluated for RA G and H.

6. CONCLUSION

RA interference susceptibility characteristics are evaluated under Japanese Sub-6 5G mobile communications system conditions. The out-band interference threshold values of the RAs for the large fixed-wing aircraft are −22, −29 and −37 dBm at 200, 1000 and more than 2000 ft respectively. In addition, the out-band interference threshold values of the RAs for medium and small fixed-wing aircraft and helicopters are −56,  −66 and −77 dBm at 200, 1000 and 2000 ft respectively. The ITMs obtained resemble those described in the RTCA report at a guard band of more than 200 MHz. The differences at the 100-MHz guard band are 2 dB with RAs for large fixed-wing aircraft, but more than 10 dB with RAs for medium and small fixed-wing aircraft and helicopters. These results will be used to investigate the spectrum-sharing condition between RA and 5G mobile systems in Japan.
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