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	SUMMARY

	This Information Paper provides an update on the discussion between EUROCAE WG-105 and RTCA SC-228 in regard to a compatible technical solution for the shared use of the 5030-5091MHz band by terrestrial, high-altitude airborne relay, and satellite based C2 Links.


1. INTRODUCTION

1.1 EUROCAE WG-105 has been developing a MOPS for geostationary satellite based RPAS C2 Links that would operate in the 5030-5091MHz frequency band.
1.2 RTCA SC-228 has been developing a MOPS for terrestrial (line of sight and high-altitude airborne relay) based RPAS C2 Links that would operate in the 5030-5091MHz frequency band.

1.3 Since both of these systems could operate in close proximity to each other (they may even be used simultaneously on the same RPA) it is necessary to ensure their compatible operation to provide high reliability terrestrial and satellite based C2 Links for this aviation safety application.
2. DISCUSSION

2.1 The attached information paper provides a technical overview of the solution that is currently being considered by EUROCAE and RTCA. 

2.2 The paper shows why Time Division Duplexing (TDD) is the appropriate choice when considering compatible, equitable and flexible use of this allocation.

2.3 The paper derives the key TDD timing requirements and shows how a low-latency terrestrial solution can be realised that is at the same time able to allow the use of global-beam coverage satellite antennas to meet geostationary satellite operational requirements. 
2.4 This compatible technical proposal provides for a highly flexible use of the entire allocation by both systems without the need for block sub-band frequency filtering.

3. CONCLUSION
3.1 It is requested that the FSMP take the attached information paper into consideration while developing a plan for the use of this 5030-5091MHz frequency band.
— END —

Attachment 1

Compatible terrestrial, high-altitude relay and geosynchronous satellite based C2 Links operating in the 5030-5091MHz frequency band
1 Introduction

The International Telecommunications Union (ITU) World Radio Conference of 2015 (WRC-15) allocated the 5030-5091 MHz to Aeronautical Mobile Service (R) and Aeronautical Mobile Satellite Service (R) on a coprimary basis
 subject to internationally approved standards.  International standards for Remotely Piloted Aircraft Systems (RPAS) using terrestrial-based, high-altitude relay-based and geostationary satellite-based Command and Control (C2) Data Link Systems are being developed within ICAO.

The scope of this white paper is to present technical solutions that are being considered, some of which require dividing the 5030-5091 MHz band into a sub-band for terrestrial-based C2 Links and a sub-band for satellite-based C2 Link Systems when compatibility is not possible, and other technical solutions that allow compatible operation. The aim of this paper is to identify the technical solution for compatible, equitable and flexible access to the 5030-5091MHz frequency band by the terrestrial, high-latitude relay and geostationary satellite C2 Link Systems architecture and which also maximizes the number of users that can be supported.

Compatible operation implies a solution that minimizes the potential for interference between users of the spectrum irrespective of the basis of their architecture.

Equitable operation implies that restrictions on any of the architectures are minimized and each is treated equally.

Flexibility allows the band to be used by one or more of the architectures, individually and/or simultaneously, in an on-demand solution, with minimal prescribed frequency allocation constraints. And that the same aircraft can use one or more of the architectures at different or concurrent times with minimal performance degradation.

Key metrics for this technical solution are the maximization of the utilization of the 5030-5091 MHz spectrum and the minimization of end-to-end latency.  The former will provide for maximizing the number of aircraft that can be supported; the latter is required not only deliver timely interaction between the remote pilot and the aircraft, but also to maximize remote pilot to air traffic controller communication efficiency in busy operating environments.

Finally, the solution must be robust and capable of delivering the high levels of availability and continuity required of an aeronautical safety application.

2 C2 Link Service Architectures and Duplexing Approaches

The major challenge to the technical solution is to accommodate different types of services, e.g., terrestrial, high-altitude relay, and satellite-based service architectures, within the 5030-5091 MHz band, with the users of one type of service experiencing a very wide range of wanted received signal levels while minimizing the level of unwanted signal reception from other users of the same type of service as well as interference from the unwanted signals from users of the other types of services.  It would be operationally very complex to set the limits on aircraft location that would be required to eliminate the possibility of aircraft using different service architectures trying to receive signals from a distant terrestrial ground radio system, high altitude relay or satellite while being relatively close to a transmission from an aircraft using a different service architecture. 

Even with careful frequency allocation, state of the art level wide-band emissions (outside of their allocated channel) from transmitters can easily exceed the low-level signals from the wanted transmitter on the reception channel when the receiver is physically close to the unwanted transmitter.  Transmit/receive duplex operation using two different frequencies, one for forward link transmissions/receptions and another for reverse link transmissions/receptions (Frequency Division Duplex or FDD), or using two “time segments” of a periodic Frame with one segment for synchronized forward link transmissions/receptions and another for synchronized reverse link transmissions/receptions (Time Division Duplex or TDD) is therefore required to avoid interference between users of the same type of service.  Separate frequency band assignments or compatible synchronized TDD operation is required to avoid interference between users of different service architectures.

Since the 5030-5091MHz band is relatively narrow, the use of Frequency Division Duplexing would be spectrally inefficient as there would need to be significant guard bands between the transmit and receive frequencies and use of transmit and receive bandpass filtering to enable adequate attenuation of the unwanted signals.

Consequently, RTCA SC-228 WG2 and EUROCAE WG-105 have independently determined that AM(R)S Terrestrial C2 Links and AMS(R)S Satcom C2 Links forward link/reverse link duplex operation should be based on Time Division Duplexing (TDD).  However, the TDD solution that makes optimum use of the channel for terrestrial based C2 Links is not optimum for satellite-based C2 Links.  A solution that either allows RPAS with terrestrial, high-altitude relay and satellite based C2 Link Systems to operate with the TDD timing that is optimum for its architecture in the same airspace without interfering with each other’s receive operation or which adopts the same but sub-optimum TDD forward link/reverse link timing to avoid interfering is necessary.  The remainder of this white paper considers both of these alternatives and proposes a solution which results in optimum use of the 5030-5091 MHz frequency while imposing no restrictions on where Remotely Piloted Aircraft (RPA) with terrestrial-based, high-altitude relay-based and geostationary satellite-based C2 Link Systems may operate or how close to each other they may operate.

3 TDD Frame Structure for Terrestrial & Satellite-Based C2 Link Systems

Assuming that the TDD timing is set to ensure all aircraft transmit and receive at defined and synchronized times (so there is no possibility of simultaneous transmission and reception and consequent interference) the signals received at the ground, high-altitude relay or satellite end of the link will be dispersed in time due to the delay over the different propagation paths. Additionally, this propagation path delay is not fixed as the aircraft flies through the available service area, and hence the distance and propagation path delay, to the ground, high-altitude relay or satellite end of the link varies.  Therefore, the TDD transmit/receive timing (Frame Structure) must include guard times to allow reception of signals with different propagation delays. 

The following table shows the maximum and minimum propagation distances and propagation delays and the amount of time that must be allocated for delay spread (maximum propagation path delay minus minimum propagation path delay) and transmit receive switching guard times in the terrestrial, high-altitude relay and both regional and global geosynchronous satellite architectures.

Table 1 C2 Link Service Architecture Timings
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Minimum propagation distance 100 m 1.5 km 36,510 km 35,786 km

Maximum propagation distance 462 km 502 km 38,790 km 41,679 km

Minimum propagation delay 333 ns 5 μs 121.7 ms 119.3 ms

Maximum propagation delay 1.5 ms 1.7 ms 129.3 ms 138.9 ms

Propagation delay spread 1.5 ms 1.7 ms 7.6 ms 19.6 ms

Tx-Rx +Rx-Tx switching guard times 2.5 ms 2.3 ms 2.4 ms 1.8 ms

Minimum Propagation Delay 

Spread + T/R Switching guard times

4.0 ms 4.0 ms 10.0 ms 21.4 ms
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Assumes maximum altitude of UA is 55,000 feet

Assumes altitude of High-Altitude Relay platform is 60,000 to 65,000 feet

Assumes altitude of Geostationary Satellite altitude is 35,785 km, Earth Radius is 6,378 km
Assumes N25° to N50° latitude coverage and +25° longitude regional coverage

Assumes +70° latitude coverage and +64° longitude global coverage at 0° elevation limit




Terrestrial/High-Altitude Relay Optimum TDD Frame Structure:  Based on the maximum propagation delays spreads that must be supported by TDD architectures for terrestrial and high-altitude relay C2 Link Systems, RTCA DO-362 MOPS specifies a TDD Frame time duration of 50ms with 23ms allocated for the forward link (uplink or ground station/airborne relay-to-RPA) burst transmission, 23ms for the reverse link (downlink or RPA-to-ground station/airborne relay) burst transmission and 4ms of guard time to ensure that reception of the longest propagation path signal does not overlap with the beginning of the receiving system’s own transmission which would cause it to be jammed.  The guard time also allows for transmit-to-receive (Tx-Rx) and receive-to transmit (Tx-Rx) switching as shown in Figure 1.
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Figure 1 DO-362A Terrestrial and High-Altitude Relay TDD Frame timing

The short propagation delays that must be supported by a terrestrial/high-altitude relay architecture allow using a TDD Frame Duration TFRM and timing allocation to data transmission versus guard time ∆Tg which makes efficient use of the channel.  The Channel Utilization efficiency ηT is defined as
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(Eq.1)
This TDD Frame timing also results in a maximum one-way latency for terrestrial C2 Links of less than 75ms calculated as follows.
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(Eq. 2a)

[image: image9.png]TDD Frame Delay = Delay(Tx) + Delay(Rx)




(Eq.2b)

where

Delay (Tx) = Maximum transmitter delay = TFRM = 50ms

Delay (Rx) = Minimum receiver delay = Transmitted data burst duration = 23ms

TDD Frame Delay = delay due to the choice of TDD Frame = 73ms

Delay (P) = maximum terrestrial link propagation delay = 1.5ms

The maximum transmitter delay occurs when the encoding of the data to be transmitted is completed just after transmission of the current TDD Frame has started and it’s transmission is delayed by one frame duration.  The complete transmitted data burst must be received before the receiver can begin decoding and outputting data.  Therefore, the minimum receiver delay is one whole burst duration.  The transmitter and receiver delay are illustrated below in Figure 2.
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Figure 2 Maximum Transmitter Encoding and Minimum Receiver Decoding Delays

Satcom Optimum and other possible Frame Timings: The long propagation delays in geostationary satellite links require that the Satcom C2 Link System Frame Duration be constrained to satisfy 
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(Eq.3)

where as illustrated in Figure 3

TxFWD = Forward link (satellite-to- RPA) transmitted burst duration

TxREV = Reverse link (RPA-to-satellite) transmitted burst duration

P = Minimum propagation delay

P+∆P = Maximum propagation delay

∆P = Propagation delay spread

Tidle = Sum of the Rx-to-Tx and Tx-to-Rx switching times

n -1 = number of TDD frames durations TFRM that are equal to the sum of twice the minimum one-way propagation delay plus delay spread plus switching guard time
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Figure 3 Satellite Link TDD Frame timing versus propagation delay constraints
Eq.3 and Figure 3 show that the optimum TDD frame duration for geostationary satellite-based C2 Link Systems occurs when n =2., that is when
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(Eq.4)
Hence, in this simplest approach, the TDD frame duration is made equal to twice the shortest propagation path delay plus one times the delay spread plus two times the transmit/receive switching guard time (approximately 260ms).  Since the channel is only efficient when in use, the delay spread plus transmit/receive switching guard time reduces the overall channel utilization. The Satcom Channel Utilization efficiency when the Satcom TDD Frame duration is 260ms is as follows 
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(Eq.5)
which is practically the same as the Terrestrial Channel Utilization efficiency of 92% with Terrestrial TDD Frame duration of 50ms (see Eq.1 above)

The 260ms TDD Frame duration is not suitable for use in a terrestrial-based C2 Link System because the latency of the C2 Link would not allow relay of ATC VHF audio to meet the latency requirement.  Using the latency definition in Eq.2 shows that the latency of a terrestrial-based C2 Link with a 260ms TDD Frame duration would be 381ms.

4 Options for Compatible use of the 5030-5091 MHz Band

The feasibility of sharing the 5030-5091 MHz band between RPA equipped with terrestrial or high-altitude relay C2 Link Systems using a 50ms TDD Frame and RPA equipped with Satcom C2 Link Systems employing a 260ms TDD Frame was investigated in 2021.  The study determined that:

· A minimum frequency separation of 2 MHz between channels assigned to the RPA equipped with a terrestrial/high-altitude relay C2 Link System and RPA equipped with a Satcom C2 Link System is required to minimize the levels of the mutually interfering unwanted emissions.

· 900m (3000 feet) minimum vertical separation and 600m (2000 feet) minimum horizontal separation must be maintained between the RPA equipped with terrestrial/high-altitude relay and Satcom C2 Link Systems to ensure the level of the received interfering emissions do not degrade the sensitivity of the victim receiver.

It is highly desirable that no operational restrictions be imposed when RPA are equipped with terrestrial and Satcom based 5030-5091 MHz C2 Link Systems.  Two possible solutions have been identified.

· One solution is to split the 5030-5091 MHz band into two separate sub-bands, one for terrestrial/high-altitude relay C2 Link Systems and another for Satcom C2 Link Systems.

· Terrestrial/High-altitude relay C2 Link Systems and Satcom C2 Link Systems would be able to use different TDD Frame durations and thus optimize the use of their sub-band.

· Terrestrial/High-altitude relay and Satcom C2 Link System radios would employ RF bandpass filters with less than 25 MHz bandwidth centered around their assigned sub-band in order to reduce unwanted emissions into the other sub-band by at least 20 dB.  This would reduce the minimum vertical and horizontal separation between RPA equipped with terrestrial/high-altitude relay and Satcom C2 Link Systems by a factor of 10.  However, this would not be sufficient to allow RPA that are equipped with both types of C2 Link Systems to operate both systems simultaneously.

· A frequency guard band would be needed between the terrestrial/high-altitude relay and the Satcom sub-bands which would result in reduced usable spectrum.

· How much spectrum to assign to the terrestrial/high-altitude relay and the Satcom C2 Link Systems would need to be decided before any system is fielded to avoid airworthiness directives if a change in spectrum assignment is made later.

· The terrestrial/high-altitude relay spectrum may need to further be split between spectrum for Non-Network Supported (NNS) C2 Link Systems and spectrum for Network Supported Services (NSS).  If NNS and NSS Terrestrial C2 Link Systems were to employ different TDD Frame structures then guard bands between their assigned sub-bands would be needed and result in further reduction in usable spectrum.

· The other solution is to require terrestrial/high-altitude relay and Satcom C2 Link Systems to employ the same TDD Frame structure, i.e., the same frame duration, same forward and reverse link Tx burst durations and the same guard times between Tx bursts.

· There would be no minimum vertical and horizontal separations between RPA equipped terrestrial/high-altitude relay and Satcom C2 Link Systems.  Installation and simultaneous operation of terrestrial and Satcom C2 Link Systems on the same RPA would be possible.

· The TDD Frame duration would need to allow support of ATC VHF Voice relay latency requirements by RPA equipped with terrestrial C2 Link Systems.  This means the maximum latency of the terrestrial-based C2 Link System would need to be less than 86.5ms (See Latency discussion in a later section).

· The TDD Frame duration would need to be less than 260ms and would need to include guard times of up to 21.4ms to support Satcom C2 Links that employ geostationary satellites with ±70⁰ latitude and longitude coverage.  This would result in reduced channel utilization.

· Spectrum assignments for terrestrial, high-altitude relay and satellite-based C2 Link Systems need not be decided before the completion of standards development for each type of C2 Link System as each type of system should be able to operate over the entire 5030-5091 MHz frequency range.

The Compatible TDD Frame solution is preferable because of the spectrum assignment flexibility and lack of separation restrictions.  However, the question of which of the solutions makes more efficient use of the 5030-5091 MHz spectrum needs to be answered.

5 Spectrum Utilization Efficiency

To compare Spectrum Utilization Efficiency of the Split-Band solution and the Compatible TDD Frame Structure solution, the following metric is used
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(Eq.6)
where

ηB = Spectrum Utilization Efficiency

B = total spectrum available for all services = 60 MHz

∆Fg = unused spectrum reserved for guard bands to protect services within the 5030-5091 MHz band which use incompatible TDD Frame structures

Spectrum Sharing Factor = 1 if the available spectrum is split between the different services regardless of whether the service is available; otherwise, it is >1 if the spectrum is shared between the different types of services on a non-interfering basis.

TFRM = TDD Frame Duration

∆Tg = guard times to allow for propagation delay spread and transmit/receive switching

The Channel Utilization Efficiency, i.e., the last factor in Eq.6, contributes to the overall Spectrum Utilization Efficiency as follows.

Assuming a channel bandwidth W is needed to deliver 1 bit/sec/Hz of user data, say 0.5 bits/sec/Hz in the forward link direction and 0.5 bits/sec/Hz in the reverse link direction, if data is transmitted 100% of the time, say 50% of the time in the forward link direction and 50% of the time in the reverse link direction.  Then if guard times between forward link and reverse link transmissions are needed to allow for propagation delay spread during which no data is transmitted in either direction, then data needs to be transmitted at a higher bits/sec/Hz speed during the actual forward and reverse link burst transmissions to maintain the desired 1 bit/sec/Hz user data throughput.  Furthermore, the channel bandwidth needed to support burst data transmission at the higher speed needs to increase from W to W+∆W.  And therefore, the number of channels available decreases from N = B/W to N - ∆N = B/(W+∆W).  In other words, the greater the guard time relative to the Frame Duration, the fewer users that can be supported with the available spectrum and therefore the lower the Spectrum Utilization Efficiency.

5.1 Split-Band Spectrum Utilization Efficiency

If the 5030-5091 MHz band is split into sub-bands, one sub-band for terrestrial/high-altitude relay C2 Link Systems that employ 50ms TDD Frames with 4ms of time guards, and another sub-band for Satcom C2 Link Systems that employ 260ms TDD Frames with 21.4ms of guard time, then systems in each sub-band need to employ RF bandpass filters to reduce their emissions into the other sub-band.

Figure 4 below shows the typical passband insertion loss, stop-band attenuation, and dimensions of an RF filter with center frequency at 5045 MHz, specified desired minimum 20 MHz 3-dB bandwidth (typical 22 MHz bandwidth over the temperature range) and 20 dB of rejection above 5060 MHz and below 5030 MHz.

The typical RF power handling capability of the filter is 1W (+30 dBm).  Filters capable of handling 10W are custom designs and size, weight cost are greater.

The filter length (L), width (W) and height (H) dimensions are 11.3” L x 2.02” W x 1.13” H

The weight and cost depend on the operating temperature range.  The weight increases by a factor of 3 when the temperature range is outside 15⁰C - 35⁰ C.
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Figure 4 C-band RF Bandpass Filter Typical Characteristics 
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Figure 5 Split Band with Dissimilar TDD

Spectrum Utilization Efficiency Calculation: From Figures 4 and 5 and Eq.6, it can be seen from the Spectrum Utilization Efficiency of the Split-Band solution that only 44 MHz of spectrum is usable out of the 60 MHz available with 16 MHz used as a guard band. terrestrial/high-altitude relay and Satcom C2 Link Systems can operate using their optimum TDD Frame Durations so their Channel Utilization is 92%., and there is no spectrum sharing. The Spectrum Utilization Efficiency is then
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(Eq.7)
5.2 Compatible TDD Frame Structure Spectrum Utilization Efficiency

The TDD framing delay can be reduced by shortening the TDD frame, but to keep synchronization between terrestrial, high-altitude relay and satellite C2 Link Systems, the TDD frame duration must be a submultiple of 260ms as seen from Eq.3 and Figure 3.  The delay spread that must be supported is however fixed, so it becomes a larger proportion of the TDD frame duration as the TDD frame duration is reduced, and hence the channel utilization is reduced.

Possible TDD Frame Durations & Associated Channel Utilization & Frame Delay: The following table shows a range of possible TDD frame durations, where n is the number of TDD frames between a transmission and a corresponding reception at the same end of the satellite RF link (see Figure 3).  The table also presents the associated channel utilization efficiency and TDD frame delay.

Table 2 TDD Frame Duration Options & their Channel Utilization & TDD Frame Delay
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2 260 21.4 2 x 119.3 = 238.6 91.8% 379.3

3 130 21.4 2 x 54.3 = 108.6 83.5% 184.3

4 86.67 21.4 2 x 32.635 = 65.27 75.3% 119.3

5 65 21.4 2 x 21.8 = 43.6 67.0% 86.8

6 52 21.4 2 x 15.3 = 30.6 58.8% 67.3

DO-362A 

Terrestrial

50 4.0 2 x 23 = 46.0 92% 73.0

Note 1:  Equal to 1 TDD Frame maximum transmitter latency plus 1 Rx burst minimum receiver latency (assumed to 

be half of the Forward Link Tx + Reverse Link Tx bursts duration).  Propagation path delay is not included.


Table 2 clearly shows the reduction in channel utilization efficiency as the TDD Frame Duration is reduced. It also shows that if the terrestrial-based C2 Link System latency is not to exceed 86.5ms, then the Compatible TDD Frame Duration would need to be 65ms which has a Channel Utilization of 67%.  And since no frequency guard bands would be needed to protect different types of services using the 5030-5091 MHz band, the Spectrum Utilization Efficiency would also be 67% assuming no spectrum sharing.

Reduced TDD Frame Delay: While the Spectrum Utilization Efficiency of the 65ms TDD Frame with no spectrum sharing is comparable to that of the Split-Band solution, the latency of the long TDD Frames which have better Channel Utilization can be improved by dividing the time allocated to the forward and reverse link bursts into N slots.

When the allocated Tx time for the forward/reverse link is divided into slots with shorter transmit durations, Tslot, the maximum transmitter delay is reduced to less than one TDD Frame Duration TFRM. The transmitter does not have to wait for one whole burst duration and encode one whole burst worth of data.  It can now encode one slot duration worth of user data.  Furthermore, if the encoding is not completed before the beginning of the last slot, the transmitter does not have to wait one whole frame before transmitting the encoded data block.  It can transmit it in the first slot of the next frame.  Therefore,

Delay (Tx) = TFRM – (N-1) Tslot
(Eq. 8

Similarly, the receiving C2 Link System does not have to wait until it has received a complete sequence of data bursts.  It need only wait until it has received one slot’s worth of data before it can begin decoding and outputting user data.  Therefore,

Delay (Rx) = Tslot
(Eq.9)

The reduction in the TDD transmitter delay and the receiver delay is illustrated in Figure 5 for the case N = 4.
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Figure 5 Illustration of C2 Link System Transmitter & Receiver Delay with Forward & Reverse Link Subframes with N = 4 Tx Slots

Table 3 below shows the reduction in the TDD Frame Delay when N slots per forward/reverse link are used compared to the Frame Delays in Table 2 above where N = 1.  TDD Frames with 130ms Frame Duration and N = 10 forward/reverse Link Tx slots reduce the TDD Frame Delay to less than 86.6ms.

Table 3 TDD Frame Duration, Number of Slots, Slot Duration & Associated TDD Frame Delay
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2 260 21.4 2 x 119.3 = 238.6 91.8% 32 3.73 148.1

3 130 21.4 2 x 54.3 = 108.6 83.5% 10 5.43 86.6

4 86.67 21.4 2 x 32.635 = 65.27 75.3% 4 8.16 70.4

5 65 21.4 2 x 21.8 = 43.6 67.0% 2 10.9 65.0

6 52 21.4 2 x 15.3 = 30.6 58.8% 1 15.3 67.3

DO-362A 

Terrestrial

50 4.0 2 x 23 = 46.0 92% 1 23.0 73

Note 1:  Equal to 1 TDD Frame minus (N-1) Tx Slot durations transmitter latency plus 1 Rx burst slot duration receiver 

latency. Propagation path delay is not included.

Note 2: Tx Slot duration = Burst duration/Number Tx Slots N 


Spectrum Sharing Factor:  Although no frequency guard bands are needed when terrestrial, high-altitude relay and satellite-based C2 Link service architectures use a Compatible TDD Frame Structure, the question remains as to whether the 5030-5091 MHz band should be split into separate sub-bands for terrestrial NNS C2 Link Systems, NSS for Terrestrial C2 Link Systems, and NSS for Satcom C2 Link Systems in order to simplify the management of frequency/channel assignments for each type of service, or if better use of the spectrum can be achieved by using more flexible spectrum sharing.

To understand the trade-offs, the spectrum requirements for a geostationary satellite global network NSS for Satcom C2 Link System users is illustrated Figure 6 below.

One way of allocating spectrum to satellite-based NSS and terrestrial/high-altitude relay-based NSS and NNS C2 Link services is to allocate a fixed 30 MHz of spectrum for satellite and 30 MHz for terrestrial/high-altitude relay based C2 Links.  Then the satellite NSS provider could divide their 30 MHz into four 7.5 MHz segments and assign each 7.5 MHz segment to a set of spot beams using a 4-frequency re-use pattern as illustrated in Figure 6.  Satcom equipped RPAS operating in a given spot beam area are assigned channels dynamically by the satellite NSS provider from the spot-beam’s 7.5 MHz segment.

However, the number of users/channels that can be supported by the satellite NSS provider can be doubled if instead of dividing the 60 MHz of spectrum available into separate 30 MHz spectrum for satellite and terrestrial/high-altitude relay services, the entire 60 MHz is divided into four 15 MHz segments.  Then the satellite NSS provider would use one 15 MHz segment per spot beam (as explained above) and terrestrial NSS and NNS services operating within the area of that spot beam would share the other 45 MHz.

Thus, in areas where both satellite and terrestrial/high-altitude relay services are all available, the number of users that can be supported by the terrestrial/high-altitude relay services increases by 50%.  And if there are areas where the satellite service is not approved/allowed or economically cost effective, the terrestrial/high-altitude relay services would be able to use all 60 MHz, thus doubling the number of users that could be supported.
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Figure 6 Satellite Service Spectrum Needs for Global Coverage

In summary, in areas where terrestrial/high-altitude services and satellite services are available, twice as many satellite service users and 1.5 times the number terrestrial/high-altitude relay service users can be supported by sharing the 60 MHz of spectrum compared to the number of users that can be supported if a fixed 30 MHz of spectrum is allocated to satellite services and a fixed 30 MHz of spectrum is allocated to terrestrial/high-altitude relay services.  Therefore, the Spectrum Sharing Factor is 1.75.

In oceanic and remote areas where only satellite services are available and in continental areas where satellite services are not approved/allowed/available, the Spectrum Sharing Factor is 2.0

Spectrum Utilization Efficiency:  The overall Spectrum Utilization Efficiency for the Compatible TDD Frame Structure solution taking into account Channel Utilization Efficiency and Spectrum Sharing between terrestrial/high-altitude relay and satellite-based C2 Link services is shown below in Figure 7. Note that spectrum sharing is not possible when Split Band with non-compatible TDD Frame Structures are employed by the terrestrial/high-altitude relay and the satellite-based C2 Link services.
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Figure 7  Spectrum Utilization Efficiency for Compatible TDD Solutions 

6 Latency Requirements vs C2 Link System Latency

In busy airspace pilot to ATC voice communication is time critical to ensure efficient and safe operations are maintained.  The FAA has set a, not to exceed, one-way latency end-to-end latency for all voice communications of 390ms.  Of this 235ms is required for all of the voice ground systems associated with terminal (busy) airspace and 6.5ms for the VHF radio air to air link.  This leaves 148.5ms for the C2 Link to relay the pilot voice between the Control Station and the VHF radio on the UA.  These voice signals must be converted from analog to digital at the sending end and then back to analog at the receiving end because both the pilot (on the ground) and the VHF radio (in the aircraft) operate in the analogue mode but the C2 Link System is of necessity digital.

There are various voice encoder/decoder and data compression technologies available with different tradeoffs between their compression ratio (i.e., the C2 Link User Data rate they require), voice quality and latency.  One voice encoder/decoder that has been approved by the FAA is the AMBE (Advanced Multiband Excitation) voice encoder/decoder.  This encoder/decoder has a combined encoding and decoding latency of 62ms.

After taking all of the above latencies into consideration 86.5ms (390ms – 235ms - 6.5ms - 62ms) is left for the C2 Link System in the terminal environment.

It is possible that a relaxation of this 390ms not to exceed voice latency may be allowed in lower density areas of operation or it may be unnecessary if DataComm over ground links is used as the primary means of pilot-ATC communication e.g., in oceanic airspace.

7 Discussion

Considering the above analysis and requirements, a solution which employs compatible TDD Frame Structures for terrestrial, high-altitude relay and geostationary satellite-based C2 Link Services makes more efficient use of the 5030-5091 MHz spectrum than a solution which splits the band into sub-bands for each type of service and each type of service employs non-compatible TDD Frame Structures.

A TDD frame with 130ms Frame Duration (n = 3) and N =10 forward/reverse link Tx Slots (see Table 3) is required to approximately meet the 86.6ms one-way latency (see Table 4, Terrestrial column, n = 3, 88.1ms) allocated to the C2 Link (see Section 6). This would result in a Channel Utilization of approximately 83% (see Table 3).  The Spectrum Utilization Efficiency is also 83% if separate spectrum is allocated to terrestrial/high-altitude relay and satellite-based C2 Link Services.  But the number of users/channels that can be supported increases by a factor of 1.75 or 2 if the spectrum is shared as explained in Section 5.2. 

� See ITU Radio Regulations footnotes 5443C and 5443D.
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