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	SUMMARY

	We are conducting the study or the demonstration to promote the exploitation of AeroMACS system in Japan. We also have been evaluating the degradation caused by the interference among various radio services in 5GHz Band. 
This paper describes the degradation characteristics of AeroMACS interfered from various modulated interference signals. Measurement results indicate the mitigation criteria to protect AeroMACS channel. These results facilitate to establish the standardization of mitigation criteria in 5 GHz band


1. INTRODUCTION

1.1 We are investigating the compatibility among various radio systems related to the aeronautical radio systems. 5 GHz band is especially focused on the application for future aeronautical communications. An AeroMACS system is the new aeronautical mobile communication systems to increase the communication throughput using WiMAX technologies[1]. We have been studied the availability of the system in Sendai airport [2] and demonstrate the performance of the system in Haneda airport in Japan [3].
1.2 We also conducted the interference study in 5 GHz band for frequency allocation without any harmful interference among the various services[4-7]. The frequency allocation in 5 GHz band is expressed as Table 1. Some aeronautical radio services such as AeroMACS or CNPC Link are expected to launch near future. On the other hands, several existing domestic services have to be considered not to cause the interference among them. An allocation for Wireless Access Services (WAS) was expired in 2017 in Japan. However, some new wireless system with Wi-Fi technologies were under discussion for usage above 5015 MHz.
Table 1 Frequency Allocation from 5000 to 5150 MHz
	Frequency (MHz)
	Purpose
	Radio service

	5000-5010
	Aeronautical Mobile-Satellite (R)

Aeronautical Radionavigations

Radionavigation-satellite (Earth to Space) 
	Feeder link for satellite

AeroMACS in US

	5010-5030
	Aeronautical Mobile-Satellite (R)

Aeronautical Radionavigation

Radionavigation-Satellite (Space to Earth)
	Feeder link for satellite

AeroMACS in US

	5030-5091
	Aeronautical Mobile (R)

Aeronautical Mobile-Satellite (R)

Aeronautical Radionavigation
	Microwave Landing System (MLS)
Wireless Access System (WAS) in Japan (until 2017)
AeroMACS
CNPC Link for UAS

	5091-5150
	Aeronautical Mobile
Aeronautical Mobile-Satellite (R)

Aeronautical Radionavigation
	MLS
AMT
AeroMACS


1.3 Under these conditions, we are evaluating the degraded performance of AeroMACS suffered from the various interference signal.  This paper describes the communication performance of AeroMACS with various interference scenarios.
2. DEGRADATION MEASUREMENTS OF AEROMACS CAUSED BY INTERFERENCE
2.1 To evaluate the degradation of AeroMACS caused by the interference, we measured the throughput of communications. Desired AeroMACS signals were observed by AeroMACS Mobile Station with Undesired Signal with various modulation and frequency offsets.

2.2 The Desired/Undesired signal ratio (D/U ratio) was adjusted to obtain the throughput degradation in case of low D/U ratio. The characteristics of throughput were also influenced by the desired signal level. The better throughput was obtained if the desired signal was enough to strong to decode the data. The degradation occurred if the undesired signal level was exceeding to the threshold level not to receive any degradations.
2.3 An Example of the behavior of AeroMACS system with interference is shown in Figure 1. The throughput was measured in the application layer of the system. Without any interference or with higher D/U ratio, we can obtain the typical throughput values according to the received desired signal level. According to the strength of undesired signals, the throughput of AeroMACS is degraded by the harmful interference. 
2.4 Minimum desired signal level indicates the lowest signal level when the system can stably communicate without interference signal. The throughput of AeroMACS in case of the minimum desired signal level is not affected by the interference signal from 15 dB or higher D/U radio. In this result, the maximum acceptable interference level of AeroMACS MS without any degradation is calculated as less than -108 dBm/channel[5].   
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Figure 1 Degradation of AeroMACS expressed by the relationship between throughput and D/U ratio
2.5 Measured results are shown in previous papers [4-7] or the appendix of this papers. The measurement data might contains 2-3 dB of uncertainty due to the accuracy of the attenuators, or difference of sensitivity among the AeroMACS receivers.
3. ACCEPTABLE INTERFERENCE LEVEL FOR AEROMACS
3.1 We extract the degradation threshold level of AeroMACS in case of minimum sensitivity. Table 2 summarizes the acceptable interference level calculated from the starting point of degradation and D/U ratio.
Table 2 Summary of Acceptable Interference Level in Co- or Adjacent Channel
	Type of interference
	Acceptable Interference Level in Same Frequency Channel

(dBm)
	Acceptable Interference Level in Adjacent Channel

 (dBm)
	Acceptable Interference Level Next to Adjacent Channel
(dBm)
	Reference

	Continuous Wave
: Narrow Band Radio
	-110
	-35
(5MHz offset)
	-33
	Appendix

	Continuous OFDM （5M）
: AeroMACS
	-108
	-70
(5MHz offset)
	-43
	[5]
Appendix

	Pulsed OFDM （20M）
: WAS, AMT or other Wi-Fi based communications
	-99
	-47
(20MHz offset)
	-39
	[7]
Appendix

	Continuous GMSK (1M)
: UAS CNPC Link
	-105
	-41
(5MHz offset)
	-37
	[7, 8]
Appendix

	Pulsed SC-PSK  (7M)
: UAS, AMT
	-99
	-77
(5MHz offset)
	Not Measured
	[7, 9]
Appendix


3.2 Modulated signals have the higher thresholds in comparison to pure CW interference in co-channel use scenario. The lower acceptable interference levels were observed in case of continuous interference. Higher acceptable interference levels are observed in case of pulsed interference in case of co-channel usage.
3.3 On the other hands, continuous wave interference indicates higher threshold in comparison to interference in adjacent channel use scenario. Lower adjacent channel interference levels were observed in case of SC-PSK because some portion of interference signals might intrude the communicating channels. In case of adjacent channel usage of AeroMACS indicates lower acceptable levels. It was also caused by the leakage of the spectrum from the interference signals. The AeroMACS system can accept higher interference if the guard band is sufficiently large. However, the saturation of the AeroMACS receivers might not eliminate because of the wider bandwidth of the receivers.

3.4 Depending on the type of interference signals, we can conclude the mitigation criteria of channel usage to extract the worst case scenarios from the Table 2. Table 3 shows the mitigation criteria for AeroMACS systems. In case of adjacent channel usage, we also have to take care of the leakage from the services using adjacent channels.

Table 3 Mitigation Criteria of AeroMACS

	Acceptable Interference Level in Same Frequency Channel

(dBm)
	Acceptable Interference Level in Adjacent Channel

 (dB)
	Acceptable Interference Level Next to Adjacent Channel

(dBm)

	-110
	-77
	-43


4. CONCLUSION
4.1 We evaluated the acceptable interference level of AeroMACS suffered from various interference signals The acceptable interference level greatly depends on the modulation and frequency spectrum of interference signals. Various types of interference signals were tested and these results indicated protection criteria for AeroMACS.
5. ACTION BY THE MEETING

5.1 The meeting is invited to note and review the contents of this paper.

— END —
APPENDIX: DEGRADATION MEASUREMENTS FOR AEROMACS WITH VARIOUS INTERFERENCE
1. Outline of experiment system

Figure 1 shows the appearance of the system configuration example used for the evaluation.In the interference evaluation system. The AeroMACS communication system was connected by coaxial cable between Base Station (BS) and OFDM Mobile Station (MS) via variable attenuator for interference wave injection as shown in Figure 2. Connect FTP server to BS side and FTP client to MS side, measure TCP throughput by transferring FTP file between server clients. At this time, by adjusting the reception signal level with the variable attenuator, the communication speed (throughput) in the application layer is adjusted, and the throughput that decreases due to the incorporation of the interference wave is measured.

As the interference wave source, a 5 GHz radio access system with OFDM modulation of 20 MHz bandwidth and a SC-PSK communication system with 7 MHz bandwidth were used. In addition, a vector signal generator was used for a continuous wave signal, an interference wave signal of AeroMACS, and a GMSK signal of 1 MHz width based on the RTCA communication standard.
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Figure 1 Appearance of communication and measuring equipments used for Aero MACS interference evaluation
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Figure 2 Schematic Diagram for Evaluation System of AeroMACS and various interference sources

2. Interference evaluation by continuous wave

First, the continuous wave for interference was measured by changing the frequency. When the center frequencies just overlap, it is known that very strong interference waves can be tolerated as shown in further FSMP paper [6]. Figure 3 shows the D / U ratio which is the interference threshold measured with the frequency of the continuous wave shifted. When it deviates from the center frequency, the necessary D / U ratio increases (the interference wave threshold becomes smaller). This phenomenon is due to the fact that the Aero MACS receiver is less affected in the case of high interference waves since null data is assigned to the carrier frequency. When the frequency deviates and interference occurs in the subcarrier signal, the influence of interference appears in the received signal, which is harmful interference. The maximum D / U ratio at this time was 15 dB. From this, -95-15 = -110 dBm is the upper limit of interference. When 2.5 MHz away from the center frequency, the interference wave is located outside the reception channel, and interference is less likely to be received. At this time, the DU ratio is about -60 dB, but it was shown that its value does not change even if the offset frequency is increased. In order to improve the external channel reception characteristics, it is necessary to add an appropriate filter to the RF path.

From the measured DU ratio, the allowable interference level of the Aero MACS terminal in the minimum receiving sensitivity state is -95 + 60 = -35 dBm at the 5 MHz offset and -95 + 62 = -33 dBm at the 10 MHz offset. 
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Figure 3 Measured value of DU ratio when interfering waves due to continuous waves are mixed at each frequency at the minimum receiving sensitivity (-95 dBm), and harmful interference occurs

3. Interference between AeroMACS

Next, it shows the interference characteristics of the modulation signal whose frequency bandwidth is equivalent to that of Aero MACS. The allowable interference value for the same channel was -108 dBm based on the experimental result shown in the reference [5]. In this example, the communication quality in the case where the interference wave at the offset of 15 MHz is mixed at the time of 10 MHz offset and the adjacent channel was measured.

Figure 4 shows the adjacent channel interference result when the channel is separated by 5 MHz, the vertical axis shows the communication speed (Mbps), and the horizontal axis shows the D / U ratio (dB) When the worst case is evaluated, Since the D / U ratio of -28 dB is at the desired wave of reception sensitivity of 98 dBm, the interference wave of -70 dBm can be said to be an allowable level of the adjacent channel. 
Figure 5 shows the adjacent channel interference results when the channels are separated by 10 MHz The vertical axis shows the communication speed (Mbps) and the horizontal axis shows the D / U ratio (dB) At this time, the minimum reception sensitivity- At 98 dBm, the DU ratio was -55 dB. From this, at the offset of 10 MHz, the allowable interference wave level is -43 dBm. 
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Figure 4 Throughput characteristics at adjacent channel 5 MHz offset (interference: AeroMACS, interference: AeroMACS base station)
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Fig. 5 Throughput at adjacent channel spacing of 10 MHz (interference: Aero MACS station, interfere: Aero MACS terminal)

Figure 6 shows the adjacent channel interference results when the channels are separated by 15 MHz, the vertical axis is the communication speed (Mbps), and the horizontal axis is the D / U ratio (dB). Since the interference occurs at the D / U ratio of -57 dB when the minimum receiving sensitivity (-98 dBm), the allowable interference level is -41 dBm.
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Fig. 6 Throughput at adjacent channel spacing of 15 MHz (interference: AeroMACS, interference: AeroMACS terminal)

Based on the above, the level at which interference can be tolerated at the minimum receiving sensitivity is -108 dBm for the same channel, -70 dBm at offset of 5 MHz, -46 dBm at offset of 10 MHz, -41 dBm at 15 MHz.

4. Interference from IEEE 802.11

In Japan, it is allocated to the same frequency band as the reference document [7] to the radio access system. Likewise, discussion has been made on allocation of WLANs in the adjacent 5 GHz band. We evaluate the effect of these signals on the AeroMACS signal. When the center frequencies are the same, it is a tolerance of -99 dBm as shown in Reference [7]. This time shows the adjacent channel interference result when the frequency channel is separated by 20 MHz and 40 MHz within the set frequency range of the WLAN

Figure 7 shows the adjacent channel interference results when the channels are separated by 20 MHz, the vertical axis shows the communication speed (Mbps), and the horizontal axis shows the D / U ratio (dB). Since the interference occurs at the D / U ratio of -51 dB when the minimum reception sensitivity (-98 dBm), the allowable interference wave level is -47 dBm.
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Figure 7 Throughput at adjacent channel spacing of 20 MHz (Interferer: IEEE 802.11j, Interfered: AeroMACS MS)

Figure 8 shows the adjacent channel interference results when the channels are separated by 40 MHz, the vertical axis shows the communication speed (Mbps), and the horizontal axis shows the D / U ratio (dB). Since the interference occurs at the D/U ratio of -59 dB when the minimum receiving sensitivity (-98 dBm), the allowable interference level is -39 dBm.
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Figure 8 Throughput at adjacent channel spacing 40 MHz (Interferer: IEEE 802.11j, Interfered: AeroMACS MS)
5. GMSK Signals
GMSK modulation signal is standardized as RPAS communication as shown in reference [UAS]. Evaluate the effect of this signal on the AeroMACS signal. When the center frequencies are the same, it is a tolerance of -105 dBm as shown in Reference [7]. In this time, the influence of interference when the frequency channel is detuned at 5 MHz, 10 MHz frequency by using the same allocation method as Aero MACS is evaluated. Figure 9 shows the adjacent channel interference results when the channels are separated by 5 MHz. When the minimum reception sensitivity is -98 dBm, a decrease in throughput is observed with a D / U ratio of -47 dB. This resulted in acceptable interference level of -98 + 47 = -41 dBm.
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Figure 9 Throughput at adjacent channel spacing 5 MHz (Interference: GMSK station, interference: AeroMACS MS)

In addition, Fig. 10 shows the result of adjacent channel interference when the channels are separated by 10 MHz. When detuning at 10 MHz, the D / U ratio became -61 dB against -98 dBm. As a result, the allowable interference wave level was -98 + 61 = -37 dBm.
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Figure 10. Throughput at 10 MHz adjacent channel spacing(Interference: GMSK station, interference: AeroMACS MS)

In addition, Fig. 11 shows the result of adjacent channel interference when the channel is separated by 15 MHz. When detuning at 15 MHz, the D / U ratio became -60 dB against -98 dBm. As a result, the allowable interference wave level was -98 + 60 = -38 dBm. As a result, it was shown that even if the offset amount is increased, the allowable interference amount does not change greatly.
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Fig. 11 Throughput at adjacent channel spacing of 15 MHz (Interference: GMSK station, Interfered: Aero MACS terminal)

From the above results, the allowable interference level for the GMSK signal was -41 dBm at 5 MHz detuning, -37 dBm at 10 MHz detuning, and -38 dBm at 15 MHz detuning.

6. Interference by SC-PSK communication

We investigated the interference condition by time division multiple access single carrier phase modulation communication system designed for small unmanned aerial vehicle communication. The specification of the communication system is the control CNPC link used in the reference [9], and both transmission and reception use signals of the same frequency in a time division manner.

In this case, the frequency of the interference / interference is adjusted to measure two cases, that is, the case of the same channel and the adjacent channel when the unmanned device communication is shifted by +5 MHz. In accordance with the actual radio specifications, the modulation scheme shall be QPSK for unmanned aeronautical communication, and OFDM for AeroMACS on the interfered side.

Figure 11 shows the interference results when the same channel is used for the channel, the vertical axis shows the communication speed (Mbps), and the horizontal axis shows the D/U ratio (dB). When the minimum reception sensitivity (-98 dBm), interference occurs at a D/U ratio of 1 dB, and therefore it becomes the allowable interference wave level of -99 dBm.
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Fig. 12 TCP throughput between the interfered side Aero MACS BS-MS and the D / U ratio (Co-interference: SC-PSK communication, interfered: AeroMACS MS)

 
[image: image14.emf]
Fig. 13 TCP throughput between the interfered side Aero MACS BS-MS and the D / U ratio at 5 MHz frequency offset (Interferer: SC-PSK, interfered: AeroMACS MS)

Figure 11 shows the adjacent channel interference results when the channels are separated by 5 MHz, the vertical axis shows the communication speed (Mbps), and the horizontal axis shows the D / U ratio (dB). Since the interference occurs at the D / U ratio of -21 dB when the minimum reception sensitivity (-98 dBm), the allowable interference wave level of -77 dBm is obtained. Measurement of the frequency spectrum of the interference wave source showed that the frequency spread of the signal of the SC-PSK used this time was 7 MHz, so that when the state transits at the time of data transfer, intra-channel interference from the adjacent channel occurs , The D / U ratio became low despite being used outside the channel. From this, it is necessary to design a channel that can sufficiently reduce adjacent leakage when assigning channels.
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