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1	Introduction
There is significant growth forecast in the unmanned aircraft systems (UAS) sector of aviation. Though UAS have traditionally been used in segregated airspace where separation from other air traffic can be assured, administrations expect broad deployment of UAS in non-segregated airspace alongside manned aircraft. Current and future UAS operations include scientific research, search and rescue operations, hurricane and tornado tracking, volcanic activity monitoring and measurement, mapping, forest fire suppression, weather modification (e.g. cloud seeding), surveillance, communication relays, agricultural applications, environmental monitoring, emergency management, and law enforcement applications.
Based on Report ITU-R M.2171, it is predicted that 34 MHz of terrestrial spectrum and an additional 56 MHz of satellite spectrum, would be required to support the anticipated growth of UAS operations in non-segregated airspace.
This Report contains information on the RF characteristics and performance required by the UAS Control Link RF communication systems to support safe operation in non-segregated airspace. This Report provides the link budget information used in sharing studies contained in other ITU Reports.
The UA control link is required not only to provide safe control of the UA trajectory by the pilot but also to provide the pilot with information on aircraft status. This status information will include aircraft state as well as situational awareness information on other aircraft, terrain or weather that may require the pilot to manoeuvre the UA to avoid an unsafe condition. In some implementations the UA control link may also carry voice or data traffic between the UA pilot and the Air Traffic Controller.
[Preliminary analysis by RTCA SC203 indicates that UA safety levels equivalent to a large commercial manned aircraft flying in controlled airspace would require a UA control link availability of approximately 99.999%. To achieve this overall control link availability and reliability, and therefore the safe operation of UA in non-segregated airspace, UA of equivalent size to larger manned aircraft will be equipped with more than one control link. If the UA has only two control link subsystems and the link availability of each control link subsystem is 99.8% then the overall control link availability would be approximately 99.999%. Analysis in the annexes contained in this report assumes a dual control link system with each link having 99.8% availability.]
2	Examples of performance characteristics and link budgets for geostationary satellite
Annex 1 of this Report contains performance characteristics and link budgets for geostationary satellite based BLoS UAS Control Links. The information shows that the required level of link availability can be achieved using satellite communication equipment that can be carried by the UA. It also shows that the required link availability can be supported using RF performance that is typical of current geostationary satellite systems. These UA and satellite system RF characteristics and performance are used in the sharing studies contained in PDNR ITU-R M.[UAS-GSO-SHARING-STUDY].
As discussed in Annex 3, the bands 1 545-1 555 MHz (space-to-Earth), 1 610-1 626.5 MHz (space‑to‑Earth and Earth-to-space), and 1 646.5-1 656.5 MHz (Earth-to-space) are technically suitable for the support of UAS CNPC. However, there are a number of service providers and potential service providers who either can offer AMS(R)S service or are planning to offer AMS(R)S service in these bands.  
Unfortunately, the amount of spectrum available in these bands is not adequate to meet the entire 56 MHz of satellite spectrum required, particularly because the bands are shared with other users. Other frequency bands will be required to fulfil the total future requirement. The use of other bands would enable UAS systems to be better planned and standardised, thereby fully meeting the requirements of UAS in the longer term.
3	Examples of performance characteristics and link budgets for terrestrial-based LoS UAS control links
Annex 2 of this Report contains performance characteristics and link budgets for terrestrial-based LoS UAS Control Links. The information shows that the required level of link availability can be achieved using terrestrial line-of-sight communication equipment that can be carried by the UA. These UA and ground system RF characteristics and performance are used in the sharing studies contained in DNR ITU-R M.[UAS-BANDS-EXIST-ALLOC] and DNR ITU-R M.[UAS‑BANDS‑NEW-ALLOC].
4	Conclusion
TBD


ANNEX 1

1	UAS and GSO analysis methodology
This Annex’s technical evaluation is performed in two steps. Step one (Sections 3.3 and 4.3) develops link budgets for 12/14 GHz and 20/30 GHz GSO links based on the assumption that the UA operating in both the 12/14 GHz and 20/30 GHz bands meets all of the uplink power density, off-axis e.i.r.p. density, downlink power flux-density and antenna pattern requirements of a typical GSO FSS operating in the same frequency band. The objective of the link budgets shown in Sections 3.3 and 4.3 is to compute the maximum available rain fade margin for the satellite–to-UA and UA-to-satellite links.
Step two of the technical evaluation (Sections 3.4 and 4.4) uses the maximum rain fade margins for the 12/14 GHz and 20/30 GHz UA links determined in step one and evaluates the minimum operational altitude that the UA can fly, with a wide range of R0.01 rain rates, while still achieving the desired UA link availability determined in Section 2.2.
2	UAS control and communications system characteristics
2.1	Information data rate
Previous analysis performed in Report ITU-R M.2171 estimated the maximum data rate required to be sent from the pilot in the Control Station (CS) to the UA (telecommand) and from the UA to the pilot in the CS (telemetry). These maximum rates were:
–	Telecommand, UA Control Station-to-Satellite-to UA: 10 kbps
–	Telemetry, UA-to-satellite-to UA Control Station: 320 kbps.
2.2	End-to-end link availability
[In this Annex, the end-to-end link availability of the BLoS control link subsystem is 99.8%. In order to achieve this link availability, the UA and UA CS link availability need to be derived. The UA Control Station (CS) can operate with larger antennas and/or use rain mitigation techniques, such as site diversity, etc, to achieve higher than 99.8% link availability. In order to meet this overall link availability, a 99.95% link availability for the UA control station to/from satellite link and a 99.85% link availability for the UA to/from satellite were assumed in this Annex.]
The required rain fade margin to achieve the desired link availability depends on the location, elevation angle, rain rate and operational altitude, particularly of the UA. The rain rate (mm/h) exceeded for 0.01% of the average year is shown in Figs. 1-8 of Recommendation ITU-R P.837-5.
The rain fall rate around the globe is summarized in Fig. 1.
FIGURE 1
Rain rate (mm/h) exceeded for 0.01% of the average year
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2.3	UA Terminal parameters
Most UA operate with size, weight and power constraints (SWaP), particularly for antenna size. In general, the UA would like to operate with as small an antenna as possible. However, it may not be able to close the link, or to meet the overall design objectives, such as link availability and in addition, it may cause and/or receive unacceptable interference levels to and from other systems operating in the same frequency bands if the antenna is too small. The systems parameters shown below are used in this Annex:
•	12/14 GHz bands
–	UA antenna size: 0.8 m
–	UA transmit power: 10 W
•	20/30 GHz bands
–	UA antenna size: 0.5 m
–	UA transmit power: 10 W.
2.4	UA Control station parameters
The UA control station parameters, such as terminal antenna size, number of antennas, transmit RF power, etc. will depend on such factors as the actual earth station location and rain climate, etc. For the purpose of this Annex, the terminal antenna size and transmit power are assumed to be less than 7.0 m and 500 W, respectively. It should be noted that in this Annex the UA links to and from the satellite have the greatest influence on the overall UA to CS link performance because the UA has limited antenna size and transmit power compared to the CS.
3	Using GSO satellites in the 12/14 GHz bands for UAS control
3.1	12/14 GSO satellite characteristics
Currently, there are several hundred satellites in the geostationary orbit using the 12 GHz band for the downlink, space-to-Earth direction and 14 GHz band for the uplink, Earth–to-space direction. Most if not all GSO satellites operating in the 12/14 GHz bands function as transparent transponders, also known as “bent-pipe” designs. The satellite receive G/T and transmit e.i.r.p. density used in this Annex are:
–	Satellite receive G/T @ 3 dB EOC (edge of coverage): 1.4 dB
–	Satellite transmit e.i.r.p. density: 10 dBWi/4 kHz
–	Transponder bandwidth: 36 MHz.
3.2	Uplink off-axis e.i.r.p. density and downlink power flux density
3.2.1	Uplink off-axis e.i.r.p. density limits
Based on Recommendation ITU-R S.524-9 Section 3, the earth station uplink off-axis e.i.r.p. density for the 14 GHz frequency band can be summarized below:
	Angle off-axis	Maximum e.i.r.p. per 40 kHz
	2.5°   ≤   φ   ≤   7°	(39 – 25 log φ) dB(W/40 kHz)
	7°      <   φ   ≤   9.2°	18 dB(W/40 kHz)
	9.2°   <   φ   ≤   48°	(42 – 25 log φ) dB(W/40 kHz)
	48°    <   φ   ≤   180°	0 dB(W/40 kHz).
In this Annex, a maximum input power density into the antenna of –14 dBW/4 kHz level was used for both the UA and the CS. In addition, the UA and CS antennas are assumed to meet the antenna patterns shown below:
	Angle off-axis	Antenna pattern
	1.5°   ≤   θ   ≤   7°	29 – 25 log θ dBi
	7°      <   θ   ≤   9.2°	8 dBi
	9.2°   <   θ   ≤   48°	32 – 25 log θdBi
	48°    <   θ   ≤   180°	–10 dBi.
It should be noted that the uplink off-axis e.i.r.p. density used in this Annex is significantly lower than the values shown in Recommendation ITU-R S.524-9.
3.2.2	Downlink power flux density or satellite transmit e.i.r.p. density limits
The power flux density limits of GSO satellites operating in the 12 GHz band shown in ITU Radio Regulations Table 21-4 are –150/–140 dB(W/m2/4 kHz) or –148/–138 dB(W/m2/4 kHz) depending on the actual frequency band and elevation angles being used. However, due to coordination agreements and/or interference limitations, the operational downlink power flux densities of the GSO satellites in the 12 GHz band are typically lower than the limits shown in ITU RR Table 21-4.
In this Annex, a downlink e.i.r.p. density of 10.0 dBWi/4 kHz was used.
3.3	12/14 GHz link budget calculation – assumptions
The link budget calculations use the following assumptions:
•	Satellite transmit downlink e.i.r.p. density: 10 dBWi/4 kHz
•	Satellite receive G/T @ 3 dB EOC: 1.4 dB/K
•	UA transmit power density input to antenna: −14 dBW/4 kHz
•	UA antenna patterns – See section 3.2.1
•	Interference environment
–	Receive interference from 2 satellites ± 2 degrees
–	Receive interference from 2 satellites ± 4 degrees
–	Earth station off-axis e.i.r.p. from interfering systems: same as the transmit UA off-axis e.i.r.p. density
–	Satellite transmit e.i.r.p. density – from interfering systems: 10 dBWi/4 kHz.
3.3.1	Telecommand link budgets (CS-to-satellite-to-UA)
[The 12 GHz telecommand and 14 GHz telemetry link budgets are summarized in Tables 1 and 2. The purpose of these link budgets is to compute the maximum available rain fade margin. Based on the available rain fade margin and the desired link availability (99.85% for UA links), the maximum rain fall rate and the operational altitude of the UA are presented in section 3.4. The 12/14 GHz link budgets and rain fade mitigation techniques, if any are discussed in Section 3.5]
The telecommand link budget, CS-to-satellite-to-UA is shown in Table 1.
TABLE 1
[Telecommand link budgets – CS-to-satellite-to-UA
[image: ]
]
Table 1 shows that:
–	The downlink transmit data rate shown in the link budget is 10 kbps and the downlink transmit e.i.r.p. density is 10 dBWi/4 kHz. In reality, the downlink transmit data rate of commercial 12/14 GHz band satellites is significantly higher. The downlink power is assumed to be adjusted for different data rates; however, the downlink e.i.r.p. density, 10 dBWi/4 kHz level would be kept constant. If the system operates at higher data rates, it does not mean that the UAS requires more spectrum to support the UA control and communications link, because multiple UA would share the same carrier by for example using different TDMA time slots.
–	The maximum satellite–to-UA link fade margin is 1.0 dB. The purpose of the link budget shown in Table 1 is to compute the maximum rain fade margin, from satellite‑to‑UA. An elevation angle, from satellite-to-UA, of 20º was used. The UA link availability, depending on rain rate and operational altitude, is shown in Fig. 2.
–	[The CS link availability, from control station to satellite is 99.95 % as shown in Table 1. The actual CS earth terminal antenna size and transmit power will depend on the CS earth station location (e.g., elevation angle, rain rate etc.).]
3.3.2	Telemetry link budgets (UA-to-satellite-to-CS)
The telemetry link budget, UA-to-satellite-to-CS is shown in Table 2.
TABLE 2
[Telemetry link budgets (UA-to-satellite-to-CS)
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]
Table 2 shows that:
–	In order to maintain the –14 dBW/4 kHz transmit power density level requirement ,with the telemetry data rate of 320 kbps, the nominal 10W transmitter has been backed off by 3.5 dB to approximately 5W. The purpose of the 14 GHz link budget shown in Table 2 is to compute the maximum rain fade margin, from UA-to-satellite. 
–	The maximum UA-to-satellite link fade margin is 3.8 dB based on a 20º elevation angle.
–	[The UA link availability, depending on rain rate and operational altitude, is shown in Fig. 3.]
3.4	12/14 GHz link availability
[In order to achieve the 99.8% overall end-to-end link availability, the UA to and from satellite links must have 99.85% link availability and the CS to and from satellite links must have 99.95% link availability as discussed in section 4.2 of this Annex. The following sections examine the impact of rain on the UA/satellite link availability based on the parameters used in the link budgets in section 3.3.]
3.4.1	Telecommand link (satellite-to-UA) rain fade margin
The satellite-to-UA link rain fade margin versus rain fall rate, which is based on Recommendation ITU-R P.618-9, is shown in Fig. 2.
FIGURE 2
[Telecommand link (satellite-to-UA) rain fade margin versus rain fall rate
(99.85% link availability and 20 deg. UA antenna elevation angle; at 11.95 GHz)
[image: ]
]
If the UA operates in the 12 GHz band with a 0.8 m antenna, the system can only achieve a 1.0 dB rain fade margin. The UA telecommand link, from satellite-to-UA can achieve 99.85% if:
–	UA Operational altitude ≥ 3 km and rain rate ≤ 35 mm/hour
–	UA Operational altitude ≥ 2 km and rain rate ≤ 20 mm/hour
–	UA Operational altitude ≥ 1.5 km and rain rate ≤ 15 mm/hour.
In general this low rain fade margin may not be adequate to achieve the desired link availability for most locations around the world. In order to achieve the desired link availability the UA may need to operate with a larger antenna size and/or utilize spread-spectrum and other rain fade mitigation techniques such as satellite diversity, etc. If a 1.0 m antenna was used, a 2.9 dB rain fade margin could be achieved, which would be adequate for most locations around the world.
3.4.2	Telemetry link availability (UA-to-satellite) rain fade margin
The UA-to-satellite link rain fade margin versus rain fall rate, which is based on Recommendation ITU-R P.618-9, is shown in Fig. 3.
FIGURE 3
[Telemetry link (UA-to-satellite) rain fade margin versus rain fall rate
(99.85% link availability and 20 deg. UA antenna elevation angle, 14.25 GHz)
[image: ]
]
If the UA operates in the 14 GHz band with a 0.8 m antenna, the system can only achieve a 3.8 dB rain fade margin. Depending on the UA operational altitude, the 3.8 dB rain fade margin may be adequate to achieve the 99.85% link availability for most locations around the world, particularly when it operates at high altitude.


The UA telemetry link, from UA-to-satellite can achieve 99.85% if:
–	UA Operational altitude ≥ 3 km and rain rate ~ 100 mm/hour
–	UA Operational altitude ≥ 2 km and rain rate ≤ 60 mm/hour
–	UA Operational altitude ≥ 1.5 km and rain rate ≤ 50 mm/hour.
[In order to achieve higher rain fade margins and still meet the uplink transmit power density, the UA may need to operate with a larger antenna size and/or utilize spread-spectrum and other rain fade mitigation techniques such as satellite diversity, etc. If a 1.0m antenna was used, a 5.74 dB (3.8 dB w/0.8 m antenna +1.94 dB – additional gain, from 0.8 m to 1.0 m antenna), rain fade margin could be achieved, which would be adequate to achieve the desired 99.85% link availability for most locations around the world.]
3.5	12/14 GHz bands UA link budget summary
This section of the annex has shown that, under some conditions, a UA control link operating in the 12/14 GHz bands can achieve an overall end-to-end 99.8% link availability (in both telecommand and telemetry directions) using realistically sized antennas and transmitters within the UA and the CS while operating within the constraints of the transmit power density and off-axis power spectral density regulations.
Results shown in Section 3.4 indicate that if the UA operates with a 0.8 m antenna, the system can only achieve 1.0 dB telecommand link rain fade margin with 10 dBWi/4 kHz satellite power density and 3.8 dB telemetry link rain fade margin with a UA transmit power density at –14 dBW/4 kHz.
This low rain fade margin for the telecommand link may not be adequate to meet the desired link availability for most locations around the globe. In order to achieve higher rain fade margins, several techniques may be considered:
–	Operate with a larger antenna size.
–	Operate with higher satellite transmit power densities, e.g. >10 dB(W/4 kHz) however, this may cause interference to the receiving Earth stations of other satellite systems and may require further coordination with the adjacent satellite operators.
–	Utilize alternate modulation schemes e.g. spread spectrum techniques to maintain power densities with higher transmitter powers.
[However, the telemetry link with 3.8 dB of rain fade margin may be adequate for most locations around the world, particularly when the UA operational altitude is higher than 2 km. As mentioned in Section 6.4, if the UA in the 12/14 GHz bands operates with a 1.0 m antenna, the system can achieve the desired link availability, 99.85%, for most locations around the world.]
4	Using GSO satellites in the 20/30 GHz bands for UAS control
4.1	20/30 GHz GSO satellite characteristics
Today, several GSO satellites operating in the 20/30 GHz bands are currently on orbit providing broadband VSAT services. The payload of some satellites function as transparent transponders, also known as “bent-pipe” designs, while others payloads process the received signals before transmission. The 20/30 GHz GSO satellites typically have about 40 or more spot-beams. Each beam supports 125 MHz of spectrum for the uplink and downlink. Some satellites support up to 500 MHz per beam in the downlink; however, they share the payload resources for several downlink beams.


The characteristics of the GSO satellites currently on orbit operating in the 20/30 GHz bands can be summarized below:
–	Satellite receive G/T: ~ 12 dB/K to 16 dB/K @ 3 dB EOC
–	Satellite transmit e.i.r.p.: ~57 dBWi to 64 dBWi @ 3dB EOC depending on the transmit bandwidth. However, in general, they all operate at almost the same downlink power flux density level, –118 dB(W/m2/MHz). This power flux density level is lower than the values shown in ITU RR Table 21.4.
The next generation of GSO satellites in the 20/30 GHz bands will have the following improved characteristics:
–	High satellite antenna gain – Smaller spot beams
–	More bandwidth per beam
–	Higher data rate
–	More spot beams – Several hundred spot beams
–	Payload functions as a transparent transponder 
–	Re-use the spectrum – four times frequency reuse scheme
–	Satellite capacity is in a range from 50 Gbps to 200 Gbps.
A typical VSAT earth terminal antenna size operating in the 20/30 GHz bands is 0.67 m and the transmit power amplifier output is approximately 5 W. Uplink data rates are in a range from 128 kbps to 1 Mbps. Downlink burst rates are in a range from 18 Mbps to 450 Mbps.
4.2	Uplink off-axis e.i.r.p. density and downlink power flux density
4.2.1	Uplink off-axis e.i.r.p. density
Based on Recommendation ITU-R S.524-9, the off-axis e.i.r.p. density of an earth station operating in the GSO networks in the FSS transmitting in the 27.5-30 GHz band is summarized below:
	Angle off-axis	Maximum e.i.r.p. per 40 kHz
	2.0°   ≤   φ   ≤   7°	(19 – 25 log φ) dB(W/40 kHz)
	7°      <   φ   ≤   9.2°	–2 dB(W/40 kHz)
	9.2°   <   φ   ≤   48°	(22 – 25 log φ) dB(W/40 kHz)
	48°    <   φ   ≤   180°	–10 dB(W/40 kHz).
In one administration, the off-axis e.i.r.p. spectral density of the GSO FSS earth station antenna operating in the 28.35-28.6 GHz and 29.25-30 GHz bands is limited to the following values, under clear sky conditions:
	Angle off-axis	Maximum e.i.r.p. per 40 kHz
	2.0°   ≤   Θ   ≤   7°	(18.5 – 25 log Θ) – 10log(N) dB(W/40 kHz)
	7°      <   Θ   ≤   9.23°	–2.63 – 10log(N) dB(W/40 kHz)
	9.23° <   Θ   ≤   48°	(21.5 – 25 log Θ) – 10log(N) dB(W/40 kHz)
	48°   <   Θ  ≤   180°	–10.5 dB – 10log(N)(W/40 kHz).


where:
–	Θ is the angle in degrees from the axis of the main lobe.
–	N is the likely maximum number of simultaneously transmitting co-frequency earth stations in the receive beam of the satellite; N=1 for TDMA and FDMA systems.
–	Earth stations operating with uplink power control can increase their uplink power to overcome rain fade.
The more conservative latter set of off-axis e.i.r.p. density limits were used in this Annex.
4.2.2	Downlink power flux density levels
The power flux density limits for GSO FSS satellite networks operating in the 20 GHz band shown in ITU Radio Regulations Table 21-4 are between –115 and –105 dB(W/m2/MHz) depending on elevation angles. However, due to coordination agreements and/or interference elimination, the operational downlink power flux densities of the GSO satellites operating in the 20 GHz band are typically lower than the limits shown in ITU RR Table 21-4. The power flux densities of most GSO satellites on orbit operating in the 20/30 GHz bands is approximately –118dB (W/m2/MHz). In this Annex, a –118 dB(W/m2/MHz) level was used.
4.3	20/30 GHz Link budgets calculation – Assumptions
The link budget calculations use the following assumptions
•	UA e.i.r.p. and G/T
–	e.i.r.p. : 50.1 dBWi
–	Antenna size: 0.5 m
–	Transmit power: 10 W
–	G/T : 14.1 dB/K
•	UA uplink power control: Uplink power was used in the annex
•	Satellite receive G/T @ –3 B EOC : 12.2 dB/K
•	Downlink power flux density :≤ –118 dB(W/m2/MHz)
•	Data rate 
–	Telecommand: 10 kbps. It should be noted that the required data rate is only 10 kbps; however, the downlink “burst” rate is significantly higher. The downlink transmit data rate of 20/30 GHz satellites currently on orbit is in a range from 18 Mbps to 450 Mbps. The objective of the link budget shown in Table 3 is to determine the downlink fade margin so the downlink transmit data rate is not important because the satellite power is assumed to be adjusted to meet the –118 dB(W/m2/MHz) requirement. 
–	Telemetry: 320 kbps
•	UA uplink transmit power density level: The values shown in Section 4.2.1 were used.
•	UA antenna patterns: Antenna patterns specified in Section 3 were used in this Annex.
•	Interference environment: 
–	In order to best utilize the spectrum, all existing and planning 20/30 GHz band satellites typically use a four times frequency re-use scheme, shown in Fig. 4 to achieve their required space isolation.


–	Since they use a four times frequency re-use scheme and operate with narrow spot beams, the probability that the interfering satellite beam is operating on the same frequency channel, with the same polarization as the wanted satellite beam is less than 50% ; therefore, the number of interfering satellites used in this Annex is:
•	One interfering satellite from +2º or –2º away
	One interfering satellite from +4º or –4º away.
FIGURE 4
Typical four times frequency re-use scheme
[image: ]

Typical 20/30 GHz satellites antenna 3 dB beamwidths are in a range from 0.5º (~310 km beam diameter/nadir) to 1.0º (630 km beam diameter/nadir). For extended range UA operations it may be necessary to hand over the UA Control Link from one beam to the next adjacent beam as the UA progresses on its mission however, this topic is outside the scope of this Annex.
4.3.1	Telecommand link budgets (CS-to-satellite-to-UA)
The 20 GHz telecommand and 30 GHz telemetry link budgets are summarized in Tables 3 and 4. The purpose of these link budgets is to compute the maximum available rain fade margin. Based on the available rain fade margin and the desired link availability (99.85% for UA links), the maximum rain fall rate and the operational altitude of the UA are presented in section 4.4.
The telecommand link budget, CS-to-satellite-to-UA is shown in Table 3.


TABLE 3
Telecommand link budgets – CS-to-satellite-to-UA
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Table 3 shows that:
–	The data rate is 10 kbps; however, the downlink burst rate of the satellite is significantly higher. The downlink transmit data rate of a typical 20/30 GHz band satellite, currently on orbit, is in the range from 18 Mbps to 450 Mbps. The downlink power is assumed to be adjusted for different data rates; however, the downlink power flux density level, 
–118 dB (W/m2/MHz), will be kept constant. Therefore, the downlink fade margin would remain the same. If the system operates at high data rate, it does not mean that UAS require more spectrum to support UA control and communications links, because multiple UA would share the same carrier by for example using different TDMA time slots.
–	[It should be noted that in the link budgets, the location of CS is in a high rain zone with an R0.01 rain rate of 90 mm/hour. With a 7 m earth terminal antenna, the CS link with 30.1 dB of rain fade margin can only achieve 99.9% instead of the desired 99.95% link availability. However, the CS could operate with larger antenna size (e.g., 8 m instead of 7 m), or use site diversity to achieve the desired link availability, 99.95%.]


–	The maximum link fade margin, from satellite-to-UA is 6.7 dB. The purpose of the link budget shown in Table 3 is to compute the maximum rain fade margin, from satellite to UA. An elevation angle, from satellite-to-UA, of 20º was used. The UA link availability, depending on rain rate and operational altitude, is shown in Fig. 5.
4.3.2	Telemetry link budgets (UA-to-satellite-to-CS)
The telemetry link budget, UA-to-satellite-to-CS is shown in Table 4.
TABLE 4
[Telemetry link budgets (UA-to-satellite-to-CS)
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]
Table 4 shows that:
–	[It should be noted that in the link budgets, the location of CS is in a high rain zone with an R0.01 rain rate of 90 mm/hour. With a 7 m earth terminal antenna, the CS link with 26.6 dB of rain fade margin can only achieve 99.9% instead of the desired 99.95% link availability. The CS could operate with a larger antenna size (e.g., 8 m instead of 7 m), or use site diversity to achieve higher link availability.]
–	Again the objective of the link budget shown in Table 4 is to determine the maximum UA-to-satellite rain fade margin, The UA-to-satellite link fade margin is 14.6 dB using 10 W and a 0.5 m antenna on the UA.
–	The UA link availability, depending on rain rate and operational altitude, is shown in Fig. 6.
4.4	20/30 GHz link availability
[In order to achieve the 99.8% overall end-to-end link availability, the UA/satellite link must have 99.85% link availability (in both directions) as discussed in section 2.2 of this Annex. The following sections examine the impact of rain on the UA/satellite link availability based on the parameters used in the link budgets in section 4.3.]
4.4.1	Telecommand link (satellite-to-UA) rain fade margin
The satellite-to-UA link rain fade margin versus rain fall rate, which is based on Recommendation ITU-R P.618-9, is shown in Fig. 5.
FIGURE 5
[Telecommand link (satellite-to-UA) rain fade margin versus rain fall rate
(99.85% link availability and 20 deg. UA antenna elevation angle; at 20 GHz)
[image: ]
]
If the UA operates in the 20 GHz band with a 0.5 m antenna the system can achieve a 6.7 dB rain fade margin. Results shown in Fig. 5 indicate that the UA telecommand link, from satellite-to-UA can achieve 99.85% link availability, if:
–	UA Operational altitude ≥ 3 km and rain rate > 100 mm/hour
–	UA Operational altitude ≥ 2 km and rain rate ≤ 57 mm/hour
–	UA Operational altitude ≥ 1.5 km and rain rate ≤ 47 mm/hour.
This rain fade margin, 6.7 dB would be adequate for most locations around the world if the UA operational altitude is greater than 1.5 km.
4.4.2	Telemetry link availability (UA-to-satellite) rain fade margin
The UA-to-satellite link rain fade margin versus rain fall rate, which is based on Recommendation ITU-R P.618-9, is shown in Fig. 6.
FIGURE 6
[Telemetry link (UA-to-satellite) rain fade margin versus rain fall rate
(99.85% link availability and 20 deg. UA antenna elevation angle, 30 GHz)
[image: ]
]
[The UA operating with a 0.5 m antenna and 10 W can achieve a 14.6 dB uplink, telemetry link , from UA-to-satellite rain fade margin. Results shown in Fig. 6 indicate that the satellite-to-UA link can achieve 99.85% link availability, if:]
–	UA Operational altitude ≥ 3 km and rain rate >100 mm/hour
–	UA Operational altitude ≥ 2 km and rain rate ≤ 70 mm/hour
–	UA Operational altitude ≥ 1.5 km and rain rate ≤ 55 mm/hour.
This rain fade margin, 14.6 dB would be adequate for most locations around the world, if the UA operational altitude is approximately 1.5 km or higher.


4.5	20/30 GHz bands UA link budget summary
[This section of the annex has shown that, in the 20/30 GHz bands a UAS control link operating in the 20/30 GHz bands can achieve an overall end-to-end 99.8% link availability (in both telecommand and telemetry directions) using realistically sized antennas and transmitters within the UA and the CS while operating within the constraints of the transmit power density and off-axis power spectral density regulations.]
Results shown in Section 6.4 indicate that if the UA operates with a 0.5 m antenna and a 10 W transmitter, the system can achieve 6.7 dB of telecommand link rain fade margin and 14.6 dB of telemetry link rain fade margin. These rain fade margins would be adequate to achieve the desired link availability for most locations around the globe particularly when the UA is operating at altitudes higher than 1.5 km.
5	Potential interference to/from other satellite systems operating in the same frequency bands
In this Annex, the UA in both the 12/14 GHz and 20/30 GHz bands meets both the designated uplink transmit power density and downlink transmit density or power flux density limits. Therefore, the UA operating like a GSO FSS user would not cause harmful interference to other systems operating in the same bands.
If the UA operates like a GSO FSS user in an environment where the transmission of other adjacent satellites are subject to the same limits (e.g., uplink power density, downlink power flux density, etc.) as the UA to/from satellite links, it would not pose any potentially operational constraints on the other systems operating in the same band.
6	Conclusion
Based on the results of this Annex, we can draw the following conclusions, which show that GSO satellites operating in the 12/14 GHz and 20/30 GHz bands can support UA control and communications links whilst operating within the current GSO FSS regulations. In addition because of the need to use small antennas on UA, particularly for a small UA, the 20/30 GHz bands appear more suitable than the 12/14 GHz bands even though they are impacted more by rain.
6.1	12/14 GHz bands
–	Telecommand downlink (satellite-to-UA): If the UA operates with a 0.8 m antenna and the satellite downlink e.i.r.p. density level at 10 dBWi/4 kHz, the system can only achieve 1.0 dB rain fade margin.
–	Telemetry uplink (UA-to-satellite): If the UA operates with a 0.8 m antenna and the UA uplink transmit power density level at –14 dBW/4 kHz, the system can only achieve a 3.8 dB rain fade margin. 
The low telecommand rain fade margin, 1.0 dB is not adequate to achieve the desired link availability for most locations around the world. However, the telemetry fade margin, 3.8 dB, may adequate to achieve the link availability for most locations, if the operational altitude is 2 km or higher and the rain rate is not greater than 60 mm/hour.
In order to achieve higher rain margins, several techniques may be considered:
–	Operate with a larger UA antenna size. Results shown in Section 6.4 indicate that if the UA in the 12/14 GHz bands operates with a 1.0 m antenna, the system can achieve the desired 99.85% link availability for most locations around the world, particularly when the operational altitude of the UA is 0.5 km or higher.
–	Utilize spread spectrum techniques, particularly on the satellite-to-UA link to maintain power densities with higher transmitter powers.
6.2	20/30 GHz bands
–	Telecommand downlink (satellite-to-UA): If the UA operates with a 0.5 m antenna the system can achieve 6.7 dB rain fade margin.
–	Telemetry uplink (UA-to-satellite): If the UA operates with a 0.5 m antenna and a 10 W transmitter the system can achieve a 14.6 dB rain fade margin.
These rain fade margins would be adequate to achieve the desired link availability for most locations around the globe particularly when the UA is operating at altitudes higher than 1.5 km.
6.3	Potential Interference to other satellite systems operating in the frequency bands
If the UA in both the 12/14 GHz and 20/30 GHz bands operating like a GSO FSS meets all uplink power density, off axis e.i.r.p. density and downlink power flux density limits, the UA will not cause harmful interference to satellite systems in the same bands.
If the UA can accept the interference levels from other satellite systems, it would not impose potential constraints to other satellite systems in the band.


Annex 2

1	UAS and terrestrial LOS analysis methodology
This Annex presents detailed link budgets for the terrestrial L-band and C-band UAS Control Links presented in PDNR ITU-R M.[UAS-BANDS-EXIST-ALLOC] and PDNR ITU-R M.[UAS-BANDS-NEW-ALLOC] respectively. With minor modifications, these budgets could be applied to a number of alternative architectures.
The assumed frequency ranges are 960-977 MHz and 5 030-5 091 MHz for L-band and C-band, respectively. All UAS are grouped into two classes, medium/large UAS (M/LUAS) and small UAS (SUAS). Three kinds of links are considered:
•	wideband M/LUAS links, which carry all classes of telemetry traffic (including pilot situational awareness enhancing video and downlinked weather-radar data) in 300 kHz channels;
•	basic M/LUAS links, which operate in both telecommand and telemetry directions in 37.5 kHz channels and carry all traffic classes except pilot situational awareness enhancing video and downlinked weather-radar data;
•	SUAS links that operate in both telecommand and telemetry directions in 12.5 kHz channels but carry only the telecommand and telemetry messages needed for pilot control of the UA.
[Table 1 shows telecommand uplink (UL) and telemetry (DL) budgets for five types of UAS links operating with 99.8% availability along 46 km paths between a ground-station antenna 30 m above the ground and a UA flying at 300 m above ground level (AGL):]
•	L-band basic M/LUAS links
•	L-band SUAS links
•	C-band basic M/LUAS links
•	C-band wideband M/LUAS links (DL only)
•	C-band SUAS links.
For the C-band M/LUAS links in Table 1, two sets of telemetry (DL) budgets are provided. One set assumes a UA transmitter power of 40 dBm (10 W), unconstrained by the need to avoid interfering with nearby MLS receivers. The second set assumes the UA must transmit at lower power to protect an MLS receiver 300 m-1 000 m away (which could exist if the UA is within 43 km of an MLS transmitter, whose maximum operating range is 42 km). For a basic or wideband telemetry (DL), the maximum MLS-constrained telemetry (DL) transmitter power is 31 or 33 dBm, respectively. For a C-band SUAS telemetry (DL), the MLS-constrained power of 29 dBm (800 mW) is assumed in all cases, even when no MLS transmitter is in the vicinity. A positive link margin is shown to exist in all cases.
Table 2 shows the maximum ranges at which the M/LUAS links can operate when the UA flies 5.5 km AGL, and the link budgets for each of those cases. The basic L-band link can work at 141 km, the basic C-band link at 154 km, and the wideband C-band telemetry (DL) at 109 km. The basic C-band link has the longest range because it has a smaller bandwidth than the other C‑band link, and its postulated ground-antenna gain greatly exceeds that of the L-band link.
Table 1
[Link budgets for UA at 300 m AGL and 46 km from ground station

	Direction
	Frequency
	960-977 MHz
	5 030-5 091 MHz

	
	UAS Type
	M/LUAS
	SUAS
	M/LUAS
	SUAS

	
	Link
	Basic
	
	Basic
	Wideband
	

	
	Bandwidth (kHz)
	37.5
	12.5
	37.5
	300
	12.5

	
	Range (km)
	46
	46
	46
	46
	46

	UL
	Transmitter power (dBm)
	40
	30
	40
	Not Applicable
	29

	
	Transmitter antenna gain (dBi) a
	8
	8
	28
	
	28

	
	Transmitter cable loss (dB)
	1
	1
	1
	
	1

	
	Transmitter EIRP (dBm)
	47
	37
	67
	
	56

	
	Free-space loss (dB)
	125
	125
	140
	
	140

	
	Additional path loss (dB) b
	11
	11
	12
	
	12

	
	Receiving antenna gain (dBi)
	−10
	−10
	−10
	
	−10

	
	Receiver cable loss (dB)
	1
	1
	2
	
	2

	
	Received signal power (dBm)
	−100
	−110
	−97
	
	−108

	
	Noise SPD at 290 K (dBm/Hz)
	−174
	−174
	−174
	
	−174

	
	Receiver noise figure (dB)
	2
	2
	2
	
	2

	
	Receiver bandwidth (dBHz)
	46
	41
	46
	
	41

	
	Receiver noise power (dBm)
	−126
	−131
	−126
	
	−131

	
	SNR (dB)
	26
	21
	29
	
	23

	
	Theoretical SNR for BER = 10–6 (dB) c
	4
	4
	4
	
	4

	
	Implementation margin (dB)
	2
	2
	2
	
	2

	
	Required SNR for BER = 10–6 (dB) c
	6
	6
	6
	
	6

	
	Aviation safety margin (dB)
	6
	6
	6
	
	6

	
	Excess margin (dB)
	14
	9
	17
	
	11

	DL
	Transmitter power (dBm)
	40
	30
	40
	31 d
	40
	33 d
	29 d

	
	Transmitter antenna gain (dBi) a
	−10
	−10
	−10
	−10
	−10
	−10
	−10

	
	Transmitter cable loss (dB)
	1
	1
	2
	2
	2
	2
	2

	
	Transmitter EIRP (dBm)
	29
	19
	28
	19
	28
	21
	17

	
	Free-space loss (dB)
	125
	125
	140
	140
	140
	140
	140

	
	Additional path loss (dB) b
	11
	11
	12
	12
	12
	12
	12

	
	Receiving antenna gain (dBi)
	8
	8
	28
	28
	28
	28
	28

	
	Receiver cable loss (dB) e
	1
	1
	1
	1
	1
	1
	1

	
	Received signal power (dBm)
	−100
	−110
	−97
	−106 d
	−97
	−104 d
	−108 d

	
	Noise SPD at 290 K (dBm/Hz)
	−174
	−174
	−174
	−174
	−174
	−174
	−174

	
	Receiver noise figure (dB)
	2
	2
	2
	2
	2
	2
	2

	
	Receiver bandwidth (dBHz)
	46
	41
	46
	46
	55
	55
	41

	
	Receiver noise power (dBm)
	−126
	−131
	−126
	−126
	−117
	−117
	−131

	
	SNR (dB)
	26
	21
	29
	20 d
	20
	13 d
	23 d

	
	Theoretical SNR for BER = 10−6 (dB) c
	4
	4
	4
	4
	4
	4
	4

	
	Implementation margin (dB)
	2
	2
	2
	2
	2
	2
	2

	
	Required SNR for BER = 10−6 (dB) c
	6
	6
	6
	6
	6
	6
	6

	
	Aviation safety margin (dB)
	6
	6
	6
	6
	6
	6
	6

	
	Excess margin (dB)
	14
	9
	17
	8 d
	8
	1 d
	11 d

	a. Airborne antenna diversity and/or ground-site diversity assumed.
b. 99.8% availability; 30 m above ground-antenna height; 300 m UA altitude. Primarily multipath loss.
c. QPSK with ½-rate concatenated Reed-Solomon and convolutional coding.
d. Maximum feasible value when UA is within 43 km of MLS ground transmitter.
e. Low-noise amplifier assumed to be near top of ground-antenna mast.





Table 2
M/LUAS Link budgets for UA at 5.5 km AGL and maximum link range
	Direction
	Frequency
	960-977 MHz
	5 030-5 091 MHz

	
	Link
	Basic
	Basic
	Wideband

	
	Bandwidth (kHz)
	37.5
	37.5
	300

	
	Range (km)
	141
	154
	109

	UL
	Transmitter power (dBm)
	40
	40
	Not Applicable

	
	Transmitter antenna gain (dBi) a
	8
	28
	

	
	Transmitter cable loss (dB)
	1
	1
	

	
	Transmitter EIRP (dBm)
	47
	67
	

	
	Free-space loss (dB)
	135
	150
	

	
	Additional path loss (dB) b
	15
	19
	

	
	Receiving antenna gain (dBi)
	−10
	−10
	

	
	Receiver cable loss (dB)
	1
	2
	

	
	Received signal power (dBm)
	−114
	−114
	

	
	Noise SPD at 290 K (dBm/Hz)
	−174
	−174
	

	
	Receiver noise figure (dB)
	2
	2
	

	
	Receiver bandwidth (dBHz)
	46
	46
	

	
	Receiver noise power (dBm)
	−126
	−126
	

	
	SNR (dB)
	12
	12
	

	
	Theoretical SNR for BER = 10–6 (dB) c
	4
	4
	

	
	Implementation margin (dB)
	2
	2
	

	
	Required SNR for BER = 10–6 (dB) c
	6
	6
	

	
	Aviation safety margin (dB)
	6
	6
	

	
	Excess margin (dB)
	0
	0
	

	DL
	Transmitter power (dBm)
	40
	40
	40

	
	Transmitter antenna gain (dBi) a
	−10
	−10
	−10

	
	Transmitter cable loss (dB)
	1
	2
	2

	
	Transmitter EIRP (dBm)
	29
	28
	28

	
	Free-space loss (dB)
	135
	150
	147

	
	Additional path loss (dB) b
	15
	19
	13

	
	Receiving antenna gain (dBi)
	8
	28
	28

	
	Receiver cable loss (dB) d
	1
	1
	1

	
	Received signal power (dBm)
	−114
	−114
	−105

	
	Noise SPD at 290 K (dBm/Hz)
	−174
	−174
	−174

	
	Receiver noise figure (dB)
	2
	2
	2

	
	Receiver bandwidth (dBHz)
	46
	46
	55

	
	Receiver noise power (dBm)
	−126
	−126
	−117

	
	SNR (dB)
	12
	12
	12

	
	Theoretical SNR for BER = 10−6 (dB) c
	4
	4
	4

	
	Implementation margin (dB)
	2
	2
	2

	
	Required SNR for BER = 10−6 (dB) c
	6
	6
	6

	
	Aviation safety margin (dB)
	6
	6
	6

	
	Excess margin (dB)
	0
	0
	0

	a. Airborne antenna diversity and/or ground-site diversity assumed.
b. 99.8% availability; 30 m above ground-antenna height; 5.5 km UA altitude. Primarily multipath loss.
c. QPSK with ½-rate concatenated Reed-Solomon and convolutional coding.
d. Low-noise amplifier assumed to be near top of ground-antenna mast.


]
Annex 3
1 545-1 555 MHz (space-to-Earth), 1 610-1 626.5 MHz (space-to-Earth and 
Earth‑to-space)and 1 646.5-1 656.5 MHz (Earth-to-space)
A3.1	Bands 1 545-1 555 MHz (space-to-Earth) and 1 646.5-1 656.5 (Earth-to-space)
These bands may be attractive for UAS control links (CNPC) because they are already allocated for mobile-satellite use and are currently operational over a number of MSS networks worldwide. 
The bands could be utilized without much delay or start-up cost. 
Geostationary MSS satellites currently operate worldwide in the 1 545-1 555 MHz (space-to-Earth) and 1 646.5‑1 656.5 MHz bands with provisions for AMS(R)S priority use for communication of messages within priority categories 1 to 6 of Article 44.
A number of mobile satellite systems operate in these bands, providing regional and global services subject to licensing and coordination agreements[footnoteRef:2],[footnoteRef:3].  It should be noted that the 10+10 MHz of spectrum identified here would not be sufficient to address the 56 MHz of the required spectrum for UAS applications. These bands are used extensively by various MSS systems worldwide providing many different types of satellite applications, and are intended to provide long-term spectrum availability for AMS(R)S communications satisfying ICAO CNS/ATM safety and regulatory of flights for civil air transportation.  It may be necessary to ask these providers to ensure the integrity of their systems for UAS control link communication use by appropriate means. However, 
the integrity of UAS control link communications needs to be specified, taking into account the transmission characteristics of operating satellite systems and the associated UAS terminals. [2:  	Recommendation ITU-R M.1854, Use of mobile-satellite service (MSS) in disaster response and relief.]  [3:  	Report ITU-R M.2149, Use and examples of mobile-satellite service systems for relief operation in the event of natural disasters and similar emergencies.] 

Figure A3-1 depicts existing and potential frequency allocations and use in these bands. The figure also shows the frequency ranges that are filed with the ITU for some operational MSS systems, although the operational bands are subject to licensing and coordination agreements.
Figure A3-1
Aeronautical and satellite frequency use in 1 525-1 559 MHz and 1 626.5-1 660.5 MHz bands
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A3.2	Band 1 610-1 626.5 MHz (space-to-Earth and Earth-to-space)
This band may be attractive for UAS control links because it is already allocated for mobile-satellite use and is currently operational over two non-geostationary MSS networks worldwide. The band could be utilized without much delay or start-up cost.  The footnote that applies to the 1 610-1 626.5 MHz band, RR No. 5.367 indicates that it is allocated to the AMS(R)S on a primary basis subject to obtaining agreement under RR No. 9.21.
Two non-geostationary low Earth orbit (LEO) MSS satellites networks of HIBLEO-2 and HEBLEO-4 currently share and operate in the 1 610-1 626.5 MHz (Earth-to-space) band that is also allocated on a primary basis to AMS(R)S.  It may be necessary to ask these providers to ensure the integrity of their systems for UAS control link communication use by appropriate means. However, the integrity of UAS control link communications needs to be specified, taking into account the transmission characteristics of operating satellite systems and the associated UAS terminals.
Figure A3-2 depicts existing and potential frequency allocations and use in these bands. The figure also shows the frequency ranges that are filed with the ITU for some operational MSS systems, although the operational bands are subject to licensing and coordination agreements.
Figure A3-2
Aeronautical and satellite frequency use in 1 610-1 626.5 MHz bands
 (
161
3.8
 MHz
MOBILE 
–
 SATELLITE
 (E-s)
AERONAUTICAL RADIONAVIGATION
mss
 
(
s-E
)
HIBLEO-2  
1610 MHz
1626.5 MHz
AMS(R)S
HIBLEO-4
NOTE:  This chart does not completely depict all systems or allocations in these bands.
 
SYSTEMS
SERVICES
)

A3.3	Radio astronomy considerations in the 1 610-1 660.5 MHz band
Radio astronomy (RA) observatories use frequencies near 1.6 GHz for observations of the hydroxyl (OH) molecule, which provides extensive information on the processes by which stars are born and evolve. 
The frequencies at which the OH molecule emits or absorbs are fixed by physics. The radio astronomy service has the following allocations in and near the 1 610-1 660.5 MHz band:
–	1 610.6-1 613.8 MHz: Primary, shared with active services, and potentially susceptible to RFI from emitters in the 1 614-1 660.5 MHz band. In the US, protection of radio astronomy in this band is covered in Title 47 Code of Federal Regulations, Part 25, Section 25.213;[footnoteRef:4] coordination for airborne use of portions of this band are specifically covered in paragraph 25.213(a)(1)(iv). The US National Science Foundation has also executed coordination agreements with HIBLEO-2 and HIBLEO-4 covering aeronautical use of MSS terminals in portions of this band.[footnoteRef:5] International footnote 5.372 prohibits stations operating in the radiodetermination-satellite service and MSS from causing harmful interference to radio astronomy stations operating in the 1 610.6-1 613.8 MHz band. Administrations are urged to give all practicable protection to radio astronomy stations conducting research in the 1 660.5-1 668.4 MHz. [4:  	Available at http://edocket.access.gpo.gov/cfr_2008/octqtr/pdf/47cfr25.213.pdf.]  [5:  	An example agreement is available at http://www.astro.caltech.edu/USNC-URSI- J/nsffrequencyagreements.pdf (PDF pp. 1-10).] 

–	1 613.8-1 660 MHz: No radio astronomy allocation, but used in the search for extraterrestrial intelligence, as noted in RR No. 5.341.
–	1 660-1 660.5 MHz: Primary radio astronomy allocation, shared with active services; must be protected against emissions from users of the adjacent 1 614-1 660 MHz band.
–	1 660.5-1 668.4 MHz: In the U.S., this is a primary exclusive passive band. Worldwide, the 1 660.5-1 668 MHz range is a primary passive band, shared with secondary active services; while in the 1 668-1 668.4 MHz range, passive services are primary and shared with active services. The 1 660.5-1 668.4 MHz band must be protected against emissions from users of the nearby 1 614‑1 660 MHz band.
A3.4	Conclusions
Existing systems in the bands 1 545-1 555 MHz (space-to-Earth), 1 610-1 626.5 MHz (space‑to‑Earth and Earth-to-space), and 1 646.5-1 656.5 MHz (Earth-to-space) may be initially used as an interim measure to meet some of the UAS requirements. However, these bands cannot accommodate the full projected future satellite spectrum requirements of UAS, due to the limited spectrum available and the fact that these bands are utilized significantly by the incumbent systems and services. Other frequency bands will be required to fulfil the UAS operational requirements. The use of such bands would enable UAS systems to be better planned and standardised, thereby fully meeting the requirements of UAS.
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