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Radio astronomical research is geared to detect and characterize the farthest and smallest radio sources in the outer space: the sensitivity of the equipment used for radio astronomical experiments is very important, explaining why the level of unwanted emissions of the various systems of other services operating in bands that could have an impact on radio astronomy must be controlled. Therefore, astronomers usually construct radio telescopes in remote areas, ideally with natural shielding from surrounding terrain. Despite these efforts, air and spaceborne transmitters may represent a challenge, owing to their ubiquitous nature and the international (spectrum management) framework in which they are operated. 
The main goal of this report is to study the aggregation of received power from multiple satellite constellations into radio astronomy receiving systems. For this, the equivalent power flux density (epfd) method has been applied, which is described in detail in section 5.1. The threshold levels of interference detrimental to different types of radio astronomy observations (continuum observations, spectral line and VLBI observations) are provided in Recommendation ITU-R RA.769-2 [4]. The protection criterion, given in Recommendation ITU-R RA.1513-2 [5], is met when the data loss is less than 2% for an individual non-GSO satellite system, i.e. when less than 2% of the epfd samples over the entire sky, each averaged over 2000 s, exceed the threshold value given in Recommendation ITU-R RA.769-2, using the methodology given in Recommendation ITU-R M.1583-1 [7] and ITU-R S.1586-1. Recommendation ITU-R RA.1513-2 also specifies that a criterion of 5% is to be used for the aggregate data loss to the RAS due to interference from all networks.
This Report also identifies the parameters of the radio astronomy station as well as the ones of the non-GSO satellite system(s) required in the analysis. Sensitivity analyses on some of those parameters are included as well.
To date, if technical parameters or deployment information (e.g. satellite antenna pointing directions) are not provided, no method is known to estimate the epfd and data loss at an RAS site caused by a single satellite system. Regarding aggregate data loss from multiple non-GSO satellite systems, it was found that it could not be directly inferred from the respective data losses corresponding to each of the individual non-GSO satellite systems. The aggregate data loss needs to be calculated from the summation of epfd of all considered non-GSO satellite systems for each time sample.
This Report also includes examples, including data loss calculations, and investigates the dependency of the outcomes of the simulations on single parameters (see section 6). Some key findings are as follows:
the equatorial coordinate reference frame offers a potential alternative or complement to the usual calculations in the horizontal (topocentric) observer frame. Equatorial coordinates are more commonly used in astronomy to compensate for the Earth's rotation. Results in the equatorial and horizontal frames can differ, with the distribution of the power in the equatorial frame usually being smoother over the sky;
boresight avoidance, which is the technique to switch off satellite transmissions when a satellite is moving through a RAS observing beam (assuming the beam pointing is known in real time) may help to mitigate interference and to reduce data loss but could require relatively large areas around the RAS beam to be kept free from transmission. Boresight avoidance would however always require close coordination between the operators of the non-GSO satellite system and all the RAS stations to be protected.
the geo-arc avoidance concept, which is used to protect GSO from non-GSO systems, is estimated to have a limited impact on RAS epfd results and could be left out from calculations in order to simplify the studies.
The above findings are valid for the chosen example configurations and there may be certain sets of parameters and deployments for which different results could be obtained. Some of the required parameters are not publicly available, and the report lists examples of potential fall-back solutions that may be used when it is the case. Confidence in the results can only be achieved through the joint cooperation between radio astronomers and non-GSO system operators (and their respective notifying administrations), as they are the only ones in position to provide all the missing information on the operational characteristics of their respective systems.
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LIST OF ABBREVIATIONS -

	Abbreviation
	Explanation

	AAS
	Active Antenna Systems

	BSS
	Broadcasting-Satellite Service

	CEPT
	European Conference of Postal and Telecommunications Administrations

	CCDF
	Complementary Cumulative Distribution Function

	ECC
	Electronic Communications Committee

	e.i.r.p.
	Effective Isotropic Radiated Power

	epfd
	Equivalent Power Flux Density

	FSS 
	Fixed-satellite Service 

	GPS
	Global Positioning System

	GSO
	Geostationary Orbit

	HPBW
	Half-power Beam Width

	IMT
	International Mobile Telecommunications

	IoT
	Internet of Things 

	ITU
	International Telecommunication Union

	LEO
	Low Earth Orbit

	LOFAR
	LOw Frequency ARray

	MES
	Mobile Earth Station

	MMSS
	Maritime Mobile-Satellite Service

	MSS
	Mobile-Satellite Service

	NenuFAR
	New Extension in Nançay Upgrading LOFAR

	NOEMA
	NOrthern Extended Millimeter Array

	Non-GSO
	Non Geostationary Orbit

	OOB
	Out-of-band

	pfd
	Power Flux Density

	RAAN
	Right Ascension of the Ascending Node

	RAS
	Radio Astronomy Service

	RNSS
	Radionavigation Satellite Service

	RR 
	Radio Regulations

	VHF
	Very High Frequency

	VLBI
	Very Long Baseline Interferometry
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Radioastronomical research is geared to detect and characterise the farthest and smallest radio sources in the outer space. The extreme sensitivity required for radioastronomical experiments is achieved by optimising three factors: 
by employing antennas with a large effective area, the collected power is increased, as also indicated in Recommendation ITU-R SA.509-3 [1], Recommendation ITU-R RA.1631-0 [2] and Recommendation ITU-R S.1428-1 [3], with the latter being referred to in Recommendation ITU-R RA.769-2 [4]. Dish antennas with diameters of up to 500 meters are in use, and telescopes with up to 100 meters in diameter remain fully steerable (see e.g. Recommendation ITU-R SA.509-3 [1]); 
the low-noise amplification in the − mostly cooled − receiver systems makes it possible to detect tiniest differences in the received power; 
the signal is integrated and then averaged over long periods and partly over large bandwidths. 
This results in systems with extraordinarily small noise figures of the order of 0.01 dB and an rms noise or sensitivity levels of −310 dBW/m2/Hz (equivalent to 10 μJy) and lower. Important radioastronomical sources can be characterised only at that level. Typical levels of interference which may be tolerable by other services may lead to the failure of radio astronomical experiments. The sensitivity of RAS to radio interference is taken into account in the RAS protection criteria recommended in ITU-R RA.769-2 [4]. While in principle the complete frequency spectrum is usable for radio astronomical measurements, there are some frequency bands of the highest interest, characterised by line emission of atoms or molecules especially abundant in space. In some of those bands, RAS has a primary or secondary allocation in the ITU Radio Regulations (RR). Some additional important frequency ranges are furthermore addressed in footnote No. 5.149, which urges administrations to consider RAS protection when making assignments to other services in these bands. For any RAS band it is not only a requirement to guard the allocated band from any in-band emission, but it is also required to keep out-of-band or spurious emissions from adjacent bands below the RAS protection limits.
A strategy to enable RAS to operate relatively unaffected by harmful interference originating from active services is to choose remote, geographically protected sites to operate radio telescopes (see also Recommendation ITU-R RA.611-4 [6]) This may work well to avoid interference from Earth-bound services, but after the most recent attempts to choose the most remote and protected sites for the RAS operation, it has soon been realised that even with such careful choices, interference by airborne- and especially satellite-borne transmitters may severely affect RAS experiments. This makes it very important that satellite services control any kind of emission into bands allocated to RAS to stay below acceptable limits, which are specified in Recommendation ITU-R RA.769-2 [4].
The importance of protection of RAS from interference caused by satellite services has increased in recent years. Modern technology has made a leap and, through very low payload cost in launching services, it is now possible to deploy a large number of satellites into a non-GSO orbit. In fact, several projects are underway to operate satellite constellations of up to tens of thousands of non-GSO satellites.  
In addition to the thresholds for harmful interference defined in Recommendation ITU-R RA.769-2 [4], Recommendation ITU-R RA.1513-2 [5] recommends that RAS stations experience a maximum data loss of 2% per system and 5% for the aggregate effect of all systems. In Annex 1 to the latter Recommendation it is concluded that a loss of data for 2% of the time per system is a practical limit to comply with the 5% requirement for all systems, but that further studies of this assumption may be necessary. This could be of particular interest in the case of low Earth orbit (LEO) satellite constellations, where a multitude of satellite systems can be expected. This Report has the aim to provide the technical foundation and analyses how the aggregation of interference (and its resulting data loss) from multiple satellite systems into the RAS can be numerically determined based on methods in existing Recommendations such as ITU-R M.1583-1 [7] and ITU-R S.1586-1 [8]. However, while this Report describes and applies the methodology to compute the aggregate data loss, it is noted that addressing any regulatory aspect is beyond its scope.
[bookmark: _Toc173403531][bookmark: _Toc173403532][bookmark: _Toc173403542][bookmark: _Toc174630983]Protection threshold and acceptable data loss for RAS
Protection criteria used for radioastronomical measurements and the acceptable data loss levels are laid out in Recommendation ITU-R RA.769-2 [4] and Recommendation ITU-R RA.1513-2 [5] respectively.
Recommendation ITU-R RA.769-2 [4] provides the methods to calculate threshold interference levels as the received input power, power flux density, and spectral power flux density, for a given set of values for integration time, frequency, bandwidth, and antenna- and system temperature of the receiving radio astronomical system. It also provides a set of tables listing those values for continuum and line observations for a number of representative frequencies (with allocations to RAS in the ITU Radio Regulations (RR)). Recommendation ITU-R RA.769-2 assumes an integration time of 2000 seconds to calculate sensitivities and interference levels in Tables 1 and 2, but actual integration times used in astronomical observations cover a wide range of values and the calculated values could be adjusted accordingly.
Recommendation ITU-R RA.1513-2 [5] discusses and specifies the practicability of meeting the requirement of threshold interference levels for radio astronomy and recommends data loss percentages for interference ("levels of data loss"), in particular through unwanted emission, for which an interferer may exceed the levels recommended in Recommendation ITU-R RA.769-2 [4]. The total recommended data loss percentage for the aggregate interference from all systems, above the threshold from Recommendation ITU-R RA.769-2 [4], is 5 percent, while the recommended data loss percentage for a single system is 2 percent.
Further discussion on how to apply these criteria can be found in section 5.
[bookmark: _Ref168933997][bookmark: _Toc174630985]Examples of RAS Stations
The characteristics of RAS systems may differ strongly. In particular, their antenna technology can vary from classical parabolic dishes over simple antenna elements, which may be connected to a phased array or to an interferometer. In the latter, the data from several antennas (or even phased-array apertures) are correlated (complex multiplied) to synthesise an observation corresponding to an antenna with a much larger diameter than that of the single antennas. The synthetic beam from such an observation is significantly narrower than a single-dish beam. For the purpose of calculating data losses, several parameters are significant, which are discussed in detail in section 5. Table 1 provides an example overview of several RAS observatories in CEPT countries, listing some information and a few relevant parameters: country, in which the site can be found, name or place of the RAS station, geographical latitude and longitude, operational status, and minimum elevation angle.
The latter is relevant, because, due to the geographical surrounding of the RAS stations, it may not always be possible to point the antenna in any direction as topography or physical obstacles could be blocking the sky, ITU-R Resolution 739 (Rev.WRC-19) [9] specifies that only RAS pointing directions above the RAS station minimum elevation angle  shall be taken into account in the epfd calculations (see section 5). It is noted, however, that satellites below the minimum elevation of the RAS station, and not shielded by the surrounding terrain, could still contribute to the overall epfd value via receiving-antenna side-lobes.
The examples listed in Table 1 are provided for information only, to illustrate the variation of the parameters shown for different radioastronomy sites. Since some of those values are subject to evolution, they should not be directly used for sharing and compatibility studies.
[bookmark: _Ref168564422]Table 1: Examples of RAS observatories in Europe
	Country
	Place
	Number of telescopes
	Geographical coordinates
	Minimum and maximum frequency
(MHz)
	Minimum Ele-vations (°)
	Comment

	Austria
	Lustbühel
	2
	15° 29′ 34″ E
47° 04′ 03″ N
	15-81
	42
0
	 

	Belgium
	Humain
	1
	05° 15′ 12″ E
50° 11′ 31″ N
	45-11000
	0
	 

	Finland
	Metsähovi
	3 
	24° 23′ 36″ E
60° 13′ 05″ N
	2-210-98000
	0
	 

	France
	Bordeaux
	1
	00° 31′ 32″ W
44° 50′ 06″ N
	1400-1700
	0
	Closed

	France
	Nançay
	4
	02° 11′ 50″ E
47° 22′ 24″ N
	10-10700
	3.6
	 

	France
	NOEMA
	12
	05° 54′ 28.5″ E
44° 38′ 02″ N
	18700-373000
	3
	 

	Germany
	Effelsberg
	3
	06° 53′ 01″ E
50° 31′ 29″
	10-95500
	8
	 

	Germany
	Wettzell
	2
	12° 52′ 38″ E
49° 08′ 42″ N
	2100-14000
	0
	 

	Italy
	Matera
	1
	16° 42′ 14″ E
40° 38′ 58″ N
	2210-8980
	5
	VLBI Station

	Italy
	Medicina
	2
	11° 38′ 49″ E
44° 31′ 15″ N
	400-26500
	15
	 

	Italy
	Noto
	1
	14° 59′ 20″ E
36° 52′ 33″ N
	256-86700
	5
	 

	Italy
	Sardinia
	1
	09° 14′ 42″ E
39° 29′ 34″ N
	270-116000
	5
	 

	the Netherlands
	Westerbork
	14
	06° 36′ 15″ E
52° 55′ 01″ N
	250-8650
	0
	 

	Poland
	Kraków
	1
	19° 49′ 36″ E
50° 03′ 18″ N
	275-1755
	10
	Ceased activity

	Poland
	Torun
	2
	18° 33′ 51″ E
52° 54′ 38″ N
	1350-36000
	2
6
	 

	Portugal
	Espiunca
	1
	08° 13′ 52″ W
40° 59′ 57″ N
	150-650
	24.5
	Ceased activity

	Portugal
	Santa Maria
	1
	25° 07′ 33″ W
36° 59′ 07″ N
	2000-15000
	5
	 

	Spain
	Pico Veleta
	1
	03° 23′ 34″ W
37° 03′ 58″ N
	73000-375000
	0
	 

	Spain
	Robledo
	4
	04° 14′ 57″ W
40° 25′ 38″ N
	1400-50000
	6
	 

	Spain
	Yebes
	2
	03° 05′ 13″ W
40° 31′ 29″ N
	2000-116000
	5
	 

	Sweden
	Onsala
	4
	11° 55′ 04″ E
57° 23′ 35″ N
	10-116000
	7
6
0
0
	 

	Switzerland
	Bleien
	2
	08°06′ 44″ E
47°20′ 26″ N
	10-10700
	0
3
	 

	Türkiye
	Kayseri
	1
	35° 32′ 43″ E
38° 42′ 37″ N
	406-10700
	30
	 

	United Kingdom
	Cambridge
	5
	00° 02′ 20″ E
52° 09′ 59″ N
	38-31800
	0
30
0
55
2
	 

	United Kingdom
	Jodrell Bank
	2
	02° 18′ 26″ W
53° 14′ 10″ N
	150-24000
	-1
0
	 

	Europe
	LOFAR
	52
	
	10-240
	0
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There is an increasing number of non-GSO satellite systems operating nowadays or planning to operate in the near future, providing services that range from low data rate Internet of Things (IoT) connectivity to direct-to-home broadband. This section provides some examples of such non-GSO satellite systems. For illustration purposes, they are divided between systems operating in the mobile-satellite service (MSS) and systems operating in the fixed-satellite service (FSS).
Space stations, either operating in the MSS or in the FSS, have a potential of generating interference to the RAS if they are using adjacent or co-frequency bands. In sections 4.1 and 4.2, there are examples of non-GSO satellite systems operating or planning to operate in bands ranging from VHF to Ka band (it is worth mentioning that there are plans to operate in Q/V band too).
This section is intended for illustration purposes, these examples include both systems that operate close to RAS allocations (see Table 2) and also systems that operate far from any existing RAS allocation. The last column of the tables listing these systems in sections 4.1 and 4.2 indicates if the non-GSO systems listed are operating in the space-to-Earth direction in a band adjacent to RAS.
[bookmark: _Ref168564610]Table 2: Bands with primary RAS allocations that are adjacent to bands where non-GSO satellite systems operate in the space-to-Earth direction
	Radio astronomy allocations (Primary)
	Adjacent space-to-Earth allocations

	150.05-153 MHz
	137-138 MHz (MSS)
157.1875-157.3375 MHz and 
161.7875-161.9375 MHz (MMSS)

	406.1-410 MHz
	400.15-401 MHz (MSS)

	1610.6-1613.8 MHz
	1613.8-1626.5 MHz (MSS)

	10.6-10.68 GHz, 
10.68-10.7 GHz
	10.7-10.95 GHz (FSS)

	42.5-43.5 GHz
	41-42.5 GHz (FSS and BSS)
43.5-47 GHz (MSS potentially space-to-Earth)

	76-77.5 GHz
	75.5-76 GHz (FSS)


[bookmark: _Ref168567378][bookmark: _Toc174630987]Example MSS systems
Table 3 provides several examples of MSS non-GSO systems. More information about the systems operating below 1 GHz can be found in ECC Report 322 [10]. Note that not all the bands below are available for MSS use in all countries[footnoteRef:2]. [2:  As an example within CEPT, the bands 1616-1621 MHz and 148-149 MHz are not available for MSS use in the United Kingdom] 
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	Satellite System
	Spectrum for uplink/downlink
	No. of satellites
	Altitude
(km)
	Application(s)
	Operating in the space-to-earth direction in a band adjacent to RAS

	LEOTELCOM-1
(ORBCOMM)
	137-138 MHz (space-to-Earth) 
148-150.05 MHz (Earth-to space)
	48
	950 [11]
	IoT and M2M
	Yes

	ARGOS KINEIS
	400.15-401 MHz (space-to-Earth)
401-403 MHz or 399.9-400.05 MHz (Earth-to-space)
	>25
	650 [12]
	IoT
	Yes

	SWARM
	137-138 MHz (space-to-Earth)
148-150.05 MHz (Earth-to-space)
	150
	450-550
	IoT and M2M
	Yes

	MYRIOTA
	137-138 MHz and 400.15-401 MHz (space-to-Earth)
148-150.05 MHz and 399.9-400.05 MHz (Earth-to-space)
	208
	450-600
	IoT
	Yes

	FLEETSPACE
	387-390 MHz and 400.15-401MHz (space-to-Earth)
399.9-400.05 MHz and [312-315 MHz] (Earth-to-space)
	145
	up to 587
	IoT and M2M
	Yes

	IRIDIUM
	1617.775-1626.5 MHz5
	66
	780
(Note 1)
	Personal communications, travel & outdoor, boating, aviation etc.
	Yes

	GLOBALSTAR, Inc.
	2483.5-2500 MHz (space-to-Earth) 
1610-1621.35 MHz (Earth-to-space)
	
24

	1414 [13]
	Spot – track and trace
	No

	Note 1: https://eccwp.cept.org/WI_Detail.aspx?wiid=408
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Some example non-GSO FSS systems, several of which are often referred to as "mega constellations", is given in Table 4.
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	Satellite System
	Spectrum for downlink (space-to-Earth) (GHz)
	Initial No. satellites
	Orbital planes
	Altitude
(km)
	Application(s)
	Operating in the space-to-earth direction in a band adjacent to RAS

	Kuiper [14]
(Amazon)
	17.7-18.6, 18.8-20.2
	3236
	98 [14]
	590
610
630
	Direct to home broadband
	No

	Kepler [15]
	10.7-12.7
	140
	12 (30 satellites per plane) [16]
	600 ±50
	IoT
	Yes

	OneWeb (Eutelsat Group) [17]
	10.7-12.7, 17.8-18.6,18.8-19.3
	588
	12 (49 satellites per plane)
	1100-
1200
	Backhaul
/mobility
	Yes

	Starlink Gen1 [18]
(SpaceX)
	10.7-12.7, 17.8-18.6, 18.8-19.3
	4408
	72 (22 satellites per plane at 540 km)

72 (22 satellites per plane at 550 km)

6 (58 satellites per plane at 560 km)
4 (43 satellites per plane at 560 km)

36 (20 satellites per plane at 570 km)
Total=4408 [19]
	540
550
560
570
	Direct to home broadband
	Yes

	Lightspeed (Telesat) [20]
	17.8-18.6,18.8-19.3,19.7-20.2
	198
	6 (13 satellites per plane at 1015 km)
20 (11 satellites per plane at 1325 km) [21]
	1015 
1325
	Backhaul
/mobility
	No
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[bookmark: _Ref168647105][bookmark: _Toc174630991]Basic description of the epfd method
For the epfd calculations, the first step is to calculate the satellite positions for a range of time steps. Recommendation ITU-R RA.769-2 [4] contains power- and power flux density threshold levels for the protection of the RAS. As radio astronomers often integrate for minutes or even hours on a sky position to reduce the radiometric noise in the data, the protection thresholds are also defined for a given observation time. Today, the de-facto standard for the RAS integration time to be used in regulatory processes is 2000 seconds (s). Consequently, for the epfd, a time interval of 2000 s is simulated, usually with time steps of the order of a second. The time resolution needs to be fine enough such that the angular distance travelled by a satellite in this time step is not too large compared to the angular resolution of the RAS receiving system. It is noted that for comparison with the Recommendation ITU-R RA.769-2 [4] levels, the received power must be averaged over the 2000 stime range, but only after the power received from all satellites (i.e. the total power) for each time step has been determined.
[image: ]
[bookmark: _Ref168491801]Figure 1: RAS antenna patterns according to Recommendation ITU-R RA.1631-0 [2] for a few example frequencies and antenna diameters
For the calculation of the total power in a single time step, the antenna diagrams of the transmitting satellite and the RAS station need to be considered. The transmitter patterns can vary a lot depending on the type of satellite. This can range from simple dipole-like types to active antenna systems, which provide beamforming capabilities in real time. For the RAS station, it is common to use the pattern as defined in Recommendation ITU-R RA.1631-0 [2], which is displayed in Figure 1 for a few example frequencies and antenna sizes. This pattern is that of a highly idealised paraboloid. There is a noteworthy feature at an angular distance of about 100° from the antenna boresight, which resembles the spill-over ring of the aperture. In reality, RAS antenna patterns are much more complicated, e.g. owing to feed support legs and primary focus cabins, which block part of the aperture. Furthermore, there are also completely different antenna designs in use, in particular for low-frequency interferometers, such as LOFAR or NenuFAR, which employ arrays of dipole antennas that are electronically phased-up to form large, synthesised apertures. Still, from a statistical point of view, the results in an epfd simulation are expected to depend mostly on the size of the aperture, which also defines the width of the antenna main beam, thus the Recommendation ITU-R RA.1631-0 [2] model can be considered as suitable in regulatory calculations.
One very important aspect for satellite constellations is that the power received via the near- and far side-lobes of the RAS antenna can play a significant role. For large dish antennas, the main beam gain can be 30 dBi and more above the typical near side-lobe gain (even more compared to far side-lobes) as shown in Figure 1. However, the chances that a satellite crosses the main beam are low and the sheer number of satellites above the horizon can produce a significant contribution even via the side-lobes. In Figure 2, a snapshot of a simulation is visualised for three different times, in which the satellites of a large LEO constellation are shown in the topocentric frame (azimuth,  and elevation,  of the observer. The antenna pattern is shown as red-shaded area for a case when the antenna points to  Again, the spill-over ring appears; as a large area at an angular distance of about 100° from the pointing position.
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[bookmark: _Ref168561286]Figure 2: Snapshots of a satellite constellation simulation
The coloured circles mark satellite positions and distances in the topocentric (observer) coordinate frame. The red-shaded contours display the RAS antenna gain () with the telescope pointing to .
For each time step, the received total power from all satellite transmissions in the band of interest can then be calculated as:
	
	[bookmark: _Ref99455809][bookmark: _Ref168933374](1)


Here, the coordinates refer to the antenna coordinate frame of the satellite (each being fixed to each of the individual satellites and thus moving with respect to the Earth or observer frames). Most of the quantities in the above equation are time-dependent and/or depend on the satellite[footnoteRef:3].The result of this operation is shown in Figure 3 for a time span of 2000 s. The three snapshots of the constellation, which are shown in Figure 2, are marked with vertical red lines and were chosen to refer to different situations: (1) a satellite crosses very close to the main beam of the RAS telescope and causes a strong peak in the received power levels, (2) one or more satellites are close to the main beam, i.e. in the near side-lobe domain, and (3) the received emission is determined by the far side-lobe contributions. The "baseline" level in Figure 3 is not due to a system noise contribution (as with a spectrum analyser), but is the typical background contribution from all satellites in the sky above the local horizon entering via the far side-lobes. [3:  Note that, in some cases, P_tx could be adapted based on phi_i, theta_i, phi_0, theta_0 (see section 5.1.2.5).] 
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[bookmark: _Ref168561307]Figure 3: Total received power for an example satellite constellation
The three snapshots of the constellation, which are shown in Figure 2, are marked with vertical red lines. 
It is noted that the total received power, as defined in Equation (1), is not the quantity, which is used in Recommendation ITU-R S.1586-1 [8] and Recommendation ITU-R M.1583-1 [7] as metric. 
	
	[bookmark: _Ref167353380](2)


The equivalent-power flux density (epfd) is defined above. It is the power flux density (pfd) that a single satellite would have to radiate at the RAS station to produce the same received power if it was located in the pointing direction of the telescope. However, in practice, one usually converts this number to a 0-dBi reference, because the power flux density (pfd) threshold levels in Recommendation ITU-R RA.769-2 [4] are given for an isotropic receive antenna, i.e. one sets . Then the above equation becomes
	
	[bookmark: _Ref99459045][bookmark: _Ref168933390](3)


The threshold levels in Recommendation ITU-R RA.769-2 [4] are defined for an integration time of 2000 s, which means that the received power (or the epfd) has to be averaged over 2000 s of the simulation. Furthermore, Recommendation ITU-R S.1586-1 [8] and Recommendation ITU-R M.1583-1 [7] propose to split the sky in cells of equal area and repeat the analysis for random telescope pointings within these cells to assess the spatial distribution of received powers. 
Recommendation ITU-R M.1583-1 [7] Annex 2 and Recommendation ITU-R S.1586-1 Annex 2 [8] describe a possible scheme to define the sky cells. The size of the cells was chosen to have a fixed solid angle. When one wants to sample a random position within the cell, , it is important that the overall distribution of telescope pointings stays uniform on the sphere. This can be done by drawing the azimuths from a random uniform distribution, , within the interval . For the elevations, however, a correction needs to be applied to account for the spherical curvature, hence:
	
	(4)
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An additional consideration is the question which reference frame should be assumed for the epfd calculations.
[image: (a) Equatorial coordinate system: right ascension α and declination δ as seen from outside the celestial sphere; (b) horizontal system: the coordinates of a celestial body are expressed in terms of the elevation angle h and azimuth a, which depend on the position of the observer O on Earth.]
[bookmark: _Ref168561376]Figure 4: Two common reference systems used in astronomy
Figure 4 shows two alternative reference frames used in astronomy. On the left is the equatorial inertial or earth-centred inertial system, which is the most commonly used reference system. The position of an object on the sky is described in a reference frame fixed on the celestial sphere. The position of a (very distant) star is constant with time. It is described by the polar coordinate pair right ascension (RA) a and declination (Dec) d.The origin for the declination is the celestial equator (great circle with 90° distance from the North or South pole), while the origin for the right ascension is given by the position of the Sun on the equator at the vernal equinox. The equatorial system is the most commonly used reference frame in astronomy, since the coordinates of most objects on the sky are constant or change very slightly.
On the right, Figure 4 shows the topocentric system. The position of an object on the sky is described from the viewpoint of the observer using the polar coordinates azimuth, a, and elevation, or height, h. Image from Richter, Teichert & Pavelka [36]. The height of an object is the angle with respect to the local horizon (great circle at 90° separation with respect to the zenith or upwards direction), while the azimuth is the angle between the local meridian (North or South direction) and the position of the object.
Recommendation ITU-R M.1583-1 [7] and Recommendation ITU-R S.1586-1 [8] do not explicitly prescribe the usage of a topocentric reference system. The usage of azimuth and elevation, however, suggests the topocentric coordinate system as a basis for the data loss calculations. In practice, however, the pointing directions in astronomical observations are often not constant with respect to an earth-fixed system, but they are rather constant with respect to an earth-centred inertial system. In other words, radio telescopes often track observed objects on the sky rather than pointing to a fixed direction with respect to the Earth's surface. This is the case if a certain astronomical object is being observed. Opposed to that, observing modes with fixed directions in the topocentric system are used when mapping large areas of the sky. As a consequence, only if both situations are simulated, the result covers all fundamental cases of RAS operations.
This Report also includes epfd calculations in which the reference system is an earth-centred inertial system with the (celestial) coordinates right ascension, a, and declination, d. The accessible latitude (declination) ranges depend on the geographical latitude f of the observatory. In the northern hemisphere the range is 90° < d < f - 90° and in the southern hemisphere -90° < d < f + 90°. epfd calculations hence have to take a larger range of coordinates into account[footnoteRef:4]. [4:  Note that these formulas assume a minimum elevation angle  of 0º, and that the actual minimum elevation of radio observatories also has to be taken into account.] 

Regardless of the reference frame, the simulation should be repeated a large number of trials, often enough that the distribution of received powers in each sky cell converges. This repetition also offers the possibility to analyse the typical scatter, e.g. of the mean received power levels in each cell. Furthermore, Recommendation ITU-R RA.1513-2 [5] recommends an interference limit to RAS of 2% of the time for each system from other services. The statistical distributions resulting from iterated simulations allows to determine such percentiles (2% of data loss refer to the 98% percentile of the received power level, which then must not exceed the Recommendation ITU-R RA.769-2 [4] thresholds).
[bookmark: _Ref169009373][bookmark: _Toc174630992]Parameters entering the epfd calculation
[bookmark: _Ref168932714]RAS station geographical location
The geographical position, usually provided as geographical latitude and longitude, as well as the altitude of the radio astronomy station determines the visibility and viewing angle of single satellites at a given moment in time. In particular, the latitude is an important parameter, as some constellations are designed to reach a maximum latitude, while optimising the distribution along the geographic longitude. This means that the outcome of the epfd calculations is expected to be similar with changing longitude, but differ depending on latitude.
RAS station antenna pattern
The gain of the RAS antenna is an input parameter to Equations (1)-(3). It should be noticed that it is not sufficient to consider the main beam gain only, but that the whole antenna pattern is required, as the effect of sidelobe coupling cannot a priori be neglected. Recommendation ITU-R RA.1631-0 [2] provides an antenna pattern to be used in the absence of a precise knowledge of the antenna pattern or for generalised calculations.
RAS station minimum elevation
From Table 1, it can be seen that minimum elevation  is specific to each RAS station, due among other reasons to its mechanical capabilities and to the terrain surrounding it. Depending on the minimum elevation, observations cannot be made for some sky cells. As stated already in section 3, epfd statistics should be calculated only with pointing directions above the specified minimum elevation, if any, or 5° as indicated in ITU-R Resolution 739 (Rev. WRC-19) [9]. It is worth to mention that Resolution 739 (Rev. WRC-19) does not cover all frequency bands that may be used by RAS, but this value of 5° should be applicable by default. However, the emission from satellites below that elevation limit should not be omitted, as they may still couple with the radio telescope. 
Satellite constellation orbital parameters 
There are six elements (defined by Johannes Kepler in his "Laws of planetary motion") used to characterise an orbital plane (see Figure 5 for illustration), in which the Celestial body is a non-GSO satellite.
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[bookmark: _Ref172294971]Figure 5: Orbital parameters
In Figure 5, the two first elements are used to describe the size and shape of the orbital plane: those are the semi-major axis (a) and the eccentricity (e). Two additional elements are used to describe the orientation of the plane, the inclination (i) and the longitude of the ascending node (θ), giving respectively the tilt between the orbital plane and the reference plane (usually Earth's equatorial plane for Earth-centred systems), and the longitude of the point where the orbit passes from south to north again compared to the reference plane. The two last elements are the argument of the perigee (ωp), providing the angle between the ascending node and the perigee, and the true anomaly (ν) at epoch (t0), defining the position of the orbiting body along the ellipse at a specific time (the "epoch"), expressed as an angle from the perigee.
In term of interference, the two following parameters can have a significant impact:
The altitude or orbital height; 
Inclination, when compared to the latitude of the RAS station, is a parameter that can have a dimensioning impact on the level of interference. By definition, the satellites of the non-GSO system with a given inclination "I" cannot go above a geographical latitude equal to "I". Depending on the latitude of the RAS station, there is a certain amount of sky cells for which alignment cases are not possible. 
Those parameters cannot be considered independently from the rest of the parameters of the non-GSO satellite system.
[bookmark: _Ref169001143]Transmitted power
Entering as an input parameter to Equations (1)-(3) is the transmitted spectral power. As in the relevant compatibility studies and, consecutively, epfd simulations, often adjacent or spurious emission is studied, these characteristics may not be known.
It is noted that, in some cases, the satellite operator may be capable of changing the power of their emissions towards different directions. If that is the case, Ptx and other transmit parameter in Equation (1) may be adapted by the satellite operator if the telescope's pointing angles  and  are known in real time.
[bookmark: _Ref169001052]Satellite Antenna pattern
As for the RAS station antenna pattern, the epfd calculation requires the full antenna pattern of the transmitting satellite antenna, but currently no recommendation provides this approximation for the unwanted emission domain. This information, either the full pattern, or the approximation, would have to be provided by the satellite operators.  The antenna pattern can change as a function of time. Alternatively, it may be provided as a function of pointing direction relative to the satellite orientation, as well as the satellite orientation as a function of time (which might be constant with respect to the Earth's centre or its surface) (see section 5.1.2.7). The effect of the satellite antenna pattern on the result of epfd calculations is further investigated in section 6.3.
[bookmark: _Ref169001066][bookmark: _Ref169001120]Satellite pointing strategy and transmission schedule
For an ideal epfd simulation, a sufficiently accurate model of the pointing strategy and the transmission schedule may be required, i.e. the information of where the satellites are pointing and at which transmitted power they are operating, ideally as a function of time, as well as information on how the antenna pattern may change as a function of time. 
If the satellite antenna pattern can be provided as a function of the pointing direction (relative to any reference system) and the transmitted power (see section 5.1.2.5) is known as a function of time, the missing information are the non-GSO satellite system pointing strategy for "non-Nco" satellites (see section 7.1.4) and the transmission schedule. 
However, the pointing strategy and transmission schedule of a satellite system are generally considered proprietary and confidential to operators. A representative pointing strategy and transmission schedule could be used, and this would not require the precise knowledge of the actual values as a function of time. However, to date no recommendation or standard method exists to estimate such pointing strategy and transmission schedule, and could be provided by the satellite operator, in a deterministic or maybe a statistical format. Providing this information in a statistical format may require further consideration.
Assumed operational parameters of RAS stations
The scheme for the epfd calculation laid out in section 5.1.1 aims at determining the average level of interference of a non-GSO satellite constellation at an RAS station. To some extent, the operational parameters of radio telescopes play a role. In common operations of radio telescopes the integration time has a huge spread. Recommendation ITU-R RA.769-2 [4] uses 2000 s as an example integration time in their tables 1 and 2 and it has become a de facto standard in epfd studies. The starting time of the simulated observation may vary, and epfd samples should be repeated with differing starting times until the average epfd converges. Recommendation ITU-R S.1586-1 [8] stipulates that "… the number of trials multiplied by the 2 000 s integration time should be significantly higher than the period of the constellation. It is also necessary to ensure adequate statistical sampling over the full period of the constellation". However, in the typical operation of a RAS station, an observational campaign may be scheduled in a short timeframe or may happen over a schedule of months, such that no guidance can be sought from operational characteristics of radio stations. It seems reasonable to choose a range of start times such that no correlation between the propagated configurations in the single sample configurations exists. This is further studied in section 6.6.
[bookmark: _Ref167352116][bookmark: _Toc174630993]Example and template configuration
In the following, an application of the method laid out in section 5.1 is demonstrated. For this, a reference configuration is defined, which represents a baseline for the rest of the Report. Figure 5 shows the average power flux density per cell for these default conditions.
The reference constellation for which the analysis has been done has the following main characteristics:
22 orbital planes with ascending nodes evenly distributed;
In each plane, 22 satellites equally spaced;
Orbital inclination of 55°;
Satellite altitude of 500 km;
Transmitted Power of -44 dBm;
Isotropic antenna.
The RAS parameters are:
Frequency band 1400-1427 MHz;
Antenna diameter of 25 m;
Latitude 50° N;
Grid in the sky with size 3°x3°.
The grid in the topocentric calculations is chosen to have a cell size of approximately 3°x3° on average starting at an elevation of 0°, resulting in 2292 cells. The reason for the difference between the number of cells in our calculations and Recommendation ITU-R M.1583-1 [7] and Recommendation ITU-R S.1586-1 [8], which cite 2334 cells for the same setup, is different rounding methods when calculating the cell size in azimuthal direction. Our calculations rely strictly on the formulas given in Recommendation ITU-R M.1583-1 [7] and Recommendation ITU-R S.1586-1 [8], allowing for an arbitrary value for the size of the cells in azimuthal direction, while in the example in Recommendation ITU-R M.1583-1 [7] and Recommendation ITU-R S.1586-1 [8] the rounding condition is that the cell sizes in azimuthal direction have an integer value in units of degrees. To achieve the goal for similar solid angles in the cells, the method used here is more accurate. In 5.3.1, the example sectorisation in Recommendation ITU-R M.1583-1 [7] and Recommendation ITU-R S.1586-1 [8] is used, which leads to slightly different results. The grid in the equatorial reference frame is chosen to have a cell solid angle of approximately 3°x3° square degrees on average. The declination ranges from -40° to +90º, resulting in a number of 3438 cells.
The experiment is repeated over 100 trials with different starting times, each simulation runs over 2000 s with a time resolution of 1 s. As a result, a hundred time-average epfd samples per cell were obtained. These can be compared to the power flux density level of -180 dB[W/m2] (Recommendation ITU-R RA.769-2 [4]). Figure 6 shows the average power flux density per cell, at the top for the topocentric reference frame, at the bottom for the inertial equatorial reference frame.
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[bookmark: _Ref168498399]Figure 6: Average epfd per cell for the default satellite constellation used in this Report
[bookmark: _Ref169010415][bookmark: _Ref169041751][bookmark: _Ref169042972][bookmark: _Ref170546717][bookmark: _Toc174630994]EPFD method and Data loss metric
In order to apply the acceptable data loss criteria defined in Recommendation ITU-R RA.1513-2 [5], a method is required to determine the (expected) data loss caused by a satellite constellation. Several reports and recommendations exist, which are summarised in the following. After careful analysis and comparison of the possibilities, a choice for the remainder of this Report is made.
[bookmark: _Toc174630995]Survey of existing ECC and ITU-R documents on epfd data loss
[bookmark: _Ref168645292][bookmark: _Ref168645436]ITU-R Documents
There are several ITU-R documents about the EPFD method and compatibility studies using the method. Most importantly, one finds two recommendations, Recommendation ITU-R M.1583-1 [7] and Recommendation ITU-R S.1586-1 [8], which are introducing the epfd methodology for MSS/RNSS and FSS, respectively. Both include the same equations for calculating the epfd for a single radio astronomy telescope pointing but differ somewhat regarding the approach to calculate the overall data loss to the RAS. Furthermore, there is Recommendation ITU-R RA.1513-2 [5], which is about the acceptable levels of data loss to radio astronomy observations. In their section 3.2.2, an epfd formula is provided that is based on the same approach as in Recommendations ITU-R M.1583-1 [7] and ITU-R S.1586-1 [8], but is normalised for 0-dBi RAS antenna gain – making it easier to compare the resulting epfd samples with the power flux density (pfd) threshold levels defined in Recommendation ITU-R RA.769-2 [4]. However, when using this normalised approach, one ought to use the 0-dBi threshold power levels provided in Recommendation ITU-R RA.769-2 [4]. It may be confusing that Recommendation ITU-R RA.1513-2 [5] provides a formula for the epfd threshold (in their equation 2), which is valid for the unnormalised version of the epfd formula. It should be noted, that Resolution 739 (Rev.WRC-19) [9], which is about “Compatibility between the radio astronomy service and the active space services in certain adjacent and nearby frequency bands” only lists Recommendations ITU-R M.1583-1 [7] and ITU-R S.1586-1 [8] as sources for the epfd method, but quotes Recommendation ITU-R RA.1513-2 [5] only for the acceptable levels of data loss and does not mention the epfd section in Recommendation ITU-R RA.1513-2 [5].
In Resolution 739 (Rev.WRC-19) [9], the epfd threshold for RAS band 322-328.6 MHz (for example) are respectively -240 dBW/m2 for continuum observations and -255 dBW/m2 for spectral line observations. The pfd thresholds of ITU-R RA.769-2 [4] are -189 dBW/m2 for continuum and -204 dBW/m2 for spectral lines. This difference of 51 dB between epfd thresholds of Recommendation ITU-R RA.769-2 [4] and pfd thresholds of Resolution 739 (Rev.WRC-19) [9] correspond to the maximum gain of a 100 m antenna at 327 MHz computed with Recommendation ITU-R RA.1631-0 [2]. 
Surprisingly few ITU-R documents contain compatibility studies based on the epfd method. To our knowledge, only Report ITU-R SM.2091-0 [22] includes several case studies. Even Recommendations ITU-R SM.1542-0 [23] and ITU-R SM.1633-0 [24], which are both (in part) about non-GSO constellations and radio astronomy do not go into details. While Recommendation ITU-R SM.1542-0 [23] does not even mention epfd, Recommendation ITU-R SM.1633-0 [24] states that Recommendation ITU-R M.1583-1 [7] and Recommendation ITU-R S.1586-1 [8] should be applied. However, the maximum unwanted emission levels, which are quoted, are for GSO systems only (or represent single-entry analyses). Only for one non-GSO system at 10.7-10.95 GHz it is said that preliminary calculations were done, but no further information is provided.
In the following, the proposed/applied data loss metrics in the relevant documents are listed.
[bookmark: _Ref168645453]Recommendation ITU-R M.1583-1
Recommendation ITU-R M.1583-1 [7] includes two annexes. Annex 1 has two sections. The first lists the required parameters for an epfd simulation, the second section has the standard epfd equation (2), as well as the equation for 0-dBi receiver gain (3). Annex 2 has three sections. The first section shows how the sky could be divided into equal-area grid cells and the second section explains how the epfd samples in each sky cell are derived. Section 3 contains a sky map showing the data losses for each sky cell. Here, the data loss, , of the i-th sky cell is the ratio of epfd samples, in the cell, where the Recommendation ITU-R RA.769-2 [4] threshold is exceeded and the number of trials in the cell. For the data loss, , of the whole sky, the ”percentage [...] is defined as the sum of these losses in all cells over the number of trials” This only makes sense, if the sum is calculated as the weighted sum with the solid area of the grid cells as weighting factors:
	
	(7)


With , the solid angle (area), and , the data loss, of the i-th sky cell. As the sky cells are constructed in a way that they have approximately the same solid angles, , can be estimated by the average over all sky cell data losses:
	
	(8)


where: 
 is the average solid angle of the cells; 
 is the number of sky cells.
[bookmark: _Ref168645306]Recommendation ITU-R S.1586-1 [8]
This Recommendation is almost identical to Recommendation ITU-R M.1583-1, annex 2 [7], the third section is replaced by two new sections. The new section 3 contains a recipe on how worst-case pointing directions could be used to avoid performing the epfd calculations over the whole sky. Section 3 indicates that, if the worst-case pointing direction is known, the epfd results in the corresponding cell can give the following information, either for the entire sky or for a specific ring defined for a given elevation angle:
If, in all M rings, the time-averaged epfd for the worst-case pointing directions is equal to or less than the threshold of detrimental interference for 98% or more of time (see  Recommendation ITU-R S.1586-1, figure 2), then the criteria for avoidance of detrimental interference are met over the whole sky; 
If, in a ring defined for a given elevation angle, the time-averaged epfd for the worst-case pointing directions is equal to or less than the detrimental threshold for 98% or more of time (see Recommendation ITU-R S.1586-1, figure 2), then the criteria for avoidance of detrimental interference are met for the corresponding entire ring.
It is indeed quite straightforward to understand that in the case where a worst-case pointing direction has been identified, if the time-averaged epfd is equal to or less than the epfd threshold for 98% or more of time, then the time-averaged epfd is equal to or less than the epfd threshold for 98% or more of time for all the cells of the ring or for all sky cells, depending on the case. In that last situation, the protection criterion is met. 
The first bullet states clearly that the protection criterion applies over the whole sky.
The last bullet attached to that paragraph starting by “Considering the 2% criterion in recommends 2 of Recommendation ITU-R RA.1513-2 [5]” indicates that:
If the interference criteria are not met, then further investigation is needed.
This last bullet is once again making clear that if the epfd threshold is not met in one sky cell, no conclusion can be drawn with respect to the protection criterion. This also clarifies that the data loss metric is to be computed for all samples of epfd averaged over 2000 s for all useful sky cells. 
Recommendation ITU-R S.1586-1 is the only document, which proposes such an approach. 
Recommendation ITU-R RA.1513-2, section 3.3.2 [5]
As for Recommendation ITU-R M.1583-1 [7] and Recommendation ITU-R S.1586-1 [8], the sky is divided into a grid of cells and the epfd in each cell (random telescope pointings within cells) is determined for several simulation runs, which allows to infer the distribution of the epfd per cell. Recommendation ITU-R RA.1513-2 [5] then states that the calculated epfd distributions can be compared with the Recommendation ITU-R RA.769-2 [4] threshold levels, such ”that the percentage of trials during which this criterion is met may be determined for each of the cells which were defined”. It continues with” Over the sky, [...], the epfd threshold level defined above should not be exceeded for more than 2% of the time”.
Recommendation ITU-R RA.1513-2 [5] gives the practical steps of the approach:
Divide the sky into cells;
Random choice for the pointing direction of the RAS antenna;
Starting time randomly chosen;
Computation of epfd values for each time sample; 
Average epfd and obtain a statistical distribution of the epfd for the randomly chosen pointing direction; 
Repeat operation for other sky cells;
Compare the "overall" epfd distribution (meaning the distribution for all sky cells) with pfd thresholds of Recommendation ITU-R RA.769-2 [4].
The protection criterion will be met if “Over the sky, for elevations higher than the minimum operating elevation angle of the radio telescope, the epfd threshold level defined above should not be exceeded for more than 2% of the time.”
Note: In Recommendation ITU-R RA.1513-2, figure 2 [5] provides a comparison between the pfd levels given in Recommendation ITU-R RA.769-2 [4] and the epfd distribution given for a cell. From the context of the Recommendation it is understood that this comparison is done for information only.
Report ITU-R SM.2091-0
Report ITU-R SM.2091-0 [22] contains several case studies regarding the compatibility between non-GSO systems operating at various frequency bands and the RAS, for which the epfd method was applied. The report refers to both Recommendation ITU-R M.1583-1 [7] and Recommendation ITU-R S.1586-1 [8]. It also contains orbital and transmitter parameters of the satellite constellations under study. The systems seem to be the same as for Recommendation ITU-R SM.1633-0 [24], which is noteworthy as Recommendation ITU-R SM.1633-0 [24] seems not to use the results of epfd studies from the Report.
In the Report ITU-R SM.2091-0 [22], there is a statement that ”simulations were performed considering an RAS antenna elevation angle of 0°, in order to get completely general results”, which seems to contradict that few sentences later the epfd levels for all sky cells were calculated. Therefore, it is likely that the above statement refers to the minimum elevation angle. In the Report the compatibility criteria are based on the metric that ”epfd threshold level during more than 98% of the time in average over the whole sky” is met. As the Recommendation ITU-R M.1583-1 [7] is referred to, it is likely that the same averaging procedure (see section 5.2.1.1 b)) is employed.
The Report also contains one case, where Recommendation ITU-R S.1586-1 [8] is applied to a single BSS satellite at 620-790 MHz. There is no mention of the different approaches in Recommendation ITU-R M.1583-1 [7] and Recommendation ITU-R S.1586-1 [8], and how these should be addressed. Furthermore, unlike for the studied MSS constellations, this case only displays the sky map of cell data loss (Figure 22 in the Report) but quotes no total data loss. However, it determines a maximum satellite pfd radiated at any RAS station, clarifying which metric was applied: ”This level ensures that the loss of data to the RAS over the part of the sky within which the radio astronomy station performs observations, taking into account the minimum elevation angle θmin at which the radio astronomy station conducts observations in the frequency band [...], will be less than 2%”.
Report ITU-R SM.2091-0, figure 43 and figure 45 [22] refers to ”sky blockage” twice, by indicating that, the percentage of the time where the epfd threshold is exceeded goes up to respectively 14% and 18% per cell. The conclusion in the Report is that ”therefore it never causes any sky blockage in any part of the sky”. It is unclear what the term “sky blockage” refers to in this context, since it is not clear which limiting percentage is applied to identify a cell to be blocked.
Report ITU-R SM.2091-0, figure 48 [22] provides, for each sky cell, the percentage of time where the epfd threshold is exceeded (with a maximum of 64%) as well as the quantity of sky cells (12.4% of them, so 288 cells) where the epfd threshold is exceeded more than 2% of the time. This metric is very unusual compared to all other known cases, in which the number of blocked sky cells was counted when the average epfd in a cell exceeded the threshold, and not when the 98% percentile was exceeding the threshold. It is to be mentioned that the conclusions for the GPS, GLONASS, GALILEO and QZSS constellations are drawn from Report ITU-R SM.2091-0, figures 42, 44, 46 and 48 [22] where the epfd threshold is to be met ”for more than 98% of the time in average over the whole sky”.
CEPT/ECC Documents
CEPT had several work items in the past years, in which epfd simulations with RAS as the victim service were performed. Again, a brief compilation is provided in the following. All those reports consider the same interpretation of data loss metric, as the percentage of time-averaged (over 2000 s) epfd samples for all sky cells that exceed the RAS threshold.
1. ECC Reports on Iridium
ECC Report 171 [25], ECC Report 226 [26], ECC Report 247 [27] and ECC Report 349 [28] were all about Iridium (NEXT) and therefore, it is not surprising that the same data loss metric is applied. The method was to measure the pfd for some satellites, to then compute the data losses for all sky cells and the average data loss for the grand total. As no mention is made on a weighting/correction for the slightly different sky cell areas, it is assumed that a simple arithmetic average of the individual data losses was calculated.
Contrary to all other reports discussed here, these reports are based on actual measurements and not purely on simulations. The drawback is that the quantity of sample was lower, forcing the authors of the reports to deviate from the commonly accepted methodology.
ECC Report 271
In this Report, the OneWeb and SpaceX/Starlink constellations were analysed [29]. While maps of the data loss for the sky cell grid are shown for information, the overall data loss was determined as the fraction of all epfd samples (from all cells and all simulation runs) that exceeds the Recommendation ITU-R RA.769-2 [4] thresholds.
ECC Report 322
Like for ECC Report 271, maps with cell data losses are shown but for the overall data loss, the full set of epfd samples was used [10]. In addition, this Report is the first one that also performed calculations in the equatorial coordinate frame, which is better suited to assess the interference potential on celestial astronomical sources. In addition, to assess the statistical scatter of the total data loss (i.e. its error bars), another approach was introduced, where the data loss is calculated as the median of the full-sky data loss of each simulation run. That is, for each iteration of the simulation, all epfd samples from all sky cells are considered; the fraction of samples exceeding the thresholds is computed, and based on the resulting data loss distribution, the median and desired error percentiles can be inferred.
[bookmark: _Ref167353667][bookmark: _Toc174630996]List of data loss metrics
In summary of the above survey, one can identify the following existing data loss metrics.
[bookmark: _Ref168645630][bookmark: _Ref168645724][bookmark: _Ref168645875][bookmark: _Ref168645991][bookmark: _Ref168646005](Weighted) average of "sky cell data loss"
In a first step, for each cell of the grid cell, the data loss is determined as the fraction of simulation trials, where the epfd samples in that grid cell exceed the Recommendation ITU-R RA.769-2 [4] threshold levels. Then the data loss for the whole sky is determined with the area-weighted sum or the (approximate) average of cell data losses according to the formula (see section 5.2.1.1 a), Recommendation ITU-R M.1583-1 [7], for more information)
	
	(9)


The finer the chosen sky grid, the better the approximation will be.
[bookmark: _Ref168645742][bookmark: _Ref168645891][bookmark: _Ref168646025]Using all epfd samples 
Here, the epfd samples from every simulation trial and for all sky cells are considered. The grand-total fraction of epfd samples that exceed the RAS thresholds are counted.
This methodology is more accurate since it provides the entire statistic of all samples in all sky cells. The results obtained would be comparable to the ones obtained with the method above if the quantity of samples of 2000 used to compute  in section 5.2.2.1 are sufficient for each individual sky cell.
[bookmark: _Ref167353743][bookmark: _Toc174630997]Alternative criteria that could be developed using the data loss metric 
Other criteria based on the data loss could be developed in the future, examples are provided below. 
[bookmark: _Ref168645751][bookmark: _Ref168646046]Median of all-sky data losses per simulation run
For each simulation run/iteration of 2000 s, all sky cell epfd samples are used to calculate the fraction of all cells that violate the threshold. From the resulting data loss distribution (which is for all sky), the median and other percentiles (e.g. for determination of statistical errors) can be determined. The median data loss represents the grand-total data loss, in this case. This technique has been used in ECC Report 322 [10] to estimate the statistical scatter of the data losses.
[bookmark: _Ref168646064][bookmark: _Ref168646087]Sky blockage
Here the data loss is defined as the fraction of sky cells:
where 2% of the epfd samples from all simulation run/iterations in one cell exceed the RAS threshold (approach very similar to single sky cell criterion below);
or where the average epfd (mean of all epfd samples in a cell from all simulation runs/iterations) in the cell violates the RAS thresholds. 
While the latter seems to be a viable approach, the former would apply a 2% cut twice, which would make that criterion much stricter than the rest.
[bookmark: _Ref168646098]Single sky cell criterion
While not explicitly mentioned in any existing document, the consideration of individual cell statistics in some of the material would also allow the interpretation that not a single sky cell must exceed 2% data loss. This is a pure yes/no criterion and provides no immediate information on how much the thresholds are exceeded. Obviously, this is the most restrictive criterion compared to all of the above. 
[bookmark: _Toc174630998]Comparison of the data loss metric with the alternative criteria
Using example satellite constellations, one can compare the various data loss metrics, which will help to judge on the most useful approaches.
Again, two satellite constellations are used. One is the default constellation with 484 satellites. To have a result close to 2% data loss (for the all-sky metrics), a transmit power of –47 dBm was used (using isotropic transmitters). In addition, a smaller constellation with only 20 satellites (4 orbital planes with 5 satellites each). To compensate for the lower number (and again to have results in the regime around 2% data loss), the transmitter power was set to –28 dBm. Notice that the data loss values from the first simulation cannot be directly compared to the second simulation owing to the different transmitter powers. For the default constellation, 50 runs/iterations were performed, for the small constellation 400 runs/ iterations of 2000 s each, were carried out.
Table 5 contains the results for all possible metrics and the various example epfd simulations. It is noted that for sufficiently many epfd samples, the metrics in sections 5.2.2.1, 5.2.2.2, and 5.2.3.1 are providing approximately the same values. While it appears that the “median of sky” metric is somewhat offset from the other metrics in sections 5.2.2.1 and 5.2.2.2, an analysis of the typical scatter of the results (which the “median of sky” approach delivers), shows that the typical errors (about 0.5%) are much larger than the deviation of the “median of sky” from the rest. Therefore, it can be said that the first four metrics differ insignificantly for all practical purposes. The remaining three metrics show huge discrepancies, and it must be concluded that these may not be suitable for regulatory purposes.
[bookmark: _Ref168564721]Table 5: Comparison of various data loss metrics
	Metric
	Data loss
Topocentric
Default
	Data loss
Topocentric
Small
	Data loss 
Equatorial
Default
	Data loss 
Equatorial
Small

	Weighted sum (section 5.2.2.1)
	2.1247%
	2.1828%
	1.3092%
	1.4121%

	Approx. average (section 5.2.2.1)
	2.1248%
	2.1831%
	1.3089%
	1.4120%

	All samples (section 5.2.2.2)
	2.1248%
	2.1831%
	1.3089%
	1.4120%

	Median of sky (section 5.2.3.1)
	2.1287%
	2.0803%
	1.3089%
	1.3380%

	Sky blockage, 2% (section 5.2.3.2)
	24.53%
	38.95%
	15.68%
	23.79%

	Sky blockage, average epfd (section 5.2.3.2)
	0%
	6.63%
	0%
	2.18%

	Single cell exceeded (section 5.2.3.3)
	Yes
	Yes
	Yes
	Yes


[bookmark: _Toc167785755][bookmark: _Toc167785863][bookmark: _Toc167786505][bookmark: _Toc167787228][bookmark: _Toc167787520][bookmark: _Toc167787933][bookmark: _Toc167788654][bookmark: _Toc167788982][bookmark: _Toc174630999]Conclusion on the data loss metric
The above survey indicates that the majority of the applications of Recommendation ITU-R M.1583-1 [7] and Recommendation ITU-R S.1586-1 [8] use all time-averaged epfd samples from all simulation trials to calculate the data loss, using some variants with apparently little difference in the numerical outcome. 
[bookmark: _Hlk158904037]The most consistent methodology to assess the compliance with the 2% criterion is to calculate the 98% percentile level of the average epfd trials in 2000 s over all sky cells and compare that number to the threshold value given in RA.769-2 [4] (hereafter called "total data loss"). This method is adopted in the consecutive sections unless explicitly stated otherwise.
[bookmark: _Toc174631000]Example calculation 
The method to calculate the data loss using the example and reference calculation laid out in section 5.1.3 is used. Following Recommendation ITU-R RA.1513-2 [5], and as indicated in Recommendation ITU-R S.1586-1 [8], the total data loss is then calculated using all 100 iterations to generate a linear plot of the cumulative probability of the epfd to lie above a certain threshold, as shown in Figure 7. The central solid line shows the result for all simulations and every cell, the light blue lines close to solid line show the result per simulation for all cells. The top panel shows the results for the topocentric rest frame. Here, the Recommendation ITU RA.769-2 [4] threshold of an epfd of −180 dB[W/m2] is exceeded at a level of 98.6%, while 98% would be reached at an epfd level of −180.6 dB[W/m2]. The so-called RAS margin is 0.6 dB dB[W/m2]. The bottom panel shows the calculations for the inertial equatorial reference frame: the Recommendation ITU RA.769-2 [4] threshold of an epfd of −180 dB[W/m2] is exceeded at a level of 99.2%, while 98% would be reached at an epfd level of −181.2 dB[W/m2]. The so-called RAS margin is 1.2 dB[W/m2].
This is the adopted approach used for the decision whether a certain satellite constellation has an acceptable level of data loss in a RAS band in this document. The metric used here is the total statistical data loss as described in section 5.3.2 above and calculated for all samples of the time-averaged received power, regardless of position. As explained in section 5.1.1, most astronomical objects are fixed in the equatorial frame. It should be noted that in rare cases observations are performed in the so-called drift-scan mode, in which the telescope is observing a fixed position relative to the earth (see section 5.1.3). Under these circumstances the data loss in a given topocentric cell may be of interest. However, the possibility exists to point the telescope to a topocentric position that is less affected. This is not possible for an observation pointed to a position in the equatorial frame.
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[bookmark: _Ref168560542]Figure 7: Cumulative probability for a cell exceeding a given power flux density
It is also possible, for additional information only, to calculate the single cell data loss, calculated for each individual cells as the number of trials for which the epfd level lies above the threshold in Recommendation ITU-R RA.769-2 [4] divided by the total number of simulation runs. Following Recommendation ITU-R S.1586-1 [8], this information can be used to visualise the distribution of data loss over the sky. This is shown in Figure 8.
[image: ]
[image: ]
[bookmark: _Ref168560417][bookmark: _Ref172528320]Figure 8: Single cell data loss for the example satellite configuration (as shown in Figure 6) 
Figure 8 shows at top the results for the topocentric reference frame, and at the bottom it shows the results for the inertial equatorial reference frame.
[bookmark: _Toc167787936][bookmark: _Toc167788657][bookmark: _Toc167788985][bookmark: _Toc168496536][bookmark: _Toc168497241][bookmark: _Toc168586507][bookmark: _Toc168587913][bookmark: _Toc168588300][bookmark: _Toc168656875][bookmark: _Toc170458550][bookmark: _Toc170458870][bookmark: _Toc167787937][bookmark: _Toc167788658][bookmark: _Toc167788986][bookmark: _Toc168496537][bookmark: _Toc168497242][bookmark: _Toc168586508][bookmark: _Toc168587914][bookmark: _Toc168588301][bookmark: _Toc168656876][bookmark: _Toc170458551][bookmark: _Toc170458871][bookmark: _Toc167787938][bookmark: _Toc167788659][bookmark: _Toc167788987][bookmark: _Toc168496538][bookmark: _Toc168497243][bookmark: _Toc168586509][bookmark: _Toc168587915][bookmark: _Toc168588302][bookmark: _Toc168656877][bookmark: _Toc170458552][bookmark: _Toc170458872][bookmark: _Toc167787939][bookmark: _Toc167788660][bookmark: _Toc167788988][bookmark: _Toc168496539][bookmark: _Toc168497244][bookmark: _Toc168586510][bookmark: _Toc168587916][bookmark: _Toc168588303][bookmark: _Toc168656878][bookmark: _Toc170458553][bookmark: _Toc170458873][bookmark: _Toc167787940][bookmark: _Toc167788661][bookmark: _Toc167788989][bookmark: _Toc168496540][bookmark: _Toc168497245][bookmark: _Toc168586511][bookmark: _Toc168587917][bookmark: _Toc168588304][bookmark: _Toc168656879][bookmark: _Toc170458554][bookmark: _Toc170458874][bookmark: _Toc167787941][bookmark: _Toc167788662][bookmark: _Toc167788990][bookmark: _Toc168496541][bookmark: _Toc168497246][bookmark: _Toc168586512][bookmark: _Toc168587918][bookmark: _Toc168588305][bookmark: _Toc168656880][bookmark: _Toc170458555][bookmark: _Toc170458875][bookmark: _Toc167787942][bookmark: _Toc167788663][bookmark: _Toc167788991][bookmark: _Toc168496542][bookmark: _Toc168497247][bookmark: _Toc168586513][bookmark: _Toc168587919][bookmark: _Toc168588306][bookmark: _Toc168656881][bookmark: _Toc170458556][bookmark: _Toc170458876][bookmark: _Toc167787943][bookmark: _Toc167788664][bookmark: _Toc167788992][bookmark: _Toc168496543][bookmark: _Toc168497248][bookmark: _Toc168586514][bookmark: _Toc168587920][bookmark: _Toc168588307][bookmark: _Toc168656882][bookmark: _Toc170458557][bookmark: _Toc170458877][bookmark: _Toc167787944][bookmark: _Toc167788665][bookmark: _Toc167788993][bookmark: _Toc168496544][bookmark: _Toc168497249][bookmark: _Toc168586515][bookmark: _Toc168587921][bookmark: _Toc168588308][bookmark: _Toc168656883][bookmark: _Toc170458558][bookmark: _Toc170458878][bookmark: _Toc167787945][bookmark: _Toc167788666][bookmark: _Toc167788994][bookmark: _Toc168496545][bookmark: _Toc168497250][bookmark: _Toc168586516][bookmark: _Toc168587922][bookmark: _Toc168588309][bookmark: _Toc168656884][bookmark: _Toc170458559][bookmark: _Toc170458879][bookmark: _Toc167787946][bookmark: _Toc167788667][bookmark: _Toc167788995][bookmark: _Toc168496546][bookmark: _Toc168497251][bookmark: _Toc168586517][bookmark: _Toc168587923][bookmark: _Toc168588310][bookmark: _Toc168656885][bookmark: _Toc170458560][bookmark: _Toc170458880][bookmark: _Toc167787947][bookmark: _Toc167788668][bookmark: _Toc167788996][bookmark: _Toc168496547][bookmark: _Toc168497252][bookmark: _Toc168586518][bookmark: _Toc168587924][bookmark: _Toc168588311][bookmark: _Toc168656886][bookmark: _Toc170458561][bookmark: _Toc170458881][bookmark: _Toc167787948][bookmark: _Toc167788669][bookmark: _Toc167788997][bookmark: _Toc168496548][bookmark: _Toc168497253][bookmark: _Toc168586519][bookmark: _Toc168587925][bookmark: _Toc168588312][bookmark: _Toc168656887][bookmark: _Toc170458562][bookmark: _Toc170458882][bookmark: _Toc167787969][bookmark: _Toc167788690][bookmark: _Toc167789018][bookmark: _Toc168496569][bookmark: _Toc168497274][bookmark: _Toc168586540][bookmark: _Toc168587946][bookmark: _Toc168588333][bookmark: _Toc168656908][bookmark: _Toc170458583][bookmark: _Toc170458903][bookmark: _Toc167787970][bookmark: _Toc167788691][bookmark: _Toc167789019][bookmark: _Toc168496570][bookmark: _Toc168497275][bookmark: _Toc168586541][bookmark: _Toc168587947][bookmark: _Toc168588334][bookmark: _Toc168656909][bookmark: _Toc170458584][bookmark: _Toc170458904][bookmark: _Toc167787971][bookmark: _Toc167788692][bookmark: _Toc167789020][bookmark: _Toc168496571][bookmark: _Toc168497276][bookmark: _Toc168586542][bookmark: _Toc168587948][bookmark: _Toc168588335][bookmark: _Toc168656910][bookmark: _Toc170458585][bookmark: _Toc170458905][bookmark: _Toc167787972][bookmark: _Toc167788693][bookmark: _Toc167789021][bookmark: _Toc168496572][bookmark: _Toc168497277][bookmark: _Toc168586543][bookmark: _Toc168587949][bookmark: _Toc168588336][bookmark: _Toc168656911][bookmark: _Toc170458586][bookmark: _Toc170458906][bookmark: _Toc167787973][bookmark: _Toc167788694][bookmark: _Toc167789022][bookmark: _Toc168496573][bookmark: _Toc168497278][bookmark: _Toc168586544][bookmark: _Toc168587950][bookmark: _Toc168588337][bookmark: _Toc168656912][bookmark: _Toc170458587][bookmark: _Toc170458907][bookmark: _Toc167787974][bookmark: _Toc167788695][bookmark: _Toc167789023][bookmark: _Toc168496574][bookmark: _Toc168497279][bookmark: _Toc168586545][bookmark: _Toc168587951][bookmark: _Toc168588338][bookmark: _Toc168656913][bookmark: _Toc170458588][bookmark: _Toc170458908][bookmark: _Toc167787975][bookmark: _Toc167788696][bookmark: _Toc167789024][bookmark: _Toc168496575][bookmark: _Toc168497280][bookmark: _Toc168586546][bookmark: _Toc168587952][bookmark: _Toc168588339][bookmark: _Toc168656914][bookmark: _Toc170458589][bookmark: _Toc170458909][bookmark: _Toc167787976][bookmark: _Toc167788697][bookmark: _Toc167789025][bookmark: _Toc168496576][bookmark: _Toc168497281][bookmark: _Toc168586547][bookmark: _Toc168587953][bookmark: _Toc168588340][bookmark: _Toc168656915][bookmark: _Toc170458590][bookmark: _Toc170458910][bookmark: _Toc167787997][bookmark: _Toc167788718][bookmark: _Toc167789046][bookmark: _Toc168496597][bookmark: _Toc168497302][bookmark: _Toc168586568][bookmark: _Toc168587974][bookmark: _Toc168588361][bookmark: _Toc168656936][bookmark: _Toc170458611][bookmark: _Toc170458931][bookmark: _Toc167787998][bookmark: _Toc167788719][bookmark: _Toc167789047][bookmark: _Toc168496598][bookmark: _Toc168497303][bookmark: _Toc168586569][bookmark: _Toc168587975][bookmark: _Toc168588362][bookmark: _Toc168656937][bookmark: _Toc170458612][bookmark: _Toc170458932][bookmark: _Toc167787999][bookmark: _Toc167788720][bookmark: _Toc167789048][bookmark: _Toc168496599][bookmark: _Toc168497304][bookmark: _Toc168586570][bookmark: _Toc168587976][bookmark: _Toc168588363][bookmark: _Toc168656938][bookmark: _Toc170458613][bookmark: _Toc170458933][bookmark: _Toc167788000][bookmark: _Toc167788721][bookmark: _Toc167789049][bookmark: _Toc168496600][bookmark: _Toc168497305][bookmark: _Toc168586571][bookmark: _Toc168587977][bookmark: _Toc168588364][bookmark: _Toc168656939][bookmark: _Toc170458614][bookmark: _Toc170458934][bookmark: _Toc167788001][bookmark: _Toc167788722][bookmark: _Toc167789050][bookmark: _Toc168496601][bookmark: _Toc168497306][bookmark: _Toc168586572][bookmark: _Toc168587978][bookmark: _Toc168588365][bookmark: _Toc168656940][bookmark: _Toc170458615][bookmark: _Toc170458935][bookmark: _Toc167788002][bookmark: _Toc167788723][bookmark: _Toc167789051][bookmark: _Toc168496602][bookmark: _Toc168497307][bookmark: _Toc168586573][bookmark: _Toc168587979][bookmark: _Toc168588366][bookmark: _Toc168656941][bookmark: _Toc170458616][bookmark: _Toc170458936][bookmark: _Toc167788003][bookmark: _Toc167788724][bookmark: _Toc167789052][bookmark: _Toc168496603][bookmark: _Toc168497308][bookmark: _Toc168586574][bookmark: _Toc168587980][bookmark: _Toc168588367][bookmark: _Toc168656942][bookmark: _Toc170458617][bookmark: _Toc170458937][bookmark: _Toc167788004][bookmark: _Toc167788725][bookmark: _Toc167789053][bookmark: _Toc168496604][bookmark: _Toc168497309][bookmark: _Toc168586575][bookmark: _Toc168587981][bookmark: _Toc168588368][bookmark: _Toc168656943][bookmark: _Toc170458618][bookmark: _Toc170458938][bookmark: _Toc167788005][bookmark: _Toc167788726][bookmark: _Toc167789054][bookmark: _Toc168496605][bookmark: _Toc168497310][bookmark: _Toc168586576][bookmark: _Toc168587982][bookmark: _Toc168588369][bookmark: _Toc168656944][bookmark: _Toc170458619][bookmark: _Toc170458939][bookmark: _Toc167788006][bookmark: _Toc167788727][bookmark: _Toc167789055][bookmark: _Toc168496606][bookmark: _Toc168497311][bookmark: _Toc168586577][bookmark: _Toc168587983][bookmark: _Toc168588370][bookmark: _Toc168656945][bookmark: _Toc170458620][bookmark: _Toc170458940][bookmark: _Toc167788007][bookmark: _Toc167788728][bookmark: _Toc167789056][bookmark: _Toc168496607][bookmark: _Toc168497312][bookmark: _Toc168586578][bookmark: _Toc168587984][bookmark: _Toc168588371][bookmark: _Toc168656946][bookmark: _Toc170458621][bookmark: _Toc170458941][bookmark: _Toc167788008][bookmark: _Toc167788729][bookmark: _Toc167789057][bookmark: _Toc168496608][bookmark: _Toc168497313][bookmark: _Toc168586579][bookmark: _Toc168587985][bookmark: _Toc168588372][bookmark: _Toc168656947][bookmark: _Toc170458622][bookmark: _Toc170458942][bookmark: _Toc167788009][bookmark: _Toc167788730][bookmark: _Toc167789058][bookmark: _Toc168496609][bookmark: _Toc168497314][bookmark: _Toc168586580][bookmark: _Toc168587986][bookmark: _Toc168588373][bookmark: _Toc168656948][bookmark: _Toc170458623][bookmark: _Toc170458943][bookmark: _Toc167788010][bookmark: _Toc167788731][bookmark: _Toc167789059][bookmark: _Toc168496610][bookmark: _Toc168497315][bookmark: _Toc168586581][bookmark: _Toc168587987][bookmark: _Toc168588374][bookmark: _Toc168656949][bookmark: _Toc170458624][bookmark: _Toc170458944][bookmark: _Toc167788032][bookmark: _Toc167788753][bookmark: _Toc167789081][bookmark: _Toc168496632][bookmark: _Toc168497337][bookmark: _Toc168586603][bookmark: _Toc168588009][bookmark: _Toc168588396][bookmark: _Toc168656971][bookmark: _Toc170458646][bookmark: _Toc170458966][bookmark: _Toc167788033][bookmark: _Toc167788754][bookmark: _Toc167789082][bookmark: _Toc168496633][bookmark: _Toc168497338][bookmark: _Toc168586604][bookmark: _Toc168588010][bookmark: _Toc168588397][bookmark: _Toc168656972][bookmark: _Toc170458647][bookmark: _Toc170458967][bookmark: _Toc167788034][bookmark: _Toc167788755][bookmark: _Toc167789083][bookmark: _Toc168496634][bookmark: _Toc168497339][bookmark: _Toc168586605][bookmark: _Toc168588011][bookmark: _Toc168588398][bookmark: _Toc168656973][bookmark: _Toc170458648][bookmark: _Toc170458968][bookmark: _Toc167788035][bookmark: _Toc167788756][bookmark: _Toc167789084][bookmark: _Toc168496635][bookmark: _Toc168497340][bookmark: _Toc168586606][bookmark: _Toc168588012][bookmark: _Toc168588399][bookmark: _Toc168656974][bookmark: _Toc170458649][bookmark: _Toc170458969][bookmark: _Toc167788036][bookmark: _Toc167788757][bookmark: _Toc167789085][bookmark: _Toc168496636][bookmark: _Toc168497341][bookmark: _Toc168586607][bookmark: _Toc168588013][bookmark: _Toc168588400][bookmark: _Toc168656975][bookmark: _Toc170458650][bookmark: _Toc170458970][bookmark: _Toc167788037][bookmark: _Toc167788758][bookmark: _Toc167789086][bookmark: _Toc168496637][bookmark: _Toc168497342][bookmark: _Toc168586608][bookmark: _Toc168588014][bookmark: _Toc168588401][bookmark: _Toc168656976][bookmark: _Toc170458651][bookmark: _Toc170458971][bookmark: _Toc167788038][bookmark: _Toc167788759][bookmark: _Toc167789087][bookmark: _Toc168496638][bookmark: _Toc168497343][bookmark: _Toc168586609][bookmark: _Toc168588015][bookmark: _Toc168588402][bookmark: _Toc168656977][bookmark: _Toc170458652][bookmark: _Toc170458972][bookmark: _Toc167788039][bookmark: _Toc167788760][bookmark: _Toc167789088][bookmark: _Toc168496639][bookmark: _Toc168497344][bookmark: _Toc168586610][bookmark: _Toc168588016][bookmark: _Toc168588403][bookmark: _Toc168656978][bookmark: _Toc170458653][bookmark: _Toc170458973][bookmark: _Toc167788040][bookmark: _Toc167788761][bookmark: _Toc167789089][bookmark: _Toc168496640][bookmark: _Toc168497345][bookmark: _Toc168586611][bookmark: _Toc168588017][bookmark: _Toc168588404][bookmark: _Toc168656979][bookmark: _Toc170458654][bookmark: _Toc170458974][bookmark: _Toc167788041][bookmark: _Toc167788762][bookmark: _Toc167789090][bookmark: _Toc168496641][bookmark: _Toc168497346][bookmark: _Toc168586612][bookmark: _Toc168588018][bookmark: _Toc168588405][bookmark: _Toc168656980][bookmark: _Toc170458655][bookmark: _Toc170458975][bookmark: _Toc167788042][bookmark: _Toc167788763][bookmark: _Toc167789091][bookmark: _Toc168496642][bookmark: _Toc168497347][bookmark: _Toc168586613][bookmark: _Toc168588019][bookmark: _Toc168588406][bookmark: _Toc168656981][bookmark: _Toc170458656][bookmark: _Toc170458976][bookmark: _Toc167788068][bookmark: _Toc167788789][bookmark: _Toc167789117][bookmark: _Toc168496668][bookmark: _Toc168497373][bookmark: _Toc168586639][bookmark: _Toc168588045][bookmark: _Toc168588432][bookmark: _Toc168657007][bookmark: _Toc170458682][bookmark: _Toc170459002][bookmark: _Toc167788069][bookmark: _Toc167788790][bookmark: _Toc167789118][bookmark: _Toc168496669][bookmark: _Toc168497374][bookmark: _Toc168586640][bookmark: _Toc168588046][bookmark: _Toc168588433][bookmark: _Toc168657008][bookmark: _Toc170458683][bookmark: _Toc170459003][bookmark: _Toc167788070][bookmark: _Toc167788791][bookmark: _Toc167789119][bookmark: _Toc168496670][bookmark: _Toc168497375][bookmark: _Toc168586641][bookmark: _Toc168588047][bookmark: _Toc168588434][bookmark: _Toc168657009][bookmark: _Toc170458684][bookmark: _Toc170459004][bookmark: _Toc167788071][bookmark: _Toc167788792][bookmark: _Toc167789120][bookmark: _Toc168496671][bookmark: _Toc168497376][bookmark: _Toc168586642][bookmark: _Toc168588048][bookmark: _Toc168588435][bookmark: _Toc168657010][bookmark: _Toc170458685][bookmark: _Toc170459005][bookmark: _Toc167788072][bookmark: _Toc167788793][bookmark: _Toc167789121][bookmark: _Toc168496672][bookmark: _Toc168497377][bookmark: _Toc168586643][bookmark: _Toc168588049][bookmark: _Toc168588436][bookmark: _Toc168657011][bookmark: _Toc170458686][bookmark: _Toc170459006][bookmark: _Toc167788073][bookmark: _Toc167788794][bookmark: _Toc167789122][bookmark: _Toc168496673][bookmark: _Toc168497378][bookmark: _Toc168586644][bookmark: _Toc168588050][bookmark: _Toc168588437][bookmark: _Toc168657012][bookmark: _Toc170458687][bookmark: _Toc170459007][bookmark: _Toc167788074][bookmark: _Toc167788795][bookmark: _Toc167789123][bookmark: _Toc168496674][bookmark: _Toc168497379][bookmark: _Toc168586645][bookmark: _Toc168588051][bookmark: _Toc168588438][bookmark: _Toc168657013][bookmark: _Toc170458688][bookmark: _Toc170459008][bookmark: _Toc167788075][bookmark: _Toc167788796][bookmark: _Toc167789124][bookmark: _Toc168496675][bookmark: _Toc168497380][bookmark: _Toc168586646][bookmark: _Toc168588052][bookmark: _Toc168588439][bookmark: _Toc168657014][bookmark: _Toc170458689][bookmark: _Toc170459009][bookmark: _Toc167788076][bookmark: _Toc167788797][bookmark: _Toc167789125][bookmark: _Toc168496676][bookmark: _Toc168497381][bookmark: _Toc168586647][bookmark: _Toc168588053][bookmark: _Toc168588440][bookmark: _Toc168657015][bookmark: _Toc170458690][bookmark: _Toc170459010][bookmark: _Toc167788077][bookmark: _Toc167788798][bookmark: _Toc167789126][bookmark: _Toc168496677][bookmark: _Toc168497382][bookmark: _Toc168586648][bookmark: _Toc168588054][bookmark: _Toc168588441][bookmark: _Toc168657016][bookmark: _Toc170458691][bookmark: _Toc170459011][bookmark: _Toc167788182][bookmark: _Toc167788903][bookmark: _Toc167789231][bookmark: _Toc168496782][bookmark: _Toc168497487][bookmark: _Toc168586753][bookmark: _Toc168588159][bookmark: _Toc168588546][bookmark: _Toc168657121][bookmark: _Toc170458796][bookmark: _Toc170459116][bookmark: _Toc167788183][bookmark: _Toc167788904][bookmark: _Toc167789232][bookmark: _Toc168496783][bookmark: _Toc168497488][bookmark: _Toc168586754][bookmark: _Toc168588160][bookmark: _Toc168588547][bookmark: _Toc168657122][bookmark: _Toc170458797][bookmark: _Toc170459117][bookmark: _Toc167788184][bookmark: _Toc167788905][bookmark: _Toc167789233][bookmark: _Toc168496784][bookmark: _Toc168497489][bookmark: _Toc168586755][bookmark: _Toc168588161][bookmark: _Toc168588548][bookmark: _Toc168657123][bookmark: _Toc170458798][bookmark: _Toc170459118][bookmark: _Toc167788185][bookmark: _Toc167788906][bookmark: _Toc167789234][bookmark: _Toc168496785][bookmark: _Toc168497490][bookmark: _Toc168586756][bookmark: _Toc168588162][bookmark: _Toc168588549][bookmark: _Toc168657124][bookmark: _Toc170458799][bookmark: _Toc170459119][bookmark: _Ref106358434][bookmark: _Toc174631001]Aggregate data loss of multiple Satellite Constellations
The above approach can in principle easily be extended to incorporate more than one satellite constellation, to determine the total data loss caused by all constellations together. The sum in Equations (1) to (3) makes no difference on the type of satellite. The only difficulty could be that the memory of the computer might not suffice to hold all values at the same time − the problem space can become very large as the contributions to the received power depends on the combination of all sky cells with all satellite positions over hundreds or thousands of time steps; and all of this is repeated a number of times. However, it is straight-forward to do the simulations in batches and store intermediate results on disk for the final analysis.
The total data loss (independent on which data loss metric is used) is not necessarily a simple linear sum of the data losses caused by individual constellations. This is because the distribution of satellites on the sky can differ significantly, e.g. with respect to orbit altitudes or inclinations. As this has impact on the distribution and distances of the satellites in the topocentric observer frame, it could be that two very distinct constellations with 2% data loss each, will not cause exactly 4% together when they (partly) affect the same sky regions (whether the threshold in a cell is exceeded is a binary question). It is, however, obvious, that the overall data loss cannot be smaller than the larger data loss value of the individual constellations.
[bookmark: _Ref124335234][bookmark: _Toc174631002]Full simulation
The methodology detailed in section 5.1 can be applied to assess the aggregated data loss, by the aggregated epfd from all non-GSO systems and applying the aggregated protection criterion.
The example given in this subsection illustrates the potential consequences in term of epfd exceedance when considering more than one constellation. 
To do so, the respective impact in terms of data loss and affected sky cells for two non-GSO constellations was assessed independently, then altogether. One hundred iterations were simulated in each cell, starting at random time and lasting 2000 seconds each. The radio astronomy telescope diameter is 25 m, its antenna pattern is obtained through Recommendation ITU-R RA.1631-0 [2] and its geographic latitude is 50°N.
Constellation 1 (default)
The default constellation parameters are the same as the ones defined in section 5.1.3.
The results for the whole sky cells with constellation 1 are provided in Figure 9.
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[bookmark: _Ref168497533]Figure 9: Epfd results for all sky cells with constellation 1
The data loss is 1.2% as shown in the complementary cumulative distribution function (CCDF) in Figure 10.
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[bookmark: _Ref168497534]Figure 10: Constellation 1 - Histogram and CCDF of epfd samples for all sky cells
Constellation 2
A second constellation is considered, with the following parameters:
22 orbital planes with ascending nodes evenly distributed;
In each plane, 22 satellites equally spaced;
Orbital inclination of 30°;
Satellite altitude of 1000 km;
Transmitted Power of -38 dBm;
Isotropic antenna.
The results for the whole sky cells with constellation 2 are provided in Figure 11.
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[bookmark: _Ref168497535]Figure 11: Epfd results for all sky cells with constellation 2
The data loss is 2.4% as shown in the CCDF in Figure 12.
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[bookmark: _Ref168497536]Figure 12: Constellation 2 - Histogram and CCDF of epfd samples for all sky cells
Constellation 1 + constellation 2
A third simulation is run with the 2 constellations operating simultaneously, the epfd results for the whole sky cells are shown in Figure 14.
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Figure 13: epfd results for the whole sky cells
[bookmark: _Ref168497537][image: ]Figure 14: Epfd results for all sky cells with constellation 1 and 2
The Data loss is also computed for those 2 constellations and reaches 4.1% as it can be seen on the CCDF in Figure 15.
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[bookmark: _Ref168560755]Figure 15: Constellations 1 and 2 -Histogram and CCDF of epfd samples for all sky cells
A summary of the statistics is given in Table 6.
[bookmark: _Ref168565158]Table 6: Summary of the simulation results
	Metric
	Constellation 1 @ 500 km
	Constellation 2 @ 1000 km
	Constellation 1 + Constellation 2

	Total data loss (%)
	1.2
	2.4
	4.1

	Number of cells with more than 2% of the samples with epfd>-180 dBW/m2
	98
	118
	220


Section 5.2.5 concluded that the metric to be used was the data loss over the whole sky, but it is to be noted that in the case of the number of cells with more than 2% of epfd samples above the Recommendation ITU-R RA.769-2 threshold the numbers for the simultaneous simulation and summing the results individually almost coincide. This result is a particular situation due to the significant difference in the geometry of the two constellations used in this example. If the two constellations have a similar geometry, the cells with data loss will coincide and the linear addition of single simulations will differ from the simultaneous simulation.
The results from the previous simulation indicate that the data loss due to the aggregate interference cannot be deduced from the simple addition of those constellations single entry data losses. 
It was decided to run two additional simulations to confirm this conclusion:
One simulation with exactly two times the constellation of 484 satellites at 500 km;
A second simulation with exactly two times the constellation of 484 satellites at 1000 km.
All the other parameters remain unchanged. It is worth to mention that those configurations are unrealistic, since it would not be physically possible to have 2 identical satellites at the same position, and that constellations 1 (@500 km) and constellation 2 (@1000 km) are fictious systems, whose parameters were chosen specially to observe data loss with the epfd methodology given in Recommendation ITU-R M.1583-1 [7].
Those configurations with exactly twice the same constellation is in fact equivalent to an increase of 3dB in the satellite pfd, as it can be seen below on the epfd CCDF below. 
Two times constellation 1 
The results obtained are the following:
With constellation 1, as already seen in studies above, the data loss is 1.2%. 
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Figure 16: Results with two times constellation 1
The data loss, i.e. the percentile of epfd samples over the entire sky, each averaged over 2000s, that exceeds the threshold of -180dBW/m2 is increased to 9.0% with 2 times the same constellation at 500 km. 
9.0% for 2*(constellation 1 @ 500 km) > 2 * (1.2% for constellation 1 @ 500 km)
Two times constellation 2
With constellation 2, as already seen in studies above, the data loss is 2.4%. 
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Figure 17: Results with two times constellation 2
The data loss, i.e. the percentile of epfd samples over the entire sky, each averaged over 2000s, that exceeds the threshold of -180dBW/m2 is increased to 4.1% with 2 times the same constellation at 1000 km. 
4.1% for 2*(constellation 2 @ 1000 km) < 2 * (2.4% for constellation 2 @ 1000 km)
In these two simulations it can be seen that in one situation there is a major increase in the data loss while in the second one the data loss with twice the same constellation is less than twice the data loss with one constellation. It can therefore be concluded that it is not possible to approximate the aggregate data loss due to multiple non-GSO satellite systems based on the single-entry data losses due to each satellite system.
[bookmark: _Ref168646934][bookmark: _Toc174631003]Conclusions on the calculation of aggregate data loss from multiple constellations
It can be concluded that the total data loss caused by more than one constellation cannot be obtained through the simple addition of those constellations single entry simulation results. The data loss has to be calculated from all samples resulting from the simultaneous transmissions of all satellite constellations at once, following the prescription in sections 5.1 and 5.2. 
In the absence of receiver side nonlinear effects, and if the time ranges chosen for all samples are identical for two or more satellite constellations, the epfd values generated by each constellation can be added together for each sample to obtain the aggregate epfd level.
However, as this is generally not the case, the data loss due to multiple non-GSO satellite systems unwanted emissions has to be calculated from all samples resulting from the simultaneous transmissions of all satellite constellations at once, using the parameters listed in section 5.1 and following the methodology described in section 5.2. 
[bookmark: _Ref169043213][bookmark: _Toc174631004]Sensitivity analysis on the influence of various parameters on the aggregated data loss
This section explores the effect that variations in parameters have over the epfd results, for this the constellation described in section 5.1.3 is used as a starting point. To explore the influence of each parameter, the map of single cell average epfd value are produced for several points in each parameter and also the ratio of variation of the single cell average epfd with respect to the default constellation as control point.
To study the effect of the change of single configuration parameters, the first step consists in generating the average epfd distribution on the sky for a reference configuration, then in a second step to change single parameters of the reference configuration and finally study the effect by calculating the ratio of the epfd per cell on the sky grid. For the reference configuration the same parameters as in section 5.1.3 example were used.
Most of the calculations in the consecutive sections have been carried out using a Python [30] script in the form of a Jupyter [31] notebook, making use the pycraf [32] and cysgp4 [33] software packages. 
While analysing the impact of the variation of the different parameters characterising a non-GSO satellite constellation does provide valuable insight, it is critical to keep in mind that they are all interdependent and it may prove challenging to deduce the impact of a given constellation without a detailed simulation. For instance, in the case of the inclination, in the current configuration the hypothesis has been made that the different orbital planes were always spaced in a similar manner whether the inclination of those planes was equal to 40° or 90°, with their respective RAAN spread over 360°. However, a satellite constellation using an inclination of 90° can only spread the RAAN of its orbital planes over 180° and not 360°. As a matter of fact, this is how the OneWeb and Iridium constellations are laid out, with an inclination of 87.9° and 86.4° respectively.
[bookmark: _Toc172292748][bookmark: _Toc170458807][bookmark: _Toc170459127][bookmark: _Toc174631005]Orbital parameters
[bookmark: _Toc174631006]Satellite plane inclination
Figure 18 and Figure 19 show the ratios of the average epfd per cell for a few selected orbital inclinations and the reference configuration (orbital inclination of 55°) as displayed in Figure 6. 

[image: ][image: ][image: ][image: ][image: ][image: ]
[bookmark: _Ref168561666]Figure 18: Ratio of epfd of a configuration changing in orbital inclination and a reference configuration (orbital inclination 55°), topocentric reference frame
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[bookmark: _Ref168561122]Figure 19: Ratio of epfd of a configuration changing in orbital inclination and a reference configuration (orbital inclination 55°), inertial equatorial reference frame
Since the altitude of the satellites is low (500 km) the position of the satellites on the sky never reaches the zenith, if the orbital inclination is much lower than the geographic latitude of the observatory. This only happens at an orbital inclination a few degrees below the geographic latitude of the RAS station. Above the value of the orbital inclination, the changes in the epfd ratio are significantly lower. Building the 5% and 95%-percentile of each plot shown in Figure 18 and Figure 19, as well as the mean and standard deviation of the cell values, one generates a linear plot of epfd statistics with inclination. This is shown in Figure 20.
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[bookmark: _Ref168561956]Figure 20: Ratio of epfd of a configuration changing in orbital inclination and a reference configuration (orbital inclination 55°).
In Figure 20, the black dots and error bars show the average and standard deviation. The blue shaded area comprises the area between the 5% percentile and the 95% percentile with the blue line indicating the median (50% percentile), the grey shaded area is the area between minimum and maximum in the plot. The top panel shows the results for the topocentric reference frame, the bottom one for the inertial equatorial reference frame.
Figure 20 reflects the tendency observed in the sky map plots: above an orbital inclination slightly below the geographic latitude of the RAS station, the epfd rises quickly as the satellites become visible at all elevations and then approximately saturates at a certain value above the geographic latitude of the RAS station. Already these viewgraphs show the effect of taking the inertial system into account for the epfd calculations: the equivalent power flux density is more evenly distributed over the sky.
[bookmark: _Toc170724571][bookmark: _Toc174631007]Altitude
[bookmark: _Toc170724572]Change of altitude while keeping same power
Satellite altitude is changed from 300 km to 1500 km. Figure 21 shows the epfd ratios for two exemplary altitudes and the statistical plot in the topocentric rest frame, Figure 22 shows the same quantities in the equatorial frame. As the effective isotropic radiated power (e.i.r.p.) of the satellites was kept constant, the power flux density decreases quadratically with distance, this is a monotonic function. As however also the visibility of the satellites changes, the precise shape of the dependency remains to be studied in greater detail.
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[bookmark: _Ref168497780]Figure 21: Ratio of epfd of a configuration changing in altitude and a reference configuration (altitude 500km), topocentric reference frame
In Figure 21, the top panels show the results per cell for two altitudes. The bottom panel shows the epfd ratios averaged over cells. Black dots and error bars show the average and standard deviation. The blue shaded area comprises the area between the 5% percentile and the 95% percentile with the blue line indicating the median (50% percentile), the grey shaded area is the area between minimum and maximum in the plot.
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[bookmark: _Ref168497752]Figure 22: Ratio of epfd of a configuration changing in altitude and a reference configuration (altitude 500 km), inertial equatorial reference frame
In Figure 22, the top panels show the results per cell for two altitudes, and the bottom panel the epfd ratios averaged over cells. Black dots and error bars show the average and standard deviation. The blue shaded area comprises the area between the 5% percentile and the 95% percentile with the blue line indicating the median (50% percentile), the grey shaded area is the area between minimum and maximum in the plot.
[bookmark: _Toc170724573]Adjusted power
While instructive, the above example is not reflecting a realistic situation. Normally an operator needs to achieve a certain pfd level on the ground (required by terminals) and therefore will increase the power of the transmitters when the altitude is increased. Since the power flux density is inversely proportional to the square of the distance, it is expected that the transmitted power is changed proportionally to the square of the ground distance at nadir of a satellite in this case (considering isotropic transmitters). The effect of this is simulated in Figure 23 and Figure 24.
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[bookmark: _Ref168562230]Figure 23: Ratio of epfd of a configuration changing in altitude and a reference configuration (altitude 500 km), while increasing the transmitted power proportionally to the square of the altitude above ground, topocentric reference frame
In Figure 23, the top panels show the results per cell for two altitudes. The bottom panel shows the epfd ratios averaged over cells. Black dots and error bars show the average and standard deviation. The blue shaded area comprises the area between the 5% percentile and the 95% percentile with the blue line indicating the median (50% percentile), the grey shaded area is the area between minimum and maximum in the plot.
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[bookmark: _Ref168562240][bookmark: _Ref134477617]Figure 24: Ratio of epfd of a configuration changing in altitude and a reference configuration (altitude 500 km), while increasing the transmitted power proportionally to the square of the altitude above ground, inertial equatorial reference frame
In Figure 24, the top panels show the results per cell for two altitudes. The bottom panel shows the epfd ratios averaged over cells. Black dots and error bars show the average and standard deviation. The blue shaded area comprises the area between the 5% percentile and the 95% percentile with the blue line indicating the median (50% percentile), the grey shaded area is the area between minimum and maximum in the plot.
While per satellite the received power and hence the power flux density is constant, this is not true for the sum over many satellites. The cumulative interference level – given that all other parameters, in particular the number of satellites is constant – increases if the power flux density per satellite is kept constant through an increased transmitted power as a consequence of more satellites being in visibility of the RAS station.
[bookmark: _Toc174631008]Number of satellites per constellation
The satellites of a given non-GSO satellite system are usually spread on several orbital planes. The spacing of the satellites within one plane can be regular or not. The number of satellites of the non-GSO system, as well as the distribution of the satellites on the different orbital planes, can have an impact on the level of interference.
A precise model of the non-GSO system is necessary, since each non-GSO satellite system has its own orbital characteristics that will have an impact on the epfd statistics. It is worth to mention that many non-GSO systems follow a Walker delta pattern constellation, for which: 
the inclination is the same for all orbital planes;
the planes are equally spaced;
the satellites are equally spaced within one plane.
An example is the Galileo navigation system, which is a Walker Delta 56°: 24/3/1 at 23222 km of altitude – 56° of inclination, 24 satellites, 3 orbital planes ("1" gives the change in true anomaly for satellites in neighbouring planes "1" * 360/24).
In that next set of simulations the number of orbital planes is chosen to be approximately equal to the number of satellites per plane and increase the total number of satellites. This results in a nearly perfectly linear dependency: the epfd can be assumed to be proportional to the number of satellites if no other parameter is changed (see Figure 25).
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[bookmark: _Ref168562267]Figure 25: Ratio of epfd of a configuration changing in the number of satellites and a reference configuration (484 satellites)
In Figure 25, black dots and error bars show the average and standard deviation. The blue shaded area comprises the area between the 5% percentile and the 95% percentile with the blue line indicating the median (50% percentile), the grey shaded area is the area between minimum and maximum in the plot. Notice that this plot is linear and not logarithmic, to show the linear shape of the dependency. In the top panel of Figure 25 the topocentric rest frame was used, in the bottom panel the equatorial rest frame.
[bookmark: _Ref169002601][bookmark: _Toc174631009]Active Antenna patterns of satellites
To conduct the epfd calculations as described in section 5.1, the antenna pattern and pointing are required. However, non-GSO constellations nowadays often use active antenna arrays to form their synthetic beams, and for those no ITU-R recommendation exists to model the antenna gain in adjacent bands.
To approach the problem, here is given an example, where is used the description of an active array from Recommendation ITU-R M.2101-0 [34], which describes an IMT base station and user equipment beamforming antenna pattern in section 5. The assumption is that active antenna arrays aboard non-GSO satellites operate in a similar way. The software implementation from the pycraf software package was used. The layout of the simulated array is square. The single element maximum gain (7th row in Recommendation ITU-R M.2101-0, table 3 [34]) is chosen to be 5 dBi. The horizontal and vertical front-to-back ratio (3rd row in Recommendation ITU-R M.2101-0, table 3 [34]) is 30 dB, the horizontal and vertical 3 dB beam width of the single elements (2nd and 5th row in Recommendation ITU-R M.2101-0, table 3 [34]) is 65°. The separation of the single elements is chosen to be , Where  is the wavelength, as suggested in Recommendation ITU-R M.2101-0, section 5 [34]. The array is directed towards Earth, with nadir being perpendicular to the array. The nominal edge length of the array is varied as a parameter. This nominal edge length is then divided by twice the wavelength and rounded, resulting in the number of single elements. The physical size of the array is then  times the number of elements.
In the absence of any prescription, the pointing pattern is chosen as a uniform random pattern, considering that at the position where the satellite antenna points on Earth terminals will have a minimum elevation limit of 20° and no communication link will be established below that limit. In practice, from the perspective of the satellite this defines a cone within which the pointings can be chosen randomly. The pointing is kept constant in the satellite frame for 200 s, to then be changed. This is supposed to mimic the change in the pointings as the satellites move above Earth, although, in practice, such satellites may point at fixed locations on Earth to ensure a better service to user terminals. No GSO arc avoidance has been implemented, but this effect is studied further in section 6.7. It is assumed that a satellite which is seen from a point on Earth within the GSO arc will point into a slightly different direction but will be replaced by another satellite which lies not within the GSO arc to point at the same position, which probably balances the epfd statistics.
All other parameters, including , are kept as described at the beginning of this section.
The results are plotted in Figure 26 and Figure 27. The main effect is the reduction of the epfd with the edge length of the transmitter. This is because with increasing antenna aperture size, the boresight gain increases and hence the total transmitted power decreases.
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[bookmark: _Ref168562419]Figure 26: Ratio of epfd of a configuration changing in array size, and a reference (isotropic), inertial topocentric reference frame 
In Figure 26, the top panels show the results per cell for two transmitter sizes, the bottom panel the epfd ratios averaged over cells. Black dots and error bars show the average and standard deviation. The blue shaded area comprises the area between the 5% percentile and the 95% percentile with the blue line indicating the median (50% percentile), the grey shaded area is the area between minimum and maximum in the plot.
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[bookmark: _Ref168562436]Figure 27: Ratio of epfd of a configuration changing in array size, and a reference (isotropic), inertial equatorial reference frame
In Figure 27, the top panels show the results per cell for two transmitter sizes, the bottom panel shows the epfd ratios averaged over cells. Black dots and error bars show the average and standard deviation with the blue line indicating the median (50% percentile). The blue shaded area comprises the area between the 5% percentile and the 95% percentile, the grey shaded area is the area between minimum and maximum in the plot.
[bookmark: _Toc174631010]Transmission parameters and duty cycles
The duty cycle of the non-GSO satellite system is a parameter that has an impact on the level of interference received over time by an RAS station. However, it would certainly add a certain level of complexity in the computation since the different times of propagation between the different satellites and the victim RAS station would need to be appropriately considered.
[bookmark: _Toc174631011]Size and sensitivity of RAS antenna
[bookmark: _Ref170298283][bookmark: _Toc174631012]Impact of RAS antenna size on epfd levels
As a final set of parameters was changed the size of the RAS antennas. With increasing antenna aperture not only the sensitivity increases but the antenna pattern becomes narrower, too. The consequence of this is visible in Figure 28 and Figure 29. With increasing telescope diameter the scatter of the cell values varies as a consequence of the much narrower beam. The epfd becomes much more stochastic. In addition, the average epfd increases slightly with telescope diameter, but while this is a clear trend the gradient is rather low. The epfd ratio between an antenna with a diameter of 300 m and an antenna of 25 m is lower than 1.25. 

[bookmark: _Ref168562529]Figure 28: Ratio of epfd of a configuration changing in telescope diameter and a reference configuration (telescope diameter 25 m), topocentric rest frame 
In Figure 28, the top and middle panels show the results per cell. The bottom panel shows the statistics of the epfd ratios taking into account all cells. Black dots and error bars show the average and standard deviation. The blue shaded area comprises the area between the 5% percentile and the 95% percentile with the blue line indicating the median (50% percentile), the grey shaded area is the area between minimum and maximum in the plot. 

[bookmark: _Ref168562542]Figure 29: Ratio of epfd of a configuration changing in telescope diameter and a reference configuration (telescope diameter 25 m), equatorial inertial rest frame
In Figure 29, the top and middle panels show the epfd ratios per cell. The bottom panel shows the statistics of epfd ratios taking into account all cells. Black dots and error bars show the average and standard deviation. The blue shaded area comprises the area between the 5% percentile and the 95% percentile with the blue line indicating the median (50% percentile), the grey shaded area is the area between minimum and maximum in the plot. 
[bookmark: _Ref172296623][bookmark: _Toc172691839][bookmark: _Toc174631013]Impact of RAS antenna size on the exceedance of the protection criteria
Another objective is to analyse the variation of the results not in term of variation of epfd ratio as done in section 6.5.1, but to assess the impact of changes of antenna diameter of the radio telescope in term of exceedance of the protection criteria.
The following antenna patterns in Figure 30 and Figure 31 have been obtained using ITU-R RA.1631-0 [2] with antenna diameters of respectively 7.5, 10, 15, 20, 25 and 30 m at 1.4135 GHz 
[image: ]
[bookmark: _Ref168562604]Figure 30: RAS antenna patterns for different antenna diameters
When focusing on the area close to boresight, the plot in Figure 31 is obtained.
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[bookmark: _Ref168497978]Figure 31: RAS antenna patterns for different antenna diameters - focus on small off-pointing angles
The differences in term of antenna gain are only seen for off-axis angles below 2.5°, and above 1° of off-pointing angle gains for all antenna diameters are below 38 dBi.
An analysis was conducted to observe the epfd results for a RAS antenna diameter of respectively 7.5, 10, 15, 20, 25 and 30 m, and the following non-GSO system:
22 orbital planes with ascending nodes evenly distributed;
In each plane, 22 satellites equally spaced;
Orbital inclination of 30°;
Satellite altitude of 1000 km;
Transmitted Power of -38 dBm;
Isotropic antenna.
The results obtained are shown in Figure 32.
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[bookmark: _Ref168499280]Figure 32: CCDF of interference into a RAS station for different antenna sizes at 1413.5 MHz
In Figure 32, it can be observed that the variation at 2%, depending on the antenna size, remains below 0.5 dBW/m2. There is no significant difference in the results when various sizes of RAS antenna stations are considered. This is due to the fact that since the considered interfering non-GSO system is assumed to have an isotropic antenna pattern in the considered bandwidth, the only differences in the epfd statistics are due to the RAS antenna pattern variation. 
It is shown above that differences in term of antenna gain patterns are only seen for off-axis angles below 2.5°: as a consequence, the antenna diameter of the radio telescope will have only an impact on epfd results for the non-GSO satellites relatively close to alignment.
It should be reminded that the considered non-GSO system has 484 satellite systems. With a higher density of satellites on orbital planes, and a higher number of orbital planes, the likeliness of alignments becomes higher, which in turn may increase the impact of the RAS antenna diameter. 
[bookmark: _Toc174631014]Dependence on observing wavelength
Recommendation ITU-R RA.1631-0 [2] is the main reference antenna pattern used to perform the various analysis in this Report. While the antenna diameter D is undeniably a key parameter, it is important to clarify that the equations given in this Recommendation are all based on the quantity D/λ, λ being the wavelength at which the antenna gain is computed. In this study it is proposed to assess the impact of this quantity over a range of values that might be encountered in the real world.
All other studies in section 6.5.1 and 6.5.2 have been carried out for f = 1413.5 MHz, which leads, for a diameter D ranging from 10 m to 300 m, to a D/λ ranging from 47 to 1415. However, when considering for instance the case of a 100-m antenna at 10.65 GHz, this leads to a D/λ value of 3571, well above the range considered previously. It is therefore necessary to also study the impact of the antenna size on the exceedance of the protection criteria at higher frequency to best assess it.
The following parameters have been considered:
A centre frequency of 10.65 GHz;
22 orbital planes with ascending nodes evenly distributed over 360 degrees;
In each plane, 22 satellites equally spaced in anomaly;
Orbital inclination of 55°;
Satellite altitude of 500 km;
Transmitted Power of -22 dBm;
Isotropic Tx antenna;
RA Rx antenna diameter from 20 m to 80 m every 10 m.
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[bookmark: _Ref168562711]Figure 33: CCDF of interference into a RAS station for different antenna sizes at 10.65 GHz
Figure 33 shows that a variation of up to 6 dB can be observed depending on the antenna size, which appears to be a lot more important than what was previously observed through simulations performed at 1413.5 MHz, therefore demonstrating the importance of the antenna size as input parameter for such analysis.
These variations can be explained by the width of the RA antenna main beam which becomes narrower as D/λ increases while increasing the maximum gain, as can be seen in Figure 34.
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[bookmark: _Ref168562728]Figure 34: Main beam of the antenna radiation pattern for different antenna sizes as per Recommendation ITU-R RA.1631-0 [2]
[bookmark: _Ref168657652][bookmark: _Ref168657672][bookmark: _Ref169002647][bookmark: _Ref169008586][bookmark: _Toc174631015]Simulation starting times and impact on statistical properties
The epfd calculations are usually repeated, i.e. several simulation runs/iterations are performed in order to control the statistical scatter of the Monte-Carlo type approach (compare section 5.1.1). There are many free parameters, which are randomly sampled (e.g. RAS antenna pointings within the grid cells, satellite beam pointings, orbit configuration/satellite positions). In particular for smaller constellations, the results can heavily depend on the state of the constellation. In practice, the simulation usually is performed for a given set of starting orbital parameters and then propagated with time to obtain different orbital states. It is noted that over the integration time of 2000 s (to comply with Recommendation RA.769-2 [4]) the satellite constellation is also propagated. This, however, is independent on the chosen starting time. If all simulation runs would start from the same start time, the final results would look very similar (ignoring the potential satellite beam forming). It is common to spread the start times of the simulations over a certain time span. While this obviously averages out some of the statistical scatter (in individual runs of smaller constellations one usually can see tracks of satellites in the sky maps), it is currently not well-established what time window for the starting times would be most appropriate. Often, a 24-hour window is used in studies involving the RAS as a victim service. 
Before this is further discussed, it may be helpful to assess the potential impact on the results. Therefore, several epfd simulations were performed (using the default configuration introduced in section 5.1.3). This is a fairly large constellation with almost 500 satellites and a transmitter power of –50 dBm into the RAS band at 1410 MHz (isotropic). Start times were spread over 1, 24, and 720 hours (30 days). Furthermore, one simulation was performed with no change in starting times as a baseline. The RAS observer was placed at a geographical latitude of 50 degrees. As the effect of the chosen times could be different in horizontal and equatorial frames, results were determined for both frames. For an example, the results of the fixed-start time simulation in both frames are displayed in Figure 35. It shows the results for a baseline situation where all simulation runs were started at the same time (and thus with the same orbital configuration/satellite positions). The top panel shows the results in the topocentric frame, while the bottom panel shows the results in the equatorial frame. 
As over the integration time of 2000 seconds, Earth does not perform a full rotation, the RAS station cannot access parts of the sky (which are below the horizon in the topocentric frame). This also has to do with the fact that Earth’s rotation axis is tilted with respect to the orbital plane of its motion around the Sun. Figure 36 has the results for starting times spread over 30 days and as a consequence the sky map is much smoother, especially in the equatorial frame where Earth’s rotation has a strong impact on the final distribution of the epfd values over the sky. It is noted that the overall data loss for the equatorial frame is also somewhat lower than for the topocentric frame, but this is mainly a consequence of the larger sky area over which the same power is then spread (the number of visible satellites at each instance of time is the same owing to the local horizon), as, owing to Earth’s rotation the signal is distributed more evenly across the cells. Notice that the effect can also result in a higher time loss in case of a stronger signal.
The resulting data losses for all these simulations are compiled in Table 7. While the sky maps appear very different, the data loss metric (for the whole sky) is rather stable. To test if this would also apply for constellations with much lower satellite numbers, a second setup was tested with only 20 satellites (5 satellites each in 4 orbital plans, Figure 37, Figure 38 and Table 8). To compensate for the lower number (and to have results in the regime around 2% data loss), the transmitter power was set to –30 dBm instead of –50 dBm used in the default constellation, so the data loss values from the first simulation cannot be directly compared to the second simulation owing to the different transmitter powers. This time, the data loss in the individual scenarios varies significantly, with the data loss being lowest when a start time window of 1 hour is used, while the 30-day scenario has much higher data loss – which is somewhat counterintuitive as it has the smoothed sky representation. While in the 1-hour case fewer cells are affected and the signal lies way above the threshold, the same power is distributed over a larger number of cells but still strong enough to cause a time loss.

[bookmark: _Ref168562886]Figure 35: Effect of start times of the simulation runs

[bookmark: _Ref168562899]Figure 36: As Figure 35, but for a start time window of 30 days
[bookmark: _Ref168564772]Table 7: Influence of starting times on the data loss in topocentric and equatorial frames with a constellation with 484 satellites and Ptx = -50 dBm
	Start time window
	Data loss [%] (topocentric)
	Data loss [%] (equatorial)

	0 hours
	
	

	1 hour
	
	

	24 hours
	
	

	30 days
	
	



[bookmark: _Ref168563051]Figure 37: As Figure 35 but for a constellation with 20 satellites (4 orbital plans with 5 satellites each)


[bookmark: _Ref168563741]Figure 38: As Figure 37, but for a start time window of 30 days
[bookmark: _Ref168565248]Table 8: As Table 7 but for a constellation with 20 satellites (4 orbital plans with 5 satellites each) and
Ptx = -30 dBm
	Start time window
	Data loss [%] (topocentric)
	Data loss [%] (equatorial)

	0 hours
	
	

	1 hour
	
	

	24 hours
	
	

	30 days
	
	


[bookmark: _Toc172292760][bookmark: _Toc172292761][bookmark: _Ref168657695][bookmark: _Ref170297746][bookmark: _Toc174631016]Influence of geostationary arc avoidance zone
Non-GSO satellites constellation operators do not only need to consider the protection of RAS sites but also facilities of other spectrum stakeholders, including those of GSO satellite operators. For GSOs there are epfd requirements, too. On top of that there is a geostationary arc avoidance angle, which needs to be implemented by the non-GSO satellites (compare Recommendation ITU-R S.1325 [37]). For LEO satellites this usually means that any non-GSO Earth station cannot communicate with non-GSO satellites located between the position of that Earth station and the GSO arc (see Figure 39). 

[image: ]
[bookmark: _Ref168563125]Figure 39: Illustration of GSO arc avoidance
For non-GSO satellites without active antenna systems (AAS), this can make it necessary to switch off transmissions for a given period of time. However, some modern systems utilize AAS, which allows the use of electronic beamforming. The pointing direction of the satellite and thus the served terminal on the ground could be steered in real-time. So, whenever a given terminal and satellite pair is subject to the geo-arc avoidance criterion, the satellite can simply steer its beam away to another terminal. From the radio astronomy perspective, the question is if this modified beam steering has a significant impact on the epfd levels received at a RAS station.
While there is a large space of parameters that will also have an impact on the answer to the above questions, in this Report at least a few prototypical scenarios are investigated. Based on the default satellite configuration (introduced in section 5.1.3), the geo-arc avoidance zone was implemented in the epfd calculations. As most real AAS non-GSO constellations also feature a maximum separation angle of the formed beams from the nadir direction, this constraint was also added to the simulation (maximum separation from nadir is set to 60º). While there are many types of AAS in operation, the choice was made to implement the antenna pattern model defined in Recommendation ITU-R M.2101-0 [34], as it offers a very convenient closed-form analytical model, with meta-parameters such as the number of antenna elements in both direction, beam widths of the single antenna elements, spacing between the elements and more, such that it can be tailored to a large variety of situations. However, it is assumed that other beam-forming models would show the same qualitative behaviour.
For the simulation, a 16×16 element AAS was assumed, with the parameters provided in Table 9. The ρ parameter controls how effective the beamforming is. For out-of-band and spurious domains, there will be some loss in the beamforming efficiency. Here, an in-band case with 100% beamforming efficiency is assumed. The HPBW of this model (assuming no tilt angles) is about 6.3 degree, which translates into a footprint of about 55 km for the satellites at 500 km altitude (if beam points to nadir). The e.i.r.p. (into maximum gain direction) was set to –15 dBm, thus the antenna pattern has been normalised to zero gain in forward direction. The e.i.r.p. power was chosen such that the results of the epfd simulations would lead to less than about 2% data loss in all scenarios, such that the relevant regime of the cumulative distribution (of the epfd values) was sampled.
[bookmark: _Ref168564812]Table 9: AAS parameters used for the beamforming (see Recommendation ITU-R M.2101-0)
	Parameters
	Values

	
	8 dBi

	, 
	30 dB, 30 dB

	
	65°, 65°

	
	0.5 m, 0.5 m

	
	16, 16

	ρ
	1.0


Regarding the sampling of the satellite beam pointings, there is not much known (in the public) for real systems. Here, the simplest approach is followed, which is to sample the pointings uniformly in the Azimuth/Elevation plane. However, for a system with only 484satellites, it seems unlikely that this would be able to cover the ground properly (the cells on the ground are relatively small). Therefore, the sampling scheme may need to be changed such that the density of beam positions increases towards larger separation. Studying this further is beyond the scope of this Report.
The simulations have been performed for two different RAS sites, one at a geographical latitude of 50° (in Figure 40) and one for a latitude of 0° (in Figure 41). The data losses and margins (average epfd with respect to the RAS threshold) are compiled in Table 10. In each of the two figures, the top panel contains the result for the simulation neglecting the geo-arc avoidance zone and the bottom panels show the results with the avoidance zone applied.
In the sky maps, the effect of the avoidance zone is visible as a somewhat darker area. However, the impact on the resulting metrics (data losses and margins) is relatively minor, with almost no significance on the data loss and much less than 1 dB on the margin. This shows that the effect is relatively minor and could in most cases be ignored for the sake to simplify the calculations (the impact on computing times is not large, but the code complexity is increased, which will require thorough testing in new implementations).

[bookmark: _Ref168563343]Figure 40: Results of an epfd simulation with (bottom panel) and without (top panel) geo-arc avoidance zone considered
Figure 40 shows that the satellite constellation consists of about 500 satellites in low-Earth orbit, which has beam-forming capabilities (see text for full set of parameters). The RAS site is situated at a geographical latitude of 50°.


[bookmark: _Ref168563356]Figure 41: As Figure 40 but for a RAS site at a geographical latitude of 0°
[bookmark: _Ref168564854]Table 10: Data losses and margins for the simulations displayed in Figure 40 and Figure 41
	Scenario
	Observer latitude [deg]
	Data loss [%]
	Margin w.r.t. RAS [dB]

	With geo-arc avoidance
	0
	
	

	Without geo-arc avoidance
	0
	
	

	With geo-arc avoidance
	50
	
	

	Without geo-arc avoidance
	50
	
	


[bookmark: _Toc172292763][bookmark: _Ref169002674][bookmark: _Toc174631017]



Effect of switching off transmissions around the radio telescope boresight
A question that sometimes arises is, how much the radiation entering the RAS system via the radio telescope main beam contributes to the overall interference power (i.e. epfd values). This is relevant for several other topics, e.g.:
Is it necessary to run complex epfd simulations or would it suffice to study main-beam to main-beam coupling (and perhaps the likelihood of having a satellite crossing the RAS beam)? 
How well would a mitigation technique work, where satellites cease transmission while flying through the pointing direction of the telescope and how large would such an avoidance area need to be? 
Is the RAS antenna pattern given by Recommendation ITU-R RA.1631-0 [2] sufficiently precise – it obviously describes the main beam well enough, but how much depend the epfd results on the details in the near- and far-side lobes?
In the following, a first step towards answering these points shall be taken, by studying (by example) how much the epfd levels would change by blanking certain areas around the RAS boresight, i.e. by strictly turning off the transmissions of any satellite within a certain angle from the boresight of the RAS station. Again, the default satellite configuration (introduced in section 5.1.3) as well as a very small constellation (see section 6.6) is used for the simulations, both assuming isotropic transmitters (the satellite antenna patterns are assumed to play a minor role in the qualitative assessment of exclusion areas). In the former case, an e.i.r.p. of -30 dBm is utilised, in the latter case a value of –10 dBm is used. Both lead to a significant excess of the RAS thresholds. The simulations were then repeated but with the RAS antenna gain set to zero within certain angular separations around the telescope pointings, to see at what exclusion radius size the RAS thresholds would not be exceeded anymore. The separation angles were chosen as multiples of the half-power beam width (HPBW) of the RAS beam, which is about 0.15°, noting that the HPBW refers to a diameter, while the angular separations of the avoidance area are referring to a radius (around the boresight). As for the section 6.6, the results of the smaller and the default satellite configuration cannot be quantitatively compared since different e.i.r.p values have been considered for each.
To rule out that beamforming capabilities on the satellites would lead to completely different findings, a third scenario was simulated. This uses the default constellation but with the AAS antennas as described in section 6.7 (again with random beam pointings, but no geo arc avoidance was applied, and a maximum e.i.r.p. of -15 dBm). It has to be noted that absolute values of the data losses and margins between the default configuration with and without beamforming cannot be compared directly, only the relative effectiveness of the boresight avoidance.
In Table 11, the results of these simulations are compiled. It can be seen that the first step – excluding only the area with a diameter of twice the beam width, i.e. the main beam down to the first minima in the pattern – does not lead to a significant reduction in the data loss values. For the larger constellation, at least the margin is increased notably (by about 10 dB without beamforming, but only about 1.5 dB with beamforming), which has to do with the fact that the resulting cumulative distribution of the epfd values is very flat in this part of the curve (i.e. small changes in percentage are associated with large changes in the epfd values). How large the exclusion area needs to be, depends on the details of the satellite constellation but to reduce the margin by 20 dB, about 10 or more degrees of angular separation are required, in the cases studied here.
It is important to note that the results in Table 11 represent only an example for very specific constellation parameters. The findings will likely significantly change if parameters such as the number of satellites or the frequency will be different. Therefore, if the beam-avoidance mitigation technique is considered, calculations with the correct set of technical parameters and deployment numbers have to be performed.
[bookmark: _Ref168564930]Table 11: Results of epfd simulations for various exclusion areas around radio telescope boresight
	Scenario
	Avoidance radius around
RAS boresight [°]
	Data loss [%]
	Margin w.r.t. RAS [dB]

	Default constellation
(484 satellites and
Ptx = -30 dBm)
	0
	
	

	
	0.15
	
	

	
	1.5
	
	

	
	3
	
	

	
	6
	
	

	
	15
	
	

	
	30
	
	

	
	45
	
	

	Small constellation	
(20 satellites and
Ptx = -10 dBm)
	0
	
	

	
	0.15
	
	

	
	1.5
	
	

	
	3
	
	

	
	6
	
	

	
	15
	
	

	
	30
	
	

	
	45
	
	

	Default constellation	
with beamforming	
(484 satellites and
max. e.i.r.p. = -15 dBm)
	0
	
	

	
	0.15
	
	

	
	1.5
	
	

	
	3
	
	

	
	6
	
	

	
	15
	
	

	
	30
	
	

	
	45
	
	







[bookmark: _Ref169043757][bookmark: _Toc174631018]Practical sources of information for epfd calculations
There is a question on where the information required to perform the epfd computation can be found. A part of that information is publicly available (during the submission process to ITU of non-GSO satellite system, the information that should be provided by the notifying administration of that non-GSO satellite system is described in Appendix 4 of the Radio Regulations). Another part is not and should preferably be provided by the non-GSO operators to ensure a maximum accuracy on the results. This section also explores some potential alternatives in case some information is missing.
[bookmark: _Toc174631019]Non-GSO information available in Appendix 4 data
When performing epfd computation for non-GSO constellations, detailed information about the non-GSO satellite system is needed, including operational parameters. Some of this information and parameters can be found in the data provided to ITU-R by the notifying administration of the non-GSO system (as specified in The ITU Radio Regulations, Appendix 4), and their ID is provided in Table 12.
[bookmark: _Ref169040965]Table 12: Sources of non-GSO operational parameters in ITU filings
	Non-GSO operational parameter description
	Details
	Filing parameter ?
	Parameter name in Appendix 4 data
	Parameter units
	Parameter id in filing information provided by notifying administration

	PFD mask
	Indicates, by latitude, the maximum power flux density that can be transmitted by a non-GSO satellite in the space-to-Earth direction
	Not directly in Filing database, attached separately
	
	dBW/m2/Ref_bw
	

	Non-GSO Tx Antenna Pattern
	
	Not mandatory (overtaken by pfd mask in bands where Art. 22 applies) 
	
	no unit for pattern 
dBi for maximum gain
	-B3c1 antenna radiation pattern ID
-B3a1 maximum gain

	Maximum number of non-GSO satellites operating co-frequency at latitude [lat]
	Indicates the maximum quantity of satellites that can transmit signal over a given area on earth's surface
	Yes
	Nco [latitude]
	Alphanumeric value
	A.4.b.6.a.1

	Minimum elevation angle
	Specifies the minimum elevation angle under which an earth station cannot connect to a given non-GSO satellite.
	Yes
	ES_MINELEV
	Degree
	A.4.b.7.cbis

	GSO exclusion zone
	Area on earth in which the non-GSO satellites cannot transmit to protect GSO service
	Deduced from the pfd mask(s)
	Alpha or X
	Degree
	

	Frequency re-use scheme
	Specifies the division of the frequency plan accessible to the non-GSO system (ex: 4-color scheme means that the bandwidth is shared in 4 portions)
	No
	
	
	

	Tracking strategy
	Indicates the conditions that a user earth station will follow to connect to the non-GSO satellites 
	No
	
	
	

	Duty Cycle / Activity factor
	Specifies the portion of time during which the non-GSO satellites and the associated are transmitting
	No
	
	
	


[bookmark: _Toc174631020]Antenna Pattern
The antenna pattern can be part of Appendix 4, but it is not a mandatory information. Only the maximum gain (in-band) has to be provided. Antennas are generally optimised to be as directive as possible within the bands they are expected to transmit in, but this optimisation, which is done during the antenna subsystem overall design and production, has an impact on both the directivity and the polarisation in adjacent bands. It is therefore not possible to deduce from the already available data contained in Appendix 4 the radiation pattern in the RAS bands.
In consequence, the radiation pattern of the non-GSO systems in the RAS bands would need to be provided by the non-GSO system operator or its notifying administration.
It is worth to note that, when considering the case of emissions in RAS bands not directly adjacent to the transmitting bandwidths of the non-GSO systems in the space-to-Earth direction, a simple approach can be to consider that in those bandwidths the non-GSO emissions follow an isotropic antenna pattern. But in this case also, the associated e.i.r.p. would need to be provided by the non-GSO system operator or its notifying administration.
[bookmark: _Ref168936023][bookmark: _Toc174631021]Transmitted Power
The in-band transmitted power of a satellite is also provided in Appendix 4. However, there is no information given about the power transmitted outside of the bands filed by the satellite system. Recommendation ITU-R SM.1541-6 [35] aims at providing an envelope of those out-of-band (OOB) emissions but gives conservative results compared to actual systems OOB emission levels. This conservative aspect of Recommendation ITU-R SM.1541-6 [35] can be illustrated with the case of OneWeb. 
Considering the appropriate parameters for Recommendation ITU-R SM.1541-6 (120 MHz of assigned band, spurious limit is equivalent to 40 dBsd) [35], the OOB emission mask shown in Figure 42 is obtained.

[bookmark: _Ref168491806][bookmark: _Ref168491754]Figure 42: Out-of-band emission mask following Recommendation ITU-R SM.1541-6 [35]
The average attenuation in the 10.6-10.7 GHz bandwidth is of 7.1 dB.
Now, with the information publicly available in the OneWeb L5 satellite filing in Ku-band (beams TAR2 and TAR3), a maximum transmitted power spectral density of -72.3 dBW/Hz and a maximum gain of 25.9 dBi are indicated. 
A bandwidth of 100 MHz (corresponding to the width of the adjacent RAS primary allocation), and an OOB attenuation of 7.1 dB as per Recommendation ITU-R SM.1541-6 [35] would correspond to an e.i.r.p. density of –72.3+10*log10(100 MHz) –7.1 + G= 0.6 + G dBW/100 MHz, where G is the average antenna gain in the 10.6-10.7 GHz band.
In ECC Report 271 [29], it was stated that the maximum e.i.r.p radiated within the RAS band and coming from the nearest channel would be of –5 dBW/100 MHz (still unacceptable for RAS).
It would mean that the average gain of the antenna in the 10.6–10.7 GHz would be –5.6 dBi. It would mean that the difference in term of gain is of more than 30 dB with the gain in the immediately adjacent channel (25.9 dBi, as indicated above), which is not realistic.
The conclusion is that the attenuation given by Recommendation ITU-R SM.1541-6 [35] is conservative. In the absence of OOB characteristics provided by the non-GSO system operator or its notifying administration, Recommendation ITU-R SM.1541-6 [35] can be used in a first approach, but to reach definitive conclusions, the exact characteristics should be used.
[bookmark: _Toc174631022]Number of satellites to consider and pointing strategy
In general, all the satellites above the horizon at the geographical position of a RAS station, transmitting in a frequency band adjacent or nearby to a RAS band, may contribute to the aggregate level of interference, as, due to the sensitivity of RAS receiving systems, their gains are non-negligible in any direction. The satellites below the minimum elevation angle of the RAS station may also contribute to the aggregate level of interference.
This is especially true if the non-GSO satellite emissions are assumed to follow an isotropic antenna pattern: in that case it can be considered that any satellite in visibility of the RAS station contributes unwanted received power at the RAS station if that satellite is active and transmitting. 
If the antenna pattern is non-uniform, the pointing strategy, i.e. the procedure that determines the pointing direction of any satellite of the constellation at any given time, becomes highly relevant for the calculation of the epfd levels. 
It is particularly important to know, at each moment, which satellites out of the entire constellation is transmitting in the area in which the RAS station resides, since they can be any of the non-GSO satellites which are simultaneously in visibility of the radio astronomy site and outside of the GSO avoidance arc. The quantity of satellites transmitting towards a given area on Earth’s surface at the same time is determined by the “Nco” parameter (parameter A.4.b.7.a of the Radio Regulations, Appendix 4).
[image: ]
[bookmark: _Ref168563818]Figure 43: Illustration of Nco Parameter
[bookmark: _Ref173911792][bookmark: _Toc174631023]Non-Nco satellites
It is also important to know the pointing direction of the remaining "non-Nco" satellites which are also in visibility of the radio astronomy site (as illustrated in Figure 43). It is relevant since they still emit a small, but significant amount of power in the direction of the RAS station, through their side and back lobes. The complete pointing strategy would therefore be, in principle, a requirement for the accurate computation of the average data loss of the RAS due to interference from satellite constellations, but, apart from the Nco parameter, no information with respect to the pointing strategy is provided by the notifying administration of the non-GSO system.
[bookmark: _Toc168496822][bookmark: _Toc168497527][bookmark: _Toc168586776][bookmark: _Toc168588182][bookmark: _Toc168588572][bookmark: _Toc168657147][bookmark: _Toc170458825][bookmark: _Toc170459145][bookmark: _Ref168585885][bookmark: _Toc174631024]Potential alternatives to missing parameters
The accuracy of epfd and data loss calculations to determine the single entry or aggregate interference level of non-GSO systems on RAS depends on the available information on the parameters discussed in section 5.1.2. Not in all cases all the required information is available, in which case an alternative might be used. In section 5.1.2. existing recommendations for those parameters or their absence have been identified. 
Table 13 summarises potential fallback options and corresponding recommendations and indicates if recommendations are missing. Note that when parameters have been provided directly by operators they should be used.
[bookmark: _Ref169011649]Table 13: Potential alternatives to missing parameters
	Parameter description
	Parameter
	Recommendation
	Potential fallback option

	Telescope geographical position
	Telescope geographical longitude
	Not available
	No fallback option. If telescope is not specified, choose a representative sample of filed radio telescopes and use values thereof

	
	Telescope geographical latitude
	Not available
	No fallback option. If telescope is not specified, choose a representative sample of filed radio telescopes and use values thereof

	Telescope altitude
	
	Not available
	No fallback option. If telescope is not specified, choose a representative sample of filed radio telescopes and use values thereof

	RAS station antenna pattern
	
	Recommendation ITU-R RA.1631-0 [2]
	Use Recommendation ITU-R RA.1631-0 [2] if the antenna diameter is known. If telescope is not specified, choose a representative sample of filed radio telescopes and use values thereof

	RAS station minimum elevation
	
	Indicated in ITU-R Resolution 739 (Rev. WRC-19)
	If telescope is not specified, choose elevation limits for a representative sample of filed radio telescopes or 5° as indicated in ITU-R Resolution 739 (Rev. WRC-19)

	Satellite constellation orbital parameters
	Semi-major axis a
	Not available
	No fallback option. If systems are not described, choose a representative sample of filed satellite systems

	
	Eccentricity e
	Not available
	

	
	Inclination i
	Not available
	

	
	Longitude/right ascension of the ascending node Ω
	Not available
	

	
	Argument of perigee (ω)
	Not available
	

	
	True anomaly (ν)
	Not available
	

	Transmitted power
	
	Recommendation ITU-R SM.1541-6 [35]
	Use Recommendation ITU-R SM.1541-6 [35] for OOB transmission

	Satellite antenna pattern
	
	Not available
	Use Recommendation ITU-R S.1528 [38] below 30 GHz for in-band[footnoteRef:5] [5:  If no other information is available an omnidirectional pattern could be assumed for out of band emissions for some systems, but this would be worst-case.] 


	Satellite pointing strategy
	
	Not available
	If this cannot be deduced or a model is missing, different options are possible (e.g. nadir pointing, random pointing).
For the Nco parameter in the epfd computation and the selection of the satellite(s) transmitting in the direction of the RAS site different options are possible (e.g. highest elevation, random).

	Transmitted power duty cycle or activity factor
	
	Not available
	It may be assumed that the satellites of the non-GSO constellation are continuously transmitting, meaning that the activity factor is 100%

	Frequency re-use scheme
	
	Not available
	As a worst-case assumption it can be assumed that all satellites of the non-GSO constellation are transmitting signal in the portion of bandwidth directly adjacent to the RAS service



[bookmark: _Toc174631025]Conclusions
The main goal of this report is to study the aggregation of received power from multiple satellite constellations into radio astronomy receiving systems. For this, the equivalent power flux density (epfd) method has been applied, which is described in detail in section 5.1. The threshold levels of interference detrimental to different types of radio astronomy observations (continuum observations, spectral line and VLBI observations) are provided in Recommendation ITU-R RA.769-2 [4]. The protection criterion, given in Recommendation ITU-R RA.1513-2 [5], is met when the data loss is less than 2% for an individual non-GSO satellite system, i.e. when less than 2% of the epfd samples over the entire sky, each averaged over 2000 s, exceed the threshold value given in Recommendation ITU-R RA.769-2, using the methodology given in Recommendation ITU-R M.1583-1 [7] and ITU-R S.1586-1. Recommendation ITU-R RA.1513-2 also specifies that a criterion of 5% is to be used for the aggregate data loss to the RAS due to interference from all networks. This Report also identifies the parameters of the radio astronomy station as well as the ones of the non-GSO satellite system(s) required in the analysis. Sensitivity analyses on some of those parameters are included as well.
To date, if technical parameters or deployment information (e.g. satellite antenna pointing directions) are not provided, no method is known to estimate the epfd and data loss at an RAS site caused by a single satellite system. Regarding aggregate data loss from multiple non-GSO satellite systems, it was found that it could not be directly inferred from the respective data losses corresponding to each of the individual non-GSO satellite system. The aggregate data loss needs to be calculated from the summation of epfd of all considered non-GSO satellite systems for each time sample.
This Report also includes examples, including data loss calculations, and investigates the dependency of the outcomes of the simulations on single parameters (section 6). Some key findings are as follows:
the equatorial coordinate reference frame offers a potential alternative or complement to the usual calculations in the horizontal (topocentric) observer frame. Equatorial coordinates are more commonly used in astronomy to compensate for the Earth's rotation. Results in the equatorial and horizontal frames can differ, with the distribution of the power in the equatorial frame usually being smoother over the sky;
boresight avoidance, which is the technique to switch off satellite transmissions when a satellite is moving through a RAS observing beam (assuming the beam pointing is known in real time) may help to mitigate interference and to reduce data loss but could require relatively large areas around the RAS beam to be kept free from transmission. Boresight avoidance would however always require close coordination between the operators of the non-GSO satellite system and all the RAS stations to be protected.
the geo-arc avoidance concept, which is used to protect GSO from non-GSO systems, is estimated to have a limited impact on RAS epfd results and could be left out from calculations in order to simplify the studies.
The above findings are valid for the chosen example configurations and there may be certain sets of parameters and deployments for which different results could be obtained. Some of the required parameters are not publicly available, and the report lists examples of potential fall-back solutions that may be used when it is the case. Confidence in the results can only be achieved through the joint cooperation between radio astronomers and non-GSO system operators (and their respective notifying administrations), as they are the only ones in position to provide all the missing information on the operational characteristics of their respective systems.
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