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1	Introduction
Supporting discontinuous coverage is one of the objectives in NB-IoT/eMTC over NTN work item as described in WID RP-211601:
	[bookmark: _Hlk90888175]-	Support of discontinuous coverage without excessive UE power consumption and without excessive failures / recovery actions. Minor enhancements to the existing power saving mechanisms e.g. DRX, PSM, eDRX, relaxed monitoring, and (G)WUS can be considered, and if found needed, specified, to support discontinuous coverage;



	RAN2 #116 agreement:
- 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.


At RAN2 #116 the following was agreed:

In this contribution, we will discuss enhancements related to satellite ephemeris, paging, and power saving mechanisms in the context of discontinuous coverage. The target is to support discontinuous coverage without excessive UE power consumption and network signalling overhead.
2	Discussion
2.1	Coverage availability
As discussed in our previous RAN2 contribution [2] the satellite coverage windows are discontinuous and may be unevenly distributed. In [2] we provided simulation results for various LEO constellations at 600 km altitude. By defining a minimum elevation angle we observed that 
Observation 1: The satellite availability time varies from a few seconds to several minutes, depending on the minimum elevation angle and constellation.
Observation 2: The duration between satellite availability varies from minutes to hours, depending on the minimum elevation angle, UE location, and constellation.
Observation 3: The satellite availability time and the duration between satellite availability varies significantly (for a single constellation) over the course of days and weeks due to Earth rotation.
Based on the simulations in  [2] and the related observations, the UE may experience large variations in the satellite availability time and the duration between such availability for some constellations. Furthermore, UEs have different traffic profiles and thus some may need to transfer data at the first possible opportunity, while others could conserve energy and pick the first opportunity after e.g. 6 hours or 1 day. Therefore, different UEs could in principle benefit from different coverage information depending on their traffic profile. However, signaling such UE-specific information would lead to high signaling overhead and UE power consumption.
Furthermore, due to the Earth rotation the UE cannot always rely on reusing the ephemeris of the cell it previously camped on/was served by, but instead it needs information related to the future coverage of the location/area of the UE, potentially provided by other satellite(s). Since a constellation is likely to have multiple different orbits, the signaling overhead could be high, both in the scenario where broadcast is used to convey the information to RRC Idle UEs and in the scenario where information is signaled from CN to one UE. 
Observation 4: Signaling ephemeris for multiple orbits and multiple future satellite availability opportunities could result in high UE power consumption and high signaling overhead.
	RAN2 #116 agreement:
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. 


Therefore, in RAN2 #116 it was agreed that special satellite ephemeris (not for L1 pre-compensation) is needed for a UE to calculate the future coverage availability (in combination with the UE’s own location). The network-based coverage window prediction may be studied in a future release.
Such special satellite ephemeris shall be compressed/simplified to reduce the signaling overhead and UE power consumption. This is feasible, because the purpose of the new satellite assistance information would be to enable UE to predict the approximate coverage time of one or more future satellites. Therefore, the information could have lower granularity than current ephemeris. If the information is reduced in size it may be feasible to provide information on multiple orbits and satellite availability opportunities with limited signaling overhead.
To further limit the network impact, the satellite ephemeris information for neighbor/target cells should be broadcasted and not provided in dedicated signaling. The use of broadcast also facilitates that RRC Idle UEs can obtain the information without becoming RRC Connected. 
Proposal 1: The satellite ephemeris of neighbor/target cells for predicting coverage discontinuity shall be broadcasted.
2.2 	Satellite Ephemeris for Discontinuous Coverage
In the following section we provide some views on options for reducing ephemeris payload.
At RAN1 #107e the following agreement was made on ephemeris for NR NTN L1 pre-compensation.
	RAN1 #107 agreement:
Confirm the working assumption made at RAN1#106-bis-e on serving satellite ephemeris bit allocations for LEO/MEO/GEO based non-terrestrial access network:
· 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]



The ephemeris format based on a position and velocity state vector requires 17 bytes per satellite. This is a significant share of the potential NTN SIB, because the IoT technologies according to TS 36.331 only support 936 bits (117 bytes) and 680 bits (85 bytes), for eMTC and NB-IoT, respectively. 
	TS 36.331:
For BL UEs and UEs in CE, the maximum SIB and SI message size is 936 bits, see TS 36.213 [23]. For NB-IoT, the maximum SIB and SI message size is 680 bits, see TS 36.213 [23]



Observation 5: The ephemeris formats for L1 pre-compensation (17 bytes per satellite) consume a large fraction of a SIB (85-117 bytes for IoT).
There are two main reasons for the large number of required bits; 1) the quantization step is 1.3 m for the position and 0.06 m/s for the velocity, and 2) the position range includes GEO. The index for a single dimension requires the following number of bits:
 bits, i.e. 78 bits to cover x,y,z dimensions.
The very accurate quantization is needed for L1 pre-compensation, but not to determine when a satellite is approximately providing coverage in the area of the UE. A LEO satellite moves with about 7.56 km/s (according to TR 36.763) and if the UE shall be able to estimate the coverage availability with an accuracy in the order of seconds the quantization step could be adjusted to e.g. 3.8 km. Furthermore, the GEO satellites do not move i.e. there is no discontinuous coverage for that constellation and thus the position range could be scaled to +/- 1500 km to only cover LEO. This would reduce the bits required for the position to
 bits, i.e. 30 bits to cover x,y,z dimensions.
Whether the velocity state vector can also be scaled should be further discussed by RAN2. If its not scaled, the adjusted ephemeris will require 30+54=84 bits (10.5 bytes).
Observation 6: Discontinuous coverage enhancements are not relevant for GEO satellites.
Observation 7: The current ephemeris format can be adjusted to only cover LEO-range with a reduced quantization step and thus require 84 bits per satellite.
As an alternative to scale the velocity state vector, two x,y,z position vectors can be used to for example define the satellite footprint center at two points in time. For the UE to utilize the two positions it would need to know what the time offset between the two positions is, but such an offset could be predefined. Therefore, the required number of bits will be 30+30=60 bits (7.5 bytes) i.e. a 3 bytes or almost 30% reduction per satellite compared to the adjusted ephemeris discussed above.
Observation 8: Using two positions and a pre-defined time offset the ephemeris requires 60 bits per satellite.
Another alternative to reduce the payload is to define the position of the target satellite relative to the current satellite, because the UE is aware of the serving cell ephemeris used for L1 pre-compensation. For example, an angular dependency can be defined to determine the position where a target satellite enters the coverage footprint of the current satellite A. Using the previously discussed quantization step of 3.8 km approximately 250 points are needed (i.e. 8 bits per angle) for a footprint circumference of a satellite with 7 cells of 50 km radius. Thus, the angle-based ephemeris would require just 8+8=16 bits (2 bytes) i.e. an additional 5.5 bytes less compared to the previous approach.
Observation 9: Using two angles and a pre-defined time offset the ephemeris requires 16 bits per satellite.
Independently of which of the above approaches is used to reduce the ephemeris payload it is evident that a single SIB would be able to carry information about more satellites as compared to reusing the current L1 pre-compensation ephemeris.
Proposal 2: RAN2 to discuss the following ephemeris simplification options for discontinuous coverage:
A. Reducing the quantization step and limiting to LEO-range for the current ephemeris format. Requires 84 bits per satellite
B. Using two positions and a pre-defined time offset. Requires 60 bits per satellite.
C. Using two angles and a pre-defined time offset. Requires 16 bits per satellite.
It is important to observe that in addition to the satellite position the UE in discontinuous coverage also needs to know when the satellite will be at a certain position. For example, if a full day is covered with granularity of seconds (86400 s) the time stamp will require an additional 16 bits. For some constellations it may be necessary to cover more than a day and thus the time granularity could be reduced to limit the overhead, e.g. 2 seconds of resolution to cover 2 days also requires 16 bits.
Furthermore, the UE must be able to link the position of a satellite with the radio coverage on Earth. There are multiple approaches that can achieve this, e.g., defining a minimum elevation angle between UE and satellite or defining a satellite footprint on earth. Both imply the satellite’s radio coverage is centred around nadir, but this seems like a feasible assumption.
A final topic to consider is how frequent the ephemeris shall be updated. This depends on how accurate the information is (i.e. how far into the future can the UE use it for prediction) and how accurate the UE must be able to predict the coverage window.
SIB segmentation
In addition to defining an efficient ephemeris format for discontinuous coverage it also seems worthwhile to discuss the provisioning of the SIB(s). The reason is two-fold; 1) UEs have different device and traffic profiles requiring them to be active at different points in time and 2) the SIB is likely to contain multiple satellite ephemeris sets defining coverage at a wide range of time instances. Thus, it is evident that each individual UE may only be interested in a subset of the ephemeris, which fits the time schedule where the UE expects to be connected.
Observation 10: Each UE may only need a subset of the satellite ephemeris sets depending on the device and traffic profile.
With current SIB provisioning means the UE will have to receive the entire SIB to obtain the target subset(s). This impacts the total time the UE is ON with no benefit for the UE. If the network intends to provide information on many satellites it could also be difficult for the network to provide the information without exceeding the SIB size limitations noted previously in this contribution. For example, if the SIB only contains ephemeris information, only 4-5 satellites can be described (depending on which of the two RAN1- agreed ephemeris formats are used).
Observation 11: The size of ephemeris information may exceed the SIB size limitations if more than 4-5 satellites are to be defined.
One alternative method, which could be considered by RAN2 is to split the signalling of ephemeris into segments, such that the NTN ephemeris SIB at one transmission occasion (recall SIB is repeated with a certain periodicity) covers one subset of the ephemeris and at the next occasion another subset. Therefore, the network can first determine future coverage opportunities for a number of satellites in the time domain and then segment the ephemeris such that the first segment contains information for coverage in the interval 0-T, the next segment T-2T and so forth. If the network provides the mapping between transmission occasions and ephemeris subsets the UE is able to selectively receive only the subset it needs and the network is able to provide information on more satellites. Figure 1 provides an example of how ephemeris for different satellites can be split into different SIB occasions.
To limit the signalling overhead, changes in the NTN ephemeris SIB should be excluded from the SI change indication procedure.
Proposal 3: RAN2 to discuss how a UE can read only a subset of a SIB, when the SIB has different content at different occasions.
[image: ]
[bookmark: _Ref90905002]Figure 1 Example of segmentation of satellite ephemeris into SIB transmission occasions.
2.3	Paging
To save UE’s power consumption, the UE may initiate both power saving mode (PSM) and extended idle mode DRX (eDRX). It is up to NW (e.g. MME) to allow the use of the PSM mode and/or eDRX.  UE may request PSM timers (e.g. T3324 Active Timer and T3412 Extended periodic TAU Timer) and eDRX timers (e.g. PTW: Paging Time Window and eDRX Cycle) in NAS messages (e.g. Attach Request / TAU Request) while NW can decide the value ​​of these timers, and inform UE via NAS messages (e.g. the Attach Accept / TAU Accept response) 
· When a UE is in PSM mode, it is not available from the NW side (for the mobile terminating services, e.g. Paging). Instead, when UE is in PSM active time (i.e. T3324), NW can page the UE. 
· When a UE is configured with eDRX but not in PTW window, it is not available from the network side. Instead, when UE is in PTW window, NW can page the UE.

When the UEs in certain area experience in-coverage, out-of-coverage, in-coverage, out-of-coverage in discontinuous coverage scenario, it is possible that the Paging Window (i.e. either the PTW in eDRX or T3324 with PSM mode on) does not align with the satellites’ coverage windows. For example, the paging windows are out of coverage windows (see Figure 2 below). This causes an issue for paging, because the CN believes the UE is reachable and sends the paging message, but the UE is not in the coverage window. Thus, causing the paging attempt to fail.



[bookmark: _Ref85610901]Figure 2 Example for mismatching of paging windows and coverage windows in NTN
In SI discussion, RAN2 agreed that, UE and Network are expected to be synchronized for paging (e.g. when the UE is awake and reachable for paging in discontinuous coverage). Otherwise, if NW and UE have no common understanding when the UE is awake and reachable, it may cause the paging issue discussed above. 
	For a UE, it shall be possible to predict discontinuous coverage based on the satellite assistance information. To the extent possible/reasonable: The UE is expected to save power by not attempting to camp or connect when coverage is not there. To the extent possible/reasonable: The network is expected not try to reach UEs that are out of coverage. Note that it is still an expected requirement that UE and Network are synchronized w.r.t. when the UE is awake and reachable (e.g. for paging]. 



Observation 12: To support paging in discontinuous coverage, UE and NW should have synchronized understanding on when the UE is reachable (e.g. in coverage windows). 
To facilitate such common understanding the UE should make the coverage window prediction and report the window(s) to NW.
Proposal 4: The UE estimates and reports the coverage window(s) to the network.
Since the CN will decide the Paging window and inform UE the timers setting via NAS messages, the most straightforward way is that the CN determines PSM and eDRX timers according to the predicted coverage windows (e.g. reported by UE based on its coverage prediction). In other words, NW control when UE should switch between sleep and paging monitoring based on the presence or outage of coverage.


Figure 3 Example for matching of paging windows and NW predicted coverage windows
Proposal 5: To support paging in discontinuous coverage, one solution is that CN configures paging windows based on the presence or outage of satellite coverage to decide when UE should perform paging monitoring.
Furthermore, satellite coverage windows are discontinuous and may be unevenly distributed, it is impossible for CN to configure the paging window periodically by reusing legacy eDRX parameter (e.g. eDRX Cycle) and PSM parameter (e.g. T3412 Extended periodic TAU Timer). So, the CN may need to indicate aperiodic paging window to UE in NAS messages.
Proposal 6: CN can configure a set of aperiodic paging windows to UE in NAS messages, to align with the unevenly distributed coverage windows.
For coverage window prediction by UE, a key issue is the inaccuracy of the simple orbital predictors deployed in some UEs [1]. If the UE makes an erroneous estimate of the coverage window it means it will wake up to monitor for paging when there is in reality no radio coverage available.  
Another reason for UE failure in monitoring for paging is that the coverage window may change due to UE movement. The NTN IoT WID list key target industries to include transportation (maritime, road, rail, air), logistics, farming, and mining. In all those industries a certain degree of UE movement is to be expected. When the UE moves it may result in the coverage window, which was predicted and potentially communicated with the network, is no longer valid. This is especially likely in the discontinuous coverage scenario, where the time between windows can be multiple hours, allowing even a rather slow-moving UE to move a significant distance. 
Observation 13: UE prediction error and UE movement may result in misalignment of the paging window and the coverage window.
The mismatch of the estimated coverage window and the paging monitoring window is a challenging problem to solve, but it is important, because it can result in high UE power consumption and high NW signalling overhead.
There may be approaches on both UE and network sides to address the issue. For example, the network can extend the paging a number of cycles before/after the coverage window if the UE does not respond to paging within the coverage window. 
Proposal 7: Network can extend the paging before/after the coverage window if the UE does not respond to paging within the estimated coverage window.
Likewise, the UE may extend the monitoring for paging outside the estimated coverage window, if the UE determines radio coverage is available. If the UE identifies a shift it could notify the network to realign the paging window and the coverage window. 
Proposal 8: UE can extend the paging monitoring outside the estimated coverage window if radio coverage is available. UE may report to the network to realign the windows.
2.3	Cell (re)selection
According to current specification, the idle mode UE continue to measure serving cells as per the RRM requirements specified in TS36.133 and trigger neighbour cell measurements based on serving cell measurements for cell reselection.
In the discontinuous coverage scenario of NTN this may be a power consuming approach for the UE. In the event that the UE is stationary, and has previously been connected to the network, it will be feasible for the UE to roughly predict the next coverage window. Therefore, the UE could set a back-off timer and disable cell reselection measurements until the coverage is available again.
Proposal 9: For IoT-NTN in discontinuous coverage scenario, disabling of cell reselection measurements based on UE awareness of coverage availability should be supported.
Based on the simulation results, previously presented in [2], the satellite availability can be in the range of a few seconds to 5-9 minutes. Furthermore, it was observed that the durations between satellite availability can be divided into distinct groups. For example, in constellation C 70-80 % of the durations are about 30 minutes, while the remaining durations are at least 2 hours. The most evenly distributed constellation is D, where around 55 % of the durations are 3/4 of an hour and the remaining is 1.5 hours.
For the stationary device, it may be possible to perform a fairly accurate prediction of the next satellite(s), but for a moving UE or a UE, which has performed a cold start (i.e. initial connection), this could be challenging. Being aware of the satellite availability and the durations between availability could help the UE in determining the back-off timer, i.e. the time to disable cell reselection measurements. The information could be given as cell availability time based on estimates as provided in [2]. Such basic coverage information for a constellation could be broadcasted or pre-loaded in the UEs to enable the moving and cold start UEs to determine a reasonable cell search and reselection measurement period. 
Proposal 10: Provisioning cell availability information is considered to enable moving and cold start UEs to determine cell search and reselection measurement period(s) to conserve UE battery.
3	Conclusion
This document has made the following observations:
Observation 1: The satellite availability time varies from a few seconds to several minutes, depending on the minimum elevation angle and constellation.
Observation 2: The duration between satellite availability varies from minutes to hours, depending on the minimum elevation angle, UE location, and constellation.
Observation 3: The satellite availability time and the duration between satellite availability varies significantly (for a single constellation) over the course of days and weeks due to Earth rotation.
Observation 4: Signaling ephemeris for multiple orbits and multiple future satellite availability opportunities could result in high UE power consumption and high signaling overhead.
Observation 5: The ephemeris formats for L1 pre-compensation (17 bytes per satellite) consume a large fraction of a SIB (85-117 bytes for IoT).
Observation 6: Discontinuous coverage enhancements are not relevant for GEO satellites.
Observation 7: The current ephemeris format can be adjusted to only cover LEO-range with a reduced quantization step and thus require 84 bits per satellite.
Observation 8: Using two positions and a pre-defined time offset the ephemeris requires 60 bits per satellite.
Observation 9: Using two angles and a pre-defined time offset the ephemeris requires 16 bits per satellite.
Observation 10: Each UE may only need a subset of the satellite ephemeris sets depending on the device and traffic profile.
Observation 11: The size of ephemeris information may exceed the SIB size limitations if more than 4-5 satellites are to be defined.
Observation 12: To support paging in discontinuous coverage, UE and NW should have synchronized understanding on when the UE is reachable (e.g. in coverage windows). 
Observation 13: UE prediction error and UE movement may result in misalignment of the paging window and the coverage window.

And proposed the following:
Proposal 1: The satellite ephemeris of neighbor/target cells for predicting coverage discontinuity shall be broadcasted.
Proposal 2: RAN2 to discuss the following ephemeris simplification options for discontinuous coverage:
A. Reducing the quantization step and limiting to LEO-range for the current ephemeris format. Requires 84 bits per satellite
B. Using two positions and a pre-defined time offset. Requires 60 bits per satellite.
C. Using two angles and a pre-defined time offset. Requires 16 bits per satellite.
Proposal 3: RAN2 to discuss how a UE can read only a subset of a SIB, when the SIB has different content at different occasions.
Proposal 4: The UE estimates and reports the coverage window(s) to the network.
Proposal 5: To support paging in discontinuous coverage, one solution is that CN configures paging windows based on the presence or outage of satellite coverage to decide when UE should perform paging monitoring.
Proposal 6: CN can configure a set of aperiodic paging windows to UE in NAS messages, to align with the unevenly distributed coverage windows.
Proposal 7: Network can extend the paging before/after the coverage window if the UE does not respond to paging within the estimated coverage window.
Proposal 8: UE can extend the paging monitoring outside the estimated coverage window if radio coverage is available. UE may report to the network to realign the windows.
Proposal 9: For IoT-NTN in discontinuous coverage scenario, disabling of cell reselection measurements based on UE awareness of coverage availability should be supported.
Proposal 10: Provisioning cell availability information is considered to enable moving and cold start UEs to determine cell search and reselection measurement period(s) to conserve UE battery.
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