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1	Introduction
The study item on solutions evaluation for NR to support Non-Terrestrial network has been approved in RAN #80 [1].
In the TR38.821, the different scenarios are captured:
Table 4.2-1: Reference scenarios [TR38.821]
	
	Transparent satellite
	Regenerative satellite

	GEO based non-terrestrial access network
	Scenario A
	Scenario B

	LEO based non-terrestrial access network:
steerable beams
	Scenario C1
	Scenario D1

	LEO based non-terrestrial access network:
the beams move with the satellite
	Scenario C2
	Scenario D2



For LEO, satellite fixed (C2, D2) or steerable (C1, D1) beams result, respectively, in earth moving or earth fixed beam foot print (and thus NR cells) on the ground. For simplicity, in this paper, we use cells and beams interchangeably i.e. assuming one satellite beam corresponds to one NR cell.
In this paper, we discuss some of the differences and trade-offs between these two scenarios, specifically the impact of the minimum elevation angle and the beam pointing error.
2	Differences between earth fixed and earth moving cells
2.1 Impact of minimum elevation angle
For earth fixed cells we assume that the cell is fixated to a certain fixed location on earth from the time where the satellite (this cell belongs to), is at a certain elevation angle over the horizon until the same satellite has reached the same elevation angle at the opposite horizon. At that point in time, another satellite and cell take over and all RRC Connected UEs are handed over to the new cell at the new satellite.
For earth moving cells we assume that the cell coverage is following the satellite, e.g. right below in the nadir point, and moving with the speed of the satellite, i.e. 7.5 km/s. An illustration of earth fixed and earth moving cells can be seen in Figure 1 and Figure 2 respectively. Figure 1 shows also the minimum and maximum elevation angles relative to the cell centre. The minimum elevation angle represents the elevation angles when the fixed cell is created from a satellite, being low at the horizon, just after the cell was created and just before another cell from another satellite provides coverage to the area. The maximum elevation angle is when the satellite is right above the cell. The elevation angle moves over time from the minimum elevation angle to the maximum and then back to the minimum elevation angle.
[image: ]
Figure 1: Earth fixed cells (minimum and maximum elevation angles are relative to the cell center)
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Figure 2: Earth moving cells

Assuming a certain cell size, the path gain for earth moving cells is always equal or higher (lower path loss) than the path gain for earth fixed cells, as the beam in the former case will point directly down (i.e. the shortest radio propagation path), while for earth fixed cells the radio propagation distance between satellite and footprint on earth may be larger. At the same time the handover rate, that is the number of users experiencing a handover per time unit, of the earth fixed cells will be lower because the same satellite and cell are serving the specific area for longer time. Furthermore, in case of the earth moving cells the UEs have to be handed over gradually as the coverage area of the cells move; while in the earth fixed cells scenario, all UEs would need to be handed over to the new cell from the new satellite, in relatively much shorter time compared to the scenario with earth moving cells. For the earth fixed cells scenario it is assumed that the old and new cells overlap 100 % for a short period of time to allow for the handover to be initiated and completed.
Table 1 shows the normalised maximum and minimum free space path gain (no shadowing, no obstructions, no atmospheric effects, always LOS) together with the normalised handover rate for the case of one beam (and cell) per satellite. The beam has a 50 km diameter and the LEO satellite is at 600 km altitude – note that for earth fixed cells it is assumed that the satellite continuously performs beam shaping to maintain the fixed diameter and the full satellite path from minimum elevation angle to maximum elevation angle to minimum elevation angle is represented. The path gain is normalised to the path gain at the maximum elevation angle, where the path gain is largest. This path gain is the same for all the different cases, as also in the earth fixed cells scenario the satellite moves over the cell. The handover rate is normalised to the handover rate for the moving cells and represents the long-term average handover rate. The handover rate for moving cells is calculated based on the equation proposed in the ongoing RAN2 NTN email discussion [107#62] on Mobility aspects, where we set the UE speed to zero and convert time to handover to a long-term handover rate:
[bookmark: _Hlk19532685]
The handover rate for earth fixed cells is simply calculated from the speed of the satellite and the minimum elevation angles in the different scenarios.
Table 1 Normalised maximum, minimum path gain and handover rate for earth moving and earth fixed cells with different min angle over horizon for a LEO satellite at 600 km altitude and a 50 km diameter beam. 
	
	Normalised max path gain
	Normalised min path gain
	Normalised handover rate

	Earth moving cells
	


0 dB
	0 dB
	1

	Earth fixed cells, angle over horizon = 30 degrees 
	0 
	-3 dB
	0.024

	Earth fixed cells, angle over horizon = 50 degrees 
	1 
	-1.2 dB
	0.050

	Earth fixed cells, angle over horizon = 70 degrees 
	2 
	-0.3 dB
	0.115



As can be seen there is a tradeoff between the link budget and the handover rate, depending on the acceptable minimum elevation angle. Depending on the link budget of the deployment, the loss of 1.2-3 dB may have a severe impact on the achievable throughput.
Observation 1: Handover rates are lower for earth fixed cells but leads to lower minimum path gains for the same number of satellites and same cell diameter.
Meanwhile current LTE deployments have proven to be able to deal with quite high handover rates, especially in areas with small cells.
The earth fixed cell scenario requires that all UEs in a cell are handed over in very short time, when the target satellite starts to provide coverage in the current cell area and the source satellite moves below the minimum elevation angle for the considered cell. This leads to a large peak in processing power and will potentially overload the RACH resources of the target satellite cell. This is illustrated in Figure 3 for the different cases. Exactly how high the peak in processing is depends on the number of UEs and the exact implementation of the handovers. The time between consecutive peaks is in the range of minutes depending on the actual design of the satellite constellation and number of satellites.
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Figure 3 Schematic illustration of the number of handovers vs. time for moving cells and two scenarios with fixed cells.
Observation 2: The earth fixed cell scenario will lead to periodic peaks (bursts) in the number of handovers required to be executed in a short time, when the cell switching happens.
2.2 Impact of satellite beam pointing errors
In addition to the aspects discussed in Section 2.1, the actual number of handovers may be larger due to errors in the satellite beam pointing direction. The effect of this is shown in Figure 4, where the beam diameter displacement and beam diameter stretch are shown as a function of the elevation angle for different beam pointing errors, under flat Earth assumption. For these results we assumed a fixed beam width which provides a cell diameter of 50km at nadir (90 degree elevation); this also implies larger cell diameters are obtained towards the satellite coverage edge. As expected, the beam displacement (how much the center of the beam moves) and the beam stretch (how much the beam diameter changes) grow when the satellite gets closer to the horizon, at lower elevation angles. This will result in UE handovers, as the service area of the cell changes with movement of the satellite, and may also lead to interference issues between cells of neighboring satellites (assuming that the beam pointing error is the same for all cells originating from the same satellite). For instance, at 30 degrees elevation angle above the horizon, the displacement is as large as 45 km, which is as large as the diameter of the cell (50km), when considering a beam pointing error of 1 degree. 
Figure 5 show the beam displacements and stretch values vs. elevation angle in the scenario where the satellite can shape the beam width according to the beam pointing angle to ensure 50 km diameter for all beams (though not compensating for any beam pointing error). In this case, as expected, the beam displacements and stretch values are reduced compared to the case presented in Figure 4. Nevertheless, the same trends and large errors are still observed vs. the elevation angle. Additionally, the beam shaping mechanism assumed for the result sin Figure 5, leads to the requirement to realize the beamwidth values as depicted in Figure 6. E.g. beamwidths below 2 degrees would be needed for all elevation angles below 40 degrees, which implies additional complexity in the satellite antenna system implementation, both in terms of obtaining such narrow beamwidths and in terms of continuously adjusting the beamwidth as the satellite moves over the cell (for the earth fixed cell scenario).
Obviously, the effect of satellite beam pointing errors also exists in the moving beams scenario. However, as the elevation angles above the horizon are likely larger (see examples in Figures 1 and 2), the relative beam displacements and stretch values are smaller, e.g. for a 45 degree elevation angle the relative beam displacements and stretch values are 20km and 5.5km, respectively (see Figure 4).
Observation 3: The earth fixed cell scenario suffers more from satellite beam pointing errors due to the lower elevation angles.
Observation 4: For the earth fixed cell scenario, the beamwidth adjustment for low elevation angles may be beneficial to avoid cell stretching due to satellite beam pointing errors.
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Figure 4 Cell center displacement and beam diameter stretch as a function of elevation angle. Note the beamwidth is assumed to be fixed to ensure 50 km diameter only for the beam at nadir.
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Figure 5 Cell center displacement and beam diameter stretch as a function of elevation angle. Note the beamwidth is adjusted depending on the beam pointing angle to ensure 50 km diameter for all beams (without beam pointing error).
[image: ]
Figure 6 Required beam width as a function of elevation angle when the target is to maintain a 50 km beam diameter for all beams.
Proposal 1: Capture the above observations, Table 1 and Figure 4-6 in the TR 38.821 new Section 8.x. “NTN LEO with fixed vs. steerable beams”

3	Conclusion
In section 2 we made the following observations:
Observation 1: Handover rates are lower for earth fixed cells but leads to lower minimum path gains for the same number of satellites and same cell diameter.
Observation 2: The earth fixed cell scenario will lead to periodic peaks (bursts) in the number of handovers required to be executed in a short time, when the cell switching happens.
Observation 3: The earth fixed cell scenario suffers more from satellite beam pointing errors due to the lower elevation angles.
[bookmark: _GoBack]Observation 4: For the earth fixed cell scenario, the beam width adjustment for low elevation angles may be beneficial to avoid cell stretching due to satellite beam pointing errors.
Based on the discussion in section 2 we propose the following:
Proposal 1: RAN2 to discuss the above analysis and observations and capture the below TP to TR 38.821 
References
[1] 3GPP TR 38.821 V0.8.0 (R3-194796), Solutions for NR to support non-terrestrial networks
Text Proposal for TR 38.821
<<TP start>>
[bookmark: _Toc9617109]8.x	NTN LEO with fixed vs. steerable beams
2.1 Impact of minimum elevation angle
For earth fixed cells we assume that the cell is fixated to a certain fixed location on earth from the time where the satellite (this cell belongs to), is at a certain elevation angle over the horizon until the same satellite has reached the same elevation angle at the opposite horizon. At that point in time, another satellite and cell take over and all RRC Connected UEs are handed over to the new cell at the new satellite.
For earth moving cells we assume that the cell coverage is following the satellite, e.g. right below in the nadir point, and moving with the speed of the satellite, i.e. 7.5 km/s. An illustration of earth fixed and earth moving cells can be seen in Figure 1 and Figure 2 respectively. Figure 1 shows also the minimum and maximum elevation angles relative to the cell centre. The minimum elevation angle represents the elevation angles when the fixed cell is created from a satellite, being low at the horizon, just after the cell was created and just before another cell from another satellite provides coverage to the area. The maximum elevation angle is when the satellite is right above the cell. The elevation angle moves over time from the minimum elevation angle to the maximum and then back to the minimum elevation angle.
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Figure 1: Earth fixed cells (minimum and maximum elevation angles are relative to the cell center)
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Figure 2: Earth moving cells

Assuming a certain cell size, the path gain for earth moving cells is always equal or higher (lower path loss) than the path gain for earth fixed cells, as the beam in the former case will point directly down (i.e. the shortest radio propagation path), while for earth fixed cells the radio propagation distance between satellite and footprint on earth may be larger. At the same time the handover rate, that is the number of users experiencing a handover per time unit, of the earth fixed cells will be lower because the same satellite and cell are serving the specific area for longer time. Furthermore, in case of the earth moving cells the UEs have to be handed over gradually as the coverage area of the cells move; while in the earth fixed cells scenario, all UEs would need to be handed over to the new cell from the new satellite, in relatively much shorter time compared to the scenario with earth moving cells. For the earth fixed cells scenario it is assumed that the old and new cells overlap 100 % for a short period of time to allow for the handover to be initiated and completed.
Table 1 shows the normalised maximum and minimum free space path gain (no shadowing, no obstructions, no atmospheric effects, always LOS) together with the normalised handover rate for the case of one beam (and cell) per satellite. The beam has a 50 km diameter and the LEO satellite is at 600 km altitude – note that for earth fixed cells it is assumed that the satellite continuously performs beam shaping to maintain the fixed diameter and the full satellite path from minimum elevation angle to maximum elevation angle to minimum elevation angle is represented. The path gain is normalised to the path gain at the maximum elevation angle, where the path gain is largest. This path gain is the same for all the different cases, as also in the earth fixed cells scenario the satellite moves over the cell. The handover rate is normalised to the handover rate for the moving cells and represents the long-term average handover rate. The handover rate for moving cells is calculated based on the equation proposed in the ongoing RAN2 NTN email discussion [107#62] on Mobility aspects, where we set the UE speed to zero and convert time to handover to a long-term handover rate:

The handover rate for earth fixed cells is simply calculated from the speed of the satellite and the minimum elevation angles in the different scenarios.
Table 1 Normalised maximum, minimum path gain and handover rate for earth moving and earth fixed cells with different min angle over horizon for a LEO satellite at 600 km altitude and a 50 km diameter beam. 
	
	Normalised max path gain
	Normalised min path gain
	Normalised handover rate

	Earth moving cells
	


0 dB
	0 dB
	1

	Earth fixed cells, angle over horizon = 30 degrees 
	3 
	-3 dB
	0.024

	Earth fixed cells, angle over horizon = 50 degrees 
	4 
	-1.2 dB
	0.050

	Earth fixed cells, angle over horizon = 70 degrees 
	5 
	-0.3 dB
	0.115



As can be seen there is a tradeoff between the link budget and the handover rate, depending on the acceptable minimum elevation angle. Depending on the link budget of the deployment, the loss of 1.2-3 dB may have a severe impact on the achievable throughput.
The earth fixed cell scenario requires that all UEs in a cell are handed over in very short time, when the target satellite starts to provide coverage in the current cell area and the source satellite moves below the minimum elevation angle for the considered cell. This leads to a large peak in processing power and will potentially overload the RACH resources of the target satellite cell. This is illustrated in Figure 3 for the different cases. Exactly how high the peak in processing is depends on the number of UEs and the exact implementation of the handovers. The time between consecutive peaks is in the range of minutes depending on the actual design of the satellite constellation and number of satellites.

[image: ]
Figure 3 Schematic illustration of the number of handovers vs. time for moving cells and two scenarios with fixed cells.
2.2 Impact of satellite beam pointing errors
In addition to the aspects discussed in Section 2.1, the actual number of handovers may be larger due to errors in the satellite beam pointing direction. The effect of this is shown in Figure 4, where the beam diameter displacement and beam diameter stretch are shown as a function of the elevation angle for different beam pointing errors, under flat Earth assumption. For these results we assumed a fixed beam width which provides a cell diameter of 50km at nadir (90 degree elevation); this also implies larger cell diameters are obtained towards the satellite coverage edge. As expected, the beam displacement (how much the center of the beam moves) and the beam stretch (how much the beam diameter changes) grow when the satellite gets closer to the horizon, at lower elevation angles. This will result in UE handovers, as the service area of the cell changes with movement of the satellite and may also lead to interference issues between cells of neighboring satellites (assuming that the beam pointing error is the same for all cells originating from the same satellite). For instance, at 30 degrees elevation angle above the horizon, the displacement is as large as 45 km, which is as large as the diameter of the cell (50km), when considering a beam pointing error of 1 degree. 
Figure 5 show the beam displacements and stretch values vs. elevation angle in the scenario where the satellite can shape the beam width according to the beam pointing angle to ensure 50 km diameter for all beams (though not compensating for any beam pointing error). In this case, as expected, the beam displacements and stretch values are reduced compared to the case presented in Figure 4. Nevertheless, the same trends and large errors are still observed vs. the elevation angle. Additionally, the beam shaping mechanism assumed for the result sin Figure 5, leads to the requirement to realize the beam width values as depicted in Figure 6. E.g. beamwidths below 2 degrees would be needed for all elevation angles below 40 degrees, which implies additional complexity in the satellite antenna system implementation, both in terms of obtaining such narrow beam widths and in terms of continuously adjusting the beam width as the satellite moves over the cell (for the earth fixed cell scenario).
Obviously, the effect of satellite beam pointing errors also exists in the moving beams scenario. However, as the elevation angles above the horizon are likely larger (see examples in Figures 1 and 2), the relative beam displacements and stretch values are smaller, e.g. for a 45-degree elevation angle the relative beam displacements and stretch values are 20km and 5.5km, respectively (see Figure 4).

[image: ]
Figure 4 Cell center displacement and beam diameter stretch as a function of elevation angle. Note the beamwidth is assumed to be fixed to ensure 50 km diameter only for the beam at nadir.
[image: ]
Figure 5 Cell center displacement and beam diameter stretch as a function of elevation angle. Note the beamwidth is adjusted depending on the beam pointing angle to ensure 50 km diameter for all beams (without beam pointing error).
[image: ]
Figure 6 Required beam width as a function of elevation angle when the target is to maintain a 50 km beam diameter for all beams.
Based on the above analysis the following observations are made:
1. Handover rates are lower for earth fixed cells but leads to lower minimum path gains for the same number of satellites and same cell diameter.
2. The earth fixed cell scenario will lead to periodic peaks (bursts) in the number of handovers required to be executed in a short time, when the cell switching happens.
3. The earth fixed cell scenario suffers more from satellite beam pointing errors due to the lower elevation angles.
4. For the earth fixed cell scenario, the beam width adjustment for low elevation angles may be beneficial to avoid cell stretching due to satellite beam pointing errors.
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