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SUMMARY

Further to the recent WRC-03 decisions with respect to the forthcoming WRC-08 and in particular with the "aeronautical" agenda item decided under Res 802 COM 7/A, item 1.6, this paper takes an initial look at some suitable bands for possible allocation to the aeronautical mobile (Route) service (AM(R)S).

It does so on  the basis of on-going EUROCOTROL studies defining ECAC mission requirements viz the aeronautical communication services needed in the timeframe starting year 2015, it establishes assumptions on an appropriate communication system architecture and assesses   the associated spectrum requirements

This work is predicated on the main assumption that NGCS will likely be deployed first in upper ATC airspace – say from FL 200 upwards – on the strength of experience acquired with 8.33 KHz spacing deployment in Europe,

This paper particularly looks at two candidate frequency bands :

the band from 962 to 977 Mhz , within the DME band and, the band 5091-5150 Mhz , the so-called "MLS extension" band

Use of the band 962-977 Mhz appears as the more attractive compared to the MLS extension band for avionics simplicity and lower cost,  as well as less spectrum consumption through higher bit per Herz efficiency

If the approach proposed herein is confirmed as viable it would permit  NGCS initial implementation for En-Route airspace with a capacity to serve up to 1000 aircraft within a 150 NM radius cell and with a spectrum "consumption" limited to 3 MHz .

The meeting is kindly invited to note this paper and provide comments on the approach taken herewith

Preliminary considerations on system architecture and spectrum requirements for an aeronautical NGCS (New generation communication system) assuming initial en-route deployment

1. Introduction and purpose

Further to the recent WRC-03 decisions with respect to the forthcoming WRC-08 and in particular with the "aeronautical" agenda item decided under Res 802 COM 7/A, item 1.6, first part 
this paper takes an initial look at some suitable bands for possible allocation to the aeronautical mobile (Route) service (AM(R)S).On the basis of on-going EUROCOTROL studies defining ECAC
 mission requirements viz the aeronautical communication services needed in the timeframe starting year 2015, it establishes assumptions on an appropriate communication system architecture. In so doing it provides an initial assessment of the associated spectrum requirements. It finally gives early indications of areas where further work is needed. 

These considerations are primarily focussed on working towards a suitable resolution of the spectrum shortage issue in the VHF 118-137 MHz band facing high air-traffic density world regions, Europe and North America notably , expected to become acute from 2010 onwards. These considerations are also predicated on the main assumption that NGCS will likely be deployed first in upper ATC airspace – say from FL 200 upwards – on the strength of experience acquired with 8.33 KHz spacing deployment in Europe, thus significantly releasing VHF congestion pressure by reassigning upper airspace freed up VHF frequencies to lower airspace. It is moreover anticipated that aggressive deployment of both 8.33 Khz spacing in Europe and of VDL Mode 3 in U.S.A, in that lower airspace, will further ease VHF band congestion.

This paper particularly looks at two candidate frequency bands :

a) the band from 962 to 977 Mhz , within the DME band, whose corresponding channels 1 X to 16 X are "reserved exclusively for national allotments (Annex 10 , ref. TBD ) and,

b)  the band 5091-5150 Mhz , the so-called "MLS extension band" also contemplated for other future aeronautical applications, such as the ANLE
, notably by the U.S. as part of the above mentioned. WRC-08 agenda item 

2. Assumptions on ATC air-ground communication requirements

The assumptions drawn in this paper are derived from the EUROCONTROL study entitled "Operating Concept of the Mobile Aviation Communication Infrastructure supporting ATM beyond 2015', nicknamed MACONDO (see http://www.eurocontrol.int/eatmp/work/mobile_comm.html) whose results have been further processed in a subsequent EUROCONTROL study draft document called "New Generation Satellite Communication System –ECAC Mission requirements"

On this basis the high-level NGCS requirements for En-Route can be stated as follows:

a) Voice communication service :
With the view to provide a smooth transition from the existing analog radiotelephony (R/T) environment to NGCS, while at the same time ensuring side by side operation of the two systems for many years to come , there is an obvious need to provide a voice transmission capability between ground ATC and airborne crews, of at least same performance and quality as to-day's VHF R/T; and this in terms of immediate access time , typical of "Push to Talk" operations, i.e; one second or less, and of same subjective quality . Assuming a digital implementation this translates into need for vocoding technology with a rate of no less than 4.8 Kbps. Additionally a particular voice communication "operational "channel is assumed to be needed for every ATC sector . It shall be made available to all – say to the 10 to 30 aircraft, average 20 - under ATC control in a given sector. Furthermore present experience show that an en-route ATC analog R/T channel is occupied on the average much less than 50 % of the time. With the advent of datalink in the 2015 timeframe, expected to provide the bulk of routine air-ground communication, the time percentage of voice occupancy is expected to decrease. With a full duplex digital implementation, this translates into the capability for each direction of up and downlink propagations, to be voice-occupied less than 25 % and therefore available for. data communication at least 75 % of the time. 

b) Data communication service:
The key requirements are throughput, delay and availability. Examination of the above mentioned second draft EUROCOTROL document, dealing with satellite communications leads to the derivation of a need for an average data capability of about 75 bits per second and per aircraft in the downlink direction (and half as much for the uplink) and of a peak throughput of 200 bits per second, still per aircraft in either direction. In the case of a terrestrial NGCS it is prudent at this early stage of investigation to multiply the above satellite requirements by a factor of 3 , i.e. stating a need for data transmission capabilities of 200 bps, average and 600 bps, peak throughput , for each aircraft to be served. Such capability levels will easily accommodate airline operational communications (AOC) in addition to the required ATC services. AOC requirements are also identified in that second EUROCONTROL draft document : they are in the order of 12 bits per second and per aircraft, today, and 52 bps, expected in the future. ATC data transmission delays need to be kept under 2 seconds 95 % and 5 sec. 99.996 % of the time for small data messages of about 40 octets or less. Total system availability (including for voice service) shall be a minimum of 99.995 % which could be implemented economically by keeping a limited number of present day VHF R/T channels as back-up to NGCS

c) En-Route Peak Instantaneous Aircraft Count (PIAC)
Air-traffic volume projections for the 2015 time frame en-route environment call for a PIAC of 700 in the Europe’s core area 
and about 450 for the area immediately adjacent to this core area. 


2. System architecture assumptions

The two key assumptions are  cellular organisation and full decoupling between the radiocommunications and ATC operations layers 

a) Cellular organisation:
It is depicted in figure 1 which shows service cells of radius corresponding to the minimum flight level to be served, assumed here to be FL 200, i.e. 20 000 feet. Separation distances to distant cell centres with same frequency band assignments (see fig. 1) shall be adequate to provide isolation in as much as  radio propagation from aircraft to that distant cell centre is beyond the local radio-electrical horizon, even at the highest flight levels - taken  herewith to be FL 500. Further assuming separate uplink and downlink radio paths, a frequency reuse factor of 3 can be achieved. This is far better than today’s R/T VHF environment, which mixes both up and downwards directions of propagation, and for which separation minima must provide adequate isolation even  between aircraft at  high altitude.

b) Radiocommunications / ATC operations decoupling
Contrary to today’s system which uniquely associate an ATC sector to a specific R/T frequency for historical and technological reasons, NGCS implementation is expected to remove such a link while at the same time offering to the end-users, pilots and ATCOs, full transparency and easy access to and flexibility of communication services, typical of a modern COM architecture. 
This implies:
i)ATC sector boundaries will not necessarily correspond to a cell range limits as shown in figure 1,

ii) each sector will be assigned a unique ATC Operations COM Channel (ATCC) at the application level, totally distinct from the set of communication resources assigned and managed by the radiocommunication layer, for each aircraft within a particular sector 

c) Choice of TDD over FDD:
Additionally, for spectrum conservation reason, a time division duplex (TDD) scheme, is preferred over FDD for keeping apart up and downlinks, within the constraints of access time and link budget margins (see sections 4 and 5 hereafter)
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	Cell radius : max range at min FL 
	'a = 150 NM = optical range limit at FL =200 (20 000 ft flight level)

	Adjacent cell centers separation, i.e. F1 F2 
	2 a cos 30° = 260 NM

	Separation distance to reused freq. F1 implemented at cell center  F'1,i.e CF'1
	C F'1=F1F'1- F'1C=   
2 (2 a cos 30°) x cos 30° –a = 2a = 300 NM 

	Radio electrical horizon at FL 500
	 272 NM 


Figure 1 : System Architecture :  NGCS cell organisation and frequency reuse

3. ANTICIPATED CAPACITY AND throughput performance

NGCS is assumed to be implemented over a basic 9.6 Kbps individual channel rate, adequate to support one voice service, vocoded at 4800 bps, and data transmission either at the remaining rate of 4.8 Kbps when voice is simultaneously transmitted or at the full rate , otherwise. 

In both the TDMA and CDMA implementation options described in section 4 and 5 hereafter, the assumed architecture can offer up to 50 of such 9.6 kbps individual channels , each with the capability to serve an ATC sector , loaded on the average with 20 aircraft under ATC control. Hence the NGCS system capacity of 1000 aircraft per each 150 NM radius cell, more than adequate to cope with the PIAC forecasted for Europe  core and peripheral areas, since it encompasses several of such cells. It will be seen in the following sections that such a single cell  can be served with one Mhz of spectrum, if the 962-977 Mhz band is used o  in the region of 1 to 2 Mhz if the  5 GHz "MLS extension" band is used instead, on account of a lesser bit per Hz efficiency.

Since experience (French DGAC/CENA "Vocalise" study refers) has shown than air-ground voice exchanges take place less than 50 % of the time for an en-route ATC sector and that this percentage can be split up between for the uplink and downlink paths., during 25% of either the up-or downlinks, a rate of 4800 bps is available for data transmission , and in the remaining 75 % of the time, data transmission can take place at 9.6 Kbps. 

The effective data transmission capability is therefore 0.25 x4800 + 0,75 x 9600 bps, i.e. 8400 bps; on the average Assuming a worst case loading within an ATC sector of 30 aircraft, the available average throughput per aircraft is 280 bps

With an additional assumption that time-critical data messages need to be sent , say , over a 2 seconds period , but for only than a third of the aircraft present in an ATC sector at any given time the peak throughput capability, even when voice service is operating ( thus limiting data transmission to 4.8 kbps) is therefore 2 x 4800 for 10 aircraft, i.e. 960 bps

4 TDMA-TDD OPTION

4.1 radio and link layers

This option is modelled after the IRIDIUM system modulation and access scheme) as presented within the information papers made available to ICAO ( ref. AMCP/WGA-WP/403 and WP/441) . It assumes the following radio and link layers architecture (see fig. 2 herebelow)::

- Time Division Multiplex Access (TDMA) using an 120Kbps modulated carrier occupying a wide-band (WB) Channel of 100KHz, 

 - 8 frames transmitted per second, each of 125 ms duration , 

 - Time Division Duplex (TDD) arrangement in which each frame is divided into an uplink (U/L) and Downlink (D/L) subframes of equal duration, 

The U/L and D/L subframes consist in 6 slots of 10.4 milliseconds each :

the first slot is reserved for frame synchronisation/acquisition and channel slots management, 

the remaining 5 slots are assigned to 5 air-ground user channels, with each TDMA slot carrying 1200 bits, which yields an user channel bit rate of 9,6 Kbps, for combined Voice and Data services
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Figure 2 

4.2 Wide-band Frequency Plan 

In the frequency band 962-977 Mhz there is a potential of 10 WB high-bit rate channels per one Mhz,, assuming a bit per Hz efficiency of 1.2, which is not too demanding in view of the robust link budget available at 970 Mhz , of table 1 hereafter)



Fig. 3: 10 WB Channels of 100KHz bandwidth, over 1 MHz at 1 GHz including guardbands

4.3 TDMA Option representative link budgets

using the 962-977 MHz band 

The following budget has been established under the assumption that a BPSK modulation is uses without implementing a forward error correction (FEC) scheme. It also assumes antenna gains of 9 dBi for the ground and 0dBi for the aircraft radio antennas.

	Table 1 : TDMA operating in the 962-977 MHz band 
	 
	Unit
	Uplink (To a/c)
	D/L (from a/c)

	Transmitter's output: 20W on-ground & 10 W on-board a/c
	 
	dBW
	13,0
	10,0

	Antenna gain : Vertically.shaped on-ground & omni in azimuth for both ground and a/c
	 
	 dBi
	9,0
	0,0

	Transmitted EIRP
	 
	 dbW
	22,0
	10,0

	Carrier frequency in MHZ 
	970
	 
	 
	 

	Propagation losses at range of, in NM 
	150
	 
	-141,1
	-141,1

	Atmospheric loss
	 
	dB ( TBC)
	1,0
	1,0

	Receiving antenna gain
	 
	dBi
	0,0
	9,0

	Polarisation losses
	 
	dB
	1,0
	1,0

	cable/guide and diplexer insertion losses
	 
	dB 
	3,0
	1,0

	Received carrier level
	 
	dBW
	-124,1
	-125,1

	Receiver noise factor 
	 
	 
	3,0
	3,0

	C/No Thermal 
	 
	dBHz
	73,9
	74,9

	TDMA bearer rate , in Kbps
	120
	 
	 
	 

	Assumed modem Eb/No, no FEC 
	13
	dB
	 
	 

	C/No required for TDMA bearer rate 
	 
	 
	63,8
	63,8

	Margin
	 
	 
	10,1
	11,1


It demonstrates ample margin availability even with relatively low EIRP (20 W for ground and 10 W aboard transmitters) and low performance receiver noise figures. This robust link budget is an a-priori justification for limiting the TDMA bearer carrier modulated at 120 Kbps, to within 100 KHz channel width

b) using the 5091-5150 Mhz band

Achieving a positive link margin at 5120 MHz, mid-frequency of the so-called MLS extension band (5091-5150 MHz) requires:

i) much higher EIRP on ground an on-board;  20 W is assumed for the latter to maintain avionics design within the constraints of moderate cooling aboard aircraft,

ii) separate low noise amplifier located close to antenna port to cut down input losses and noise figure to the receiver,

iii) to take into account the hygroscopic absorption propagation losses at 5 GHz, assessed on the basis of an attenuation rate of 0.02 dB/km due to rainfall intensity of 10 mm/hr occurring with a time frequency of 12 times in a year and with duration of 6 mn or less
,

iv) use of forward error coding, to be able to benefit from a lower Eb/No ratio

	Table 2 : TDMA, 5GHz bearer carrier operations
	 
	Unit
	Uplink (To a/c)
	D/L (from a/c)

	Transmitter's output: 50 W on-ground & 20 W on-board a/c
	 
	dBW
	17,0
	13,0

	Antenna gain : Vertically.shaped on-ground & omni in azimuth for both ground and a/c
	 
	 dBi
	9,0
	0,0

	Transmitted EIRP
	 
	 dbW
	26,0
	13,0

	Carrier frequency in MHZ 
	5120
	 
	 
	 

	Propagation losses at range of, in NM 
	150
	 
	-155,5
	-155,5

	Atmospheric loss (hygroscopic absorption)
	 
	dB 
	5,5
	5,5

	Receiving antenna gain
	 
	dBi
	0,0
	9,0

	Polarisation losses
	 
	dB
	1,0
	1,0

	cable/guide and diplexer insertion losses
	 
	dB 
	1,0
	0,5

	Received carrier level
	 
	dBW
	-137,0
	-140,5

	Receiver noise factor 
	 
	 
	2,0
	2,0

	C/No Thermal 
	 
	dBHz
	64,0
	61,0

	TDMA bearer rate , in Kbps
	120
	 
	 
	 

	Assumed modem Eb/No, with FEC 
	6
	dB
	 
	 

	C/No required for TDMA bearer rate 
	 
	 
	56,8
	56,8

	Margin
	 
	 
	7,2
	4,2


The lower link margin will likely result into less bits/Hz efficiency and subsequently into a higher bandwidth occupancy , including guard bands for each TDMA bearer carrier, so that 50 of those contiguous carriers would require spectrum in the rang e of 1 to 2 MHz for implementation

5. CDMA-TDD implementation Option

This option is derived from the ESA SDLS
 CDMAconcept for an AMS(R)S system implementation as described within the information papers made available to ICAO AMCP/WGA and WGC, the most recent of which being AMCP/8-WP/29 , with the notable difference however that TDD is considered for a terrestrial NGCS, by contrast to the SDLS FDD scheme.

This option aims at the following :

· wideband , one MHz spreading., through a 1 Mchips per second pseudo sequence, supporting an Code Division Multiplex Access (CDMA) scheme with a further Time Division multiplex (TDD) . Uplink and downlink senses of propagations assumed to be switched from one to the other 10 times per second 

· user information rate of 9,6 kbps available in both the up and down link directions of propagation 

· simultaneous use of up to 100 orthogonal codes codes, yielding through the above TDD organisation up to 50 distinct users communication channels, 

· a maximum of 20% mis-synchronisation at the CDMA chips , equivalent to 20 uncorrelated CDMA codes (TBC), which is the main link budget limiting factor

· capacity and throughput identical to the above described TDMA option : 50 full duplex service channels available to "serve" up to 50 ATC sectors , with each 10 to 30 aircraft under ATC control , 280 average and 960 bps per aircraft peak throughputs 

Note however from a technological standpoint, that achieving a positive link margin implies the combined usage of :

i) forward error correction (FEC) to be able to quote an Eb/No of 6 dB compatible with an residual error rate better than 10 E-6 

ii) orthogonal CDMA codes; this in its turn necessitates chip synchronisation : assuming an 1 Mbps spreading pseudo-random sequence and a 0.1 µs synch accuracy, this leads to place a requirement on the avionics to predict the aircraft range variation to ground receiver with an accuracy better than 30 meters .

The smallness of the margin achieved (1dB) in the two tables herebelow can be explained partly as due to a highly conservative assumption on the inefficiency of the chip-synchronisation control which results into the CDMA codes demodulator having to process the equivalent of 20 % of the codes received randomly, and therefore contributing to the CDMA "self-noise", the main budget limiting item ,  irrespective of  the two considered bearer carrier frequencies, 967 and 5120 Mhz, since CDMA "self noise" dominates thermal noise.

a) operations in the band 962-977 Mhz


	Table 3: CDMA-TDD option operating in the 962-977 Mhz band
	
	Unit
	Uplink (To a/c)
	D/L (from a/c)

	Transmitter's output: 20W on-ground & 10 W on-board a/c
	 
	dBW
	13,0
	10,0

	Antenna gain : Vertically.shaped on-ground & omni in azimuth for both ground and a/c
	 
	 dBi
	9,0
	0,0

	Transmitted EIRP
	 
	 dbW
	22,0
	10,0

	Carrier frequency in MHZ 
	967
	 
	 
	 

	Propagation losses at range of, in NM 
	150
	 
	-141,0
	-141,0

	Atmospheric loss (hygroscopic absorbtion)
	 
	dB ( TBC)
	1,0
	1,0

	Receiving antenna gain
	 
	dBi
	0,0
	9,0

	Polarisation losses
	 
	dB
	1,0
	1,0

	cable/guide and diplexer insertion losses
	 
	dB 
	3,0
	1,0

	Received carrier level
	 
	dBW
	-126,0
	-127,0

	CDMA channel spreading 
	1000
	Khz
	 
	 

	Nr of simultaneous CDMA codes, assumed orthogonal
	100
	 
	 
	 

	Assumed number of mis-synchronized CDMA channels 
	20%
	 
	 
	 

	C/Io, with Io CDMA self noise
	 
	dBHz
	47,0
	47,0

	Receiver noise factor 
	 
	 
	3,0
	3,0

	C/No, Thermal 
	 
	dBHz
	72,0
	73,0

	C/No, total
	 
	 
	47,0
	47,0

	Information rate
	9,6
	KBps
	 
	 

	Assumed modem Eb/No, with FEC 
	6
	dB
	 
	 

	C/No required for above channel rate 
	 
	 
	44,8
	44,8

	Margin
	 
	 
	1,2
	1,2


b) Operation in the 5091-5150 MHz band 

Such option , in addition to the need for orthogonal codes and FEC as is the case in table 3, also requires higher EIRP and LNA implementation as stated in table 2 (TDMA-TDD at 5 Ghz ) above

	Table 4 : CDMA-TDD option at 5GHZ operations 
	 
	Unit
	Uplink (To a/c)
	D/L (from a/c)

	Transmitter's output: 20W on-ground & 10 W on-board a/c
	 
	dBW
	15,0
	13,0

	Antenna gain : Vertically.shaped on-ground & omni in azimuth for both ground and a/c
	 
	 dBi
	9,0
	0,0

	Transmitted EIRP
	 
	 dbW
	24,0
	13,0

	Carrier frequency in MHZ 
	5120
	 
	 
	 

	Propagation losses at range of, in NM 
	150
	 
	-155,5
	-155,5

	Atmospheric loss (hygroscopic absorption)
	 
	dB ( TBC)
	5,5
	5,5

	Receiving antenna gain
	 
	dBi
	0,0
	9,0

	Polarisation losses
	 
	dB
	1,0
	1,0

	cable/guide and diplexer insertion losses
	 
	dB 
	1,0
	1,0

	Received carrier level
	 
	dBW
	-139,0
	-141,0

	CDMA channel spreading 
	1000
	Khz
	 
	 

	Nr of simultaneous CDMA codes, assumed orthogonal
	100
	 
	 
	 

	Assumed number of mis-synchronized CDMA channels 
	20%
	 
	 
	 

	C/Io, with Io CDMA self noise
	 
	dBHz
	47,0
	47,0

	Receiver noise factor 
	 
	 
	2,0
	2,0

	C/No, Thermal 
	 
	dBHz
	62,0
	60,0

	C/No, total
	 
	 
	46,9
	46,8

	Information rate
	9,6
	KBps
	 
	 

	Assumed modem Eb/No, with FEC 
	6
	dB
	 
	 

	C/No required for above channel rate 
	 
	 
	45,8
	45,8

	Margin
	 
	 
	1,1
	1,0


6. Conclusions and further work 

· Use of the band 962-977 Mhz appears as the more attractive compared to the MLS extension band at 5 GHz for avionics simplicity and lower cost,  as well as less spectrum consumption through higher bit per Herz efficiency,

· The assumptions quoted in this paper on the applicable NGCS communication service requirements  drawn from the European ATC environment, need to be validated for worldwide validity

· If confirmed this option would allow NGCS initial implementation for En-Route airspace with a capacity to serve up to 1000 aircraft within a 150 NM radius cell and with a spectrum "consumption" limited to 3 MHz . This would also leave possibly enough spectrum, within the remaining sub-band, to accommodate NGCS future requirements in the lower altitude FIR and airport approach airspaces. 

· A global allocation to AM(R)S requires aviation coordination with national radio regulating authorities to take care of that band existing status of "exclusively reserved for national allotments"

· A comparative analysis between TDMA and CDMA would need to be endeavoured, which should take into account as a first step the design complexity and cost of achieving orthogonal CDMA codes and associated chip synchronisation  before proceeding any further.

__________________________

�





F1





C





a





F2





F'1





F1











ATC sector





F3





F3





125 ms





Frame. acq. & slot mgmt





5 U/L slots 





5 D/L slots





1 Slot





1200 users' bits





































































































































































































� …"to consider additional allocations for the aeronautical mobile (R) service in parts of the bands between 108 MHz and 6 GHz, in accordance with Resolution [COM7/ 6 (WRC-03) " 


� European Civil Aviation Conference


� Airport navigation and location equipment


� Europe’s core area, for ATC purposes incorporate contiguous airspace above London, Amsterdam, Oslo, Frankfort, Paris, Lyons, Zurich Milan and Marseilles. It is approximately of a banana shape with spreads of about 700, in its greater and 300 NM in its lesser dimension 


� CCIR XIIIth Plen. Assembly, Vol V, Report 333-3, Geneva 1974


� Satellite Data Link System
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