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1. Introduction
In RAN2#111-e, the objective[1] of idle/inactive-mode UE power saving has been discussed.
	1) Specify enhancements for idle/inactive-mode UE power saving, considering system performance aspects [RAN2, RAN1]

a) Study and specify paging enhancement(s) to reduce unnecessary UE paging receptions, subject to no impact to legacy UEs [RAN2, RAN1]

· NOTE: RAN1 to check and update, if needed, evaluation methodology in RAN1 #102-e meeting

b) Specify means to provide potential TRS/CSI-RS occasion(s) available in connected mode to idle/inactive-mode UEs, minimizing system overhead impact [RAN1]

· NOTE: Always-on TRS/CSI-RS transmission by gNodeB is not required


After meeting, an email discussion [Post111-e][907][ePowSav] UE grouping (Mediatek) was assigned in [2] to discuss the UE grouping for paging enhancement.
In this contribution, we will discuss potential paging enhancement solutions with UE grouping, including UE sub-grouping methods and the mechanisms to indicate paging for UE subgroups. Meanwhile, the power saving gain is evaluated taking the evaluation methodology from RAN1 [3] into account.
2. Discussion
2.1. Paging enhancement with UE grouping
2.1.1. Sub-grouping indication
One objective in the WID is paging enhancement(s) to reduce unnecessary UE paging receptions, subject to no impact to legacy UEs. In legacy NR, the UE may use DRX in RRC_IDLE and RRC_INACTIVE states to reduce power consumption. In RRC_IDLE, the UE monitors the paging channel for CN-initiated paging. In RRC_INACTIVE, the UE also monitors paging channel for both CN- and RAN-initiated paging. A UE needs not to monitor paging channel continuously. UE in RRC_IDLE or RRC_INACTIVE is only required to monitor paging channel during one Paging Occasions (PO) per DRX cycle. 

According to the current mechanism, the UE anyway needs to monitor each paging occasion to check whether there is paging or which UE the paging is for. In order to reduce some unnecessary paging monitor in idle mode, sequence-based wake-up signalling (WUS) is introduced in LTE for NB-IoT and MTC UE. WUS is designed for a group of UEs. If UE receives WUS, the UE will continue to monitor the subsequent paging PDCCH and potential paging message. Otherwise (UE does not receive WUS), the UE will go to sleep until the next WUS occasion. In Rel-16 power saving WID, PDCCH-based wake-up signaling (DCP) is also introduced to reduce the PDCCH monitoring in connected mode. Similarly, the UE will continue to monitor or go to sleep according to the DCP indication. 

In order to reduce some unnecessary paging receptions in idle/inactive mode, the general solution is to support UE grouping for paging. More specifically, i.e. the UEs monitoring the same PO can be split into several groups. In this way, one or more groups of UEs may be paged in one PO. Only the UEs belonging to the paged group(s) need to receive the corresponding paging message. During this procedure, the legacy UEs will follow the legacy mechanism to monitor paging message, which means there is no impact to legacy UEs. Using this group based paging, only part of the UEs are indicated to receive the paging message. The paging false alarm rate can be reduced, and the solution finally enhances the power consumption performance accordingly. 

In the following, some calculation on paging rate has been made. Assuming the number of paging groups is N and the paging rate per PO (i.e. the probability of there is paging for at least one of the UEs monitoring the PO) is X = [10%, 20%, 40%]. The paging rate per UE group Y (i.e. the probability of there is paging for at least one of the UEs belonging to a group) can be calculated by formula: 1- (1-Y) ^N=X. The corresponding calculation results are shown in Table 1. 
Table 1: Paging rate per group 

	Paging groups N
	4
	8
	16

	Paging rate Per PO X
	10%
	20%
	40%
	10%
	20%
	40%
	10%
	20%
	40%

	Paging rate per group Y
	2.6%
	5.4%
	11.99%
	1.3%
	2.8%
	6.19%
	0.7%
	1.4%
	3.14%


As shown in Table 1, it is very logical that the more paging groups per PO splits, the lower paging rate per UE group can be achieved. 

If UE grouping is applied, we need methods to support UE sub-group indication. Assuming M bits are used to indicate the UE sub-grouping, we have two approaches for the paging grouping indication:

· Approach 1: Codepoint-based mapping, i.e. different codepoints are mapped to different UE groups.

· Approach 2: Bitmap-based mapping, i.e. each bit is mapped to one UE group. 

In approach 1, we can have 2^M groups theoretically, i.e. each codepoint is mapped to one UE group. But in this way, we cannot indicate two codepoints in one PO, when more than two groups of UEs are paged. Then, only one UE group corresponding to one codepoint can be paged in each PO. The other paged UE groups should wait for the next POs, which will lead to additional paging latency. 

Thus, we use similar mechanism in NB-IoT WUS: one codepoint to indicate more than one UE group are paged, and one codepoint to indicate none of the UE group has been paged, while each of other codepoints to indicate each UE group. 

In approach 2, the UEs monitoring the same PO can be split into M groups. The bit with value 1 indicates the corresponding UE group has been paged, otherwise, UEs in this group can skip this PO. 

Based on this assumption, some calculation on paging false alarm rate has been made to evaluate the benefit for paging grouping. The corresponding evaluation model and benefit are shown in Table 2, where paging rate per PO is assumed as 10%, M (i.e. the number of bits used to indicate the UE groups) is assumed as 4. 

Table 2: Paging false alarm rate calculation

	Approach I: Codepoint-based mapping
	
	Approach II: Bitmap-based mapping

	Number of UE groups
	N= 14
	
	Number of UE groups
	N= 4

	Paging rate per PO
	X= 10%
	
	Paging rate per PO
	X= 10%

	Paging rate per group
	Y = 0.75%, where, 1- (1-Y) ^N=X
	
	Paging rate per group
	Y = 2.6%, where, 1- (1-Y) ^N=X

	After grouping
	
	After grouping

	Group Indication Index (codepoint)
	Paged UE Group
	Probability
	
	Group Bit Index
	Paged UE Group
	Probability

	Codepoint 0000
	None of any UE group is paged
	90%, equal to (1-X)
	
	Bit0
	UE Group1 is paged
	P= 2.6%, where, 1- (1-P) ^N=X

	0001
	Only UE Group1 is paged
	Ps= 0.67%, where Ps= Y*(1-Y) ^(N-1)
	
	Bit1
	UE Group2 is paged
	2.6%

	0010
	Only UE Group2 is paged
	0.67%
	
	Bit2
	UE Group3 is paged
	2.6%

	0011
	Only UE Group3 is paged
	0.67%
	
	Bit3
	UE Group4 is paged
	2.6%

	….
	…
	….
	
	-
	-
	-

	1110
	Only UE Group14 is paged
	0.67%
	
	-
	-
	-

	1111
	>=2 UE Groups are paged
	Pm=0.62%, where Pm= X- N*Ps
	
	-
	-
	-

	
	
	

	Probability for each group is paged
	P= Ps+Pm = 1.29%
	
	Probability for each group is paged
	P= 2.6%


As we all know, there could be many UEs in one group in the PO (e.g 200 UEs). When the network intends to page one UE, all the UEs belonging to the same group need to wake up and check the corresponding paging message. In other words, the paging false alarm rate is P*199/200≈P. Thus, we can take P as paging false alarm rate in the following for convenience. 
Based on the above calculation, we can find that:

Observation 1: Group based paging can reduce the paging false alarm rate greatly (i.e. from ~10% to ~1.29% or 2.6%). 

Observation 2: Compared with bitmap-based mapping approach, codepoint-based mapping approach can achieve higher gain on paging false alarm reduction in low paging rate (e.g. 10% per PO).

Proposal 1: RAN2 to discuss the following approaches for paging grouping indication:

· Approach 1: Codepoint-based mapping, i.e. different codepoints are mapped to different UE groups.

· Approach 2: Bitmap-based mapping, i.e. each bit is mapped to one UE group. 
2.1.2. Sub-grouping method
In this section, we will discuss how to group the UEs. In the email discussion [2], several methods for sub-grouping was discussed. In legacy LTE and NB-IoT, UE-group wake-up signal (GWUS) was introduced. UE_ID based and paging probability based UE grouping was discussed and introduced. 

In our understanding, grouping based on UE_ID is a straightforward approach, which is random and uniform distributed. While for grouping based on paging probability information, there was some discussion in RAN2#106 meeting. It was concluded that it is beneficial for reducing false wake-up probability for UEs which are not frequently paged, but may increase false wake-up probability for UEs which are frequently paged. In NR traffic, there is no clear differentiation for paging probability. Thus, the benefit to supporting UE grouping based on UE paging probability information is not clear. Thus, we could consider the UE_ID based grouping as the baseline, and further study other methods for sub-grouping after identifying the beneficial use cases, e.g. in RedCap UEs.
Proposal 2: UE_ID based UE grouping is considered as the baseline for paging enhancement. Other methods for sub-grouping, e.g. based on paging probability information, could be further studied after  identifying the beneficial use cases.
2.2. Paging enhancement solutions

Paging enhancement by UE grouping could reduce some unnecessary paging receptions in idle/inactive mode via UE grouping, i.e. to reduce the probability that a UE decodes paging message and realizes that itself is not paged (i.e. the “false alarm” rate). After sub-grouping, UEs monitoring the same paging occasion (PO) are divided into subgroups, and the network needs to indicate whether a subgroup of UEs need to monitor paging message. There are two directions to indicate the UE grouping before receiving paging message. One direction is to reuse the similar mechanism in LTE MTC/NB-IoT idle mode or Rel-16 NR in connected mode, another direction is to introduce paging grouping in current paging PDCCH.
· Direction 1: Paging PDCCH based grouping

· Direction 2: WUS based grouping

· Option 2-1: Sequence based WUS, similar as the solution in LTE NB-IoT/MTC

· Option 2-2: PDCCH based WUS, similar as the solution in Rel-16 Power saving for connected mode
The target for paging enhancement is to reduce unnecessary paging receptions, and reduce corresponding idle/inactive-mode UE power consumption. Thus, we should evaluate the power saving gain for each solution. The corresponding simulation should be based on the common power modeling in RAN1 and RAN1 would be responsible to evaluate the power saving gain for all potential paging enhancement solutions identified by both RAN1 and RAN2. Based on the evaluation methodology and simulation assumption provided by RAN1 in [3], some general summary of simulation results is provided as below for different options. More detailed simulation modeling and results could be found in RAN1 contribution [4].
2.2.1. Paging PDCCH based UE sub-grouping

In Direction 1, UE grouping is indicated by the current paging PDCCH. If the UE is not in the indicated group in PDCCH, such UE can skip the paging monitoring, which reduces the unnecessary paging PDSCH reception. There are many bits (i.e. 11 bits) reserved in paging PDCCH and some of the reserved bits can be used to indicate UE grouping. For example, if 4 reserved bits in PDCCH are used to indicate the UE grouping, we can have 14 groups if codepoint-based mapping approach is used. One mapping design for the group is shown in the following Table 3.

· Table 3: Group indication by paging PDCCH

	Indication in paging PDCCH
	Paged UE Group

	0
	None of any UE group is paged

	1
	Only UE Group1 is paged

	2
	Only UE Group2 is paged

	3
	Only UE Group3 is paged

	…
	…

	14
	Only UE Group14 is paged

	15
	More than one group are paged


Some general summary of simulation results for Direction 1 is provided in the below Table 4. It is noted that, the power consumption of PDCCH-only for cross-slot scheduling is the same as that of PDCCH-only for same-slot scheduling, based on RAN1 model in [3]. 
Table 4: Power saving gain for Direction 1
	Cases
	Average relative power in a slot (sleep / wake up)
	Power saving gain (vs. Rel 16 baseline paging method)

	
	
	PO paging rate: 10%
	PO paging rate: 20%
	PO paging rate: 40%

	
	
	4 groups 
	8 groups
	16 groups
	4 groups 
	8 groups
	16 groups
	4 groups 
	8 groups
	16 groups

	Low SINR
	Two SSBs before PO: 

2.613/2.832
	<0.77%
	<1.53%
	<2.99%

	
	Three SSBs before PO:

3.035/3.254
	<0.72%
	<1.4%
	<2.58%

	High SINR
	One SSB before PO:

1.663/1.718
	<0.33%
	<0.66%
	<1.2%


Observation 3: Direction 1, paging PDCCH based grouping, has marginal power saving gain in both low SINR and high SINR cases.
2.2.2. Wake-up signal (WUS) based UE sub-grouping
In Direction 2, WUS is configured before PO reception to early indicates whether to wake up UE to monitor paging message. In this direction, we can have two options, one is sequence based WUS, similar as the solution in LTE NB-IoT/MTC. UE grouping is indicated in the sequence based WUS. Similarly, if the UE is not in the indicated group in WUS, such UE can skip the paging monitoring, which reduces the unnecessary paging message reception. It is worth noting that sequence based WUS signals can be used to indicate multiple paging groups via sequence or WUS resource mapping method. The UE grouping in LTE NB-IOT can be taken as an example of the sequence based WUS grouping, which is shown in Table 5:

Table 5: Group indication by Sequence based WUS 

	WUS Sequence
	Paged UE Group

	0
	None of any UE groups is paged

	1
	Only UE Group1 is paged

	2
	Only UE Group2 is paged

	3
	Only UE Group3 is paged

	…
	…

	8
	Only UE Group8 is paged

	9
	More than one group are paged


Another option for Direction 2 is PDCCH based WUS, which is similar as the solution in Rel-16 Power saving for connected mode. In this option, if the WUS signaling doesn’t indicate the UE to monitor paging message, the UE will skip the corresponding paging reception. Otherwise, the UE needs to monitor the paging after the WUS reception. In this option, UE can reduce the unnecessary PDSCH reception after WUS. But the UE anyway needs to wake up to receive WUS every DRX cycle. Furthermore, we can also introduce group based paging in WUS. In this way, only the UE in the indicated group needs to receive the paging after WUS, which can further reduce the unnecessary PDSCH reception due to paging grouping in WUS. 

Technically, the above two directions are NOT mutually exclusive. They can also be used together, e.g. sequence-based WUS + PDCCH based grouping. Some general summary of simulation results for different options is provided in below Table 6. 
Table 6: Power saving gain comparison of Paging enhancement with UE grouping
	Paging enhancement schemes
	Power saving gain

(vs. Rel 16 baseline paging method)

	
	PO paging rate =10%
	PO paging rate =20%
	PO paging rate =40%

	
	Low SINR (with 3 SSBs before PO)
	High SINR

(with/without RRM relaxation)
	Low SINR (with 3 SSBs before PO)
	High SINR

(with/without RRM relaxation)
	Low SINR (with 3 SSBs before PO)
	High SINR

(with/without RRM relaxation)

	Direction 1: Paging PDCCH based grouping
	<0.72%
	<0.33%
	<1.4%
	<0.66%
	<2.58%
	<1.2%

	Option 2-1: Sequence-based WUS
	25.1%
	10.6% / 2.5%
	21.6%
	8.3% / 1.3%
	14.6%
	4.7% / 0.6%

	Option 2-2: DCI-based WUS
	25.1%
	-
	21.6%
	-
	14.6%
	-

	Option 2-1 with sub grouping: 

(4 sub-groups)
	29.17%
	12.3%/4.8%
	27.5%
	10.4%/3.6%
	27.34%
	9.33%/3.03%

	Option 2-2 with sub grouping: 

(4 sub-groups)
	29.17%
	-
	27.5%
	-
	27.34%
	-

	Note 1: ‘-’ denotes the power saving gain is smaller than 0.


Based on the above evaluation, we can find that:

Observation 4: Option 2-1, sequence based WUS solution, has significant power saving gain in idle mode (in both low SINR and high SINR cases).
Observation 5: Option 2-2, PDCCH based WUS solution, has significant power saving gain in low SINR case, while has marginal power saving gain in high SINR case.
Observation 6: Sequence based WUS with sub-grouping indication has the highest power saving gain comparing with other options. 

Proposal 3: WUS based solution for paging enhancement, including sequence based WUS and PDCCH-based WUS, should be considered in RAN2.
Proposal 4: WUS based solution with sub-grouping indication could be further considered in RAN2 for paging enhancement. 
3. Conclusion

In this contribution, we discuss the paging enhancement with UE grouping, paging enhancement solutions, as well as the corresponding evaluation in idle/inactive mode for power saving. Based on the discussion, we have the following observations and proposals:

Observation 1: Group based paging can reduce the paging false alarm rate greatly (i.e. from ~10% to ~1.29% or 2.6%). 

Observation 2: Compared with bitmap-based mapping approach, codepoint-based mapping approach can achieve higher gain on paging false alarm reduction in low paging rate (e.g. 10% per PO).

Observation 3: Direction 1, paging PDCCH based grouping, has marginal power saving gain in both low SINR and high SINR cases.

Observation 4: Option 2-1, sequence based WUS solution, has significant power saving gain in idle mode (in both low SINR and high SINR cases).
Observation 5: Option 2-2, PDCCH based WUS solution, has significant power saving gain in low SINR case, while has marginal power saving gain in high SINR case.
Observation 6: Sequence based WUS with sub-grouping indication has the highest power saving gain comparing with other options. 

Proposal 1: RAN2 to discuss the following approaches for paging grouping indication:

· Approach 1: Codepoint-based mapping, i.e. different codepoints are mapped to different UE groups.

· Approach 2: Bitmap-based mapping, i.e. each bit is mapped to one UE group. 
Proposal 2: UE_ID based UE grouping is considered as the baseline for paging enhancement. Other methods for sub-grouping, e.g. based on paging probability information, could be further studied after  identifying the beneficial use cases.
Proposal 3: WUS based solution for paging enhancement, including sequence based WUS and PDCCH-based WUS, should be considered in RAN2.

Proposal 4: WUS based solution with sub-grouping indication could be further considered in RAN2 for paging enhancement. 
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