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SUMMARY

	This working paper presents problems with the guidance material in ICAO Annex 10, which was detected during development of preliminary frequency coordination rules for the coordination of GBAS with aeronautical VHF communication.
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	1. Introduction

	Unfortunately, ICAO Annex 10 does not provide guidance for the calculation of radio propagation loss, which is universally applicable to all ARNSs (Aeronautical Radio Navigation Services) and AMSs (Aeronautical Mobile Services) in the various frequency bands. Even for systems which operate in the VHF band (e.g. 108 MHz to 137 MHz) three different propagation methods are defined. For GBAS Annex 10 Vol.1 guidance material lists free-space propagation and ITU-R 528-2 reference [ITU-R582-2] as applicable propagation models for the prediction of the received field strength within Radio Line Of Sight (RLOS), Annex 10 Vol.V lists also I.T.S.A.66 [ITSA66] as propagation model for 127 MHz.  

While at least some basic documentation for the propagation model I.T.S.A.66 is in provided in [DOC8636], Annex 10 neither provides a reference to it, nor does it provide at least basic details on the model, it’s metho​dology and assumptions (e.g. half-wave-dipole as reference, diffraction and scatter loss) or how it can be applied and calculated (e.g. interpolation of curves for other frequencies or heights) that would allow the safe use of the models. Use of ITU-R.528-2 requires caution not only because curves in the figures have been distorted during reproduction (line about 2 dB wide), but also because the free space propagation curve does vary by several dB from the 1/r² dependency.

Depending on, whether free space propagation or the ITU-R.528-2 model is used, the attenuation loss within the Radio Horizon (RH) is maximal 24 dB, while for beyond the Radio Horizon the for GBAS assumed 0.5 dB/NM are much too high. ITU-R.528.2 (125 MHz, 50%, curve A) corresponds to 0.76 dB/NM for the first 30 NM after the Radio Horizon (RH) and 0.14 dB/NM beyond. According to ICAO Annex 10 at a distance of 43 NM after the RH the attenuation slope is 0.36 dB higher per NM than according ITU-R.528.2 (125 MHz, 50%, curve A). 

The propagation loss is much higher beyond the RH than before the RH. Therefore, whenever the average site elevation deviates more then a few feet from MSL, it is necessary to determine the Radio Horizon by taking into account the correct site elevations to avoid interference. 

Based on a WP presented by Germany to the 10th meeting of ICAO EANPG Frequency Management Group (28th Aug. to 1st Sept. 2006), the meeting decided on temporary “GBAS versus ILS” and “GBAS versus VHF Com” coordination criteria. These criteria do not yet require taking any antenna patterns into account. However they recommend accounting for the real antenna elevation to calculate the RH. Furthermore it recommends assuming free-space propagation within RLOS and beyond an attenuation slope of 0.72 dB/NM for the first 30 NM after the RH and 0.14 dB/NM thereafter. This temporary guidance material will be incorporated into the ICAO EANPG FMG Frequency Management Handbook ICAO EUR-DOC 011, until more detailed guidance is provided by a future amendment of ICAO Annex 10. 

Furthermore this WP highlights the problems identified, when reviewing guidance on the determination of propagation loss in ICAO Annex 10 during the propagation of the above mentioned material. 



	2. Identified Problems

	ICAO Annex 10 Vol.1 recommends in Attachment D 7.2.1.3.3 that, either the propagation curves in ITU-R 528-2 [ITU-R528-2] or the free-space propagation model is applied within Radio Line Of Sight (RLOS). In ITU‑R.528‑2 three figures for 125 MHz are provided. They correspond to time probabilities of 5%, 50 % and 95%. All of them contain curves for eight combinations of transmitter and receivers heights. The curves in ITU‑R.528-2 differ by approx. 6 dB depending which time probability values is chosen.

When compared to free-space loss the 50 % time probability “curve A” has an approximately 24 dB higher attenuation at the RH. Since no reference antenna has been specified in ITU‑R.528‑2 (like e.g. in the “I.T.S.A.66” document) the curves cannot be verified by simulation. 

The application of the propagation curves in ITU-R.528-2 requires caution, not only because curves in the figures have been distorted during reproduction of the document, but also because the free space propagation curves do differ by several dBs from 1/r² dependency (presumably due to an unknown antenna pattern which was taken into account). All curves in ITU-R.528-2 are somewhat distorted, since the grid does not match if figures are imposed on each other. The chosen resolution of the diagrams and the thickness of the curves correspond to an uncertainty of about 2 dB for the attenuation axis and 15 km for range axis of the diagrams.

Furthermore, unlike the propagation model IF-77 [IF77], the ITU‑R.528-2 model lacks guidance on, how to interpolate the propagation loss for other frequencies, heights or time probabilities for which no figures/curves are provided. 

For a GBAS antenna at a height of 20 ft above MSL and an aircraft at 10 000 ft above MSL, the RLOS would be 122.5 NM. On the other hand antenna elevations between 1000 ft and 2200 ft above MSL are common in the European core area. For an aircraft approaching e.g. Frankfurt airport (384 ft) a GBAS transmitter at Luxembourg airport (1234 ft) the RLOS would be about 168 NM. The increase in RLOS by 46 NM compared to the MSL assumption would correspond to a 23 dB too high path loss using the ICAO assumption of a constant attenuation slope of 0.5 dB/NM beyond RLOS. 

The assumed Beyond Radio Line Of Sight attenuation of 0.5. dB/NM is much too high, compared to ITU‑R.528‑2. ITU‑R.528-2 provides for the first few NM after RH an attenuation slope between 0.72 dB/NM (curve C) and 0.76 dB/NM (curve A) and drops to just 0.14 dB/NM thereafter. Therefore, after about 30 NM after the RH ICAO Annex 10 assumes a much too high attenuation of 0.36 dB per NM (Fig. 18).

Beyond the Radio Horizon ICAO Annex 10 assumes a constant attenuation slope of 0.5 dB/NM while ITU-R 528-2 assumes only about 0.72 dB/NM for curve C for the first few miles and then drops to 0.14 dB/NM. After about 43 NM Annex 10 assumes a much too high attenuation which is about 0.36 dB too high per NM or 12 dB after just another 33 NM.



	3. Propagation for Aeronautical-Mobile- and Radio-Navigation-Services

	1.1 ETSA/I.T.S.A. – 1966

	In the report of the ICAO COM/OPS meeting 1966 [DOC8636] contain documentation of the ETSA/I.T.S.A. – 1966 propagation model which are now part of ICAO Annex 10, Vol 5, “Frequency Spectrum Utilization” [SA10-V]. This includes propagation curves for a standard atmosphere (surface refractivity of 301) and for a frequency of 127 MHz. The only assumptions for this propagation provided in Att.A A-9 of  ICAO Annex 10, Vol 5. are the following:

The curves are for a 5 % time availability and for:

1.
Frequency of 127 MHz

2.
Horizontal or vertical polarization

3.
Smooth earth with land or sea surface

4.
Reflection coefficient of unity magnitude

5.
Standard atmosphere with a 301 surface refractivity

6.
Continental temperate climate

7.
Nakagami-Rice statistics for within-the-horizon fading

8.
An effective radiated power (ERP) corresponding to 1 kW input power into a lossless halfwave dipole

The following information is not contained in ICAO Annex 10 Vol. V, but taken from the original document [DOC-8636]. It is provided to further illustrate the assumptions, which lead to the above mentioned propagation model.

Note: Unlike almost all systems in Annex 10 Vol.1 and Vol3. which make reference to an isotropic antenna but use ERP, it is stated in the propagation curves that the reference antenna is a half wave dipole.



	2.8.1.2 Composition of the propagation path

2.8.1.2.1Considering the requirement to establish communication with an aircraft that is flying well beyond the radio horizon it is expedient to divide the propagation path into three portions. Each of these portions will be discussed separately 

2.8.1.3 Free space propagation

2.8.1.3.1 Fig.1 shows the free-space field strength in dB relative to 1 µV/m of an effective radiated power (ERP) of 1 kW. This curve was derived from the following formula:

F fs = 101.2 – 20 log D
in dB reference 1 µV/m

Where D= 1.23 ( √h 1 + √ h 2) in NM and h 1 and h 2 are the transmitting and receiving antenna in feet.

These formulae assume a 4/3 earth’s radius.

2.8.1.4. Diffraction Loss

2.8.1.4.1 When the radio signal crosses the radio horizon it experiences a marked attenuation which is termed the diffraction loss. On the basis of experimental data a rate of attenuation of 1.5 dB per NM, for a frequency of 120 MHz, has been chosen. Referring to Fig.3, this rate of attenuation continues from the radio horizon to the point where it intersects the curve corresponding to the value (N S ) of the refractive index of the atmosphere at that range. It is to be noted that this attenuation is somewhat pessimistic.
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Fig. 1: Corresponds to Fig.1 from [DOC8636] documentation of the ETSA/I.T.S.A. – 1966 propagation model



	2.8.1.5 Scatter Loss

2.8.1.5.1 This loss has been calculated using Yeh’s formula, and is already in Figure.3, for various refractive indices (NS), as 18.5 dB per 100 NM on a constant NS curve.

Various slope values, assuming a linear variation of the refractive index may be plotted for changing values of this refractive index.

The formulae used to derive the curves in Fig. 3 is as follows.: (Fig. 3 assumes a frequency of 120 MHz):

F fs – F ts = 20.4 + 10 log f  - (N S –310)/5 + 10 ·  θ dB
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Fig. 2: Fig.3 from [DOC8636] documentation of the ETSA/I.T.S.A. – 1966 propagation model

	Where FFS = free-space field strength;


F ta 
= troposcatter field strength;


F 
= frequency in MHz


Θ 
= scatter angle 

The scatter angle Θ in degrees can be obtained from the following formula:

Θ = 57 De/a

Where De =equivalent Distance in NM – See Fig. 4 and a = 4/3 earth’s radius in NM
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Fig. 3: Corresponds to Fig. 4 in the documentation of the ETSA/I.T.S.A. – 1966 propagation model [Idoc-8636]

Note: The scatter angle Θ can also be regarded as centre angle of De at the earth centre.  
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Fig. 4: Corresponds to Fig. 5 in the documentation of the ETSA/I.T.S.A. – 1966 propagation model [DOC8636]
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Fig. 5: ETSA/I.T.S.A. – 1966 propagation model curves [IA10-V]



	1.2 The IF-77 propagation model

	To better understanding the ITU‑R.528‑2 propagation model it is worthwhile to further analyze the so-called “IF‑77 propagation model” which is the basis of the ITU‑R.528‑2 propagation model. The IF-77 propagation in turn is based on the transmission loss prediction methods given in [NBS, 1967] Johnson and Gierhart have extended that model by using considerable amount of experimental data [Johnson and Gierhart, 1978]. The IF-77 model indicates basic transmission loss curves for 5%, 50% and 95% of the time for antenna heights applicable to the aeronautical services. It assumes a smooth earth (terrain parameter Dh = 0) with an effective earth radius factor k of 4/3 (surface refractivity Ns = 301) along with compensation for the excessive ray bending associated with the k = 4/3 model at high altitudes. Constants for average ground horizontal polarization, isotropic antennas, and long-term power fading statistics for a continental temperate climate are also used. Although these parameters may be considered either reasonable or worst-case for many applications, the curves should be used with caution if conditions differ drastically from those assumed. The curves provided in ITU-R.528-2 are not generally applicable to all locations in the European core area, which is not remotely close to a smooth earth nor does it specify if the average horizontal and vertical antennas assumed are still adequately similar to those used today.

Notes:

· These curves are based on data obtained mainly for a continental temperate climate. The curves should be used with caution for other climates.

· IF-77 does not specify the reference antenna used for calculation.
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Fig. 6: IF-77 figure 3 Basic transmission loss versus distance; F =125 MHz, 50% curve



	1.3 ITU-R.582-2 Propagation curves for Aeronautical-Mobile- and Radio-Navigation-Service

	The following text, taken from ITU‑R.528‑2 propagation model to illustrate the derivation of the ITU‑R.528‑2 propagation model:

DEVELOPMENT AND APPLICATION OF THE CURVES ANNEX I 

Transmission loss prediction methods given in [NBS, 1967] have been extended and incorporated into the IF-77 propagation model [Johnson and Gierhart, 1979] that determine basic transmission losses for 5%, 50% and 95% of the time for antenna heights applicable to the aeronautical services [Johnson and Gierhart, 1978]. These methods are based on a considerable amount of experimental data, and extensive comparisons of predictions with data have been made [Johnson and Gierhart, 1979]. In performing these calculations, a smooth (terrain parameter h =0)Earth with an effective Earth radius factor k of 4/3 (surface refractivity Ns 301) was used along with compensation for the excessive ray bending associated with the k 4/3 model at high altitudes. Constants for average ground horizontal polarization, isotropic antennas, and long-term power fading statistics for a continental temperate climate were also used.

Although these parameters may be considered either reasonable or worst-case for many applications, the curves should be used with caution if conditions differ drastically from those assumed.

With the exception of a region “near” the radio horizon, values of median basic transmission loss for “within the- horizon” paths were obtained by adding the attenuation due to atmospheric absorption (in decibels) to the transmission loss corresponding to free-space conditions. Within the region “near” the radio horizon, values of the transmission loss were calculated using geometric optics, to account for interference between the direct ray and a ray reflected from the surface of the Earth. Segments of curves resulting from these two methods were joined to form a curve that shows median basic transmission loss as increasing monotonically with distance.

The two-ray interference model was not used exclusively for within-the-horizon calculations, because the lobing structure obtained from it for short paths is highly dependent on surface characteristics (roughness as well as electrical constants), atmospheric conditions (the effective Earth radius is variable in time), and antenna characteristics (polarization, orientation and gain pattern). Such curves would often be more misleading than useful, i.e., the detailed structure of the lobing is highly dependent on parameters that are difficult to determine with sufficient precision. However, the lobing structure is given statistical consideration in the calculation of variability.

ITU-R.582-2 provides only 3 instead of the original number of 9 curves provided in IF-77. The quality of the curves provided in ITU-R.528-2 lack the resolution and linearity of the original curves provided in [IF77]. ITU-R.528-2 provides figures for 125 MHz, 300 MHz, 1200 MHz 5100 MHz, 9400 MHz and 15500 MHz, one each for 5 %, 50 % and 95 % time probability for each frequency. ITU-R.528-2 lacks, unlike the propagation model IF-77 of guidance, on how to interpolate the propagation loss for other frequencies heights or time probabilities for which no figures/curves are provided. Especially at higher frequency one curve is not sufficient for the whole of and band e.g. the DME-Band between 960 MHz to 1215 MHz. Furthermore, it has to be noted that IF-77 does not specify the reference antenna used for calculation.



	3.3.1 Discussion of quality of the figures in ITUR-R.528-2 and the original curves in IF-77

	A comparison of the curves in IF-77 with ITU-R.582-2 shows the quality of ITU-R.582-2 is much lower then IF‑77. If the curves were taken from IF-77 then curves for identical heights should have matched. Due to line thickness and distortion of the diagrams (discussed below) the inaccuracy is about ±1 dB. 
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Fig. 7: Comparison of the curves for h1 = 15 m, IF-77 imposed on ITU-R.582-2



	3.3.2 Errors caused by distortion of the diagrams of the ITU-R.582-2 model 

	When figures are imposed on each other the grid should match. However, as can be seen in Fig. 1 while the grid and the LOS curve should be identical for the 5%, 50% and 95% they are not. In Fig. 7 the 5% and 95% for 125 MHz were superimposed, by matching the vertical line at 0 km between 175 dB and 200 dB. Neither grid, nor the free-space curve matches sufficiently. Similar to the reproduction losses, when a copy is made from a previous copy for several times the last copy will have lost in sharpness, details and is somewhat distorted. The distortion varies from grid-segment to grid-segment. The green grid is from ITU-R.528-2 and the red from IF-77. As can be seen from Fig. 14 the same applies to curves for different probability taken from ITU-R.528-2.

Due to the distortion ITU-R.528-2 can only be used manually by using a ruler and calculator, however it the use of digitized figures is highly questionable. 



	3.3.3 Error due line thickness

	The strength of the curves differs with the gradient and consequently the attenuation resolution. The line thickness corresponds to approx. 2 dB along the attenuation axis, and to approx. 15 km along the range axis (as can be seen in Fig. 8 and Fig. 9). The line thickness in ITU‑R.528-2 is much higher then in the source IF-77.

While at 125 MHz and 300 MHz for a required D/U of 20 dB the2 dB width of the curves corresponds just to 10 % uncertainty, for DME and TACAN with a required D/U of 8 dB the approx. 2 dB width of the curves is already 25 % of the required D/U value. 
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Fig. 8: Uncertainty of range and attenuation due to line thickness ITU-R.528 125MHz 5 %
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Fig. 9: Difference in Line-thickness between ITU-R.528 and IF-77 (Resolution 600 dpi)



	3.3.4 Non-linearity of curves



	[image: image10.png]linearity
00

1388
2.0 g
35 w0n

11455

2118

12659

13280

13909

180




Fig. 10: Linearity of ITU-R.582-2 figure 1 Basic transmission loss versus distance; F =125 MHz, , 50% curve



	Every time the distance doubles the attenuation of the free-space curve should increase by 6 dB. Within the first 100 km the values vary the most as can be seen in 
Fig. 10
. Similar to the free space curve varies from the defined behavior or in case of the scatter- loss part from the source curve in IF-77.  Similar problems are found in the scatter part of the curves as can be seen in Fig. 7.

Due to the distortion of the ITU-R.528-2 curves they can only be used manually with ruler and calculator is. They are however not acceptable for digitized figures. Use of digital tables that are based on digitized figures from ITU-R.528-2 is highly questionable. Correction of the figures is impossible since unlike for the I.T.S.A.-66 the documentation of the methodology and details are not referenced.



	1.4 Time availability of 5 %, 50 % and 95 %

	IF-77 and ITU-R-528-2 provides for each frequency 3 tables specifying curves for 5 %, 50 % and 95 % time availability.  For 125 MHz Fig. 11 to Fig. 13 show the curves. It can be seen that, while the 5 % time probability curves provides lower attenuation then RLOS Radio Line of sight (available as unreferenced dotted line) the 95 % time probability curves have a much higher attenuation.

For interference calculation the use of the 95 % time probability curve for the wanted and the 5 % time probability curve for the unwanted is normally standard. Annex 10 does however not provide any guidance if the 50 % curve or the 5 % and 95 % curve are to be used. 
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Fig. 11: ITU-R.528 125MHz 5 %
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Fig. 12: ITU-R.528 125MHz 50 %
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Fig. 13: ITU-R.528 125MHz 95 %



	By overlaying the 5 % and 95 % curve on each other in Fig. 14, it can be seen that the first part of each curve is higher or lower then free-space. Depending on the difference in attenuation within RLOS the BRLOS attenuation curve will provide a different value.  ICAO EUR-DOC 011 provides the reference that the 50 % time probability from ITU-R 528-2 is used as reference for the BRLOS attenuation. From no on the 50% curve are used only.
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Fig. 14: ITU-R.528 125MHz 5% and 95 % for curve A, C and E



	1.5 Lack of guidance how to interpolate curves for height frequencies not provided as reference curves

	ITU-R-528-2 consists of 9 curves consisting of 3 values each for location height 1 (h1) and location height 2 (h2) Fig. 18. Only curves A, C and E with h1 of 15 m are available for propagation of ground-based systems like GBAS. While the antenna height  of h1 = 15 m is similar to most VOR systems, the value is much too high for the average ILS-antenna height above ground (between 2.1 m and 3.1 m) or GBAS antenna. 

While ITU-R.528-2 lacks of guidance for calculating other values for the antenna heights and frequencies One has to use IF-77 for this information.

	1.6 Differences between free-space, ICAO assumptions and ITU-R.528-2 propagation curves

	The various curves in Fig. 15 represent the following sets of assumptions:

· Free Space

· ITU-R.528-2 (125 MHz, 50 %, curve A) green line

· ITU-R.528-2 (125 MHz, 50 %, curve A) +24 dB dashed green line

· ICAO using free-space for D<RH and 0.5 dB/NM for D>RH

· ICAO using ITU-R.528-2 (125 MHz, 50 %, curve A)for D<RH and 0.5 dB/NM for D>RH

· FMG (D < RH Free Space, RH+30 NM > D > RH: 0.72 dB/NM and D > RH + 30 NM: 0.14 dB/NM)
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Fig. 15: Free-space vs. ITU-R.528 125MHz 50% curve A



	1.7 Difference in attention for within LOS between free-space propagation and ITU-R.528-2

	While the BRLOS attenuation is constant BRLOS, the difference in attenuation within RLOS increases until the Radio Horizon (RH). At the Radio Horizon (RH) the difference between ITU-R.528-2 (125 MHz, 50 %, curve A) and free-space propagation is 24 dB as can be seen in Fig. 17. 
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Fig. 16: ICAO D<RH Free-space vs. ITU-R.528 125MHz 50% curve A



	1.8 Difference in RLOS based on the real antenna elevation and antenna height based on MSL RLOS

	While for a GBAS antenna at a height of 20 ft above MSL and the aircraft at 10 000 ft above MSL the RLOS would be 122.5 NM, elevations between 1000 ft and 2200 ft above MSL are common in the European core area. For an aircraft approaching e.g. Frankfurt airport (384 ft) a GBAS transmitter at Luxembourg airport (1234 ft) the RLOS would be about 168 NM. The increase in RLOS by 46 NM compared to the MSL assumption would correlate to a 23 dB too high path loss using the ICAO assumption of a constant attenuation slope of 0.5 dB/NM beyond RLOS. 



	1.9 Calculating real RLOS using site elevation

	Relevant ICAO documents consider antenna elevations to be at an average height above MSL often even without specifying the reference antenna height. Since only a few feet in antenna height or site elevation will result in many NM of de- or increase in the RLOS (Radio Line Of Sight) the antenna height above MSL needs to be accounted for as well. The distance from a protection point P in Fig. 17 to its radio horizon is given by: 






RH = 1.23 *(√ h Rx)

Where: 
Dhorizon Rx  = radio horizon distance in nautical miles (NM) 
hRx = height of receiving point P (ft) above Mean Sea Level
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Fig. 17: RLOS for Receiver at Protection Point P and RLOS for desired and undesired Tx

Taking the height of the phase centre above Mean Sea Level of the GBAS antenna, the GBAS will be beyond the radio line-of-sight when: 

Dhorizon Rx  = > 1.23 * [(√ h Rx) + (√ h Tx-undesired) ]

Where: 
D horizon undesired Tx = distance of undesired GBAS behind the radio horizon in NM. 
h undesired Tx  = h undesired GBAS-Tx = height of GBAS Tx in (ft) above Mean Sea Level



	1.10 Calculating RLOS when site is below MSL

	Since the European region is not smooth the ARP (Airport Reference Point) and consequently systems height will vary between small to negative heights below MSL e.g. Amsterdam Schiphole (ARP –11 ft) to relatively large heights in the Range of well above 2200 ft (approx. 670 m) e.g. Donaueschingen in Southern Germany. 

The simple solution is to increase both heights by a 10 % larger value then the lowest elevation below MSL: 

h correction  if <MSL = 1.1 * h below MSL 

Dhorizon Rx  = > 1.23 * [(√ h Rx + 1.1 * h below MSL) + (√ h Tx-undesired + 1.1 * h below MSL) ]

(Note. While ICAO does not specify the earth diameter; even 100 ft change in earth diameter will not cause any error.



	1.11 Beyond the Radio Line of Sight (BRLOS) attenuation

	The guidance in Annex 10 (Annex 10, Attachment D, 7.2.1.3.3) indicates for BRLOS propagation to use a constant slope of the attenuation of 0.5 dB/NM. (The reference document quoted in the relevant section of Annex 10 is ITU-R Recommendation P528-2). However it does not state, which of the three diagrams for 125 MHz, one each for 5 %, 50 % and 95 % time probability (Fig. 11 to Fig. 13), nor, which of the 8 curves contained in the each of the diagrams for various heights were used.

	According the ICAO EANPG Frequency Management Manual, EUR-DOC-011 [EUR-DOC011] the 50 % curve is applicable for DME. Therefore the 50 % table is used from hereon. From ITU‑R.P528‑2 only curves A, C and E with h1 = 15 m and from these only curve A with h2 = 1000 m and C with h2 = 10000 m values come close to the GBAS requirements for a DOC of 23 NM 10000 ft. For comparison, the 5 % to 95 % probability curve have been imposed in Fig. 18. Curve A and C are similar for all probability curves directly at the BRLOS.

All curves show a - more or less - strong loss until the RLOS horizon is reached. They continue within BRLOS with the same steep slope (0.76 dB/NM for curve A and 0.72 dB/NM for curve C), and decrease to a modest 0.14 dB/NM after some distance. The edge for the Radio Line of Sight (RLOS) using h1 = 15 m, h2 = 1000 m and h2 = 10000 m are marked with horizontal lines, red for curve A and in blue for curve C in Fig. 18. 

Annex 10 assumes a constant attenuation slope beyond RLOS of 0.5 dB/NM. However, while curve A provides for the first 30 NM after the radio horizon an attenuation slope of 0.72 dB/NM and decreases beyond 30 NM after the radio horizon to 0.14 dB/NM. ITU-R Recommendation P528-2 with its 0.14 dB/NM is therefore beyond 43 NM BRLOS about 0.36 dB per NM lower then Annex 10 assumes it to be. As a consequence the value needs to be corrected. 

	Since no guidance for the interpolation of other values between curve A and C are provided by ITU, a graphic interpolation was used to achieve a curve applicable e.g. to h1 = 15 m, h2 = 3000 m (Fig. 18 line x). The only reference found for ITU-R Recommendation P528-2 states “that curves were corrected after calculation to account for measurements taken” However, no measurements are available for the required heights for GBAS purposes (below 3000 m). 

	The corrected values, which were accepted by EANPG FMG10 for calculation are the following: 

· 0.72 dB/NM for the first 30 NM beyond RLOS, and 

· 0.14 dB/NM beyond 30 NM after RLOS.

Furthermore, the Radio Horizon shall be calculated using the real site elevation of the antenna phase center.
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Fig. 18: 125 MHz curves with indicated slope values for curves A and C, for the cases 0 NM to 30 NM BRLOS and > 30 NM BRLOS

	1.12 Difference in BRLOS between ICAO using free-space for RLOS and FMG

	The difference between in attenuation BRLOS for ICAO using free-space within LOS and the FMG model is shown in Fig. 19. Beyond 42 NM after the Radio Horizon the ICAO model lacks 0.36 dB/NM compared to the FMG-model based on ITU-R.528 125MHz 50% curve. 
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Fig. 19: ICAO (for D<RH: Free Space, for D>RH: 0.5 dB/NM) in comparison with the ICAO EANPG FMG model: for (RH+30 NM>D>RH): 0.72 dB/NM and for D>RH+30NM: 0.14 dB/NM)



	1.13 Difference in BRLOS between ICAO using ITU-R.528 for RLOS and ICAO EANPG FMG curve

	Comparing the FMG model to the ICAO model using ITU-R.528 within RLOS the much higher attenuation at the Radio Horizon the difference of 24 dB nearly fulfils the required D/U of 26 dB for VOR vs. GBAS. 

Just 4 NM beyond RH the required D/U of 26 dB for a VOR vs. GBAS is met!
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Fig. 20: ICAO using ITU-R.528-2 (125 MHz, 50 %, curve A) for D>RH vs. FMG model (for RH+30 NM>D>RH: 0.72 dB/NM  and for (D>RH+30 NM): 0.14 dB/NM)



	4. Summary and Conclusions

The guidance for calculation of propagation loss in ICAO Annex 10 should be reviewed and refined, for the following reasons:

· The free space curves provided in [ITU-R582-2] vary by several dB from the 6 dB loss per doubling of the distance. In addition to the resolution and distortion problem discussed above, the error from one point to another on the curves can be assumed to deviate by more then a few dB.

· The 24 dB difference in attenuation at RH between the two applicable propagation models will cause problems whenever cross-boarder coordination between states are based on different propagation models (e.g. one using free-space the other ITU-R.528-2). 

· The 24 dB difference between the two applicable models will have an impact beyond RH as well. 

· Since BRLOS attenuation is with 0.5 dB/NM much higher then within RLOS loss calculation of the RH has to be based on real the antenna and aircraft elevation, whenever the average elevation within RLOS is much higher then the assumed standard MSL, not considering the use of different reference levels for MSL (e.g. Amsterdam, Adria in Europe). The problem of sites below MSL can be corrected with an offset plus 10% safety margin.

· ICAO Annex assumes with a constant 0.5 dB/NM loss beyond RH a much too high attenuation. Since ITU-R.528-2 is applicable for RLOS it should be used for BRLOS as well. 

EANPG FMG 10 adopted in absence of reference documents that would explain the identified problems or sufficient guidance in ICAO Annex 10 the following temporary propagation model:

· Free Space propagation within RLOS (D<RH)

· The Radio horizon is calculated using the real elevations above MSL

· For BRLOS (D>RH) a constant attenuation slope of 0.72 dB/NM for the first 30 NM beyond RH and 0.14 dB/NM hereafter. 

· Use of EIRP PEP (reference to isotropic antenna including transmission line loss)

· Applicable for all calculation between GBAS and ILS-LLZ, VOR and COM‑CDSB.

The presented methodology can also be applied to other bands and systems as well, but requires additional guidance. For other frequencies the applicable BRLOS attenuation slope values have to be defined. 



	The methodology of any propagation model to be applied for the coordination of aeronautical frequencies should at least as detailed as provided in [DOC8636] for the ETSA/I.T.S.A. – 1966 propagation model. The derivation of the of propagation curves and the following information should be contained:

· Methodology for the determination of the Radio Horizon

· Model for the propagation before the Radio Horizon

· Model for the propagation beyond the Radio Horizon

· Antenna diagram used for the derivation of the propagation diagrams  

· Time probability for which the propagation diagrams are applicable

· Guidance for the determination of the propagation loss over ragged earth

	

	5. Action for the meeting

	The meeting is invited to:

· Review the provided information.

· To develop an amendment for Annex 10 on the applicable propagation model to be used for the frequency coordination between GBAS other aeronautical systems. This should either based on the temporary GBAS frequency coordination criteria accepted by ICAO EANPG FMG 10 or by developing an improved propagation model which resolves the problems identified in this document.

· To recommend to amend ICAO ANNEX 10 SARPs Aeronautical Radio, Vol 5, Frequency Spectrum Utilization 2nd Ed., July 2001 Attachment A, ATT A-9 [DOC8636] with the following text
“Guidance Material on the ETSA/I.T.S.A. – 1966 propagation model are contained in DOC-8636, COM/OPS Divisional Meeting (1966), Report of the meeting, Montreal 4Oct. - 7.Nov.1966”.
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	7. Acronyms

	BRLOS 
	Beyond Radio Line Of Sight 
	

	GBAS
	Ground Bases Augmentation System
	

	ARNS
	Aeronautical Radio Navigation System
	

	AMS
	Aeronautical Mobile System
	

	Tx
	transmitter
	

	ARP 
	Airport Reference Point
	

	RLOS 
	Radio Line Of Sight
	

	LOS
	Line Of Sight (optical)
	

	BLOS
	Beyond Line Of Sight (optical)
	

	RH
	Radio Horizon
	



Page 1/18

_1282373015.doc


		ICAO NSP Oct 06 WG1&2/WP ??

NAVIGATION SYSTEMS PANEL (NSP)

Working Group 1 and Working Group 2 meetings

Montreal, 10 – 20 October 2006


Agenda Item 6 g):
Navigation data links in the band 108 to 117.975 MHz


Problems with the calculation of propagation loss


 in the context of frequency coordination for GBAS


Presented by Stefan Naerlich


Prepared by Joachim Wollweber, Felix Butsch (DFS, Germany)


SUMMARY



		This working paper presents problems with the guidance material in ICAO Annex 10, which was detected during development of preliminary frequency coordination rules for the coordination of GBAS with aeronautical VHF communication.





		Change Log



		Vers.

		date

		Changes



		1.0

		06928

		Final





		1. Introduction



		Unfortunately, ICAO Annex 10 does not provide guidance for the calculation of radio propagation loss, which is universally applicable to all ARNSs (Aeronautical Radio Navigation Services) and AMSs (Aeronautical Mobile Services) in the various frequency bands. Even for systems which operate in the VHF band (e.g. 108 MHz to 137 MHz) three different propagation methods are defined. For GBAS Annex 10 Vol.1 guidance material lists free-space propagation and ITU-R 528-2 reference [ITU-R582-2] as applicable propagation models for the prediction of the received field strength within Radio Line Of Sight (RLOS), Annex 10 Vol.V lists also I.T.S.A.66 [ITSA66] as propagation model for 127 MHz.  

While at least some basic documentation for the propagation model I.T.S.A.66 is in provided in [DOC8636], Annex 10 neither provides a reference to it, nor does it provide at least basic details on the model, it’s metho​dology and assumptions (e.g. half-wave-dipole as reference, diffraction and scatter loss) or how it can be applied and calculated (e.g. interpolation of curves for other frequencies or heights) that would allow the safe use of the models. Use of ITU-R.528-2 requires caution not only because curves in the figures have been distorted during reproduction (line about 2 dB wide), but also because the free space propagation curve does vary by several dB from the 1/r² dependency.

Depending on, whether free space propagation or the ITU-R.528-2 model is used, the attenuation loss within the Radio Horizon (RH) is maximal 24 dB, while for beyond the Radio Horizon the for GBAS assumed 0.5 dB/NM are much too high. ITU-R.528.2 (125 MHz, 50%, curve A) corresponds to 0.76 dB/NM for the first 30 NM after the Radio Horizon (RH) and 0.14 dB/NM beyond. According to ICAO Annex 10 at a distance of 43 NM after the RH the attenuation slope is 0.36 dB higher per NM than according ITU-R.528.2 (125 MHz, 50%, curve A). 

The propagation loss is much higher beyond the RH than before the RH. Therefore, whenever the average site elevation deviates more then a few feet from MSL, it is necessary to determine the Radio Horizon by taking into account the correct site elevations to avoid interference. 

Based on a WP presented by Germany to the 10th meeting of ICAO EANPG Frequency Management Group (28th Aug. to 1st Sept. 2006), the meeting decided on temporary “GBAS versus ILS” and “GBAS versus VHF Com” coordination criteria. These criteria do not yet require taking any antenna patterns into account. However they recommend accounting for the real antenna elevation to calculate the RH. Furthermore it recommends assuming free-space propagation within RLOS and beyond an attenuation slope of 0.72 dB/NM for the first 30 NM after the RH and 0.14 dB/NM thereafter. This temporary guidance material will be incorporated into the ICAO EANPG FMG Frequency Management Handbook ICAO EUR-DOC 011, until more detailed guidance is provided by a future amendment of ICAO Annex 10. 


Furthermore this WP highlights the problems identified, when reviewing guidance on the determination of propagation loss in ICAO Annex 10 during the propagation of the above mentioned material. 





		2. Identified Problems



		ICAO Annex 10 Vol.1 recommends in Attachment D 7.2.1.3.3 that, either the propagation curves in ITU-R 528-2 [ITU-R528-2] or the free-space propagation model is applied within Radio Line Of Sight (RLOS). In ITU‑R.528‑2 three figures for 125 MHz are provided. They correspond to time probabilities of 5%, 50 % and 95%. All of them contain curves for eight combinations of transmitter and receivers heights. The curves in ITU‑R.528-2 differ by approx. (6 dB depending which time probability values is chosen.


When compared to free-space loss the 50 % time probability “curve A” has an approximately 24 dB higher attenuation at the RH. Since no reference antenna has been specified in ITU‑R.528‑2 (like e.g. in the “I.T.S.A.66” document) the curves cannot be verified by simulation. 

The application of the propagation curves in ITU-R.528-2 requires caution, not only because curves in the figures have been distorted during reproduction of the document, but also because the free space propagation curves do differ by several dBs from 1/r² dependency (presumably due to an unknown antenna pattern which was taken into account). All curves in ITU-R.528-2 are somewhat distorted, since the grid does not match if figures are imposed on each other. The chosen resolution of the diagrams and the thickness of the curves correspond to an uncertainty of about 2 dB for the attenuation axis and 15 km for range axis of the diagrams.


Furthermore, unlike the propagation model IF-77 [IF77], the ITU‑R.528-2 model lacks guidance on, how to interpolate the propagation loss for other frequencies, heights or time probabilities for which no figures/curves are provided. 


For a GBAS antenna at a height of 20 ft above MSL and an aircraft at 10 000 ft above MSL, the RLOS would be 122.5 NM. On the other hand antenna elevations between 1000 ft and 2200 ft above MSL are common in the European core area. For an aircraft approaching e.g. Frankfurt airport (384 ft) a GBAS transmitter at Luxembourg airport (1234 ft) the RLOS would be about 168 NM. The increase in RLOS by 46 NM compared to the MSL assumption would correspond to a 23 dB too high path loss using the ICAO assumption of a constant attenuation slope of 0.5 dB/NM beyond RLOS. 


The assumed Beyond Radio Line Of Sight attenuation of 0.5. dB/NM is much too high, compared to ITU‑R.528‑2. ITU‑R.528-2 provides for the first few NM after RH an attenuation slope between 0.72 dB/NM (curve C) and 0.76 dB/NM (curve A) and drops to just 0.14 dB/NM thereafter. Therefore, after about 30 NM after the RH ICAO Annex 10 assumes a much too high attenuation of 0.36 dB per NM (Fig. 18).

Beyond the Radio Horizon ICAO Annex 10 assumes a constant attenuation slope of 0.5 dB/NM while ITU-R 528-2 assumes only about 0.72 dB/NM for curve C for the first few miles and then drops to 0.14 dB/NM. After about 43 NM Annex 10 assumes a much too high attenuation which is about 0.36 dB too high per NM or 12 dB after just another 33 NM.






		3. Propagation for Aeronautical-Mobile- and Radio-Navigation-Services



		3.1 ETSA/I.T.S.A. – 1966



		In the report of the ICAO COM/OPS meeting 1966 [DOC8636] contain documentation of the ETSA/I.T.S.A. – 1966 propagation model which are now part of ICAO Annex 10, Vol 5, “Frequency Spectrum Utilization” [SA10-V]. This includes propagation curves for a standard atmosphere (surface refractivity of 301) and for a frequency of 127 MHz. The only assumptions for this propagation provided in Att.A A-9 of  ICAO Annex 10, Vol 5. are the following:

The curves are for a 5 % time availability and for:

1.
Frequency of 127 MHz


2.
Horizontal or vertical polarization


3.
Smooth earth with land or sea surface


4.
Reflection coefficient of unity magnitude


5.
Standard atmosphere with a 301 surface refractivity


6.
Continental temperate climate


7.
Nakagami-Rice statistics for within-the-horizon fading


8.
An effective radiated power (ERP) corresponding to 1 kW input power into a lossless halfwave dipole


The following information is not contained in ICAO Annex 10 Vol. V, but taken from the original document [DOC-8636]. It is provided to further illustrate the assumptions, which lead to the above mentioned propagation model.


Note: Unlike almost all systems in Annex 10 Vol.1 and Vol3. which make reference to an isotropic antenna but use ERP, it is stated in the propagation curves that the reference antenna is a half wave dipole.






		2.8.1.2 Composition of the propagation path


2.8.1.2.1Considering the requirement to establish communication with an aircraft that is flying well beyond the radio horizon it is expedient to divide the propagation path into three portions. Each of these portions will be discussed separately 


2.8.1.3 Free space propagation


2.8.1.3.1 Fig.1 shows the free-space field strength in dB relative to 1 µV/m of an effective radiated power (ERP) of 1 kW. This curve was derived from the following formula:


F fs = 101.2 – 20 log D
in dB reference 1 µV/m


Where D= 1.23 ( √h 1 + √ h 2) in NM and h 1 and h 2 are the transmitting and receiving antenna in feet.


These formulae assume a 4/3 earth’s radius.


2.8.1.4. Diffraction Loss


2.8.1.4.1 When the radio signal crosses the radio horizon it experiences a marked attenuation which is termed the diffraction loss. On the basis of experimental data a rate of attenuation of 1.5 dB per NM, for a frequency of 120 MHz, has been chosen. Referring to Fig.3, this rate of attenuation continues from the radio horizon to the point where it intersects the curve corresponding to the value (N S ) of the refractive index of the atmosphere at that range. It is to be noted that this attenuation is somewhat pessimistic.
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Fig. 1: Corresponds to Fig.1 from [DOC8636] documentation of the ETSA/I.T.S.A. – 1966 propagation model






		2.8.1.5 Scatter Loss


2.8.1.5.1 This loss has been calculated using Yeh’s formula, and is already in Figure.3, for various refractive indices (NS), as 18.5 dB per 100 NM on a constant NS curve.


Various slope values, assuming a linear variation of the refractive index may be plotted for changing values of this refractive index.


The formulae used to derive the curves in Fig. 3 is as follows.: (Fig. 3 assumes a frequency of 120 MHz):


F fs – F ts = 20.4 + 10 log f  - (N S –310)/5 + 10 ·  θ dB
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Fig. 2: Fig.3 from [DOC8636] documentation of the ETSA/I.T.S.A. – 1966 propagation model



		Where FFS = free-space field strength;



F ta 
= troposcatter field strength;



F 
= frequency in MHz



Θ 
= scatter angle 


The scatter angle Θ in degrees can be obtained from the following formula:


Θ = 57 De/a


Where De =equivalent Distance in NM – See Fig. 4 and a = 4/3 earth’s radius in NM
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Fig. 3: Corresponds to Fig. 4 in the documentation of the ETSA/I.T.S.A. – 1966 propagation model [Idoc-8636]


Note: The scatter angle Θ can also be regarded as centre angle of De at the earth centre.  
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Fig. 4: Corresponds to Fig. 5 in the documentation of the ETSA/I.T.S.A. – 1966 propagation model [DOC8636]
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Fig. 5: ETSA/I.T.S.A. – 1966 propagation model curves [IA10-V]





		3.2 The IF-77 propagation model



		To better understanding the ITU‑R.528‑2 propagation model it is worthwhile to further analyze the so-called “IF‑77 propagation model” which is the basis of the ITU‑R.528‑2 propagation model. The IF-77 propagation in turn is based on the transmission loss prediction methods given in [NBS, 1967] Johnson and Gierhart have extended that model by using considerable amount of experimental data [Johnson and Gierhart, 1978]. The IF-77 model indicates basic transmission loss curves for 5%, 50% and 95% of the time for antenna heights applicable to the aeronautical services. It assumes a smooth earth (terrain parameter Dh = 0) with an effective earth radius factor k of 4/3 (surface refractivity Ns = 301) along with compensation for the excessive ray bending associated with the k = 4/3 model at high altitudes. Constants for average ground horizontal polarization, isotropic antennas, and long-term power fading statistics for a continental temperate climate are also used. Although these parameters may be considered either reasonable or worst-case for many applications, the curves should be used with caution if conditions differ drastically from those assumed. The curves provided in ITU-R.528-2 are not generally applicable to all locations in the European core area, which is not remotely close to a smooth earth nor does it specify if the average horizontal and vertical antennas assumed are still adequately similar to those used today.


Notes:

· These curves are based on data obtained mainly for a continental temperate climate. The curves should be used with caution for other climates.


· IF-77 does not specify the reference antenna used for calculation.
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Fig. 6: IF-77 figure 3 Basic transmission loss versus distance; F =125 MHz, 50% curve






		3.3 ITU-R.582-2 Propagation curves for Aeronautical-Mobile- and Radio-Navigation-Service



		The following text, taken from ITU‑R.528‑2 propagation model to illustrate the derivation of the ITU‑R.528‑2 propagation model:


DEVELOPMENT AND APPLICATION OF THE CURVES ANNEX I 


Transmission loss prediction methods given in [NBS, 1967] have been extended and incorporated into the IF-77 propagation model [Johnson and Gierhart, 1979] that determine basic transmission losses for 5%, 50% and 95% of the time for antenna heights applicable to the aeronautical services [Johnson and Gierhart, 1978]. These methods are based on a considerable amount of experimental data, and extensive comparisons of predictions with data have been made [Johnson and Gierhart, 1979]. In performing these calculations, a smooth (terrain parameter h =0)Earth with an effective Earth radius factor k of 4/3 (surface refractivity Ns 301) was used along with compensation for the excessive ray bending associated with the k 4/3 model at high altitudes. Constants for average ground horizontal polarization, isotropic antennas, and long-term power fading statistics for a continental temperate climate were also used.


Although these parameters may be considered either reasonable or worst-case for many applications, the curves should be used with caution if conditions differ drastically from those assumed.


With the exception of a region “near” the radio horizon, values of median basic transmission loss for “within the- horizon” paths were obtained by adding the attenuation due to atmospheric absorption (in decibels) to the transmission loss corresponding to free-space conditions. Within the region “near” the radio horizon, values of the transmission loss were calculated using geometric optics, to account for interference between the direct ray and a ray reflected from the surface of the Earth. Segments of curves resulting from these two methods were joined to form a curve that shows median basic transmission loss as increasing monotonically with distance.


The two-ray interference model was not used exclusively for within-the-horizon calculations, because the lobing structure obtained from it for short paths is highly dependent on surface characteristics (roughness as well as electrical constants), atmospheric conditions (the effective Earth radius is variable in time), and antenna characteristics (polarization, orientation and gain pattern). Such curves would often be more misleading than useful, i.e., the detailed structure of the lobing is highly dependent on parameters that are difficult to determine with sufficient precision. However, the lobing structure is given statistical consideration in the calculation of variability.


ITU-R.582-2 provides only 3 instead of the original number of 9 curves provided in IF-77. The quality of the curves provided in ITU-R.528-2 lack the resolution and linearity of the original curves provided in [IF77]. ITU-R.528-2 provides figures for 125 MHz, 300 MHz, 1200 MHz 5100 MHz, 9400 MHz and 15500 MHz, one each for 5 %, 50 % and 95 % time probability for each frequency. ITU-R.528-2 lacks, unlike the propagation model IF-77 of guidance, on how to interpolate the propagation loss for other frequencies heights or time probabilities for which no figures/curves are provided. Especially at higher frequency one curve is not sufficient for the whole of and band e.g. the DME-Band between 960 MHz to 1215 MHz. Furthermore, it has to be noted that IF-77 does not specify the reference antenna used for calculation.





		3.3.1 Discussion of quality of the figures in ITUR-R.528-2 and the original curves in IF-77



		A comparison of the curves in IF-77 with ITU-R.582-2 shows the quality of ITU-R.582-2 is much lower then IF‑77. If the curves were taken from IF-77 then curves for identical heights should have matched. Due to line thickness and distortion of the diagrams (discussed below) the inaccuracy is about ±1 dB. 
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Fig. 7: Comparison of the curves for h1 = 15 m, IF-77 imposed on ITU-R.582-2





		3.3.2 Errors caused by distortion of the diagrams of the ITU-R.582-2 model 



		When figures are imposed on each other the grid should match. However, as can be seen in Fig. 1 while the grid and the LOS curve should be identical for the 5%, 50% and 95% they are not. In Fig. 7 the 5% and 95% for 125 MHz were superimposed, by matching the vertical line at 0 km between 175 dB and 200 dB. Neither grid, nor the free-space curve matches sufficiently. Similar to the reproduction losses, when a copy is made from a previous copy for several times the last copy will have lost in sharpness, details and is somewhat distorted. The distortion varies from grid-segment to grid-segment. The green grid is from ITU-R.528-2 and the red from IF-77. As can be seen from Fig. 14 the same applies to curves for different probability taken from ITU-R.528-2.

Due to the distortion ITU-R.528-2 can only be used manually by using a ruler and calculator, however it the use of digitized figures is highly questionable. 





		3.3.3 Error due line thickness



		The strength of the curves differs with the gradient and consequently the attenuation resolution. The line thickness corresponds to approx. 2 dB along the attenuation axis, and to approx. 15 km along the range axis (as can be seen in Fig. 8 and Fig. 9). The line thickness in ITU‑R.528-2 is much higher then in the source IF-77.

While at 125 MHz and 300 MHz for a required D/U of 20 dB the2 dB width of the curves corresponds just to 10 % uncertainty, for DME and TACAN with a required D/U of 8 dB the approx. 2 dB width of the curves is already 25 % of the required D/U value. 
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Fig. 8: Uncertainty of range and attenuation due to line thickness ITU-R.528 125MHz 5 %
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Fig. 9: Difference in Line-thickness between ITU-R.528 and IF-77 (Resolution 600 dpi)





		3.3.4 Non-linearity of curves





		[image: image10.png]linearity
00

1388
2.0 g
35 w0n

11455

2118

12659

13280

13909

180






Fig. 10: Linearity of ITU-R.582-2 figure 1 Basic transmission loss versus distance; F =125 MHz, , 50% curve





		Every time the distance doubles the attenuation of the free-space curve should increase by 6 dB. Within the first 100 km the values vary the most as can be seen in Fig. 10. Similar to the free space curve varies from the defined behavior or in case of the scatter- loss part from the source curve in IF-77.  Similar problems are found in the scatter part of the curves as can be seen in Fig. 7.

Due to the distortion of the ITU-R.528-2 curves they can only be used manually with ruler and calculator is. They are however not acceptable for digitized figures. Use of digital tables that are based on digitized figures from ITU-R.528-2 is highly questionable. Correction of the figures is impossible since unlike for the I.T.S.A.-66 the documentation of the methodology and details are not referenced.






		3.4 Time availability of 5 %, 50 % and 95 %



		IF-77 and ITU-R-528-2 provides for each frequency 3 tables specifying curves for 5 %, 50 % and 95 % time availability.  For 125 MHz Fig. 11 to Fig. 13 show the curves. It can be seen that, while the 5 % time probability curves provides lower attenuation then RLOS Radio Line of sight (available as unreferenced dotted line) the 95 % time probability curves have a much higher attenuation.


For interference calculation the use of the 95 % time probability curve for the wanted and the 5 % time probability curve for the unwanted is normally standard. Annex 10 does however not provide any guidance if the 50 % curve or the 5 % and 95 % curve are to be used. 
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Fig. 11: ITU-R.528 125MHz 5 %
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Fig. 12: ITU-R.528 125MHz 50 %
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Fig. 13: ITU-R.528 125MHz 95 %






		By overlaying the 5 % and 95 % curve on each other in Fig. 14, it can be seen that the first part of each curve is higher or lower then free-space. Depending on the difference in attenuation within RLOS the BRLOS attenuation curve will provide a different value.  ICAO EUR-DOC 011 provides the reference that the 50 % time probability from ITU-R 528-2 is used as reference for the BRLOS attenuation. From no on the 50% curve are used only.
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Fig. 14: ITU-R.528 125MHz 5% and 95 % for curve A, C and E






		3.5 Lack of guidance how to interpolate curves for height frequencies not provided as reference curves



		ITU-R-528-2 consists of 9 curves consisting of 3 values each for location height 1 (h1) and location height 2 (h2) Fig. 18. Only curves A, C and E with h1 of 15 m are available for propagation of ground-based systems like GBAS. While the antenna height  of h1 = 15 m is similar to most VOR systems, the value is much too high for the average ILS-antenna height above ground (between 2.1 m and 3.1 m) or GBAS antenna. 


While ITU-R.528-2 lacks of guidance for calculating other values for the antenna heights and frequencies One has to use IF-77 for this information.



		3.6 Differences between free-space, ICAO assumptions and ITU-R.528-2 propagation curves



		The various curves in Fig. 15 represent the following sets of assumptions:


· Free Space


· ITU-R.528-2 (125 MHz, 50 %, curve A) green line


· ITU-R.528-2 (125 MHz, 50 %, curve A) +24 dB dashed green line


· ICAO using free-space for D<RH and 0.5 dB/NM for D>RH


· ICAO using ITU-R.528-2 (125 MHz, 50 %, curve A)for D<RH and 0.5 dB/NM for D>RH


· FMG (D < RH Free Space, RH+30 NM > D > RH: 0.72 dB/NM and D > RH + 30 NM: 0.14 dB/NM)
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Fig. 15: Free-space vs. ITU-R.528 125MHz 50% curve A






		3.7 Difference in attention for within LOS between free-space propagation and ITU-R.528-2



		While the BRLOS attenuation is constant BRLOS, the difference in attenuation within RLOS increases until the Radio Horizon (RH). At the Radio Horizon (RH) the difference between ITU-R.528-2 (125 MHz, 50 %, curve A) and free-space propagation is 24 dB as can be seen in Fig. 17. 
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Fig. 16: ICAO D<RH Free-space vs. ITU-R.528 125MHz 50% curve A



		3.8 Difference in RLOS based on the real antenna elevation and antenna height based on MSL RLOS



		While for a GBAS antenna at a height of 20 ft above MSL and the aircraft at 10 000 ft above MSL the RLOS would be 122.5 NM, elevations between 1000 ft and 2200 ft above MSL are common in the European core area. For an aircraft approaching e.g. Frankfurt airport (384 ft) a GBAS transmitter at Luxembourg airport (1234 ft) the RLOS would be about 168 NM. The increase in RLOS by 46 NM compared to the MSL assumption would correlate to a 23 dB too high path loss using the ICAO assumption of a constant attenuation slope of 0.5 dB/NM beyond RLOS. 






		3.9 Calculating real RLOS using site elevation



		Relevant ICAO documents consider antenna elevations to be at an average height above MSL often even without specifying the reference antenna height. Since only a few feet in antenna height or site elevation will result in many NM of de- or increase in the RLOS (Radio Line Of Sight) the antenna height above MSL needs to be accounted for as well. The distance from a protection point P in Fig. 17 to its radio horizon is given by: 







RH = 1.23 *(√ h Rx)


Where: 
Dhorizon Rx  = radio horizon distance in nautical miles (NM) 
hRx = height of receiving point P (ft) above Mean Sea Level
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Fig. 17: RLOS for Receiver at Protection Point P and RLOS for desired and undesired Tx


Taking the height of the phase centre above Mean Sea Level of the GBAS antenna, the GBAS will be beyond the radio line-of-sight when: 


Dhorizon Rx  = > 1.23 * [(√ h Rx) + (√ h Tx-undesired) ]


Where: 
D horizon undesired Tx = distance of undesired GBAS behind the radio horizon in NM. 
h undesired Tx  = h undesired GBAS-Tx = height of GBAS Tx in (ft) above Mean Sea Level






		3.10 Calculating RLOS when site is below MSL



		Since the European region is not smooth the ARP (Airport Reference Point) and consequently systems height will vary between small to negative heights below MSL e.g. Amsterdam Schiphole (ARP –11 ft) to relatively large heights in the Range of well above 2200 ft (approx. 670 m) e.g. Donaueschingen in Southern Germany. 


The simple solution is to increase both heights by a 10 % larger value then the lowest elevation below MSL: 


h correction  if <MSL = 1.1 * h below MSL 

Dhorizon Rx  = > 1.23 * [(√ h Rx + 1.1 * h below MSL) + (√ h Tx-undesired + 1.1 * h below MSL) ]


(Note. While ICAO does not specify the earth diameter; even 100 ft change in earth diameter will not cause any error.





		3.11 Beyond the Radio Line of Sight (BRLOS) attenuation



		The guidance in Annex 10 (Annex 10, Attachment D, 7.2.1.3.3) indicates for BRLOS propagation to use a constant slope of the attenuation of 0.5 dB/NM. (The reference document quoted in the relevant section of Annex 10 is ITU-R Recommendation P528-2). However it does not state, which of the three diagrams for 125 MHz, one each for 5 %, 50 % and 95 % time probability (Fig. 11 to Fig. 13), nor, which of the 8 curves contained in the each of the diagrams for various heights were used.



		According the ICAO EANPG Frequency Management Manual, EUR-DOC-011 [EUR-DOC011] the 50 % curve is applicable for DME. Therefore the 50 % table is used from hereon. From ITU‑R.P528‑2 only curves A, C and E with h1 = 15 m and from these only curve A with h2 = 1000 m and C with h2 = 10000 m values come close to the GBAS requirements for a DOC of 23 NM 10000 ft. For comparison, the 5 % to 95 % probability curve have been imposed in Fig. 18. Curve A and C are similar for all probability curves directly at the BRLOS.


All curves show a - more or less - strong loss until the RLOS horizon is reached. They continue within BRLOS with the same steep slope (0.76 dB/NM for curve A and 0.72 dB/NM for curve C), and decrease to a modest 0.14 dB/NM after some distance. The edge for the Radio Line of Sight (RLOS) using h1 = 15 m, h2 = 1000 m and h2 = 10000 m are marked with horizontal lines, red for curve A and in blue for curve C in Fig. 18. 


Annex 10 assumes a constant attenuation slope beyond RLOS of 0.5 dB/NM. However, while curve A provides for the first 30 NM after the radio horizon an attenuation slope of 0.72 dB/NM and decreases beyond 30 NM after the radio horizon to 0.14 dB/NM. ITU-R Recommendation P528-2 with its 0.14 dB/NM is therefore beyond 43 NM BRLOS about 0.36 dB per NM lower then Annex 10 assumes it to be. As a consequence the value needs to be corrected. 



		Since no guidance for the interpolation of other values between curve A and C are provided by ITU, a graphic interpolation was used to achieve a curve applicable e.g. to h1 = 15 m, h2 = 3000 m (Fig. 18 line x). The only reference found for ITU-R Recommendation P528-2 states “that curves were corrected after calculation to account for measurements taken” However, no measurements are available for the required heights for GBAS purposes (below 3000 m). 



		The corrected values, which were accepted by EANPG FMG10 for calculation are the following: 


· 0.72 dB/NM for the first 30 NM beyond RLOS, and 


· 0.14 dB/NM beyond 30 NM after RLOS.


Furthermore, the Radio Horizon shall be calculated using the real site elevation of the antenna phase center.
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Fig. 18: 125 MHz curves with indicated slope values for curves A and C, for the cases 0 NM to 30 NM BRLOS and > 30 NM BRLOS



		3.12 Difference in BRLOS between ICAO using free-space for RLOS and FMG



		The difference between in attenuation BRLOS for ICAO using free-space within LOS and the FMG model is shown in Fig. 19. Beyond 42 NM after the Radio Horizon the ICAO model lacks 0.36 dB/NM compared to the FMG-model based on ITU-R.528 125MHz 50% curve. 
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Fig. 19: ICAO (for D<RH: Free Space, for D>RH: 0.5 dB/NM)


in comparison with the ICAO EANPG FMG model: for (RH+30 NM>D>RH): 0.72 dB/NM and for D>RH+30NM: 0.14 dB/NM)






		3.13 Difference in BRLOS between ICAO using ITU-R.528 for RLOS and ICAO EANPG FMG curve



		Comparing the FMG model to the ICAO model using ITU-R.528 within RLOS the much higher attenuation at the Radio Horizon the difference of 24 dB nearly fulfils the required D/U of 26 dB for VOR vs. GBAS. 


Just 4 NM beyond RH the required D/U of 26 dB for a VOR vs. GBAS is met!
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Fig. 20: ICAO using ITU-R.528-2 (125 MHz, 50 %, curve A) for D>RH vs. FMG model (for RH+30 NM>D>RH: 0.72 dB/NM


 and for (D>RH+30 NM): 0.14 dB/NM)






		4. Summary and Conclusions


The guidance for calculation of propagation loss in ICAO Annex 10 should be reviewed and refined, for the following reasons:


· The free space curves provided in [ITU-R582-2] vary by several dB from the 6 dB loss per doubling of the distance. In addition to the resolution and distortion problem discussed above, the error from one point to another on the curves can be assumed to deviate by more then a few dB.


· The 24 dB difference in attenuation at RH between the two applicable propagation models will cause problems whenever cross-boarder coordination between states are based on different propagation models (e.g. one using free-space the other ITU-R.528-2). 


· The 24 dB difference between the two applicable models will have an impact beyond RH as well. 


· Since BRLOS attenuation is with 0.5 dB/NM much higher then within RLOS loss calculation of the RH has to be based on real the antenna and aircraft elevation, whenever the average elevation within RLOS is much higher then the assumed standard MSL, not considering the use of different reference levels for MSL (e.g. Amsterdam, Adria in Europe). The problem of sites below MSL can be corrected with an offset plus 10% safety margin.


· ICAO Annex assumes with a constant 0.5 dB/NM loss beyond RH a much too high attenuation. Since ITU-R.528-2 is applicable for RLOS it should be used for BRLOS as well. 


EANPG FMG 10 adopted in absence of reference documents that would explain the identified problems or sufficient guidance in ICAO Annex 10 the following temporary propagation model:


· Free Space propagation within RLOS (D<RH)


· The Radio horizon is calculated using the real elevations above MSL


· For BRLOS (D>RH) a constant attenuation slope of 0.72 dB/NM for the first 30 NM beyond RH and 0.14 dB/NM hereafter. 


· Use of EIRP PEP (reference to isotropic antenna including transmission line loss)


· Applicable for all calculation between GBAS and ILS-LLZ, VOR and COM‑CDSB.


The presented methodology can also be applied to other bands and systems as well, but requires additional guidance. For other frequencies the applicable BRLOS attenuation slope values have to be defined. 





		The methodology of any propagation model to be applied for the coordination of aeronautical frequencies should at least as detailed as provided in [DOC8636] for the ETSA/I.T.S.A. – 1966 propagation model. The derivation of the of propagation curves and the following information should be contained:

· Methodology for the determination of the Radio Horizon


· Model for the propagation before the Radio Horizon

· Model for the propagation beyond the Radio Horizon

· Antenna diagram used for the derivation of the propagation diagrams  


· Time probability for which the propagation diagrams are applicable


· Guidance for the determination of the propagation loss over ragged earth



		



		5. Action for the meeting



		The meeting is invited to:

· Review the provided information.


· To develop an amendment for Annex 10 on the applicable propagation model to be used for the frequency coordination between GBAS other aeronautical systems. This should either based on the temporary GBAS frequency coordination criteria accepted by ICAO EANPG FMG 10 or by developing an improved propagation model which resolves the problems identified in this document.


· To recommend to amend ICAO ANNEX 10 SARPs Aeronautical Radio, Vol 5, Frequency Spectrum Utilization 2nd Ed., July 2001 Attachment A, ATT A-9 [DOC8636] with the following text
“Guidance Material on the ETSA/I.T.S.A. – 1966 propagation model are contained in DOC-8636, COM/OPS Divisional Meeting (1966), Report of the meeting, Montreal 4Oct. - 7.Nov.1966”.
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		7. Acronyms



		BRLOS 

		Beyond Radio Line Of Sight 



		GBAS

		Ground Bases Augmentation System



		ARNS

		Aeronautical Radio Navigation System



		AMS

		Aeronautical Mobile System



		Tx

		transmitter



		ARP 

		Airport Reference Point



		RLOS 

		Radio Line Of Sight



		LOS

		Line Of Sight (optical)



		BLOS

		Beyond Line Of Sight (optical)



		RH

		Radio Horizon
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