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	SUMMARY

	This IP finds that the spectrum reuse efficiency of space-based VHF to serve large sectors is similar to existing uses, even when assuming that beam shaping cannot reduce interference.




INTRODUCTION
At WRC-23 a resolution was adopted, supported by ICAO, allocating the 117.975 – 137.000 MHz band for AMS(R)S on a co-primary basis.  Rulemaking and frequency coordination was deferred to ICAO on the basis that this band is already used for AM(R)S, parts of it for AM(OR)S, and that frequency assignment would need to be flexible yet suitable for safety of life services, in a way that normal ITU processes for space-based frequency allocations do not accommodate.
In this paper we assess the potential spectrum requirements to provide space-based VHF in large areas with low to modest traffic density.  We then compare this to exemplar terrestrial cases to understand the potential long-term implications of making AMS(R)S assignments, in particular is space-based VHF workable at scale, or will we run out of spectrum. 
Finally, we have consider what drivers, other than strictly maximising frequency reuse might be important when considering communication for air traffic management in a global context.


BACKGROUND
The efficient and effective employment of resources is important to provide fit for purpose and affordable air navigation services around the globe.  This paper builds on an earlier analysis of the efficiency of terrestrial versus space-based VHF communication infrastructure.  The paper PT-SBV1-WP11 (FSMP-WG19-Flimsy05) of Jul-2024 provided a comparison of the spectrum efficiency (service vs denied areas) of several VHF services.  It also assessed the channel allocation difficulties experienced in Western Europe with current airspace designs.  In this paper we adjust the space-based service area to a scale that is more representative of the scale of employment envisaged.
Considering the ratio of service area or volume against the interference area or volume provides a broad indication of the efficiency of spectrum use for VHF in various service contexts.  The analysis in this paper uses a curved Earth to find the radio horizon, but then uses a flat Earth to calculate areas and volumes.  In addition, the analysis has a number of other simplifying assumptions, such as ignoring the packing strategy for frequency reuse, which are not important when the goal is to gain a broad insight into the spatial reuse efficiency of a VHF service in terrestrial and space-based contexts.  
SERVICE AND INTERFERENCE RATIO’S
Using data from PT-SBV1-WP11 (FSMP-WG-19-Flimsy05) of Jul-2024 we calculate the ratio of coverage to denied areas for the Tower and ACC applications.  This is followed by an similar calculation for remote area or oceanic space-based VHF applications.
For a Tower with a service radius (DOC) of 25 nautical miles, and aircraft ceiling of 4,000’ the radio horizon is given by 1.23 sqrt(h), or 77 nautical miles.  Thus, assuming a sum of radio horizons reuse limit is used, the tower transmitter has a DOC of 1963 square nautical miles and a frequency denial area of 19,011 square nautical miles.  For a service:denial ratio of 1:9.6 by area.
If considering volume rather than area, and that isolation is against a DOC of the same 4,000’ ceiling, the ratio is 11.25 times worse, being the ratio between the DOC up to 4,000’ and the limit of controlled airspace of 45,000’.  So the service:denial ratio by volume is 1:108.  
Now considering ACC with a DOC radius of 50 nautical miles, and ceiling of 45,000’.  The radio horizon to 45,000’ is 260 nautical miles for a denial area of 213,881 square nautical miles, against a DOC of area 7,853 square nautical miles.  This gives a service:denial ratio of 1:27 by area.  Given the ceiling extends to the limit of controlled airspace the volume and area ratios remain the same, or if the airspace is divided into low and high regions then the reader could estimate the effect.
Now considering space-based VHF, which is intended for remote and oceanic areas where the current airspace boundaries are very large.  Example areas of existing FIR’s or smaller airspace which might be served by space-based VHF include:
YHFASOUTH in Australia with an area of 6.49 million square kilometers, encompassing substantial parts of the Indian and Southern Oceans to the south and west of Australia.  This is a subset of Melbourne FIR which has total extent of 41.2 million square kilometers.
YHFASP-6 also in Australia that covers the area off the Australian Eastern seaboard beyond the airspace served by land-based VHF and out to the transition to New Zealand or Fiji controlled airspace.  YHFASP has an area of 2.28 million square kilometers, and is a subset of Brisbane FIR which has an area of 9.7 million square kilometers.
Gander Oceanic FIR is 3.86 million square kilometers.
Shanwick Oceanic FIR is 2.33 million square kilometers.
Tahiti FIR is of total area 13.7 million square kilometers.
Oakland Oceanic West FIR is 46.7 million square kilometers, noting that this FIR represents around 11% of the Earth’s surface area, taking in the majority of the North Pacific Ocean.
We consider a satellite at 800km, which is the highest altitude currently filed for AMS(R)S VHF.  Such a satellite has a radio horizon of approximately 3,300km, and would typically serve a DOC of around 1,500 km x 1,500 km (810 x 810 nautical miles).
The interference area with a 3,300km arc is 34,211,943 square kilometers.  The DOC of 1,500km x 1,5000km has an area of 2,250,000 square kilometers.  The service:denial ratio is 1:15.2, and assuming, as for ACC, that this is from the ground to 45,000’ the ratio of volumes is the same.
For some FIRs a single space-based VHF station might be able to serve the entire airspace, in others traffic density may require multiple smaller sectors each with their own frequency, and in others the physical area of the FIR is so vast that multiple space-based transceivers are required.  This is a similar situation to terrestrial airspace and frequency planning.
The parameters and spectrum use efficiency are summarised in the table below:
Table 1  Summary of Modelling Results for Frequency Reuse
	Application
	Service ceiling
	Service area (sq km) 
	Interference area (sq km)
	Ratio by area
	Ratio by Volume

	Tower
	4,000’
	6,732
	65,205
	1:9.6
	1:108

	ACC
	45,000’
	26,935
	733,591
	1:27
	1:27

	Space-based VHF
	45,000’
	2,250,000
	34,211,941
	1:15
	1:15



Using the simple ratio of served vs denied area or volume it can be seen that space-based VHF is not an outlier in spectrum use efficiency compared to existing aviation VHF use cases.
Not all airspace served by space-based VHF will necessary have a DOC of the size stated, but likewise the service area for each Tower or ACC is also sometimes constrained by topology, traffic density, airfield locations, national boundaries and the like.  The busy North Atlantic routes may require more than a single frequency per 2.25 million square kilometers, but busy terrestrial areas also do not achieve the calculated service:interference ratios.
OTHER MEASURES OF EFFICIENCY
There are other measures of efficiency relevant to the provision of communication for Air Traffic Control.  These include the: cost of supporting infrastructure; airspace controlled per transceiver; and coverage at low level and to the ground where there are many dispersed airfields or where emergency support aircraft (air ambulance, fire-fighting, poaching patrols) operate at low level or land outside of normal airfields.
Taking the area or airspace served per transceiver as an example, we now consider the number of stations required to cover a given area or volume.  Taking the nominal DOC for a single space-based station of 1,500 km x 1,500 km (810 x 810 nautical miles) gives an area of 656,100 square nautical miles.  The equivalent service area for the ACC case is 7,853 square nautical miles, and for the tower case is 1,963 square nautical miles.
Therefore, for a service area which a single space-based station would service, requires 83 stations in the ACC context and 334 stations in the tower context.  In addition, the service from terrestrial transceivers suffers from limited coverage at low altitudes.  So in low traffic density areas space-based stations may provide a pathway to more cost-effective delivery of services.  In addition, these services can be provided in spite of there being no land on which to site transmitters, no electricity to power transmitters, and no communication infrastructure to link the transmitter to the air traffic centre.  In addition, the space-based transmitter can provide uniform coverage almost to ground level, whereas the minimum service altitude grows with distance from a terrestrial transmitter.  This is especially helpful when population centres are widely scattered with limited infrastructure between them, such as archipelagic areas.
This discussion of alternate measures of efficiency is not intended to rebut or deny an analysis strictly based on service:interference area or volume ratios, rather it is provided to add broader context to understanding the various problems faced around the globe, and that decisions should not be made solely on service:interference ratios or solely on issues faced primarily in certain regions.  We need to find ways to accommodate the varying needs and constraints of differing regions.
CONCLUSION
In this paper we have analysed the potential spectrum requirements to provide space-based VHF in large areas with low to modest traffic density.  In particular we have sought to address concerns that space0-based VHF is a ruinously wasteful consumer of a scarce resource.  In contrast, space-based VHF, in the right context, appears to have an VHF spectrum reuse rate, as calculated by a ratio of service:interference area or volume that is on par with typical existing uses.
Finally, we have sought to highlight that aspects other than a strict frequency reuse measure are often important when considering communication for air traffic management in a global context, and that these considerations should balance any decision around adoption of any service.
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