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1	Introduction
The Rel-16 Work Item Descriptions for LTE-M [1] and NB-IoT [2] contain a common objective on enhancing the wake-up signal (WUS) that was introduced in Rel-15:
	Improved DL transmission efficiency and/or UE power consumption:
· Specify support for UE-group wake-up signal (WUS) [RAN1, RAN2, RAN4]



The following GWUS RAN1 agreements have been made that are relevant for RAN2:
	
Agreement
UE grouping is based on at least UE ID or some function of UE ID

Agreement 
The number of UE groups is configurable and broadcasted in SIB.

Agreement
If configured, a common WUS is used to wake up all group WUS UEs monitoring the same WUS (time-frequency) resource if more than one UE group occupies the WUS resource.

[bookmark: _Toc5811409]Agreement
· Per default, all gaps use the same group WUS configuration regarding number of groups and group WUS resource allocation.
· Optionally, eDRX gap(s) may be configured individually if separate from the DRX gap.

Agreement
The specification supports configurability to enable UE group to alternate between WUS resources

Agreement
A UE is required to detect 2 sequences, the common WUS and the group WUS of the group to which it belongs.

Agreement
For group WUS resources sharing WUS gap, per default, the number of UE groups per resource is configured for all group WUS resources. Optionally, the number of UE groups for each WUS resource can be configured individually.

Agreement
The number of UE groups per WUS resource is 1, 2, 4, or 8


Agreement 
1bit in SIB is used to enable/disable alternating UE group among more than one WUS resources for group WUS

Agreement
If legacy (N)WUS is configured as common (N)WUS and all UE groups are only based on UE ID assuming no signaling of paging probability for UE grouping, alternate minimum number of UE groups and keep same number of (N)WUS groups per (N)WUS resource, which is based on

Otherwise, alternate all UE groups per (N)WUS resource together, which is based on

where
· M with M>1 is the total number of (N)WUS resources for Rel-16 (N)WUS. 
·  is the cell-specific DRX cycle measured in radio frames.
· SFN is the SFN corresponding to the PO.
·  with  is the index for Rel-16 (N)WUS resource based on the WUS resource index as  if  is used for group (N)WUS or , otherwise.  
·  is initial index for Rel-16 (N)WUS resource. 
·  with  is the UE group index. 
·  is the initial UE group index. 
·  is the number of UE groups in the -th WUS resource for Rel-16 (N)WUS.
·   and  




So far the following GWUS RAN2 agreements have been made:
	
RAN2#103bis agreements:
The aim of UE grouping for WUS is reducing the false alarm probability.
At least UE_ID based grouping is supported for UE-Group based WUS. This doesn’t exclude other options.

RAN2#104 agreements:
RAN2 will decide on the UE to WUS group mapping.

RAN2#105 agreements:
Feasibility of the solution based on the following attributes for deriving the service-type for GWUS can be studied further:
· Paging Probability
· Mobility.

RAN2#105bis agreements:
Additional grouping based on DRX/eDRX is not supported
Coverage based grouping is not supported
Additional grouping based on gap is not supported
· FFS whether number of groups can depend on gap duration.

RAN2#106 agreements: 
WUS grouping based on paging probability is beneficial for improving false wake-up probability for UEs which are not frequently paged, but may increase false wake-up probability for UEs which are frequently paged.

RAN2#107 agreements:
· Paging probability information is negotiated between the UE and MME via NAS signalling
· This paging probability information needs to be provided by S1 paging 
· eNB configures, via broadcast, the relation between this paging probability information and WUS group on Uu interface.

RAN2#107bis agreements:
FFS: A WUS group cannot be mapped to both UEs using UE-ID based only and UEs using UE-ID + paging probability based grouping.
UE WUS group hopping between WUS resources is configured per cell.
RAN2 assumes one or more UEs may not be configured at NAS with paging probability.
If R16 WUS is configured, at least one WUS group will be assigned to UEs that are not configured with paging probability.
FFS Mapping of paging probabilities to WUS group.
R16 WUS can be supported on all or subset of the paging carriers/paging narrowbands.

RAN2#108 agreements:
numPOs is the same for all WUS resources
Allow configuration of different number of WUS resources for each gap type
· The signalling allows configuration of any of the following: 
· eNB configures all WUS groups for UE ID based grouping. 
· [bookmark: _Hlk31961087]eNB configures all WUS groups for paging probability based grouping. In this case WUS group(s) corresponding to the highest probability are used for UEs without paging probability configured.
· Combination of above two configurations; some WUS groups for paging probability based grouping and some WUS groups for UE ID based grouping.
· If more than one WUS group corresponds to the UE’s configured probability then UE ID is used to determine a WUS group.

· Number and value of paging probability thresholds be the same for all gap types.
· Each gap type can have different number of WUS groups for each probability threshold.
· For each paging probability threshold there shall be at least 1 WUS group
WA: Maximum number probability thresholds is 3 giving 4 group.




In this contribution we discuss RAN2 related aspects of paging probability based WUS groups. 
[bookmark: _Ref178064866]2	Discussion
2.1	Paging probability based WUS grouping
The following was agreed in RAN2#107 and this introduced open issues for RAN and RAN-CN interaction:
Agreements
· Paging probability information is negotiated between the UE and MME via NAS signalling
· This paging probability information needs to be provided by S1 paging 
· eNB configures, via broadcast, the relation between this paging probability information and WUS group on Uu interface.

As described in our previous contribution R2-1910434, knowing the exact paging probability of a UE is very difficult and would require an exchange of information between eNB and MME (UE-specific paging capabilities also further complicate this). This may not be feasible, and in practice MME could instead assign UEs to approximate ‘Paging Probability Classes’ (PP-classes) based on the information it has available using a number of thresholds as agreed in RAN2#108:
· Number and value of paging probability thresholds be the same for all gap types.
· Each gap type can have different number of WUS groups for each probability threshold.
· For each paging probability threshold there shall be at least 1 WUS group
WA: Maximum number probability thresholds is 3 giving 4 group.

According to the agreement above, GWUS UEs would then be assigned to a PP-class over NAS signalling by the MME, e.g. if UE’s paging probability is smallest, it will belong to the lowest PP-class.
[bookmark: _Toc32535078]MME may have paging probability thresholds which are transparent to the eNB.
Note also that related to this, the MME split of PP-classes would typically be different from the eNB split of WUS groups. E.g. if paging probability >90% corresponds to the PP-class ‘High paging probability’ these UEs will cause a relatively large part of the paging load and most likely more than 10% of the WUS groups would be assigned to them.
[bookmark: _Toc32535079]WUS groups are not necessarily mapped to MME paging probability classes on one-to-one basis. 
Further, the PP-class information of a UE would have to be included in the paging message sent from MME to eNB. Related to the signalling of paging probability information the following has been agreed in RAN2:
· Paging probability information is negotiated between the UE and MME via NAS signalling
· This paging probability information needs to be provided by S1 paging 
The next step is the specify what exactly this ‘paging probability information’ is.
[bookmark: _Toc32498224]The paging probability information negotiated between UE and MME, and included in paging information over S1, consists of UE’s ‘Paging Probability Class’.
With the use of this information, both eNB and UE could determine in which resource and paging probability group the UE is to be paged. This is illustrated in Figure 1.

[image: ]
[bookmark: _Ref20043732]Figure 1: Illustration of CN-RAN interaction for group WUS.
As in legacy the paging frame (PF), paging occasion (PO), and paging narrowband (LTE-M) or paging carrier (NB-IoT) of a UE is determined from UE_ID. As of Rel-15 WUS operation the UE’s WUS start position is different depending on if it is configured with DRX gap, short eDRX gap, or long eDRX gap. In Rel-16, the WUS UE groups are added on top of this as illustrated in Figure 2.
[image: ]
[bookmark: _Ref20046048]Figure 2: Illustration of 4 WUS groups in 3 WUS resources in 3 paging narrowbands.

In RAN1 it has been agreed that ‘The number of UE groups per WUS resource is 1, 2, 4, or 8’ and that therefore 8 WUS sequences are introduced for this purpose. In total up to 10 WUS sequences could therefore be configured in the cell due to the agreed common WUS and the legacy Rel-15 WUS sequence. What remains to be determined is how a UE’s WUS UE group is determined among all WUS resources. To reduce RAN2 complexity, it is beneficial to be as agnostic as possible of the RAN1 WUS resources for the WUS group selection. We therefore propose, as illustrated at the top of Figure 3, that WUS UE groups are considered over all WUS resources and that group indexing implicitly continues in the WUS resources with higher index.

[bookmark: _Toc32535080]For WUS UE group selection, complexity would be reduced if only the total number of WUS UE groups over all WUS resources are considered (i.e., no need to indicate the WUS resource explicitly).

[image: ]
[bookmark: _Ref20047429]Figure 3: Illustration of WUS UE groups in multiple WUS resources and PP-class partitioning.

In the figure ‘C’ indicates the Common WUS sequence, ‘L’ indicates the Rel-15 legacy WUS sequence.
In addition to receiving the UE’s PP-class in the paging message from MME upon paging, eNB may initially obtain the information from MME about how many PP-classes have been considered in total. This is the case unless the number of PP-classes is preconfigured. 
The least complex way to do the mapping of PP-classes to WUS UE groups is to introduce partitioning of the WUS UE groups for different PP-classes, as illustrated at the bottom of Figure 3. That is, in determining the WUS UE group of a UE, the WUS UE groups belonging to the PP-class of the UE are considered in the selection (in the WUS resources with the UEs WUS gap type; DRX, short eDRX, or long eDRX).
[bookmark: _Toc32498225]The WUS UE groups belonging to the UE’s Paging Probability Class are considered in the selection of UE’s WUS UE group.

In the example of Figure 3, a UE configured to belong to PP-class=’medium-low probability’ would consider WUS UE groups 8-13 for the selection. 
In the next step, a uniform distribution of the UEs in all the WUS UE groups belonging to a PP-class must be ensured. This is most easily achieved by UE_ID based selection, i.e. in a similar way to how the PF and paging narrowband/carrier is selected in legacy operation. That is, UE_ID based WUS UE group selection is used over all WUS UE groups that belong to a Paging Probability Class, which has already been agreed:
· If more than one WUS group corresponds to the UE’s configured probability then UE ID is used to determine a WUS group.

The overall procedure could be outlined as follows:
1. (MME informs eNB about the number of PP-classes configured. Optional, i.e. if number is not fixed in specification).
2. eNB broadcasts the parameter  (see below) for mapping between PP-class and WUS UE groups in SI. 
3. The UE is configured with a PP-class by the MME over NAS.
4. MME sends a paging request to the eNB and includes the UE’s PP-class in paging message.
5. UE and eNB determine the UE’s WUS group from UE_ID, the UE’s WUS Rel-15 gap type, and the UE’s PP-class.
For the last step, it is, as shown in R2-1910433, important to use other bits  of the UE_ID since UE_ID is already used to determine the PF and the paging narrowband/carrier. If not, interdependencies are created and all the UEs which have the UE_ID to select a certain PF on a certain paging narrowband/carrier will select the same WUS group leaving other groups unused. A solution to this is to use something like the following equation to determine the WUS group of a UE:

where  is the number of WUS UE groups in the UE’s PP-class. It has been evaluated in MATLAB that this equation does indeed produce a uniform distribution of UEs over the WUS groups of a PP-class. In Figure 4, the results are shown for 100000 UEs. UE_ID is first used to uniformly distribute the UEs over 16 PFs (DRX=512 radio frames and nB=T/32) and over 3 paging narrowbands. Remaining UE_ID bits are then used with the equation above to distribute the UEs in one paging narrowband over the 4 WUS UEs groups which belong to a certain PP-class. As seen the result is a uniform distribution with close to 525 UEs in each WUS UE group.
[image: ]
[bookmark: _Ref20117799]Figure 4: Result of UE_ID based distribution of UEs over WUS UE groups for 3 paging narrowbands and 4 WUS UE groups of a certain PP-class.
Therefore, we propose the following:
[bookmark: _Toc32498226][bookmark: _Toc16781282]The WUS UE group index for a UE is determined by the following equation: 

[bookmark: _Toc32498228], where  is the number of WUS UE groups in the UE’s PP-class.
[bookmark: _Toc32498229]The number of WUS groups per ‘Paging Probability Class’, , is broadcast in SI such that UEs can determine their WUS group.
Note that according the following RAN2#108 agreement “WUS group(s) corresponding to the highest probability are used for UEs without paging probability configured”, a UE who has not been assigned a PP-class by the MME would assume it is in the highest PP-class for the mapping above. 
Note also that above scheme automatically fulfils the agreements on what configuration should be possible. Regarding
· eNB configures all WUS groups for UE ID based grouping. 
, this would be achieved simply by the MME assigning all UEs to one and the same PP-class. Regarding
· eNB configures all WUS groups for paging probability based grouping.
, this would already be the default and the UE_ID could fully be eliminated by the eNB configuring the number of WUS groups as equal to the number of PP-classes (i.e. number of probability thresholds + 1). Regarding
· If more than one WUS group corresponds to the UE’s configured probability then UE ID is used to determine a WUS group.
, this is really the design principle and motivation of the proposed solution and solved with a uniform distribution of the UEs as shown above. (The fourth bullet on the combination of the first two is a bit more vague since the proposed solution is already a combination). Regarding
·  If more than one WUS group corresponds to the UE’s configured probability then UE ID is used to determine a WUS group.
, this is also fulfilled by the proposed solution as already discussed above.



2.2	Mobility WUS UE group
The incoming LS from SA, S2-1910549, and the associated RAN2 reply, R2-1916440, raises the issue of separate treatment of mobile UEs. All gains for Rel-16 GWUS stem from reduced false paging rate. As shown in our earlier contribution R2‑1910432, a single mobile WUS UE can increase the false paging rate of UEs in the entire Tracking Area (TA) proportional to the number of cells contained in the TA. E.g. 2 orders of magnitude larger false paging rate for very many UEs in a TA containing 100 eNBs. In the field, 90% of UEs are reached within the last known cell but 80% of all pages are due to paging escalation. So false paging due to escalated paging is a pronounced problem.  This problem can easily be avoided if mobile GWUS UEs monitor another WUS sequence (or is allocated to a special WUS UE group) after cell change. One WUS UE group could be set aside for this purpose (i.e. among all WUS resources for a given WUS gap).

[bookmark: _Toc16781188][bookmark: _Toc32535081]A mobile UE can increase the false paging rate of other UEs in the entire TA (by an order of magnitude corresponding to the number cells in the TA).

[image: ]
Figure 5: Illustration of mobility WUS group monitoring in A) the last-known cell, and B) any other cell.
Now from recent RAN1 agreements it is clear even though up to 8 WUS UE groups are supported, there will be, including the Rel-15 WUS and Rel-16 common WUS, 10 different WUS sequences available. As seen from the upper part of Figure 3, the Rel-15 legacy WUS is at most included in one WUS resource and therefore it could be reused as ‘mobility WUS UE group’ in one of the other WUS resources without any additional cost or negative impact.

[bookmark: _Toc32535082]Rel-15 legacy WUS sequence index can be reused in another Rel-16 WUS resource as a ‘mobility WUS group’ to provide gains without negative impact.
[bookmark: _Toc16781189][bookmark: _Toc32498230]A configurable ‘mobility WUS group’ is supported which can be used for paging in all other cells than the last-known cell (i.e. the most recent cell in which the UE was in RRC_CONNECTED). 


	

2.3	GWUS configuration
In Rel-15 WUS is always associated to a UE’s PO and does not complicate the UEs selection of paging carrier/narrowband. I.e., for NB-IoT the Rel-14 paging carrier weights wi are configured based on how much paging load and capability there is per carrier. Rel-15 WUS works with the same weights since it is associated to POs and will therefore use the same paging carrier. However, In RAN2#107bis the following RAN2 agreement was made:
[bookmark: _Hlk23764728]R16 WUS can be supported on all or subset of the paging carriers/paging narrowbands.
This may require other paging weights for GWUS on top of the already existing wi, which would mean a lot of unnecessary complexity. Therefore, we propose to revert the agreement above:
[bookmark: _Toc32498231]Rel-16 WUS is associated to the paging carriers/narrowbands which contain the UE’s PO.

3	Conclusion
In the previous sections we made the following observations: 
Observation 1	MME may have paging probability thresholds which are transparent to the eNB.
Observation 2	WUS groups are not necessarily mapped to MME paging probability classes on one-to-one basis.
Observation 3	For WUS UE group selection, complexity would be reduced if only the total number of WUS UE groups over all WUS resources are considered (i.e., no need to indicate the WUS resource explicitly).
Observation 4	A mobile UE can increase the false paging rate of other UEs in the entire TA (by an order of magnitude corresponding to the number cells in the TA).
Observation 5	Rel-15 legacy WUS sequence index can be reused in another Rel-16 WUS resource as a ‘mobility WUS group’ to provide gains without negative impact.

Based on the discussion in the previous sections we propose the following:
Proposal 1	The paging probability information negotiated between UE and MME, and included in paging information over S1, consists of UE’s ‘Paging Probability Class’.
Proposal 2	The WUS UE groups belonging to the UE’s Paging Probability Class are considered in the selection of UE’s WUS UE group.
Proposal 3	The WUS UE group index for a UE is determined by the following equation:

	, where  is the number of WUS UE groups in the UE’s PP-class.
Proposal 4	The number of WUS groups per ‘Paging Probability Class’, , is broadcast in SI such that UEs can determine their WUS group.
Proposal 5	A configurable ‘mobility WUS group’ is supported which can be used for paging in all other cells than the last-known cell (i.e. the most recent cell in which the UE was in RRC_CONNECTED).
Proposal 6	Rel-16 WUS is associated to the paging carriers/narrowbands which contain the UE’s PO.
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