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Abstract of the contribution: This contribution discusses how to handle Soft TAC switching where multiple TACs are broadcast per PLMN in a cell. 
Introduction
Soft TAC switching, in general 

The topic on how to handle Soft TAC (multiple TACs per PLMN and cell) has been discussed for several meetings. 
The authors of this paper have questioned the need for Soft TAC, but it seems that most involved companies either prefer to keep it in rel-17 or are at least willing to accept it in rel-17. We will therefore not focus on comparing Soft TAC with Hard TAC switching in this paper. An interested reader may check S2-2107232 [1] for an analysis. In this paper we will instead focus on analyzing how Soft TAC can be supported in rel-17, in particular what TAI value(s) to provide in ULI from NG-RAN to AMF, and if/how to support paging, Forbidden Area (FA) and Service Area Restrictions (SAR). 

Solution options 

The following solution options are considered:
-
Option B: UE selects a TAC out of the broadcast TAC(s). For example, UE selects TAC based on the Registration Area and other information. The UE provides the selected TAC to gNB and gNB provides it to the CN in the ULI. 

-
Option C: gNB selects a TAC corresponding to UE physical location, independent of whether the TAC is broadcast in the serving radio cell or not.

-
Option D: The ULI contains all TAC(s) currently broadcast by the serving radio cell

-
Option E (A1 modified): gNB selects a TAC in which the UE is located if broadcast in the serving radio cell, otherwise gNB selects a TAC broadcast in the serving cell that is closest to the UE. 

-
Combinations of the above: E.g.: B/D, E/D, B/D/E

Discussion

Support for paging and UE reachability

Paging and UE reachability is the main feature that needs to be supported. It has already been agreed that the UE initiates a Mobility Registration Update (MRU) if none of the broadcast TACs for the PLMN are available in the RA. 
The different options B-E have advantages and disadvantages on how they handle paging/reachability, which are analyzed below:

Option B: This option allows the UE to select a TA (based on RA) and provide it to AMF (via RRC/gNB/NGAP). In case of MRU, option B ensures that the TAI received in ULI is one of the broadcast TAIs, and thus allows the AMF to update the RA if needed. In case of other procedures, it ensures that the TAI in ULI is one of the TAIs included in the RA and thus avoids discrepancy between ULI and RA in AMF (i.e. AMF always receives a ULI which is consistent with the RA). A drawback with option B is that the UE is not aware of the geographical TA areas and can thus not select a TAC based on its location. This may result in that UE selects different TACs over time, as the cell moves, and needs to trigger additional MRUs and RA updates. 
Option C: This option allows the AMF to receive a TAI based on UE location. However, in case of MRU, since the TAI may be not broadcast, the AMF may update the RA with a TAI not seen by the UE. In this case the UE triggers another MRU, with the same result. For other procedures than MRU, the TAI included in ULI may be a TAI outside of the RA which causes a discrepancy between ULI and RA in AMF. It can also be noted that the gNB may not be able to provide a TAI based on NW-verified/derived UE location initially, e.g. during a Registration or SR procedures. This option is therefore not useful as a standalone option but could possibly be used in combination with other options. 

Option D: This option allows the AMF to be aware of all TAI(s) seen by the UE and thus ensures consistency between UE and AMF. It does not provide a TAI based on UE location, but this is not strictly needed for paging/reachability. However, since the AMF is not aware of which TAI the UE is located in, the AMF may need to add all TAIs to the RA, which can result in a larger RA than necessary. This option avoids the ULI-RA discrepancy in AMF. 

Option E: This option is similar to option C, but since it is assumed that the TAI is broadcast it does not have the issue related to MRU and RA management that option C has. Option E does however risk ULI-RA discrepancy in AMF. A benefit with this option is that the TAI is based on UE location and for a stationary UE a single stable TAI value could be provided over time. This can allow the AMF to create a smaller RA. Similar to option C, the gNB may not be able to provide a TAI based on NW-verified/derived UE location initially, e.g. during a Registration or SR procedures. This option would thus need to be combined with some other option, at least for those cases where location-determined TAI is not available. 
Paging Efficiency in options D and E

At SA2#146E it was discussed whether option E has benefits compared to option D when it comes to paging efficiency. Option E can enable a smaller RA if a single stable TAI (assuming a stationary UE) can be provided even when cells are moving and change their broadcast TAIs. However, it should be noted that the size of the RA is just one of the components when it comes to paging efficiency. 3GPP allows several other existing features to improve paging performance, which makes the difference between option D and E small or non-existent.

Figure 1 shows an example of a snapshot with a few moving cells covering three earth-fixed TAs. Two example cases are: Case 1 where the RA has a single TA (TA2) and Case 2 with a larger RA (TA1, TA2, TA3). Case 1 could have been the outcome of using option E while Case 2 could be a scenario with option D. Applying a simple full-RA page would result in that three cells would send the page in Case 1 and five cells in Case 2. 
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Figure 1. Example of moving cells with Soft TAC

However, by applying assistance data for paging, the number of radio cells where paging is done can be decreased also with the larger RA. In Figure 2, the TA2 with an example of a mapped CGI structure is shown, with nine mapped “virtual” cells in a TA, i.e. mapped CGIs provided by gNB on N2. RAN can today provide “Recommended Cells for Paging” when UE goes to IDLE that are then used later when the UE needs to be paged. This allows RAN to page in a smaller area initially, and most likely be able to reach the UE. If RAN would provide a single mCGI (mCGI-8 in Figure 2) where UE is located in the “Recommended Cells for Paging” the page would be limited to a single cell. If RAN would have provided a list of mCGIs that are in the vicinity of the UE location (mCGIs 4,5,6,7,8,9 in Figure 2), the page would be limited to three cells. In case the UE has moved out of that area also other cells would need to page the UE, but the same applies in case 1 where the RA is a single TA. If the UE has moved out of that TA it needs to perform a MRU and paging would happen in additional cells.  


[image: image2]
Figure 2. Example of mapped CGIs in a TA

It can also be noted that using a small RA is only possible if the gNB can provide a location-based TAI, which may not be possible in the initial NGAP messages. 

Observation 1: Paging efficiency can be achieved with both small and large RAs. Option E is NOT a pre-requisite for efficient paging. The detailed characteristics of each solution will depend on TA sizes, cell sizes, mapped CGI sizes, UE mobility pattern, RAN and AMF implementation etc. 
Summary of solution properties for paging/reachability
The table below summarizes the properties of different solution options (and compares with Hard TAC switching)
	
	Hard TAC
	Soft TAC option B
	Soft TAC option D
	Soft TAC option E
	Combining B+D
	Combining E+D

	Mobility Registration  Updates
	More (due to TAC toggling)
	Less
	Less
	Less
	Less
	Less

	Paging efficiency
	OK. RA may be large, but paging efficiency can be improved by other means
	OK. RA can be kept small
	OK. RA may be large, but paging efficiency can be improved by other means
	OK. RA can be kept small
	OK. RA can be kept small
	OK. RA can be kept small

	ULI-RA inconsistency
	No
	No
	No. 
	Yes
	No. 
	No. 

	UE impacts
	None
	Need to select TAI based on RA and send to gNB
	None
	None
	Need to select TAI based on RA and send to gNB
	None

	gNB impacts
	None
	Receive TAI from UE and provide in ULI
	Need to provide multiple TAIs in ULI
	High. Determine TAI based on UE location. Unclear how to handle cases where gNB cannot determine UE location to sufficient accuracy. 
	Receive TAI from UE and provide in ULI
Need to provide multiple TAIs in ULI
	High. Determine TAI based on UE location, and provide multiple TAIs in ULI. 

	MME impacts
	None
	None
	Process multiple TAIs in ULI
	Need to handle ULI-TAI inconsistency
	Process multiple TAIs in ULI
	Need to process multiple TAIs in ULI

	Protocol impacts
	None
	RRC
	NGAP
	None
	RRC, NGAP
	NGAP


Observation 2: For Soft TAC switching, Option D provides a good trade-off between complexity and performance. 
Support for mobility restrictions (FA and SAR)

The current FA and SAR features for terrestrial access relies on that UE and AMF knows what TAI the UE is currently using (“current TAI”). Based on this TAI, the UE and AMF knows whether the UE is allowed to register or not (for FA) and whether the UE is allowed to use e.g. session management services or not (for SAR). With Soft TAC switching the overall behavior needs to be modified to take the multiple TACs per cell into account. The options B-E described above will result in different ways FA and SAR can be supported. Below we analyze some of the options:

Option E: In this case there is a single “current TAI” in the ULI, and AMF could in principle treat FA and SAR as for terrestrial access. However, the UE does not know the TAI provided in ULI and therefore cannot do the same. There are variants for how this could be resolved:
-
Alt 1: AMF provides the “current TAI” to the UE. This could be done in the NAS reject message (for FA) or in a NAS accept or reject message (for SAR) or in RRC signalling. In case of a reject due to forbidden TA, the UE can add the indicated TAI to the forbidden TAI list. The issue is however how the UE should behave after that. When can it retry (or, in case of SAR, initiate SM signaling)? For example, if the UE is rejected due to a forbidden TAI, and UE adds this TAI value to its forbidden TAI list, when can it try to Register again? Different options can be considered: 

a) 
UE retries when at least one non-forbidden TAC is broadcast (even if the forbidden TA is broadcast). This will however lead to another immediate reject if the UE is still located in the forbidden TA. 

b) 
UE retries when no forbidden TAC is broadcast. This will however result in that the forbidden area in practice becomes much larger than intended (the UE has to move enough distance so that the radio cell is not overlapping with the forbidden TA) and this defeats the value of using Soft TAC and option E. 

c) 
UE retries after a timer has expired. This will however lead to another immediate reject if the UE has not moved from its previous location. Also, if the timer is long, it will result in that UEs that are moving are left without service for longer than needed.

d) 
UE retries after having moved a certain distance, or out from a specific area on ground. The distance or area may be provided by AMF. This will however require that AMF can determine suitable distance values or area descriptions based on TA maps which adds quite some complexity to AMF.

e) 
Leave the handling in UE up to UE implementation. This however is just hiding the problem. The UE may use some trial-and-error strategy which increases signaling. Also, the network likely needs to implement measures for handling UEs with aggressive retry behaviors, and also be able to handle a variety of UE implementation choices. Therefore, leaving the UE behavior implementation specific does not seem beneficial in the long run. 

Another option is that the UE is kept unaware of the “current TAI” and treats all broadcast TAIs as a “bundle”:

-
Alt 2: If UE is rejected due to forbidden TA, the UE adds all broadcast TAIs to its forbidden TAI list. However, also here there are issues for when the UE can try to Register again (for FA), or initiate SM signaling (for SAR). Basically, the same options as described in a)-e) above are possible, with similar issues and problems. 
Observation 3: No solution for FA and SAR based solely on option E seems suitable. 

Option D: In this option both UE and AMF are kept unaware of the “current TAI” and treats all broadcast TAIs as a “bundle”. In this case some strategy is needed for how UE and AMF should enforce FA and SAR based on the set of broadcast TAIs. In the discussion at SA2#147E based on S2-2107779 [2] it was proposed to apply a “generous” strategy where:
-
Alt 3: For FA, AMF accepts a request if at least one TAI is not forbidden. For SAR, AMF accepts e.g. a SM request if at least one TAI is not non-allowed. The UE applies a similar principle and can trigger Registration when at least one non-forbidden TAC is broadcast, or initiate SM signaling when not all broadcast TAIs are non-allowed. 
A drawback with this approach is that it will allow UEs that are inside forbidden areas to get access when the cell also broadcast non-forbidden TAs and the solution is thus a bit too “generous”. The UEs will however get rejected when the cell only broadcast forbidden TAs. This is illustrated in Figure 3 where UE A (in a forbidden area) will get access when cells are located as in the left picture, while be rejected when the cells are located as in the right picture. The situation for UE A will thus toggle between being restricted and being accepted. The area where this will happen is roughly the same size as the radio cell, which defeats the purpose of using Soft TA. Therefore, TAs that are smaller than the radio cell will not be very useful. 
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Figure 3: UE in forbidden TA close to non-forbidden TA

Another option is a “restrictive” approach:

-
Alt 4: For FA, AMF accepts a request from the UE if none of the broadcast TAIs are forbidden. For SAR, AMF accepts e.g. a SM request if all TAIs are allowed (i.e. not non-allowed). The UE applies a similar principle and can request Registration when all broadcast TACs are non-forbidden, or initiate SM signaling when all broadcast TAIs are allowed. This will however result in that the area where the UE is restricted also cover TAs that are not restricted. This is because also a UE in a non-forbidden TA may at times see a broadcast containing forbidden TAs. This is illustrated in Figure 4 where UE B (in a non-forbidden cell) will be rejected in the picture to the right, and accepted in the picture to the left.

[image: image4]
Figure 4: UE in non-forbidden TA close to forbidden TA

Observation 4: Option D cannot provide a perfect solution for FA and SAR. However, Option D with a “generous” approach may provide an acceptable solution, with a reasonable tradeoff between complexity and functionality as long as TAs are roughly of the same size as radio cells. 
Option B: In this option the UE would select a “current TAI” and provide it to the network. The AMF would enforce FA and SAR based on this “current TAI” as in terrestrial networks. If the UE happens to select a forbidden TAI and gets rejected by the network, the UE could try another TAI in case there is one. If the UE is accepted by the network (i.e. selected TAI was not forbidden), the UE can continue to use that TAI as “current TAI” until it can no longer see it broadcast and the UE needs to select a new “current TAI”. 
This approach seems to end up in a similar situation as Option D generous approach, i.e. as long as a non-forbidden (or allowed) TA is broadcast, the UE can access the network. The difference compared to option D is that the UE has to select and try different TAIs one by one, while in option D all broadcast TAIs are treated together. The benefit compared to option D is that there is less impact to NGAP and AMF. 
Observation 5: Option B provides the same end-result as option D, with more impacts to UE/RRC and less impact to NGAP/AMF. 
Combination of E and D: By combining option E and D, AMF would be aware of both a TAI where UE is located and the TAI(s) that are broadcast. However, even if AMF would use this knowledge to e.g. reject a UE located in a forbidden TA this will lead to similar issues for when the UE can retry as was described for option E above. Since the UE is not aware of the “current TAI”, the UE and the AMF will be using different strategies for how to enforce FA/SAR, which in the end causes problems for when a UE can retry. 
Observation 6: Combining E and D does not improve the handling of FA/SAR, compared to using just option B or D

Summary of solution properties for paging/reachability

The table below summarizes the properties of different solution options (and compares with Hard TAC switching)
	
	Hard TAC
	Soft TAC option B
	Soft TAC option D
	Soft TAC option E
	Combining B+D
	Combining E+D

	TAI provided in ULI reflects UE location
	Partly. ULI contains correct TA or neighbor TA. 
	Partly. May be any TA currently broadcast by cell, not necessarily TA where UE is located. 
	Partly. All TAs currently broadcast by cell. 
	Yes, assuming that gNB can determine UE location to sufficient accuracy. 
	Partly 
May be any TA currently broadcast by cell.
	Yes, assuming that gNB can determine UE location to sufficient accuracy. 

	Toggling over time between UE being restricted and non-restricted
	Yes
	Yes. Detailed behavior depends on how UE behavior for multiple TAs is specified
	Yes. Detailed behavior depends on how UE and AMF behavior for multiple TAs is specified
	Yes. Detailed behavior depends on how UE behavior for multiple TAs is specified
	Yes. Detailed behavior depends on how UE and AMF behavior for multiple TAs is specified
	Yes. Detailed behavior depends on how UE and AF behavior for multiple TAs is specified

	Risk for allowing a UE access even when in Forbidden Area
	Yes, since TAI in ULI may indicate a neighbor TAI
	Yes, since UE may select a non-forbidden TAI even if it is located in a forbidden TA
	Depends on how UE and AMF behavior for multiple TAs is specified. Can be avoided if UE/AMF has a restrictive approach.
	Depends on how UE behavior for multiple TAs is specified
	Depends on how UE and AMF behavior for multiple TAs is specified. 
	Depends on how UE and AMF behavior for multiple TAs is specified. 

	Risk for denying UE access in a non-forbidden area
	Yes, since TAI in ULI may indicate a neighbor TAI
	Yes, since UE may select a forbidden TAI even if it is located in a forbidden TA
	Depends on how UE and AMF behavior for multiple TAs is specified. Can be avoided if UE/AMF has a generous approach.
	Depends on how UE behavior for multiple TAs is specified
	Depends on how UE and AMF behavior for multiple TAs is specified. 
	Depends on how UE and AMF behavior for multiple TAs is specified. 

	UE impacts
	None
	Need to select TAI based on RA and send to gNB
	Need some functionality to handle FA and SAR with multiple broadcast TAIs
	Need some functionality to handle FA and SAR with multiple broadcast TAIs
	Need to select TAI based on RA and send to gNB
	Need some functionality to handle FA and SAR with multiple broadcast TAIs

	gNB impacts
	None
	Receive TAI from UE and provide in ULI.
	Need to provide multiple TAIs in ULI
	High. Need to determine TA based on UE location
	Receive TAI from UE and provide in ULI
Need to provide multiple TAIs in ULI
	High. Need to determine TA based on UE location

	MME impacts
	None
	None
	Need some functionality to handle FA and SAR with multiple broadcast TAIs
	Need to handle ULI-TAI inconsistency
	Need some functionality to handle FA and SAR with multiple broadcast TAIs
	Need some functionality to handle FA and SAR with multiple broadcast TAIs

	Protocol impacts
	None
	RRC
	NGAP
	None
	RRC, NGAP
	NGAP


Conclusions and Proposal
Based on the above observations we make the following conclusions:

· Paging and reachability:

· For Soft TAC switching, option D provides a good trade-off between complexity and performance.
· Option B and/or E could be used in addition to option D

· Handling of FA and SAR:

· Option E has issues with defining a suitable UE behavior that is consistent with the AMF behavior
· Option D also has issues, but it seems to provide a reasonable way forward in rel-17 if defining a consistent UE and AMF behavior. 
· Option B can also work, but does not seem to perform better than option D

· Alternatively, FA and SAR are not supported in rel-17 in case of Soft TAC switching.

Proposal:

· Option D is the basis for Soft TAC switching, i.e. gNB always provides the set of broadcast TAIs to AMF.

· Option E could be used in addition to option D. I.e. gNB provides the TAI where UE is located, in case it is known in gNB.

· Option B could also be used in addition to option D (pending RAN2 discussions on RRC updates)
· How the TAIs are carried in NGAP is up to RAN3 to decide
Please see CR in S2-2108360.
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