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Abstract of the contribution: This contribution discusses TA handling for satellite access. 
1. 
Introduction

The handling of Tracking Areas for satellite access has been discussed for some time now. It has been agreed to use earth-fixed TAs which, for moving radio cells, requires a cell to change the TACs that are broadcast in the SIB as the cell traverses the earth’s surface. Two options are possible: 

- 
Soft TAC switching where a cell may broadcast more than one TAC when moving between two earth-fixed TAs and

- 
Hard TAC switching where a cell always broadcast one TAC only and thus makes an immediate switch from one TAC to another.

For the case where more than one TAC is being broadcast, it has been agreed that a UE initiates a Mobility Registration Update procedure when none of the broadcast TACs for a PLMN are part of the UE Registration Area.

It is however still not resolved how features like Forbidden Areas (FA) and Service Area Restriction (SAR) are handled when cells can indicate multiple TACs per PLMN or TACs may change over time as for moving cells. It is also not sorted out what TAC should be used to populate the ULI IE provided by NG-RAN to AMF. Below we discuss these topics and propose a way forward.

2.
Discussion 
2.1
Different use of Tracking Areas in 5GS

Tracking Areas are used to support two main features in 3GPP systems: 

1)
Reachability/paging, i.e. to ensure that a UE is reachable via paging during IDLE mode in way that is both power- and signaling-efficient. The TA is used to identify the cells where the UE may be camping during IDLE mode. 

2) 
Geographical area related features, e.g. to restrict the access for a subscriber in certain geographical areas (Forbidden Areas and Service Area Restrictions). Here a TA is more seen as a geographical area. 
In terrestrial networks, 2) is a consequence of cells being earth-fixed, but this earth-fixed TA property is not required for 1) to work. The important thing is that a TA can map to a cell. A reflection is also that the feature related to bullet 1) is the main purpose TAs were introduced in 3GPP. It is also a basic feature that has to be supported for any 3GPP access. The features in 2) are add-ons to enable certain use cases. 

Observation 1: It is fundamental that the TA handling for satellite access can support UE reachability/paging in an efficient way. It is beneficial if the TA handling can also support geographical area related restrictions. 

2.2 
Satellite scenarios to be considered

The 5GSAT work in 3GPP is generic in the sense that different satellite constellations and orbit types are to be supported. In this paper we consider two types of satellite beams/cells, that represent the main satellite constellation types:

- 
Earth-fixed radio cells, e.g. applicable to GEO, and to LEO with steerable beams that ensure that a radio cell is earth-fixed until the LEO satellite has moved too far away and needs to switch its beam/cell to new part of the earth.

- 
Moving radio cells, e.g. applicable to LEO without steerable beams

2.3 
Soft TAC switching and Hard TAC switching in different satellite scenarios

The Soft TAC switching option was introduced in TR 38.821 to reduce the number of mobility registrations that would be needed in case of moving radio cells (see TR 38.821, clause 7.3.1.3). The idea was that a UE close to a TA border would not need to experience “TA fluctuations” where the TA would toggle over time. Instead, the UE could consistently see at least one TAI all the time (see example in Figure 1, where with Hard TAC switching the UE would see toggling between TA1 and TA2, while with Soft TAC switching the UE would always see TA1 and sometimes also TA2).


Figure 1. Hard TAC switching and Soft TAC switching (moving cell)
The benefits with Soft TAC switching compared to Hard TAC switching are however not obvious. With Hard TAC switching, it is true that a UE may perform some additional Mobility Registration Update when the TAC of the cell changes, but this will only happen once for each TAC. After a TA has been added to the Registration Area (RA), no more mobility registration is needed for that TA. Depending on deployment, Soft TAC switching could allow a smaller RA than with Hard TAC. However, a larger RA does not automatically mean that more paging resources are used. The AMF typically has clever paging strategies and can e.g. start paging in the last known TA before paging in the rest of the RA. Therefore, the paging load is not simply related to RA size.    

Observation 2: Support for multiple TAC per cell and PLMN (“Soft TAC switching”) was introduced to better handle reachability/paging (i.e. features in bullet 1 in section 2.1 above). The benefits compared to Hard TAC switching are however not obvious and it does not seem to be a crucial feature of the system. 
For earth-fixed cells, there is no TAC switching and it is thus sufficient with a single TAC per cell and PLMN. 

Observation 3: Multiple TACs per cell and PLMN is only relevant for moving cells
Below we will briefly look at the different combinations of TAC switching and satellite scenarios, starting with the simplest one and moving towards more complex cases:

- 
Scenario 1: Earth-fixed cells with single TAC per radio cell (no TAC switching)
-
Scenario 2: Moving cells with single TAC per radio cell (hard TAC switching)
-
Scenario 3: Earth-fixed cells with multiple TACs per radio cell (no TAC switching)
-
Scenario 4: Moving cells, with multiple TACs per radio cell (soft TAC switching)

The use case for scenario 3 is not so clear and is not consistent with observation 3. It is however included here as it is a simpler variant of scenario 4 that may be useful for at least a theoretical discussion. Scenario 3 may be considered as a means to enable smaller TA areas than radio cells, which may be beneficial for area related features (bullet 2 in section 2.1). This was however not the reason soft TAC switching was introduced. One can also note that multiple TA per radio cell is a new concept introduced with 5GSAT/NTN and is not supported or considered for legacy 3GPP systems. It is thus no surprise that it is more problematic to apply 3GPP functionality to a fundamentally different concept.
2.4 
Scenario 1: Earth-fixed cells with single TAC per radio cell (no TAC switching)
This scenario is very similar to terrestrial networks (TN), since the cells are fixed on earth and they broadcast a single TAC only. The UE knows which TAI is the “current TAI” and RAN can simply include the broadcast TAI in the ULI.

Paging/reachability would work the same way as in TN. Area restriction (FA and SAR) would also work as in TN. 

Observation 4: Earth-fixed radio cells with single TAC per cell can support reachability/paging and mobility restrictions as for TN.

One difference compared to TN is however that satellite systems have larger cell sizes. If we for simplicity assume a separate TAI per cell, each TA would then correspond to the area covered by a cell/beam. The size of this area will depend a lot on satellite properties (size of the beam). Some indicative numbers on beam footprint sizes for different satellite platforms can be found in TR 38.821, table 4.1-1 (copied below).
Table 1: Types of NTN platforms

	Platforms
	Altitude range
	Orbit
	Typical beam footprint size

	Low-Earth Orbit (LEO) satellite
	300 – 1500 km
	Circular around the earth
	100 – 1000 km

	Medium-Earth Orbit (MEO) satellite
	7000 – 25000 km
	
	100 – 1000 km

	Geostationary Earth Orbit (GEO) satellite
	35 786 km
	notional station keeping position fixed in terms of elevation/azimuth with respect to a given earth point
	200 – 3500 km

	UAS platform (including HAPS)
	8 – 50 km (20 km for HAPS)
	
	5 - 200 km

	High Elliptical Orbit (HEO) satellite
	400 – 50000 km
	Elliptical around the earth
	200 – 3500 km


It can be noted that the maximum footprint sizes (1000 – 3500 km) may not be so useful for mobility restrictions in many cases, as they are larger than what can fit within small/medium sized countries. In those cases, PLMN selection is done to ensure a CN in the country of the UE location, and mobility restrictions on beam size granularity would not add much except in large countries. However, the smaller footprint sizes (100 – 200 km) would allow restrictions of e.g. the same size as cities or regions within a country. It can also be noted that modern LEO systems being deployed have been reported to have even smaller beam footprint sizes than what is indicated in the table, e.g. 10 – 100 km radius (see e.g. [1]).  

Observation 5: A granularity of mobility restrictions on the same size as a radio cell/beam can be useful for certain constellations (e.g. LEO/GEO with small beams) but may not be se useful with other (e.g. GEO with large beams). Operators deploying mobility restrictions for satellite access need to take this into account.
2.5 
Scenario 2: Moving cells with single TAC per radio cell (hard TAC switching)
This scenario is different to TN since the cells move over earth. However, since the cells broadcast a single TAC only the UE knows which TAI is the “current TAI” and RAN can simply include the broadcast TAI in the ULI provided to AMF.

A UE close to a TA border may experience toggling between a number of TAs (as seen in Figure 1a), but this is not an issue for the existing mobility registration procedures. The UE triggers a mobility registration update if the broadcast TA is not in the RA, as usual. Area restrictions (FA and SAR) can also work as currently defined, since UE and network are aware of a current single TAI for the UE.

There will however be a few side effects of the moving cells and hard TAC switching. For a UE close to a border between a forbidden TA and a non-forbidden TA, there will be a “restriction fluctuation” since the UE will sometimes see a forbidden TA and sometimes a non-forbidden TA (see e.g. Figure 1a, in case TA1 is forbidden and TA2 is not forbidden). Similar fluctuation happens for SAR. The borders between the forbidden and non-forbidden areas will thus become a bit “fuzzy”. Operators should take this into account if/when deploying FA and SAR with moving cells.
Observation 6: Moving radio cells with single TAC per cell can support reachability/paging and mobility restrictions as for TN. There will however be some “restriction fluctuation” for UEs close to borders between restricted and unrestricted areas, which need to be considered when deploying mobility restrictions for these systems. 

2.6 
Scenario 3: Earth-fixed cells with multiple TAC per radio cell (no TAC switching)
This scenario is not relevant since there is no TAC switching, and thus no need for “soft TAC”, but it may serve as an example to discuss multiple TACs per cell without the complexity of moving cells. 

In the example in Figure 2, the gNB broadcasts all TACs covered by the radio cell, i.e. TA11-TA16.


[image: image1]
Figure 2. Example of earth-fixed cell with multiple earth-fixed TACs per PLMN

To support reachability/paging, any of the broadcast TACs could be included in the ULI and added by AMF to the Registration Area. It does not matter if the cell broadcasts one or many TACs as long as at least one is included in the RA. 

Observation 7: Earth-fixed radio cells with multiple TACs can support reachability/paging as in TN. There is however no benefit compared to using a single TAC.

To support area restrictions such as Forbidden Areas on TA granularity, the ULI would however need to indicate TA12, since this is where the UE is located. Considering the solutions discussed at SA2#146E, summarized in the outgoing LS (S2-2106651), one of them seems to be applicable in this scenario and others not:

-
Option A1 (NG-RAN selects one of the broadcast TAC values based on its knowledge about the UE location, corresponding to the TA where the UE is located) may work, assuming that RAN can determine UE location to sufficient granularity and reliability. 

All other options do not seem to work:

-
Option A2 (TAC selected by NG-RAN and corresponding to the TA with greatest geographic overlap with the current earth area projected by the radio cell) would not be useful since the cell is earth-fixed and there may be no single TA with greatest overlap. It would also not have benefits compared to using a single TAC per cell. 
-
Option B (TAC selected by the UE out of the TAC(s) broadcast by the serving radio cell and provided to RAN via RRC) would only be useful if the UE knows the TA borders (such solution has so far not been analyzed).
-
Option C (ULI contains the TAC for the TA in which the UE is physically located, independent of whether the TAC is broadcast in the serving radio cell or not) is not relevant since all TAs are broadcast in this case. Basically, this option becomes the same as option A1.
- 
Option D (ULI contains all TAC(s) currently broadcast by the serving radio cell) does not give information about UE location within the radio cell and would thus not have any benefits compared to using a single TAC per cell. 

Therefore, it seems that only option A1 would be useful in this case. However, also option A1 have issues:

-
RAN awareness of UE location may not be accurate initially, so it may not be possible for RAN to indicate a TA based on UE location in the initial UE message. The AMF needs to accept the Registration Request or Service Request and deregister the UE later when an accurate TAI value is known. The enforcement will thus not be 100% and the UE will be allowed service for some time even in forbidden areas or service restricted areas. 

-
Even if a UE-provided location (e.g. based on GNSS) is available fairly early, mobility restrictions seems to require a network-verified or network-determined UE location to ensure that the restrictions are not circumvented by the UE. The accuracy that can be achieved by RAN, and how quickly RAN can provide such accuracy, is however not fully understood yet and will likely depend on RAN implementation and satellite constellation type. 

- 
Even if a sufficiently good solution for UE location awareness could be achieved, there are issues in how the UE can handle multiple TAs. Unless the UE knows the TA borders, the UE is not aware of which TA it is located in. In case of Forbidden Area, if the UE is rejected with a cause code indicating that TA is forbidden, the UE does not know which TA to add to its list of forbidden TAs. There could be ways to address this, e.g.

-
Alt 1: The AMF could include the “current TA” in the NAS reject or deregistration message, similar to how “current MCC” may be indicated. This would allow the UE to add that TAI to the list of forbidden TAs. However, it then becomes unclear when the UE can try to register again. The network cannot inform the UE about a new “current TAI” since the UE is deregistered. Likely some trial-and-error behavior is needed instead (e.g. UE can retry if it knows that it has moved some distance from previous geo location, or based on some timer). Alternatively, the UE has to move to a different radio cell not broadcasting that forbidden TA, but this would be the same behavior as if a single TA is broadcast.
-
Alt 2: Another alternative was suggested for moving cells at SA2#146E in S2-2106519, where the UE, if it is rejected / deregistered due to forbidden TA, adds all broadcast TAs that are currently not in RA to the forbidden list. The UE then treats a cell as forbidden if at least one forbidden TA is broadcast. This will however not work for earth-fixed cells since one forbidden TA will make the whole radio cell forbidden. The UE will only retry when it hands over to a radio cell that does not broadcast any forbidden TAIs. The end result will be the same as if single TAC per cell is used.  
It was also proposed that the AMF should add neighboring TAs to the RA in case the UE is close to a border between forbidden and non-forbidden TAs (or allowed / non-allowed). This would give the UE a better knowledge about what TAs are not forbidden. However, it should be noted that currently (terrestrial networks) AMF is not aware of the geographical layout of TAs, or which TAs are neighboring. So this would be new functionality, adding AMF configuration and complexity.  With option A1 the AMF also does not know which TAs, other than the TAI provided in ULI, are being broadcast, so AMF would need to take a guess on how many TAs it should add to the RA. Such approach will also reduce the paging efficiency, which is one of the claimed benefits with Soft TA. 

Observation 8: There are several issues with supporting mobility restrictions for earth-fixed radio cells with multiple TACs. No fully working solution is available so far.
2.6  
Scenario 4: Moving cells, with multiple TAC per radio cell (soft TAC switching)

This scenario is similar to the previous one, but now with the addition that radio cells are moving. 

For the area restrictions, in principle the same issues apply as for earth-fixed cells as described in section 2.6. 
Possibly one difference is on how the UE behavior to handle mobility restrictions would be impacted. The two solutions mentioned in section 2.5 may work better for moving cells since TAs keep changing over time in a single cell. If the UE moves into a neighbor TA area that is not forbidden, there may be an instance in time where the forbidden TA(s) are not seen by the UE:

-
With Alt 1 in section 2.5, taking Figure 2 as example but now assuming that the cell moves: If the UE made initial registration in TA12 and was rejected with a NAS messaging indicating a current TAI value and that it is a forbidden TA, the UE would add TA12 to its forbidden list. If the UE moves into a neighboring TA (e.g. TA13), there will likely be instances in time when the cell is not broadcasting TA12 and the UE can try to register again. However, if the radio cell is larger than the TA, most of the time the cell will broadcast also TA12, which prevents the UE from trying to register. The UE would need to move fairly far away to be in a location where TA12 is never broadcast, or rarely broadcast (e.g. TA18), defeating the purpose of having multiple TACs per cell.  

-
Similar happens with Alt 2 in section 2.5. In many cases the UE will have added also neighboring TAIs into the forbidden list. If the UE made initial registration in TA12 as in Figure 2 and was rejected due to forbidden TA, the UE would add TA11-TA16 into its forbidden list. The UE will thus not try to register again until it moves into a TA not in this forbidden list, e.g. TA 18. The UE will thus need to move a distance that corresponds to the radio cell size, which again defeats the purpose of using multiple TACs per cell. 

The situation would be somewhat better if the UE had started in a non-forbidden TA and thus was registered in the network and had received a RA with a TA list. Assume e.g. Figure 2 again with UE starting in TA12 (now non-forbidden) and TA12 is added to the RA. If the UE then moves into a forbidden TA (e.g. TA13) and gets rejected, the UE will only add a subset of TA11-TA16 to the forbidden list (all TAIs except TA12 which was in the RA). So even in that case the UE likely needs to move quite far before retrying depending on what TAs were in the RA. The distance depends on the prior history of the UE and how AMF manages the RA. The feature thus becomes rather unpredictable.

Observation 8: There are similar issues with supporting mobility restrictions also for moving radio cells with multiple TACs. 
Observation 9: A feature with significant impacts to UE and AMF, which does not provide a consistent behavior to operators deploying it, does not seem justified. Since all solutions for mobility restrictions with Soft TAC switching have these issues, it does not seem to be useful to support it in rel-17. Mobility restrictions with Hard TAC switching can still be supported in rel-17.
2.7 
Soft TA switching – summary 
Considering the above aspects, i.e.

- 
No significant benefit with Soft TA switching for paging / Reachability

- 
Not clear how to support mobility restriction when multiple TAs are present in a radio cell

one can even question the need for Soft TAC switching in rel-17. 

Proposal 1: SA2 should discuss whether it is worth to support Soft TAC switching in rel-17. 

2.8 
So what TAI should RAN include in the ULI?

For single TAC per PLMN and cell, the ULI can simply include the broadcast TAI. This is a simple and straightforward solution that is also aligned with TN and allows both reachability/paging and mobility restrictions to operate as currently defined. Including any other TAI than the broadcast TAI would create issues for Registration area management. 

Proposal 2: In case a single TAC is broadcast for a PLMN in a moving or earth-fixed radio cell, the TAI corresponding to that TAC is provided in the ULI.

For multiple TAC per cell and PLMN, based on the previous analysis, it seems that mobility restrictions cannot be properly supported. Therefore, the TAI in the ULI should not be selected based on area restriction features. Instead, the TAI should be selected based on reachability/paging aspects and, if possible, be a simple solution with minimal impacts to network functions and protocols. The table below provides an analysis of the options included in the LS from SA2#146E (S2-2106651), focusing on reachability/paging aspects:

	Option
	ULI content 
(summary based on S2-2106651)
	Analysis

	A
	NG-RAN selects a TAC out of the TAC(s) broadcast: select the one corresponding to UE location (if possible) or the one corresponding to largest geo overlap between cell and TA area. 
	- May result in ULI outside of RA, which causes confusion in AMF. Unclear how AMF handles such TAI. 
- No guarantee that TAI corresponds to UE location. 
- Most complex option for NG-RAN

	B
	UE selects TAC based on RA and provides to RAN, that includes it in ULI
	- Ensures current TA based on RA. 
- Ensures alignment between UE and AMF. 
- Has UE and RRC impacts. 

	C
	NG-RAN selects the TAC in which the UE is physically located, independent of whether the TAC is broadcast
	- Will not work for RA management, since ULI may be misaligned with what TAIs the UE can see. 

	D
	The ULI contains all TAC(s) currently broadcast
	- May result in larger RA, but this can be compensated by AMF paging strategies. AMF may also adjust the RA over time (e.g. reduce RA size) based ULIs received over time. 
- Ensures alignment between UE and AMF.
- Has NGAP impacts.


Based on the above analysis, option D seems to have the least issues and would be the safest and simplest approach for rel-17. Also option B would work. 
Proposal 3: In case multiple TACs are broadcast for a PLMN in a moving radio cell, the NG-RAN provides all broadcast TACs in the ULI (option D). 
Summary
Based on the (lengthy, sorry) discussion above, our conclusions are:

-
Satellite cells where a single TAC per PLMN is broadcast can support reachability/paging and mobility restrictions for both earth-fixed cells and moving cells with minimal complexity.
-
The geographical granularity of restricted areas can be on the same order as radio cell size, i.e. the satellite spot beam size as a minimum. The use cases that can be supported will thus depend on the spot beam size.

- 
Satellite cells where multiple TACs per PLMN are broadcast can support reachability/paging, but the benefits when it comes to reachability/paging compared to single TAC per cell does not exceed the added complexity. 

-
There is no fully working solution for mobility restrictions when multiple TACs are being broadcast in a cell. So far, all proposed solutions have issues both in terms of solution capabilities as well as complexity and consistency. It is therefore suggested to not support mobility restrictions in rel-17 in case Soft TAC switching is applied. 

- 
If mobility restrictions are really needed for cells broadcasting multiple TACs per PLMN, or with a finer granularity than spot beam size, it would require further study.

-
There is no reason to support multiple TACs per PLMN in a earth-fixed radio cell. There is no significant reason to support multiple TACs per PLMN in a moving radio cell.
Proposal

In case a single TAC is broadcast for a PLMN in a moving or earth-fixed radio cell, the TAI corresponding to that TAC is provided in the ULI.
In case a multiple TACs are broadcast for a PLMN in a moving radio cell, the NG-RAN provides a ULI with all TAC(s) that are broadcast 
SA2 should discuss whether Soft TAC switching (multiple TACs per PLMN broadcast in cell) has enough benefits compared to the impacts.

Please see corresponding CR in S2-2107233.
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