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HIGH LEVEL SPECTRUM COMPATIBILITY ASSESSMENT for P34
(Presented by A. Knill)

	SUMMARY

	This Information Paper summarises the outcome of a high level analysis that seeks to identify the key spectrum compatibility considerations for the cohabitation of an OFDM based technology such as P34 in the aeronautical L-band currently used for ARNS services.



1. Introduction
1.1 This information paper presents a high level analysis of the spectrum compatibility issues arising with the introduction of a new aeronautical communications system in the L-band designated to ARNS functions. It focuses on the potential for interference between P34 and DME, SSR, and UAT. Information is also provided where possible on interference between P34 and JTIDS, GSM, and GPS. 

1.2 Link budget estimations are used whenever possible to provide an order of magnitude idea of the state of the link margin in the presence of inter-system interference. For the case of interference onto the legacy systems, a qualitative approach is taken. 
2. Identification of System Characteristics 

2.1 P34 has two defined physical layers. Scalable Adaptive Modulation (SAM) promotes interoperability and is a required feature, while Isotropic Orthogonal Transform Algorithm (IOTA) promotes increased capacity and is optional. Both physical layers use a form of OFDM with adaptive signal constellations. Initial studies carried out in the US on the technical merits of P34 indicate that, at the physical level, the SAM physical layer with QPSK modulation is sufficient to meet typical aviation service requirements [ref. 10]. In the frequency domain, the unit bandwidth of the slot is a 50 kHz segment. This segment contains 8 subcarriers. For additional capacity, the channel can be scaled to 100 kHz or 150 kHz bandwidths without any changes in the physical implementation for additional capacity.
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The BER performance data required for the link budget margin calculation is obtained from [ref. 1]. The three curves represent the static, typical urban, and hilly terrain cases
. They indicate the performance of the system without considering the performance gain obtained by forward error correction. The static curve has been chosen to represent P34’s typical performance in the presence of noise, since the channel models used to derive the two non-static curves do not ideally represent the typical A/G channel conditions. It was considered to be a judicious balance between poorer performance expected for highly dynamic scenarios, and the higher performance expected had FEC been taken into consideration. 
3. Considerations For analysis of RF compatibility
3.1
Method and assumptions
3.1.1 The analysis looked into the potential for interference between digital communications systems that operate simultaneously and non-cooperatively in the L-band. The primary interference mechanism considered is out-of-band (OOB) interference and its residual impact on the link margin as a result of a net rise in the noise floor in the victim receiver pass band. This is essentially considered to be broadband noise coming from the amplification stages of the transmitter concerned. 
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Figure 2 – Impact of broadband noise component on link margin
3.1.2 The interference to P34 is characterised according to the compatibility scenarios defined in [ref. 2]. Definitions of the in-band (IN) adjacent-band (ADJ) and close-band (CLS) compatibility analyses as well as the compatibility scenarios are provided in [ref. 2].
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Table 1 - Mapping of compatibility scenarios

	
	IN
	ADJ
	CLS

	Frequency separation between victim and interferer channels
	3 Mhz
	10 Mhz
	100 Mhz


Table 2 - Frequency separations considered

3.1.3 The analysis provided in this document is first-order and the numerical results are sensitive to the assumptions and the extent of data on the technologies involved. The idea is to indicate any evidence of whole scale effects and trends from a theoretical standpoint, with a view to exposing issues that may need to be confirmed in further detail through practical experimentation
. 
3.1.4 Note that from the viewpoint of the victim receiver, off-channel emissions fall within the processing bandwidth of the receiver and cannot be attenuated by additional filtering at the receiver. The P34 physical layer parameters used in the budget calculations are derived from the TIA-902 SAM specification as it currently stands. No attempt has been made to optimise any of the system design parameters. The basic P34 50 kHz channel is assumed in the link budget calculations for calculating the broadband noise across the receiver bandwidth. Table 3 summarises the governing assumptions. Where possible an analysis of the sensitivity has been carried out by way of varying some of these parameters to identify any trends, especially in cases where the results are sensitive to the assumptions taken (see Section 4.3). 
	Parameter
	Assumed figure
	Source

	Transmitter on-channel carrier power

	360 W 
	By estimation (see Appendix B)

	Cell limit range
	150 NM
	Based on approximate synthesis of operational ATC sector size and P34 frequency reuse potential.

	Reference signal level
	-75 dBm
	Based on assumed power and cell range

	Emissions bandwidth
	50 kHz 
	TIA-902 SAM spec. (basic config.)

	Required Es/N0 
	14 dB 
	TIA-902 SAM spec.

	Required BER
	10-4 
	(limit of SAM data available TIA-902)

	Emissions roll-off (applies outside nominal bandwidth)
	20 dB/decade
	Typical filter roll-off characteristic (applies to all systems)


Table 3 - Working assumptions on P34 characteristics

3.1.5 Frequency dependant parameters were based on a frequency of 1500 MHz. Although this is considered as a worst case, the delta from using any other frequency in the ARNS band is insignificant compared to the uncertainty introduced by the assumptions taken in the derivations. 

4. Interference to P34

Introduction and assumptions
4.1.1 The link budgets below consider just the broadband emissions component as a first order analysis. This allows one to assess any practical interference limitations imposed on the operation of P34 in the current environment even before considering in further detail the impact of other dominant interference mechanisms, such as spurious emissions. The calculation method for the tables below is explained above in Error! Reference source not found. and the assumptions listed in Table 3. It is cautioned that the calculated absolute margin values are sensitive to the accuracy of the assumptions taken, so the values should be interpreted in this light. Further, the sensitivity of the results to some of the dependant parameters is assessed to facilitate the interpretation of the overall trends. 
Summary of Calculated link margins
4.1.2 All figures in the table below are a first-order estimation based on the assumptions taken and are expressed in decibels relative to the Es/No requirement assumed for P34 in this analysis (14 dB).

	 
	 
	DME
	UAT
	SSR
	JTIDS
	GSM

	Scenario1 (cosite)
	IN
	-37
	-38
	-98
	 
	 

	
	ADJ
	-67
	-68
	-81
	 
	 

	
	CLS
	33
	32
	-1
	 
	 

	Scenario 2
(A/A)
	IN
	36
	35
	-25
	-14
	 

	
	ADJ
	46
	45
	-8
	26
	 

	
	CLS
	66
	65
	32
	36
	 

	Scenario 3
(A/G)
	IN
	13
	12
	-4
	-37
	 

	
	ADJ
	23
	22
	-31
	3
	 

	
	CLS
	43
	42
	9
	13
	 

	Scenario 4
(G/G)
	IN
	53
	48
	-16
	 
	64

	
	ADJ
	63
	62
	-2
	 
	69

	
	CLS
	83
	82
	26
	 
	101


Table 4 - Residual P34 link margin estimations with respect to assumed Es/No requirement
Observations and sensitivity
4.1.3 RF link deficits feature in a number of cases, particularly in the cosite scenario. This indicates that irrespective of where the P34 system would reside in the L-band, cosite compatibility will remain the key integration aspect. This is not an unexpected finding and it reflects the current situation where systems sharing the ARNS spectrum on the same platform experience very high levels of mutual interference due to the high transmit requirements necessary to obtain the required A/G and A/A ranges, coupled with the limited isolation. The following graphs indicate the sensitivity of the results to the variation of certain parameters. The calculation was repeated for the ADJ case with channel bandwidths of 100 and 150 kHz (Figure 3). As expected, the effect of a slightly wider channel has a marginal difference since the broadband interference energy is spread over a relatively narrowband signal. The cosite isolation assumed in Scenario 1 is drawn from [ref. 2] and is considered to be a worst case figure. It is considered to be a composite of space attenuation, coupling effects and other effects.
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Figure 3 - Sensitivity to receive channel bandwidth (left) and sensitivity to cosite isolation (right) Scenario 1 – ADJ
4.1.4 A desired signal level of -75 dBm was assumed for P34 on the basis of the transmit power calculated in the appendix and a distance of 75NM from the reference station (approx 135 dB of attenuation plus antenna gain contributions). As this is not necessarily representative of all operational configurations, the left-hand graph in Figure 4 illustrates the sensitivity of the resultant margin to various levels of reference signal in Scenario 1. The link margin remains negative for much of the range of desired signal levels, reflecting the insensitivity of the cosite case to the desired signal level parameter by virtue of the very high interference emissions on board. The trend for Scenario 2 is provided for comparison.
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Figure 4 - Sensitivity to desired signal level Scenario 1 – ADJ (left), Scenario 2 – ADJ (right)
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4.1.5 In the A/G compatibility case (Scenario 3) the isolation was based on a worst case figure representing an aircraft on the final approach phase of flight [ref. 2]. Since base stations are typically sited at airports or in the vicinity of navigation beacons, it is likely that aircraft overflights will coincide at a range of different altitudes. It is thus convenient to observe the variation of the resultant margin as a function of altitude (distance between base station and overflying interfering aircraft). Figure 5 illustrates this variation. 
Figure 5 - Sensitivity to separation distance from interfering source (Scenario 3, ADJ)
5. Interference from P34

5.1 The discussion below summarises the main considerations in terms of P34 interference on legacy systems.
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P34 design attributes expected to impact waveform spectral properties 

5.1.1 This section attempts to qualify the extent of interference expected from a typical P34 implementation by virtue of its physical layer specifications [ref. 1]. The P34/SAM waveform is designed so that its spectral emission rolls off rapidly. The roll-off is independent of the channel bandwidth (50 kHz, 100 kHz, or 150 kHz) because the sequence of unit impulse functions output from the symbol generators is strictly band-limited by a pulse-shape filter (Figure 3). In the P34 design, the filter has a root raised cosine shape with α = 0.2.  The two main benefits of the filtering scheme are a reduction in intersymbol interference (in terms of self interference), and frequency domain attenuation permitting a reduction in the net interference spilled outside the sub channel bandwidth to other systems operating in adjacent channels. 

5.1.2 P34/SAM relies on a technique called “pilot phasing” which seeks to exercise control over the phase relationship of the sub channel mixers by “rotating” the sub channel pilot symbols. This minimises the coherent summing of vectors in phase to prevent a large instantaneous peak output at any given time. This property of the SAM physical layer design is expected to provide a reasonably clean spectral footprint. Figure 8 [ref. 12] illustrates a typical emissions profile that could be expected for P34 equipment.  It is readily observed from the scale of the horizontal axis that the waveform has a narrowband characteristic. Although the data represented in the plot is for a 40 W transmitter operating in the 700 MHz band with an assumed isolation of 75dB, it provides an idea of a typical level of protection achievable by P34. The emissions roll-off gradient is similar for the 50 kHz (solid line) and 150 kHz (broken line) channels. The amount of signal attenuation achieved (peak to floor) is in the order of 100 dBc in the far region. When assessing the amount of energy emitted in the victim band it should be noted that since OFDM hops its sub-carriers, the interference power emitted outside the nominal bandwidth should be averaged over the entire receive bandwidth of the victim.
Interference against SSR
5.1.3 Although it was not possible to enter into further detail for the impact on SSR in the present analysis, the SSR waveform is generally known to be robust against unwanted emissions including self-interference by virtue of the demanding RF environment in which it operates. It is expected that the impact on board the aircraft of the reverse case (SSR on P34) will be of more significance by virtue of its wide transmit mask and its consequently high OOB emissions (see Section ‎4). 

Interference against DME 
	Manufacturer/Model
	Interference Threshold @ 70% Reply Efficiency
	Desired Signal Level

	Bendix King KD-7000
	-89 dBm
	-83 dBm

	Narco DME 890
	-78 dBm
	-75 dBm

	Honeywell KDM 706A
	-96 dBm
	-83 dBm

	Rockwell Collins DME 900
	-86 dBm
	-83 dBm


Table 5 - ASOP Interference thresholds UAT vs DME

5.1.4 Significant testing has already been carried out to determine the interference thresholds on DME when UAT is operational. Results of tests conducted on DME equipment [ref. 9] suggest that DME airborne equipment is reasonably tolerant to relatively broadband signals like  UAT, when operated on a co-channel basis and at elevated duty factors.  This therefore provides a bounding limit of the level of interference from a pulsed system that DME should be able to sustain, while satisfying the MOPS required sensitivity level. Although no direct observations can be inferred for the impact of P34 on DME based on the above test results alone, these figures inidcate that DME should not be overly susceptible to P34 interference. 

Further considerations for Interference against GPS L5 

5.1.5 The method for determining compatibility [ref. 5] consists in determining the degradation to a GPS L5 receiver’s post correlation carrier-to-noise power density C/N0. due to the presence of interfering signals. Signal performance remains within an acceptable envelope provided that interference from other systems in the L-band does not result in more that a 5.8 dB degradation to the starting C/N0 of of 39.5 dB-Hz. A figure of 33.7 dB-Hz is thus used as the criterion for deriving the link margin for a GPS L5 signal when P34 is operating. Note that in the calculation of the noise component in C/N0, the spreading gain of 63 dB is subtracted from the composite interference level [ref. 8].  This resultant margin is positive and indicates that P34 is not expected to jam the GPS L5 signal even when operating in the relative vicinity of the GPS band. It should be further noted that the contribution of the L5 spreading gain to this result is significant since it enhances considerably the achieved C/N0
. 
	
	#
	notes
	GPS L5

	Source off channel emissions at victim chanel (dBm)
	1
	P34 OOB emissions
	-15

	Total Isolation (dB)
	2
	cosite same side ant.
	35

	Emission level at victim receiver (dBm)
	3
	interferer noise power
	-50

	Receiver bandwidth (Hz)
	4
	L5 RX bandwidth
	20000000

	Composite No+Io (dB/Hz) (accounting 63dBW coding gain)
	5
	-174+10log(4)+((3)-63)
	-213.99

	Reference desired carrier level C (dBm)
	6
	GPS L5 (-154 dBW)
	-124

	Achieved Carrier-Noise ratio C/N0 (dB-Hz)
	8
	(6)-(5)-(7)
	89.9897

	Required C/N0 (dB-Hz)
	9
	required
	33.7

	Resultant Margin (dB)
	10
	(9)-(10)
	55


Figure 9 - simplified link budget of P34 vs. GPS L5
General Observations

5.1.6 In light of the P34 waveform properties described above it is considered unlikely that the system will provide prohibitive levels of interference to other L-band systems operating nearby. A rigorous spectrum campaign should be carried out using an aeronautical instantiation of P34 to quantify precisely the likely guard band requirements to guarantee interference thresholds to other specific systems are not exceeded. 

6. Conclusion 
6.1.1 This analysis focused only on the RF level. The totality of the interference effects are not trivial to quantify precisely without data from practical tests, however an insight into the potential RF compatibility issues was sought by considering the impact of wholescale interference effects on the available link margin. This approach is taken to assess the impact of broadband interference to P34. The broadband noise generated by a transmitter’s power amplifier can overcome the thermal noise of the receiver to result in an appreciable increase in noise floor and consequently limit the sensitivity of the receiver. The traditional mitigation means i.e.: improvement of front end filtering, improvement of power amplifier characteristics, and increase of frequency separation, are unlikely to provide a viable solution in the cosite case. 
6.1.2 When deployed in a typical federated avionics infrastructure, a new P34 installation would probably need to be connected to a suppression bus. This allows aircraft L-band systems to either desensitize or blank their receiver, or delay their transmissions, whilst the transmitter of a peer L-band system is active [ref. 6]. The minimum active period is an important design parameter and is currently specified for the suppression bus based on the compatibility between UAT and co-located SSR [ref. 4]. Although it is considered unlikely that the P34 spectral footprint will raise the interference profile in the L-band considerably from the RF perspective, the overall compatibility will depend largely on the service usage profile. A thorough analysis of the time domain considering in detail the respective duty cycles of the victim and interfering systems is recommended before any overall conclusions can be drawn on P34’s overall compatibility potential.
6.1.3 With respect to interference emenating from P34, it is observed that P34’s waveform gives it a benign RF footprint, however in practical implementation terms, its transmitter noise floor may cause some degradation to performance of legacy systems. This is an important consideration that requires further consideration.
6.1.4 Overall it is found that P34’s physical design provides a favourable spectral footprint that assumes most of the advantages of OFDM in terms of robustness and efficiency. However, due to the nature of the demanding RF environment on board an aircraft, OOB emissions protection requirements are often insufficient to provide the level of protection necessary to avoid interference. The onboard interference environment appears to be noise limited, thus interference is expected to be unavoidable whenever P34, or indeed any of the legacy systems, operate concurrently. This does not imply that interoperability is an unachievable state but that mitigation techniques will be required in order to coordinate the spectrum and temporal resources equitably to ensure the availability of the respective services at the required level, as well as to protect the onboard equipment from the considerably high levels of emissions. 
Limitations
6.1.5 The report does not attempt to provide a full characterisation of interference to and from P34. Where the analysis indicates the potential of severe RF interference, a more detailed treatment looking into the duty factors of the incumbent systems needs to be carried out. To this end, a detailed time-domain analysis of the P34 channel considering typical service demand profiles (e.g. from illustrative data loading models developed in [ref. 10]) and P34 burst structure/capacity would ideally be carried out. Although the impact of phase noise contributions were not considered in detail, this can be viewed as an additional multiplicative effect of the radio channel, like fast or slow fading. The consequence on OFDM transmissions is inter-carrier interference. If the bandwidth of the phase noise is large compared to the OFDM sub-carrier spacing, then this interference manifests itself as a high number of contributions from the various sub-carriers. Apart from the noise inflicted upon the received symbols, phase noise results in the signal level in the sub-carriers dropping by the amount of energy spread over the adjacent channels. 
— — — — — — — —
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APPENDIX B

ESTIMATION OF REPRESENTATIVE P34 POWER FOR AERONAUTICAL CHANNEL
In order to derive from first principles an estimation of the required power to close a link budget in an A/G channel, the fundamental quantities Eb/No and C/N will be used to find out how much transmitter power will be required. The derivation will consider the use of QPSK, a single SAM 50 kHz channel, a transmission rate of 78.4kbps with a carrier frequency of 1500 MHz.  The link is assumed to operate within a limit bit error rate (BER) of 10-4 (see Figure 1) at a cell limit range of 150NM.

To estimate an appropriate link margin the SAM QPSK BER plot is considered. As a rule of thumb the fade margin is the difference between the BER performance between the LOS and non LOS (multipath) plots. In this treatment flat fading conditions are assumed. Coding and antenna array gain are not considered. Considering that the margins required to overcome multipath fading are relatively benign in an A/G LOS system a limit 15 dB fade margin is assumed here.
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The method for determining the transmit power consists in: 

1. Determining Eb/No for the required BER; 

2. Converting Eb/No to C/N at the receiver using the bit rate; and 

3. Adding the appropriate path loss and fading margins. 

Assuming the static curve in Figure 1 (to approximate the Rayleigh faded LoS link), it is seen that for QPSK modulation a BER of 10-4 requires an Eb/No of about 14 dB. This Eb/No is then converted to the carrier to noise ratio (C/N) using the equation:
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Where: 

fb is the bit rate 78.4kbps, and 
Bw is the receiver noise bandwidth of 50kHz. 

This yields C/N = 14 dB + 10log(76800 / 50000) = 15.9dB.

Given this carrier-to-noise ratio, the received carrier power can be determined after calculating the receiver noise power. Noise power is computed using Boltzmann's equation N = kTB.

Therefore, N = (1.380650x10-23 J/K) * (290K) *(50kHz) = 2x10-13mW = -127dBm

The receiver will have some inherent noise in the amplification and processing of the signal, the noise figure. In this derivation, the receiver is assumed to have a 8 dB noise figure, so the receiver noise level will be -119 dBm.

The carrier power C is then C/N * N, or C = C/N + N (in dB).

C = 15.9 dB + -119dBm = -103.1 dBm

This is how much power the receiver must have at its input. To determine the transmitter power, we must account for the path loss and any fading margin.

The approximate path loss in dB for an open air site using the standard Friis equation is:

32.44 + 20 log (d[km]) + 20 log (f[MHz]) = 32.44 + 40 + 63.52 = 135.96 dB

Finally, adding the assumed 15 dB fading margin (derived above) will give a first order estimate of the required transmitter power:

P = -103.1 + 143.64 + 15 = 58.04 dBm ≈ 360W

This estimation is considered to be a typical power required for a relatively narrowband L-band signal to achieve the required Es/No performance over a long distance.

— END —

Figure � SEQ Figure \* ARABIC �1� - SAM QPSK BER performance (ref. 1)
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Figure � SEQ Figure \* ARABIC �6� - P34 pulse filtering





Figure � SEQ Figure \* ARABIC �7� - Spectral output from sub channel mixers





Figure � SEQ Figure \* ARABIC �8� - Emissions spectrum for TIA-902 compliant equipment











� For typical urban environment modelled at 50km/h and hilly terrain environment at 200 km/h.


� Bench tests are already under way in the U.S. to characterise in detail the interference and susceptibility of P34 to and from legacy L-band systems, under the framework of the joint EUROCONTROL/FAA Future Communications Study (Action Plan 17). 


� This figure is provided for information purposes to provide an estimation of a likely transmit power required for P34’s operation in the aeronautical environment. 


� If this gain is not included the margin would be very close to breaking even.
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