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1 Introduction
Discontinuous coverage was discussed in RAN2#113bis-e. The following points were endorsed [1] 

	· There is significant interest for Power saving in idle mode for NTN IOT devices, e.g. there is significant interest for enhancements to eDRX/PSM (discontinuous coverage) and to relaxed monitoring, SI acquisition and WUS.
· (modified P1) For handling of coverage holes or discontinuous satellite coverage in a power efficient way R2 assumes that Satellite assistance information, e.g. ephemeris info, can be used. NTN cell specific information in SIB


In RAN2 #115-e, the following agreements [2] were made:
	· RAN2 confirms that the following will be supported: discontinuous coverage without excessive UE power consumption and without excessive failures / recovery actions. It is expected that this need to be taken into account at least for Idle mode. The requirement is applicable for all reference scenarios (GEO, MEO and LEO).
· Satellite assistance information will be used by the UE for predicting coverage discontinuity. The details of the assistance information is FFS. FFS whether any applicable agreements made in NR-NTN can be reused.
· The details of UEs actions when predicted to be out of coverage is FFS, e.g. stopping unnecessary cell search in the Idle mode, and FFS to what extent this need to be specified. 
· It is FFS to what extent it need to be specified the details of UE’s prediction of discontinuous coverage and its ability to detect when it is back in coverage.
· RAN2 sends an LS to SA2 and CT1 (cc: RAN3) for the possible alignment work in their specification due to the support of discontinuous coverage.



In RAN2 #116-e, further agreements [3] were made:
	· Satellite Ephemeris Parameters (not same as for L1 pre-compensation, for the constellation, not just single satellite) is needed for the UE for predicting coverage discontinuity. Other info, e.g. beam info, elevation angle, reference location or corresponding is FFS. 
· Providing the start-time of (incoming) satellite’s coverage and end-time of serving satellite’s coverage is needed for Quasi-Earth Fixed satellites.
· From RAN2 point of view, the existing power saving mechanisms e.g. DRX, PSM, eDRX, relaxed monitoring, and WUS can be reused in IoT-NTN. Minor enhancements in existing power saving mechanisms to support discontinuous coverage is FFS.



Furthermore, in RAN1#106bis-e ephemeris PV and orbital parameters has been agreed to be used as Working Assumption [3]. The Orbital parameter overhead is around 18 bytes
In this contribution, we discuss long-prediction of coverage gaps and idle DRX / PSM aspects for discontinuous coverage in IoT-NTN, with minimal impact on the specifications.
2 Discussion
Long prediction accuracy:
It is sufficient of the UE wakes up from idle DRX or PSM at approximately the right time, preferably a little bit before the next satellite flyby. Prediction windows and prediction errors for next 5 consecutive passes assuming orbital parameters are shown in Figure 1. The error of the prediction made by the IoT device is based on comparison between ephemeris orbital parameters at epoch time T0 and TLE with much accurate orbit propagators (SGP4). A SSO satellite at ~500km was considered, along its corresponding NORAD TLEs computed at 1st of May 2021 10:47:07 and 1st of May 2021 18:39:13. More details are provided in Sateliot / GateHouse contribution in RAN2#114-e in [5]. Assuming the same satellite comes into coverage again after 12 hours, the prediction error can be in the order of 22 seconds. On the other hand, if the same satellite comes into coverage after 40 hours, the prediction error is in the order of 120 seconds. 
Figure 1 – Prediction errors vs. prediction windows.
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Pass prediction using TLEs and orbit propagators such as SGP4 could be more accurate, with prediction errors of the satellite position typically in the order of a few km per day, with 60 km for a prediction window of 15 days, which would lead to a prediction error of the start of a satellite pass in the order of ~8 seconds (assuming a satellite speed of 7.5 km/s). New ephemeris formats targeting discontinuous coverage could be considered in Rel-18. More details can be found in Sateliot / GateHoutse [6].
RAN1#107-e agreed satellite ephemeris formats and also agreed broadcast of ephemeris on SIB for serving cell for UE pre-compensation for UL synchronization. UE can store the serving cell ephemeris in memory when the satellite comes into coverage. The same satellite should come back into coverage at least once or twice a day.
Long-term prediction of satellite position and velocity with ephemeris orbital can allow the UE to wake up before the satellite comes into coverage for mobile-originated calls and for mobile-terminated calls. It can be discussed how the network can send the paging at the right time when the satellite is within coverage of a UE. It is up to the network how to configure idle DRX/PSM for the UE and assume that based on ephemeris broadcast to UE it will wake up at the right time that coincides when the satellite will be next flying over the UE. If UE is not moving too much, then it is deterministic when the satellite will move into coverage of a given UE.
Observation 1: Satellite ephemeris orbital parameters could provide accuracy in the order of 20 seconds for prediction windows of ~12 hours and up to ~200 seconds for prediction windows of ~3 days.  
Observation 2: Mean orbital parameters and associated propagators such as TLE/SGP4 could provide satellite position estimation for long-term pass predictions with accuracies in the order of a few km of position error per day, resulting in prediction errors of satellite passes in the order of 10-20 seconds for prediction windows of 15-30 days. 
Proposal 1: Satellite ephemeris orbital parameters is used as the basic mechanism for pass prediction by UEs in Rel-17.
[bookmark: _Hlk92713471]Proposal 2: More optimized solutions based on e.g. mean orbital parameters (such as TLE) for pass prediction by UEs can be deferred to Rel-18.   
Proposal 3: The lowest level of knowledge in network of when a UE will be in coverage of a satellite is the time when the UE last accessed the satellite cell. 

UE Power consumption analysis:
We use the assumption that the UE could wake up 150 seconds for the same satellite (with using same serving cell ephemeris L1 pre-compensation and including some margin – i.e., no knowledge of beam, elevation angle, reference location) before the expected in-coverage time of satellite and attempt satellite cell search at every 10 seconds, instead of trying all the time assuming a “dumb” UE implementation. This would be sufficient for UE wake up to every 40 hours, which should allow several passes of the same satellite. 
Table 1 shows the impact on UE consumption is reasonable under the following assumptions. 
· UE wakes up 150 seconds with cell access attempt every 10 seconds before satellite comes into coverage
· Long term prediction with UE’s location and satellite ephemeris is done at the UE
For the UE power consumption, the methodology used in Release 17 TR 36.763 Section 6.3.1.1 based on Release 13 TR 45.820 Clause 7.2.4.5.2 was used. 
Assuming UE has knowledge of the beam diameter improves the UE power consumption in case of lower MCL with higher frequency of report of 2 hours. However, it is not seen as essential as the battery life is at least in the order of several years. A higher MCL, the battery life is dominated by the high level of repetitions and knowledge of the beam provides marginal improvement. Without knowledge of the beam diameter, the UE  should wake up  when the satellite comes into coverage, so wake-up time should include a sum-margin taking into account both satellite position error margin and the maximum IoT NTN beam diameter. Assuming an IoT NTN beam diameter of 1700 km in LEO-600 km in Set 4 and a satellite velocity of 7.55 km/s, the UE would need to wake up about 112 seconds (=1700 km / 2 / 7.55 km/s) early with respect to cell diameter and an additional time due to the along-path prediction error for the satellite position.  

[bookmark: _Hlk92697898]Table 1: Battery life analysis example for UE Wake up 150 seconds with cell access attempt every 10 seconds before satellite comes into coverage with maximum IoT NTN cell of 1700 km. We considered worst case with 1700 km with 3 tries if beam size is known (instead of 15 tries if the beam knowledge is not known). This provides a baseline for the power consumption when the satellite always comes into coverage upon fly-by regardless of cell size. The margin needed for cell search decreases with the cell size, so if a beam-size is known the number of searches can be decreased e.g. 500 km/2/7.5 km/s = ~4, and e.g. 100 km/2/7.5 km/s = ~0 with an additional margin of 3 due to the satellite prediction error.

The analysis shown in Table 1 suggests the performance is improved compared to no beam knowledge, but the gains with beam knowledge are not essential in terms of UE power consumption in Rel-17.
	UE Wake up 150 seconds with cell access attempt every 10 seconds before satellite comes into coverage
Long term prediction with UE -location and ephemeris is done at the UE

	Cases
	With contiguous coverage including GNSS
	With 15 (=11+4) tries every 10s (w/o beam knowledge)
	With 3 tries every 10 seconds (w/ beam knowledge)
	With 7 tries every 10 seconds (w/ beam knowledge)

	50 B, 1 day, MCL=154 dB (warm fix)
	23.7 years battery life
	20.1 years battery life
	22.9 years battery life
	21.9 years battery life

	50 B, 1 day, MCL=164 dB (warm fix)
	15.3 years battery life
	13.7 years battery life
	15.0 years battery life
	14.5 years battery life

	50 B, 2h, MCL=154 dB (hot fix)
	8.4 years battery life
	4.7 years battery life
	7.3 years battery life
	6.2 years battery life

	50 B, 2h, MCL=164 dB (hot fix)
	2.5 years battery life
	2.0 years battery life
	2.4 years battery life
	2.3 years battery life


Table 1: UE power consumption with one satellite pass within 12 hours with and without beam knowledge
Figure 2 illustrates satellite cell search and UE wake up margins in blue. The analysis in table 1 assumes the UE travels along-track through nadir, but it does not account for the number of times a UE without beam information might think it is coverage ie. within the 1700 km set-4 cell swath while the actual cell swath is smaller as illustrated in figure 2. Note that the term swath is used here instead of diameter since cells may be nonspherical or elliptic to increase the number of UEs covered. This can lead to some false positive for UE wake up, where the UE assume the satellite is in coverage based on maximum beam diameter of 1700 km but the UE is located outside the actual (smaller) beam diameter.   If  UEs are not in coverage of a satellite pass, then they will have to try again 12 h later or if there is another satellite that comes into coverage say 4h later, then it can try again. Assume there are 3 satellites with each satellite coming potentially into coverage within 12h at least for some UEs. One satellite pass every 4h can be potentially assumed to come into coverage for a UE.  In the case, a UE need to attempt the cell search procedure over 3 successive satellite passes within 12 h as could be the case for a 1000 km diameter cell when there is no beam information (3rd fly-by is 90th percentile CDF). In this example the maximum of tries becomes 15*3 = 45. The impact on UE power consumption is still reasonable and would allow UE to access the satellite once every 12 h as shown in Table 2.


	Cases
	With contiguous coverage including GNSS
	With 15 (=11+4) tries every 10s (w/o beam knowledge)
	With 3 satellite passes with 15 (=11+4) tries each or 3*15=45 tries every 10 seconds (w/o beam knowledge)

	50 B, 1 day, MCL=154 dB (warm fix)
	23.7 years battery life
	20.1 years battery life
	15.4 years battery life

	50 B, 1 day, MCL=164 dB (warm fix)
	15.3 years battery life
	13.7 years battery life
	11.3 years battery life

	50 B, 2h, MCL=154 dB (hot fix)
	8.4 years battery life
	4.7 years battery life
	2.5 years battery life

	50 B, 2h, MCL=164 dB (hot fix)
	2.5 years battery life
	2.0 years battery life
	1.5 years battery life


Table 2: UE power consumption with 3 satellite passes within 12 hours and no beam knowledge
[image: ]












Figure 2 Satellite cell search and UE wake up illustration
Note that if there is only one satellite pass and some UEs may not be in coverage of the satellite, then the UE will simply try every 12 hours with a larger prediction error assumed. Over 3*12 h, the prediction error will be around 100s, or 100s/10s=10 tries plus the 11 tries assuming 1700 km beam size. The total number of tries is 3*(11+4+7+10)=96 tries every 12 h. This suggests that potential enhancement to signal the Almanac with mean orbital parameters (such as TLE) as discussed previously would be beneficial to decrease the margin due to prediction error. Indeed, it also shows how beneficial it is to have knowledge of several sattellites compared to a single satellite.
Observation 3: Knowledge of the beam diameter is not essential for Rel-17, as the battery life in IoT devices is at least in the order of several years.
Proposal 4: Signalling to UE of beam diameter can be deferred to Release 18.
Signalling of multiple satellite ephemeris:
Main motivation for multiple satellite ephemeris is that UE can wake up to access other satellites, which are likely to come into coverage. This avoids the UE to be only capable of accessing a single satellite that would come into coverage at most once every twelve hours. If the ephemeris of several satellites is signalled to the UE every time a satellite comes into coverage, then the UE can readily predict when the neighbour satellites also come into coverage and subsequently access these. 
[bookmark: _Hlk92288754]Another benefit is to allow the UE to make prediction over much shorter time of a few hours assuming for example that at least one satellite comes into coverage every 2 hours. Then, the UE prediction error shown on Figure 1 could be in the order of 5 seconds, which would result in improved UE power consumption. Note that it has been already agreed in RAN2 that satellite ephemeris parameters “for the constellation, not just single satellite” is needed for the UE for predicting coverage discontinuity. The satellite ephemeris formats to be used are the ephemeris position and velocity format and the orbital parameter format as specified by RAN1. We have preference for satellite ephemeris orbital parameters for discontinuous coverage as these allow a simpler long-term prediction for UE wake up to access other satellites.
Observation 4: Satellite Ephemeris Parameters (not same as for L1 pre-compensation, for the constellation, not just single satellite) allows UE to access other satellites and further improve UE power consumption. 

Ideally, UE wakes transmit packet and get multiple-satellite ephemeris on SIB or dedicated RRC signalling. Delivery mechanisms: On SIB, dedicated RRC signalling  (Note RRC signalling has factor ~10 efficiency compare to SIB)
Proposal 5: Satellite Ephemeris Parameters (not same as for L1 pre-compensation, for the constellation, not just single satellite) for discontinuous coverage can be sent using either NTN-specific SIB or dedicated RRC signalling.

Assuming each satellite ephemeris is 18 bytes (as agreed in RAN1#106-bis-e) with 3 satellites typically considered as an example, then the signalling overhead is:
· 3 satellites * 18 bytes every Tcov/N for SIB, 
· Tcov is satellite coverage time 
· N is the number of times the multiple ephemeris is broadcast within Tcov
Assuming the multiple satellite ephemeris orbital parameters is broadcast, then the overhead is 3*18 bytes * Tcov / N.  For Tcov = ~ 2 min and N = 1, this becomes only 48 bytes every 2 minutes or 3.6 bps. On the other hand, for N = 10, this will increase to 480 bytes every 2 minutes or 36 bps.
Proposal 6: Signalling of ephemeris orbital parameters for up to 5 satellites with a defined periodicity for UE wake up in discontinuous coverage is supported. 
 
Coverage Window and Paging Window:
The UE does not need to wake up every time the satellite comes into coverage, if it is not configured to receive paging based on its idle DRX / PSM configuration or does not need to initiate a mobile originated call (no data to report). A simple procedure could apply as follows:
· The network knows when the UE wakes up at time t=t0 assuming it has not changed its location too much since its last access to the cell. 
· The network also assumes the UE can wake up a bit early before time t0. 
· The network can then try to page UE at time t0 assuming it is in coverage of a given satellite cell. If this fails, it can re-try in same satellite cell at time t0 plus some delta_t consistent with the given cell satellite cell coverage. 
· If this fails, then network can try to page at time t=t1 in given satellite cells, or other close satellite cells, and expand to farther satellite cells.
It may also be considered that UE tries every 2 seconds to synchronize to further mitigate the impact on UE power consumption. This kind of optimization can be up to UE implementation. The important thing to discuss is to determine how early the UE needs to wake up based on its idle DRX / PSM configuration and satellite ephemeris that it received and stored in its memory when it accessed the satellite cell successfully. This may be done over a number of days / weeks, so over that period of time the UE would have very good a priori knowledge when a next satellite will fly by and wake up just in time to access the satellite cell. 
As is the case in cellular paging, we should not target 100% paging success for NTN paging anywhere anytime for all UEs (paging can occasionally fail in cellular IoT). If paging does fail, a UE may initiate satellite cell search and access the network when in coverage of a satellite. Those enhancements for corner cases could be left to the implementation / application layer.  
The behaviour of the UE and the network can be different with respect to Idle DRX / PSM. 
· The UE can choose to leave idle DRX / PSM at any time. This is normal way for mobile-originated calls. 
· The network will not page a UE when it is in Idle DRX / PSM.
Proposal 7: When required the network should page the UE, using the UE’s latest location information available in the network 

3 Conclusion
In this contribution, we have the following observations and proposals regarding the discontinuous coverage in IoT-NTN:
Observation 1: Satellite ephemeris orbital parameters could provide accuracy in the order of 20 seconds for prediction windows of ~12 hours and up to ~200 seconds for prediction windows of ~3 days.  
Observation 2: Mean orbital parameters and associated propagators such as TLE/SGP4 could provide satellite position estimation for long-term pass predictions with accuracies in the order of a few km of position error per day, resulting in prediction errors of satellite passes in the order of 10-20 seconds for prediction windows of 15-30 days. 
Proposal 1: Satellite ephemeris orbital parameters is used as the basic mechanism for pass prediction by UEs in Rel-17.
Proposal 2: More optimized solutions based on e.g. mean orbital parameters (such as TLE) for pass prediction by UEs can be deferred to Rel-18.   
Proposal 3: The lowest level of knowledge in network of when a UE will be in coverage of a satellite is the time when the UE last accessed the satellite cell. 
Observation 3: Knowledge of the beam diameter is not essential for Rel-17, as the battery life in IoT devices is at least in the order of several years, with improvements are observed in the more challenging scenarios of higher Maximum Coupling Losses (MCL).
Proposal 4: Signalling to UE of beam diameter can be deferred to Release 18.
Observation 4: Satellite Ephemeris Parameters (not same as for L1 pre-compensation, for the constellation, not just single satellite) allows UE to access other satellites and further improve UE power consumption. 
Proposal 5: Satellite Ephemeris Parameters (not same as for L1 pre-compensation, for the constellation, not just single satellite) for discontinuous coverage can be sent using either NTN-specific SIB or dedicated RRC signalling.
Proposal 6: Signalling of ephemeris orbital parameters for up to 5 satellites with a defined periodicity for UE wake up in discontinuous coverage is supported    
Proposal 7: When required the network should page the UE, using the UE’s latest location information available in the network. 
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Appendix
RAN1#107-e agreed satellite ephemeris format as follows:

	· Support serving satellite ephemeris format bit allocations for LEO/MEO/GEO based non-terrestrial access network: 
· Position and velocity state vector ephemeris format is 17 bytes payload. 
· The field size for position (m) is 78 bits 
· Position range is driven by GEO : +/- 42 200 km
· The quantization step is 1.3m for position
· The field size for velocity (m/s) is 54 bits 
· Velocity range is driven by LEO@600 km: +/- 8000 m/s
· The quantization step is 0.06 m/s for Velocity
· Orbital parameter ephemeris format 18 byte payload 
· Semi-major axis α (m) is 33 bits 
· Range: [6500, 43000]km
· Eccentricity e is 19 bits 
· Range: ≤ 0.015
· Argument of periapsis ω (rad) is 24 bits 
· Range: [0, 2π]
· Longitude of ascending node (Ω rad) is 21 bits 
· Range: [0, 2π]
· Inclination i (rad) is 20 bits 
· Range: [- π/2 , + π/2]
· Mean anomaly M (rad) at epoch time to is 24 bits 
· Range: [0, 2π]
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